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Abstract 

Bioactive glasses (BG) are attractive materials for biomedical applications, especially 

for bone regeneration, owing to their unique properties such as bone-bonding ability. 

Although BG alone can be used for treating bone defects, BG suffer from limitations, 

such as low fracture toughness, preventing their efficient use. Nanocomposites 

containing BG thus stand out as promising materials being able to overcome the 

limitations of using only BG. In this context, bioactive glass nanoparticles (BGN) are 

considered suitable building blocks for composites in comparison to micron-sized BG, 

due to their morphological characteristics (e.g. large surface-to-volume ratio) leading 

to superior nanocomposites, usually with enhanced mechanical properties.  

BGN can be produced by either conventional melting-quench methods or sol-gel 

based methods. The latter methods are currently preferred for BGN synthesis, 

considering their versatility. Dispersion in liquid solvents and composition are two of 

the most significant factors affecting the consequent properties of nanoparticles. 

SiO2-CaO based BGN with good dispersity have been synthesized by carefully 

controlling processing parameters. However, there are still challenges to produce 

highly dispersed BGN in a reproducible manner, especially those containing multifold 

metallic ions.  

In this work, monodispersed SiO2-CaO based BGN were achieved by conveniently 

controlling an important processing parameter that is the addition timing of the 

calcium (Ca) precursor in a modified Stöber method. The influence of this parameter 

on the morphology, dispersity, and composition of the resulting BGN was thoroughly 

investigated. The addition timing was found to affect the morphology, dispersity, and 

composition of BGN, however, no significant influence on structural characteristics of 

the nanoparticles was observed. In addition, the synthesized BGN exhibited 

monodispersity, apatite-forming ability, non-cytotoxicity and ion-releasing ability, 

showing their potential for biomedical applications, such as for bone regeneration. 

The incorporation of biologically active ions apart from Ca ions can bring in novel 

functionalities to BGN. To endow the developed monodispersed BGN with 

functionalities in addition to osteogenic activity, copper (Cu) and zinc (Zn) ions were 

incorporated into BGN through different routines. Cu ions were introduced through 

the developed modified Stöber method, while Zn ions were introduced using a post-

modification strategy by coating ZnO quantum dots (QDs) on SiO2-CaO based BGN. 

Both doped BGN remained highly dispersed, spherical, exhibiting apatite-forming 
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ability and being non-cytotoxic. More importantly, Cu-BGN exhibited a sustained 

release of Cu ions that is interesting to applications involving vascularization given 

the angiogenic potential of Cu, while ZnO-BGN possessed both the properties of 

BGN and ZnO QDs including apatite-forming ability, fluorescence, the pH-sensitive 

release of Zn ions, as well as antibacterial and osteogenic activities.  

Besides biologically active ions, biomolecules can also be used to modify BGN for 

achieving unique properties. Lysozyme (LY) was used to functionalize BGN via 

electrostatic interactions. The LY functionalized BGN (LY-BGN) remained 

monodispersed, spherical morphology and homogenous in size, as well as showing 

apatite-forming ability and efficient antibacterial activity. Notably, these LY-BGN 

exhibited stronger cytotoxicity towards cancerous cells but less or no cytotoxicity 

towards healthy cells at proper concentrations. LY-BGN were thus expected to be 

suitable materials for the treatment of bone defects caused by tumors. 

In summary, a convenient synthesis routine for producing highly dispersed BGN was 

established by carefully controlling the addition timing of metallic precursors. 

Functional BGN-based nanocomposite particles were synthesized through post-

modification strategies by using quantum dots and biomolecules as modification 

agents. These developed nanomaterials could be applied in combination with 

biopolymers and they are expected to be effective to treat bone defects, considering 

their unique physical and biological characteristics.  
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Zusammenfassung 

Bioaktive Gläser (BG) sind attraktive Materialien für biomedizinische Anwendungen, 

insbesondere für die Knochenregeneration, aufgrund ihrer einzigartigen 

Eigenschaften wie die Fähigkeit zur Knochenbindung. Obwohl BG allein zur 

Behandlung von Knochendefekten verwendet werden kann, leidet es unter 

Einschränkungen wie Sprödigkeit, die die effiziente Verwendung verhindern. 

Nanokomposite, die BG enthalten, zeichnen sich daher als vielversprechende 

Materialien aus, die die Limitierungen des Einsatzes von BG allein überwinden 

können. In diesem Zusammenhang werden bioaktive Glasnanopartikel (BGN) 

aufgrund ihrer morphologischen Eigenschaften (z.B. großes Oberflächen-zu-

Volumen-Verhältnis) im Vergleich zu mikrometergroßem BG als geeignete Bausteine 

für Nanokomposite betrachtet, was zu ganzheitlicheren Verbundwerkstoffen und 

meist verbesserten mechanischen Eigenschaften führt . 

BGN kann entweder durch herkömmliche Schmelz-Quench-Verfahren oder durch 

Sol-Gel-basierte Verfahren hergestellt werden. Die letzteren Verfahren werden 

derzeit für die BGN-Synthese bevorzugt, auf Grund ihrer größeren Vielseitigkeit. Die 

Verteilung in flüssigen Lösungsmitteln und die Zusammensetzung sind zwei der 

wichtigsten Faktoren, die die resultierenden Eigenschaften von Nanopartikeln 

beeinflussen. SiO2-CaO-basiertes BGN mit guter Dispergierbarkeit wurde durch 

sorgfältige Kontrolle der Prozessparameter synthetisiert. Jedoch existieren immer 

noch Schwierigkeiten, hochdisperses BGN in reproduzierbarer Weise herzustellen, 

insbesondere solche mit vielzähligen Metallionen. 

In dieser Arbeit wurde monodisperses SiO2-CaO-basiertes BGN durch geeignete 

Kontrolle eines wichtigen Verarbeitungsparameters erreicht, welcher der 

Additionszeitpunkt des Kalzium (Ca) -Vorläufers in einem modifizierten Stöber-

Verfahren ist. Der Einfluss dieses Parameters auf die Morphologie, Dispersität und 

Zusammensetzung des resultierenden BGN wurde sorgfältig untersucht. Es wurde 

festgestellt, dass der Additionszeitpunkt die Morphologie, Dispersität und 

Zusammensetzung des BGN beeinflusst, wobei jedoch kein signifikanter Einfluss auf 

die strukturellen Eigenschaften der Nanopartikel beobachtet wurde. Zusätzlich zeigte 

das synthetisierte BGN Monodispersität, Apatit-bildende Fähigkeit, Nicht-Zytotoxizität 

und Ionenfreisetzungsfähigkeit, die ihr Potenzial für biomedizinische Anwendungen, 

wie für die Knochenregeneration, zeigen. 
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Der Einbau von biologisch aktiven Ionen abgesehen von Ca-Ionen kann dem BGN 

neue Funktionen hinzufügen. Um das entwickelte monodisperse BGN mit 

Funktionalitäten neben der osteogenen Aktivität zu versehen, wurden Kupfer (Cu) 

und Zink (Zn)-Ionen durch verschiedene Prozeduren in das BGN eingebaut. Cu-

Ionen wurden durch das entwickelte modifizierte Stöber-Verfahren eingeführt, 

während Zn-Ionen durch Verwendung einer post-Modifizierungsstrategie mittels 

Beschichten von ZnO-Quantenpunkten (QDs) auf SiO2-CaO-basiertem BGN 

eingeführt wurden. Beide dotierten BGN blieben hoch dispergiert, sphärisch, zeigten 

apatitbildende Fähigkeit und waren nicht zytotoxisch. Zusätzlich zeigte Cu-BGN eine 

durchgehende Freisetzung von Cu-Ionen, was aufgrund des angiogenen Potentials 

von Cu für Anwendungen die Vaskularisierung beinhalten interessant ist, während 

ZnO-BGN sowohl die Eigenschaften von BGN- als auch ZnO-QDs, einschließlich die 

Fähigkeit zur Apatitbildung, Fluoreszenz, pH-sensitive Freisetzung von Zn-Ionen 

sowie antibakterielle und osteogene Aktivitäten besaß.  

Neben biologisch aktiven Ionen können Biomoleküle auch verwendet werden, um 

BGN zu modifizieren, um einzigartige Eigenschaften zu erreichen. Lysozym (LY) 

wurde verwendet, um BGN durch elektrostatische Wechselwirkungen zu 

funktionalisieren. Das LY-funktionalisierte BGN (LY-BGN) blieb monodispergiert, 

sphärisch in der Morphologie und homogen in der Größe und zeigte apatitbildende 

Fähigkeit und effiziente antibakterielle Aktivität. Bemerkenswerterweise zeigten diese 

LY-BGN eine stärkere Zytotoxizität gegenüber Krebszellen, aber weniger oder keine 

Zytotoxizität gegenüber gesunden Zellen bei geeigneten Konzentrationen. Daher 

wurden LY-BGN als geeignete Materialien für die Behandlung von Knochendefekten, 

die durch Tumore verursacht wurden, angenommen. 

Zusammenfassend wurde eine geeignete Syntheseroutine zur Herstellung von hoch 

dispergiertem BGN durch sorgfältige Kontrolle des Zugabezeitpunktes von 

metallischen Vorprodukten entwickelt. Funktionelle BGN-basierte 

Nanokompositpartikel wurden durch post-Modifikationsstrategien unter Verwendung 

von Quantenpunkten und Biomolekülen als Modifikationsmittel synthetisiert. Diese 

entwickelten Nanomaterialien könnten in Kombination mit Biopolymeren angewendet 

werden, und es wird erwartet, dass sie aufgrund ihrer einzigartigen physikalischen 

und biologischen Eigenschaften Knochenfehler heilen können. 

. 
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Chapter 1 Introduction 

 

1.1. Background 

Tissue regeneration, including hard and soft tissues, remains a major healthcare 

challenge. The spontaneous regeneration of tissues is often limited without outer 

stimulation [1]. Biomaterials with the capability of inducing or stimulating tissue 

regeneration thus stand out to facilitate tissue regeneration [2]. Many materials 

including ceramics and polymers can play this role in tissue regeneration. Bioactive 

glasses (BG) are fascinating materials for various biomedical applications, 

particularly for bone regeneration, due to their unique properties such as bone-

bonding ability, prominent biocompatibility, and the potential of osteogenesis and 

angiogenesis [3,4]. Their ability to bond to bone is achieved through the formation of 

a layer of apatite between living tissues and BG surfaces [5]. In addition, metallic ions 

can be locally released upon the dissolution of BG, which consequently trigger 

specific biological responses inducing therapeutic effects depending on the 

concentration and types of ions [6,7]. These properties are highly related to the 

composition and morphology of BG [5]. Both physiochemical and biological 

properties of BG can be tailored by adjusting their composition. For example, the 

apatite-forming ability of BG varies significantly among silicate, borate and phosphate 

glasses [5], while the types and concentration of doped metallic ions are directly 

related to the induced biological responses [6]. The morphology of BG can also affect 

their performances. For example, smaller BG may lead to an accelerated apatite 

formation in comparison to larger ones. Therefore, to fulfill the requirements of 

intended applications, the control of composition and morphology in BG is strongly 

demanded. 

BG alone can be used for biomedical applications, such as acting as bone defect 

fillers [4]. However, in many cases (e.g. large bone defects), a single material cannot 

meet the complex requirements of tissue regeneration, in which matched mechanical 

properties, dissolution rates, biocompatibility, and biological stimulation are required 

[2]. Composites formed by multi-phase materials have shown their potential for tissue 

regeneration [8], as they may exhibit the desired properties from each of the 

incorporated components. In addition, their properties can be engineered by tuning 

the concentration and types of the components. BG, owing to their fascinating 

properties, are attractive building blocks for constructing composites. They can be 
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incorporated in biocompatible polymer matrices to improve the apatite-forming ability, 

hydrophilicity, and biodegradability of the matrices while the toughness and flexibility 

of polymer matrices can be retained [8]. To achieve the effective improvement of 

properties, a homogenous distribution of filler phases in the matrices is required. It is 

therefore understandable that highly dispersed and uniform bioactive glass 

nanoparticles (BGN) are preferable for composite fabrication, since their 

morphological features, e.g. small size and uniform shape, facilitate their 

homogenous distribution in matrices [9]. Moreover, owing to their small size and 

abundant surface chemistry for functionalization, BGN are also able to deliver 

biomolecules or active ions for specific therapies [10]. 

BGN have been successfully synthesized using different methods such as flame 

synthesis and sol-gel based synthesis [10], however, the achievement of uniform 

BGN size without significant aggregation is still a challenge, especially when multifold 

metallic ions are incorporated into BGN. The synthesis of monodispersed silica-

based nanoparticles (50-1000 nm) is currently a routine through the Stöber method 

[11]. By carefully controlling the processing parameters in the Stöber method, 

monodispersed BGN could also be produced [12]. However, many parameters, 

including the type and concentration of precursors and solvent, can affect the 

characteristics of the resulting BGN. Among these variables, the use of metallic 

precursors is particularly significant to the achievement of satisfactory BGN, as the 

presence of metallic ions can change the surface charge of nanoparticles and this 

change may cause aggregation and irregularity in the size of the resulting BGN. For 

example, the molar ratio of silica precursor to calcium precursor is an important 

parameter for producing monodispersed BGN. A threshold amount of calcium that 

can be incorporated in the BGN before their loss of monodispersity is available [12]. 

It is well-known that the concentration and type of metallic precursors impact the 

morphology and structure of the resulting BGN [12,13]. However, other processing 

parameters (e.g. the addition manner of metallic precursors) are rarely investigated. 

Additionally, the synthesis of highly dispersed BGN with multifold metallic ions is still 

challenging, considering the complex interactions between metallic ions and the 

primary silica nanoparticles during BGN synthesis. Appropriate and convenient 

strategies with controllable processing parameters for achieving highly dispersed 

BGN are thus strongly demanded to broaden the potential of BGN for biomedical 

applications.  
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1.2. Objective and scope of the work 

The main objective of this work was to develop a convenient synthesis routine for 

producing highly dispersed BGN using a modified Stöber method. One of the most 

significant processing parameters in the modified Stöber method, the addition timing 

of metallic precursors, was the parameter on which these studies focused in order to 

achieve a convenient and controllable synthesis routine. The introduction of 

biologically active metallic ions was chosen because this step distinguishes BGN 

from silica nanoparticles. BGN with binary composition SiO2-CaO were firstly 

investigated to understand the influence of addition timing of Ca precursor on the 

characteristics of BGN. An optimized synthesis routine was proposed to obtain highly 

dispersed BGN. The influence of using two types of metallic precursors (Ca and Cu) 

on the features of BGN was also investigated. Additional, another metallic ion (Zn) 

was also introduced using a post-modification routine by coating ZnO quantum dots 

on binary SiO2-CaO BGN. Finally, lysozyme was used to modify the binary BGN to 

introduce antibacterial and anticancer activities to BGN for further applications. 

Figure 1.1 schematically displays the objectives and strategies used for this work.  

 

 

Figure 1.1 The schematic presentation of the research strategies and objectives for this work. 
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The specific tasks carried out to fulfill the above objectives are summarized below. In 

the first presented chapter, a summary of research background is provided and the 

objectives of the research are introduced. In Chapter 2, a comprehensive literature 

review, focusing on the synthesis, properties, and applications of BGN, is provided. 

Chapter 3 presents a summary of used materials and characterization methods. In 

Chapter 4, a modified Stöber method is presented, which was proposed to 

synthesize monodispersed BGN with SiO2-CaO composition. Considering the 

presence of complex processing parameters in the Stöber method, the addition 

timing of Ca precursor, a simple parameter to be controlled, was at the center of this 

research. The effects of addition timing of Ca precursor on the morphology, 

dispersion, and composition of the resulting BGN were investigated. Finally, an 

optimized synthesis routine for achieving monodispersed BGN was determined for 

further investigation. In the following Chapter 5, the synthesis and characterization of 

Cu containing BGN (Cu-BGN) are presented. These BGN were synthesized based 

on the new method described in Chapter 4. Cu was selected because of the 

available evidence in the literature [6] that it enhances angiogenesis. The influence of 

the addition of two metallic precursors on the composition, morphology, structure, 

apatite-forming ability and cytotoxicity of the resulting BGN was also investigated. In 

Chapter 6, a post-modification method using ZnO quantum dots (QDs) to coat BGN 

was presented. The effects of ZnO QDs coating on the physicochemical properties, 

antibacterial activity, cytotoxicity, and osteogenesis induction of BGN were 

investigated. Finally, the preparation and properties of lysozyme modified BGN were 

introduced in Chapter 7. Since lysozyme intrinsically exhibits antibacterial and 

anticancer potential at proper concentrations, BGN-lysozyme nanocomposites with 

both apatite-forming ability and antibacterial as well as anticancer activity were 

successfully developed. In the last Chapter 8, the summary and conclusions of this 

thesis are presented, and suggestions for future work to advance the use of BGN are 

also discussed. 
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Chapter 2 Literature review 

 

2.1. Introduction   

Bioactive glasses (BG), a type of synthetic biomaterials firstly developed by LL. 

Hench, can bond to bone and to dissolve over time during the exposure to body 

fluids, as well as inducing tissue regeneration [14]. Owing to these unique properties, 

BG are widely used for biomedical applications including bone repair and dentistry 

[4]. The achievement of the bone bonding is via the formation of an apatite layer on 

the surface of glasses in contact with body fluids [15], while the induction of tissue 

regeneration is mainly attributed to the release of active ions from BG triggering 

biological activities [6]. In addition to the biological properties, the physiochemical 

characteristics of BG, such as mechanical properties and degradation behavior, can 

also be tailored by tuning glass composition, morphology, and processing 

parameters [4,5].  

Generally, BG can be prepared by using a conventional melting-quench method or a 

sol-gel method [4]. In the former routine, solid precursors are proportionally mixed, 

melted at a high temperature, and then cooled down rapidly to form glasses [4]. 

Comparatively, glasses are processed at a relatively low temperature in the sol-gel 

routine, in which precursors are mixed under liquid conditions, followed by aging, 

drying and calcination to form glasses [16]. Sol-gel derived BG are nanoporous 

rather than solid, and they thus have a larger specific surface area (SSA) than 

melting-derived BG [17]. These morphological characteristics enable sol-gel derived 

BG to exhibit more rapid apatite formation and enhanced protein adsorption [4,5]. 

Furthermore, BG can be conveniently shaped to required morphology, such as 

coatings, fibers, granules, and scaffolds, under sol-gel conditions [18].  

Among various shapes and morphology, bioactive glass nanoparticle (BGN) is 

attracting increasing attention, due to their fascinating morphological characteristics 

[10,19]. Compared with their micron-sized counterparts, BGN show advantages in 

the aspects of both physiochemical and biological properties [10,19]. Owing to their 

small size and uniform shape, BGN exhibit good flow properties that are preferred for 

the use as injectable materials [20]. They are also promising building blocks for 

nanocomposites, as their small size enables them to integrate with matrixes to a 

greater degree in comparison to micron-sized BG [9]. Due to the increasing interest 

in using BGN for biomedical applications, literature reviews have been reported for 
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the development of BGN [10,19]. However, the previous reviews mainly focus on the 

introduction of the biomedical applications of BGN. Neither their synthesis nor their 

applications outside hard tissue such as nanomedicine and the anticancer area were 

highlighted. Therefore, in this chapter, the synthesis of BGN is comprehensively 

reviewed, but it is limited mainly in that using sol-gel methods. Furthermore, the 

properties of BGN are also discussed. Finally, their applications are elaborated. 

Although silica nanoparticles have been widely used for various biomedical 

applications and they can also be designated as “bioactive nanoparticles”, they are 

excluded from the coverage of this review. Only calcium-containing bioactive 

nanoparticles are reviewed in this chapter. This means metallic ion containing silica 

nanoparticles without Ca doping are not discussed, though some of them have 

shown potential in hard or soft tissue regeneration [21]. In addition, mesoporous 

silica nanoparticles with great potential in drug delivery are not included in this 

chapter, but the use of mesoporous bioactive glass nanoparticles (MBGN) are 

introduced. 

2.2. Synthesis of bioactive glass nanoparticles 

Bioactive glass nanoparticles can be synthesized using either melting or sol-gel 

methods. In the former method, a flame spray technique is preferred for the synthesis 

of BGN [22]. In this flame synthesis, proportional precursors should be added into a 

flame reactor where the precursors are melted in flame and quenched to form a glass 

[22,23]. In the sol-gel methods, precursors are mixed and allowed to react under 

liquid conditions in a controlled manner, and a relatively low temperature is required 

to stabilize BGN [12,24–26]. Different mechanisms and processing between these 

two methods can cause significantly different characteristics for the synthesized 

nanoparticles. A more complex composition (e.g. 45S5 composition) for BGN could 

be achieved using the flame spray method [22]. Sol-gel derived BGN exhibit more 

homogenous morphology (uniform size and spherical shape), and this morphology 

can be tailored in an easier manner [26]. In addition, complex equipment for the 

flame spray synthesis is required, which also limits a more widespread use of this 

technique. Sol-gel based methods are thus attracting increasing attention due to their 

convenience and versatility, being currently the most widely used strategy to 

synthesize BGN.  

2.2.1. Basis of sol-gel chemistry  

The sol-gel method is a wet-chemistry process for producing materials from building 
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blocks such as small molecules [27]. This process mainly involves hydrolysis and 

polycondensation of precursors, aging, and drying. By playing with the parameters 

related to this processing, the morphology and properties of the materials can be 

controlled [17]. In the context of BGN synthesis, tetraethyl orthosilicate (TEOS) is 

usually used as the silica precursor; metallic salts are selected as metallic 

precursors, and water and/or ethanol are used as a solvent to host the sol-gel 

process. The sol-gel process can take place either under acidic or basic conditions 

for BG synthesis. In a typical sol-gel process for BG synthesis, TEOS firstly undergo 

hydrolysis and condensation to form silica nanoparticles [17]. Metallic precursors can 

either be added along with these processes or after their completion [10]. By tuning 

the processing parameters such as the pH of the solution, three-dimensional (3D) 

gelled structure or individual nanoparticles can be assembled. Figure 2.1 illustrates 

the polymerization of colloidal silica in aqueous under different conditions, showing 

that the pH and presence of salts play a key role in the final shape and morphology 

of resulting materials. Other strategies such as emulsion can also be combined with 

the sol-gel process to facilitate BGN formation [26]. Table 2.1 presents the most 

commonly used methods for BGN synthesis and the relevant characteristics of BGN. 

Currently, the most adopted sol-gel strategy for BGN production is still the classical 

Stöber-based processes.  

 

Figure 2.1 Polymerization of colloidal silica particles in aqueous under different conditions, 

adapted from Ref [27]. 

 



 Chapter 2: Literature review  

8 
 

2.2.2. The Stöber method 

Since Stöber et al. [11] reported their synthesis of uniform colloidal silica 

nanoparticles in the late 1960s, the convenience of this method has attracted 

considerable attention to produce spherical nanoparticles, not only for silica 

nanoparticles but also for carbon, TiO2 or hybrid particles [28]. This method has been 

well developed and now it is routine for the synthesis of silica nanoparticles. Since 

BGN can be considered as ion doped bioactive silica nanoparticles, the Stöber 

method can thus be used for BGN synthesis, but it needs necessary modification to 

introduce metallic ions into the particles [12,26,29,30]. 

The Stöber method is performed under highly basic conditions, in which the pH value 

is above the isoelectric point of soluble silica (silicic acid) [18,27]. Under this 

condition, the highly positively charged particles repel each other and thus further 

polycondensation to form gel-like structure is inhibited [18,27]. The characteristics 

such as the size of the nanoparticles are determined by many parameters (e.g. 

TEOS/H2O ratio, pH value, types of precursors) [18,27]. Two models have been 

proposed to explain the particle formation and growth during the Stöber process. One 

explanation is the LaMer model describing the process as a short burst of nucleation 

followed by the growth of monomer species onto the surface of primary nanoparticles 

[31]. Another model is explained by a nucleation-aggregation mechanism, in which a 

nucleation continues occurring throughout the reaction and small particles aggregate 

with large ones to form uniform and larger particles [32]. Regardless of the 

mechanism, the control of nucleation and growth of particles is critical to the 

achievement of spherical, dispersed and uniform particles [17]. The surface charge of 

nanoparticles is one of the key factors affecting the achievement of un-gelled 

nanoparticles, as the particles need an appropriate surface charge to repel each 

other. However, the introduction of metallic ions can alter the surface charge of silica 

nanoparticles that may disturb the growth of particles, as the metallic ions are 

positively charged being adsorbed on silica nanoparticles that may have reached 

stability before [18]. This interplay between the metallic precursors and colloidal silica 

nanoparticles may lead to irregular shapes [33], inhomogeneity in size [34] and 

aggregation [35] of the resulting particles. Therefore, the control of the addition of 

metallic precursors is one of the most significant steps to obtain uniform and 

dispersed BGN. 
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Table 2.1 Summaries of the most commonly used methods for synthesizing BGN. 

Strategies Composition Morphology Reference 

   

Modified Stöber method SiO2-CaO Solid sphere [36] 

Modified Stöber method SiO2-CaO-P2O5 Solid sphere [34] 

Modified Stöber method SiO2-CaO-CuO Solid sphere [37] 

Modified Stöber/CTAB additive SiO2-CaO-P2O5 Ellipse with 

mesopores 

[38] 

Modified Stöber/CTAB additive SiO2-CaO-P2O5 Sphere with 

mesopores 

[39] 

Modified Stöber/CTAB additive SiO2-CaO-P2O5 Hollow sphere 

with mesopores 

[24] 

Alkali-mediated method SiO2-CaO-P2O5 Solid sphere [40–42] 

Alkali-mediated method SiO2-CaO Solid sphere [43] 

Alkali-mediated method SiO2-CaO- 

P2O5-CuO 

Solid sphere [44] 

Microemulsion/P123 SiO2-CaO-P2O5 Sphere with 

mesopores 

[45] 

Micronemulsion  SiO2-CaO-P2O5 Solid Sphere [46] 

Microemulsion/CTAB SiO2-CaO-P2O5 Hollow sphere 

with mesopores 

[47] 

Aerosol-assisted sol-gel  SiO2-CaO-P2O5 Sphere with 

mesopores 

[48,49] 

Electrospraying SiO2-CaO Solid sphere [50] 

Spray pyrolysis/F-127 SiO2-CaO-P2O5-

Ag2O 

Sphere with 

mesopores 

[51] 

Post modification SiO2-CaO Solid sphere [52] 

 

In a modified Stöber process, metallic ions can be introduced either after the 

formation of silica nanoparticles or along with the particle formation [25,52–54]. In the 

former strategy, the metallic ions are adsorbed on the surface of formed silica by a 

post-modification [53], while the metallic ions are added in the course of nanoparticle 

formation in the latter strategy [55]. Both routines have their pros and cons. BGN with 
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higher dispersion can be achieved using the former routine, as the absence of 

metallic ions during the nucleation and growth enables the high dispersion of 

nanoparticles to be retained. Additionally, this post-modification strategy provides the 

possibility of incorporating some heavy metallic ions (e.g. Ag ions) into BGN [54], as 

some metallic salts may be reduced to form corresponding metallic nanoparticles in 

the presence of basic catalysts [56]. However, the incorporated content of metallic 

ions using this post-modification method is limited, as the active sites being able to 

adsorb metallic ions in the synthesized silica particles are limited. By adding metallic 

precursors along with particle formation, an additional step introducing metallic ions 

can be avoided, but the addition should be carefully controlled to avoid particle 

aggregation and/or irregularity [55]. In addition, BGN with a high content of metallic 

ions can be produced using this strategy, though it could be achieved at the expense 

of dispersity [55]. 

2.2.3. Alternative sol-gel based methods 

In the Stöber-based methods, the synthesis takes place under basic conditions, 

which facilitates the formation of highly dispersed nanoparticles. Apart from those 

modified Stöber methods, other strategies based on the sol-gel process are also 

available for BGN synthesis. An alkali-mediated sol–gel method is also widely used 

for synthesizing BGN [57,58]. In this routine, TEOS and metallic salts are mixed 

under acid conditions, followed by the addition of concentrated basic catalysts to 

accelerate the formation of nanoparticles. BGN smaller than 100 nm could be 

produced using this method, however, the uniformity in size and dispersity of these 

particles were inhibited [57]. In addition, the metallic ions in addition to Ca ions, such 

as Ag [58], Zn [59], Cu [44], and Ce [60], could also be introduced to BGN by using 

this method. To produce well-dispersed BGN with size < 100 nm, microemulsion 

technique could be combined with the sol-gel process [26,61]. Microemulsions are 

thermodynamically stable, isotropic liquid mixtures of oil, water, and surfactants. 

They can act as templates to shape the particles, and the particle size can also be 

tailored by controlling the size of microemulsion drops. In this strategy, precursors 

are added after the formation of the microemulsion and then adsorbed on the 

microemulsion. The stabilization of the microemulsion during synthesis is therefore 

significant to the characteristics of resulting BGN. The obtained particles may have 

good dispersion and small size, but it is highly depended on emulsion quality. 

However, this microemulsion method requires intensive washing prior to drying and 

calcination to remove excess surfactants and un-adsorbed precursor species. 
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Moreover, the obtained particles are always not uniform in size, due to the control of 

microemulsion size being challenging [26,62]. Electrospraying technique that is 

commonly used to produce micro- and nanoparticles [63] could also facilitate BGN 

production during the sol-gel process [50]. In this strategy, liquid precursors are 

atomized by electrical force and sprayed out to form particles. Due to the electrical 

force, these particles are highly charged, which prevents their aggregation. The size 

of particles can be controlled by tuning the processing parameters such as flow rates 

and working voltage. However, the synthesized BGN using this method may suffer 

from phase separation and therefore crystalline calcium silicates could form on the 

surface of BGN [50].  

With the development of supramolecular chemistry, BGN with more complex 

morphology, such as mesoporous bioactive glass nanoparticles (MBGN) [39], hollow 

bioactive glass nanoparticles (HBGN) [64], and even mesoporous hollow ones [65], 

can be relatively easily produced. By controlling the type and concentration of 

additives during synthesis, the shape, pore size and volume, and aspect ratio of 

nanoparticles can be tailored [61,66]. Notably, MBGN are emerging out as 

outstanding biomaterials for bone regeneration and drug delivery, given their property 

of rapid apatite formation and high loading capability for biomolecules [67]. To 

synthesize MBGN, pore-forming templates (e.g. CTAB and P123) are introduced 

along with the formation of nanoparticles, followed by a removal of these templates 

by calcination or extraction [61,65,68]. Ordered mesopores can be produced in the 

synthesized silica nanoparticles using this strategy, yet the mesopores in MBGN are 

mostly non-ordered due to the introduction of metallic precursors that may disturb the 

assembly of pore-forming agents [10]. Ordered mesopores can be achieved in 

MBGN with the assistance of aerosol technique [69] or dual templates [65]. 

2.3. Characteristics of BGN 

2.3.1. Morphology and dispersity  

Morphological characteristics of BGN are significant to their properties and 

consequent applications. The achievement of efficient use of BGN as either bioactive 

fillers or drug carriers is highly related to their morphological features such as size 

and shape [70,71]. The BGN synthesized through sol-gel methods without the use of 

templates usually exhibit a sphere-like shape that is determined by the mechanism of 

sol-gel chemistry [17]. Representative TEM images of BGN synthesized using 

different sol-gel based methods are shown in Figure 2.2. As can be seen, all 
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synthesized BGN exhibited sphere-like shape, but those Stöber-derived BGN show a 

more uniform shape. The uniformity in shape may facilitate the distribution of BGN in 

matrixes to achieve a more integrated nanocomposite. Moreover, the spherical shape 

also enhances the flow properties of nanoparticles for more efficient drug delivery or 

injection. Owing to these advantages, spherical BGN are extensively used for various 

biomedical applications [10]. But there is no doubt that non-spherical BGN also have 

potential in many biomedical applications such as drug delivery [72]. However, the 

synthesis of non-spherical BGN is not straightforward, and shape-forming agents 

(templates) are required [72]. Rod-like and hollow BGN (Figure 2.2) have been 

synthesized by controlling the type and concentration of templates used [64,73].  

Not only the shape but also the porosity of BGN can be tailored by using templates 

[61,65,68]. Conventional BGN synthesized through sol-gel methods are non-porous, 

but MBGN can be produced using pore-forming templates such as CTAB. Figure 2.3 

shows representative TEM images of MBGN. The pore size and shape can be 

tailored by changing the used concentration and types of templates. By using dual 

templates, more complex morphology, like BGN with hollow cores and mesoporous 

shells, can be created [65]. After suitable surface modification, HMBGN are 

particularly interesting to the application of drug delivery considering the extensive 

presence of mesoporous channels on shells and their high storage [74].  

The size of nanoparticles is also a critical parameter relating to their physiochemical 

and biological performance. For the particles used in drug delivery their size is 

particularly important as it determines their distribution in tissues [75], while for the 

use of bioactive fillers the size is one of the significant factors determining their 

integration with matrixes [9] and the consequent properties of nanocomposites 

[76,77]. The particle size can be tailored by changing various processing parameters 

in the sol-gel process, e.g. the concentration of precursors, solvents, and catalysts 

[52]. In the Stöber based methods, the concentration of TEOS and catalysts, as well 

as the molar ratio between TEOS and water are widely used to regulate particle size 

[53]. The size of reported BGN synthesized using sol-gel methods could range from 

10 to 500 nm [10,19]. However, the achievement of monodispersed BGN with size 

smaller than 100 nm is challenging, considering their inclination to aggregation 

[25,64]. It has been reported that monodispersed BGN with size below 100 nm could 

be synthesized using a post-modification on the Stöber silica nanoparticles [52], but 

these bioactive nanoparticles lacked a high-temperature treatment to stabilize the 

incorporation of Ca and to remove residual unreacted species.  
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Figure 2.2 Representative TEM images of BGN synthesized using different methods. (a) 

Alkali-mediated method [25]; (b) Post surface modification on Stöber silica particles [53]; (c) 

Modified Stöber method [12]; (d) Microemulsion-assisted sol-gel method [26]; (e) BGN 

synthesized using a template-assisted sol–gel method [78]; (f) Aerosol-assisted sol-gel 

method [48]. Figures reproduced with the permission from Elsevier ([25] and [53]), Wiley ([12] 

and [48]) and the Royal Society of Chemistry ([26] and [78]). 

 

Dispersity, as mentioned above, is another critical factor affecting the performances 

of BGN in biomedical applications, especially in nanocomposite fabrication and drug 

delivery. Better dispersion of BGN facilitates a more homogenous distribution in 

matrixes, leading to an improved integration of nanocomposites and thus towards 

better properties. The dispersity of BGN is related to many parameters, among which 

synthesis method, particle size, and glass composition are particularly influential. 

Highly dispersed or even monodispersed BGN can be synthesized using the 

modified Stöber methods [12,55]. Towards this high dispersity, the processing 

parameters such as molar ratio of TEOS/calcium precursor [12] and addition timing 
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of Ca precursor [55] should be carefully controlled. Polymeric species can be 

introduced to synthesis acting as barriers to exert steric effects to prevent or reduce 

the aggregation between particles [64]. BGN, synthesized using the alkali-mediated 

sol–gel method, exhibit relatively lower dispersion in comparison to these produced 

through the modified Stöber methods [57,58], as in this method acid catalysts are 

present in the system, which may cause the silica species to form gelled structure 

[27]. Larger BGN usually exhibit a better dispersity than smaller BGN, as smaller 

particles have a stronger tendency to self-aggregate [27]. Particularly, the synthesis 

of highly dispersed BGN smaller than 100 nm is still a challenge. The composition of 

BGN is also significant to their dispersity. Monodispersed silica nanoparticles are 

relatively easily produced. However, to introduce metallic ions in BGN, the use of 

metallic precursors that may cause the aggregation due to the change of surface 

charge of silica nanoparticles is unavoidable [79,80]. The parameters related to the 

addition of these precursors including its amount and addition timing should be 

carefully controlled to achieve highly dispersed BGN [12,55]. BGN with the more 

complex composition are inclined to aggregate during the processing. The 

incorporation of multifold metallic ions into BGN remaining monodispersed is still a 

challenge. In addition to these factors, other processing parameters such as drying 

method and calcination temperature also affect the dispersity of BGN [40], but the 

influence caused by these parameters is relatively not significant. Although 

monodispersed BGN have been synthesized by carefully controlling the pH value 

and the added amount of precursors [12,33,54], their size was relatively large (>200 

nm) and the incorporated amounts of metallic ions was limited. The synthesis of 

highly dispersed BGN smaller than 100 nm is still challenging, considering their 

inclination to aggregate in the presence of metallic ions [44,81].   
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Figure 2.3 Representative TEM images of mesoporous bioactive glass nanoparticles (MBGN). 

(a1-a6) MBGN synthesized using a dual-template method. The topography of MBGN could be 

tailored by changing the concentration of used templates [61]. (b) Hollow MBGN synthesized 

using dual soft templates [65]. Figures reproduced with permission from Elsevier ([61]) and 

Wiley ([65]). 

 

2.3.2. Composition  

The composition of BGN determines their structure and properties. All glasses 

including BGN have the common nature of an amorphous structure, being composed 

of network formers, network modifiers, and intermediate oxides. The network 

formers, including silica (SiO2), phosphorus pentoxide (P2O5), and boron trioxide 

(B2O3), can form glasses alone without additional components; the network modifiers 

affect glass structure by bonding to non-bridging oxygen atoms as Si-O-M+ where M+ 

is a modifier cation; and the intermediate oxides can act either as network modifiers 

or enter the structure of glasses performing as network formers [5]. To the best of our 

knowledge, almost all reported BGN are composed of network former SiO2 and 

network modifiers (mainly Ca2+) [10]. Intermediate oxides are rarely involved in the 

synthesis of BGN. Most of the reported composition of BGN is based on binary SiO2-

CaO system [12,54,82], occasionally including other metallic ions [58,59]. 
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Conventional melting-derived BG commonly have a far complicated composition to 

achieve bioactivity or fulfill processing requirements (e.g. reducing melting 

temperature) [5]. For example, 45S5 Bioglass have a complex composition (45SiO2-

24.5Na2O-24.5CaO-6P2O5, in wt%). On the other hand, sol-gel derived BG including 

BGN, owing to their large SSA and low processing temperature can achieve high 

bioactivity with binary SiO2-CaO composition [16].  

Calcium is an essential element to BG, as it plays a critical role in apatite formation 

and inducing osteogenic differentiation of cells [6]. However, incorporating a high 

amount (>20 mol%) of Ca in BGN that remain high dispersity is challenging 

[12,26,33,53], due to the mechanism of BGN formation unlike that of bulky BG [55]. 

Although more than 20 mol% of Ca ions could be incorporated into BGN, this 

objective was at the expense of dispersity [26,55]. In addition, a gap between 

nominal and actual composition is available in BGN production, which is induced by 

the mechanism of BGN formation and processing strategies [53]. This composition 

gap is likely to be reduced by carefully controlling the pH value of system [43,83] or 

the use of organic species as additives [78,84–86]. To address these limitations, 

further optimization of processing of BGN synthesis is desired. 

In addition to Ca ions, other functional ions can also be incorporated in BGN through 

sol-gel processes. Two strategies are available to introduce other ions in the sol-gel 

process. One strategy is to add all metallic precursors in the course of the formation 

and growth of silica nanoparticles [37,81], while another one is to incorporate the ions 

in silica nanoparticles through post-modification [54,87]. In the former strategy, the 

control of the addition of metallic precursors is significant to obtain homogenous and 

dispersed BGN. In the latter routine, metallic ions are introduced by soaking 

synthesized silica nanoparticles in corresponding salt solution. The size and 

dispersity of these BGN can be relatively easily controlled considering the convenient 

control of silica nanoparticle production [52,53]. However, both methods suffer from 

the limitations of high-content incorporation of metallic ions and precise control of 

BGN composition. In addition, the incorporation of metallic ions using salt precursors 

may suffer from the formation of metallic nanoparticles (e.g. Ag2O [58] and Cu [56]) 

outside BGN. Inspired by this phenomenon, active ions can also be introduced by 

coating metallic nanoparticles on SiO2-CaO based BGN [88]. Although BGN with 

multifold metallic ions have been successfully synthesized using different strategies, 

more efficient and better-controlled methods are still demanded. 
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2.4. Physiochemical and biological properties of BGN 

2.4.1. Apatite formation and ion release   

Bioactive glasses are renowned for their bone-bonding capability that is achieved 

through the formation of an apatite layer between BG and the tissues upon exposure 

to biological fluid [4,89]. The bone-bonding capability of BGN can be predicated by 

soaking materials in simulated body fluid (SBF) to observe the formation of apatite 

[90]. This apatite formation stems from an ion exchange process between the 

material and biological fluids followed by a subsequent nucleation and growth of 

apatite crystals on the materials. The formation mechanism of apatite on BG is now 

well established [4,5,15]. The apatite formation on BGN is similar to that on their 

micron-sized counterparts, but BGN are considered to exhibit a faster formation in 

comparison to micron-sized BG when they have similar or the same composition 

[91]. In addition, due to the small size, BGN cannot support apatite crystals to grow 

from needle-like to cauliflower-like clusters on the particle as what happens to 

micron-sized BG, whereas they only exhibit the needle-like shape of apatite 

clustering around them [30,78]. Furthermore, the nanoscale morphology of BGN 

enables them to overcome the composition limitation inducing apatite formation, 

which is available in micron-sized BG. It is generally considered that melt-derived BG 

are bioactive only if their silica content is lower than 60 mol% whereas sol-gel derived 

micron-sized BG can remain bioactivity with a silica content of 90 mol% [4,16]. BGN, 

as a comparison, are still likely to be bioactive even their silica content is higher than 

90 mol% [52]. This phenomenon could be explained by the fact that BGN have 

relatively large SSA that accelerates ion exchange and consequently leads to apatite 

formation [92].  

In addition to the direct bonding to the bone through apatite formation (a result of ion 

exchange), BG can also release ions besides Si to the outer environment during their 

dissolution [5]. Some of these ions can induce therapeutic effects, e.g. osteogenesis 

and angiogenesis, by affecting cell behaviors, such as proliferation, mineralization, 

and gene expression, which is depended on the type and concentration of the 

released ions [6]. BG is suitable materials for delivering active ions, as they are 

amorphous and therefore have no need to comply with strict stoichiometry as 

ceramics, which allows the flexibility of the manipulation of ion doping. BGN, owing to 

the small size and uniform shape, are likely used as medicine directly by transferring 

therapeutic ions to proper sites.  
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The ion release of BGN starts as soon as their exposure to body fluid. A burst release 

of ions is commonly observed in the early stage of release [35]. After this stage, the 

ions are released in a sustained manner accompanying with the dissolution of 

glasses. In comparison to their micron-sized counterparts with similar composition, 

BGN dissolve faster that means a more rapid release of ions could take place. A 

stronger burst release could be observed in BGN after exposure to body fluid, which 

could cause a burst rise of local pH value that may be lethal to either cells or bacteria 

[93]. Therefore, this burst release occurring in BGN should be inhibited to avoid 

possible adverse effects. Furthermore, the releasing period of ions should also match 

the required time of specific biological healing process, during which a continuous 

stimulation to cells from therapeutic ions is required [94,95]. Towards a sustainable 

ion release, the ions should be incorporated in the silicate structure of BGN, but not 

adsorbed on BGN surface [5]. 

The achievement of therapeutic effects matters with the sustainability and type of 

ions, but it is also heavily depended on the concentration of ions. In vitro experiments 

have shown that therapeutic ions could only work when they were cultured with cells 

with a specific concentration window [96]. For example, Cu ions could support both 

osteogenesis and angiogenesis of human bone marrow derived stem cells by 

affecting the expression of osteogenic and angiogenic markers only in the range of 

60.4 to 152.7 ppm [97]. A controlled release of ions reaching desired concentration is 

still challenging, especially for the use of BG in composites, where an over-high 

volume fraction of incorporated filler phase may cause decreased mechanical 

properties and accelerated detachment among different phases [9]. However, the 

high concentration of ions is required for some applications. For BG with a certain 

composition, a high volume fraction of BG fillers in composites may be required. In 

this case, BGN show the advantage over their micron-sized counterparts, since they 

can deliver a higher concentration of ions with the same volume. This means less 

volume of BGN are needed to achieve similar effects with those of micron-sized BG 

in the context of ion release. 

2.4.2. Cytotoxicity 

Cytotoxicity of BGN is related to lots of parameters, such as glass composition, used 

concentration, particle shape and size [6,33]. The concentration of nanoparticles is 

one of the most significant parameters affecting material properties. In general, a 

higher concentration can lead to a higher toxic risk to cells [98,99]. Tsigkou et al. [12] 

investigated the toxic effects of BGN (215 ± 25 nm, SiO2-CaO system) on human 
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bone marrow- and adipose-derived stem cells. These BGN caused a slight decrease 

in metabolic activity and total DNA in both tested cells at a concentration of 100 and 

200 μg/mL, whereas no adverse effects were observed at a lower concentration of 50 

μg/mL. Notably, cellular uptake of BGN by marrow stem cells was observed, which is 

rarely observed for micron-sized BG. These BGN were found to be located within cell 

vesicles and in the cytoplasm, while at the same time the BGN started to dissolve 

inside the cells. Besides the concentration, the particle size of BGN also influences 

their toxicity [100,101], which is related to the fact that BGN with different size exhibit 

different dissolution rates and conditions of uptake by cells. Smaller BGN usually 

dissolve faster leading to a more rapid pH change or ion accumulation, which may 

affect cells negatively. In addition, the uptake of nanoparticles may cause damage to 

cells, while smaller particles facilitate cellular uptake [102]. Not only particle size but 

also the shape and surface charge of particles can affect cellular uptake. Particles 

with larger aspect ratios have been reported to be taken up by cells in larger amounts 

and to exhibit faster internalization rates [72]. Moreover, the exposure time of BGN to 

cells also influences cytotoxicity [100]. Labbaf et al. [33] investigated the cytotoxicity 

of BGN (~250 ± 75 nm) with the composition of 85SiO2-15CaO (in mol%) towards 

human mesenchymal stem cells. These BGN only exhibited obvious cytotoxicity after 

four days in culture, while they caused a significant reduction in cell viability after 

seven days in culture. This time-dependent cytotoxicity could be related to the 

accumulation of released ions over culture time. 

Regarding the use of BGN in vivo, understanding the distribution and clearance of 

BGN is important. However, rare studies focusing on the in vivo biocompatibility of 

BGN have been reported. Recently, Mao et al. [103] investigated the distribution and 

toxicity of intravenously administrated MBGN (~250 nm) in mice. These MBGN 

exhibited a low in vivo toxicity, and their lethal dose 50 (LD50) was higher than 

250mg/kg. Notably, MBGN mainly accumulated in the parts enriched with 

macrophages of liver and spleen, but they could be cleared from the body two weeks 

after administration. More investigations focusing on the influence of size, shape and 

surface properties of BGN on distribution and clearance are required in future 

studies. 

2.4.3. Osteogenesis and angiogenesis  

Bioactive glasses with the certain composition can induce osteogenesis and 

angiogenesis when they are used at the proper concentration [6,41,99,104]. These 

biological activates are mainly triggered by the active ions released from BG [6]. BG 
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with a basic composition of SiO2-CaO can induce osteogenesis, owing to the 

osteogenic effects of Si and Ca ions [41,105]. The incorporation of other active ions 

(e.g. Cu and Co) in BG enables them to be able to induce angiogenesis [97,106]. 

In addition to composition, many other factors including particle size affect the 

osteogenesis induced by BG. In comparison to their micron-sized counterparts, BGN 

could induce the expression of osteogenesis-related genes ALP, RUNX2, and COL1 

to a greater degree as well as promote better adhesion of osteoblast-like MG-63 cells 

[105]. In addition, by tailoring the size of BGN, the osteogenic activity of mouse 

mesenchymal stem cells could be tailored. Increased cell proliferation was also 

observed in the group treated with smaller BGN [98]. Notably, a further surface 

modification on BGN could lead to an improved differentiation of stem cells. For 

example, amine group (−NH2) functionalized BGN could significantly upregulate the 

mineralization and expression of odontogenic-related genes of dental pulp stem cells 

in comparison to un-functionalized ones, likely due to the increased intracellular 

concentration of Si and Ca ions in the cells treated by functionalized BGN [107]. 

Besides Si and Ca ions, other active ions such as Cu ions could also enhance 

osteogenesis [21,108]. Shi et al. [21] reported that Cu-containing mesoporous silica 

nanoparticles could modulate an immune environment by initiating proper pro-

inflammatory cytokines. These Cu-containing nanoparticles could also induce the 

expression of osteogenic/angiogenic factors and suppress the expression of 

osteoclast genic factors.  

In vitro and in vivo studies have shown the angiogenic potential of micron-sized BG 

of different composition systems [104,109], but rare investigations on the angiogenic 

effects of BGN have been reported [110,111]. Mao et al. [110] reported that the 

dissolution products of BGN could stimulate the proliferation of human umbilical vein 

endothelial cells (HUVECs) and accelerate cell migration. Moreover, the 

angiogenesis-related expression of vascular endothelial growth factor, basic 

fibroblast growth factor, and endothelial nitric oxide synthase could be up-regulated in 

the presence of their dissolution products, which resulted in an improved in vitro tube 

formation, a marker of vascularization.  

2.5. Fabrication of BGN-based nanocomposites 

Combining BGN with other materials in a proper manner can create a new class of 

materials that possess unique properties. BGN are preferably fillers for composites in 

comparison to their micron-sized counterparts, as their smaller size and more regular 

shape facilitate a better integration with matrixes and this may then lead to more 
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satisfactory performances [9]. BGN exhibit apatite-forming ability, hydrophilicity, 

osteogenesis, and angiogenesis, being desired complements for those materials 

lacking the above characteristics [9]. BGN-based nanocomposites can be fabricated 

with many methods, including solvent casting [91], coating [112], electrospinning, 

three-dimensional (3D) printing [8,9]. Suitable fabrication methods should be chosen 

according to the requirements for intended applications.  

2.5.1. Solvent casting and particulate leaching 

Solvent casting is a convenient method to produce composites with a pre-designed 

geometry, such as porous scaffolds and membranes. In solvent casting, a polymer 

(or more polymers) is dissolved in an organic solvent before the introduction of BGN. 

The mixtures are then cast into a predefined 2D or 3D shape, followed by the 

evaporation of the solvent [91,113,114]. When the solvent evaporates, 

nanocomposite consisting of BGN together with the polymer could be produced. The 

properties of the fabricated nanocomposites could be adjusted by tuning the added 

volume fraction of BGN in a solvent, but the incorporated volume fraction of BGN to 

an integrated nanocomposite is limited. BGN may aggregate in polymer matrixes, 

depending on the concentration of BGN in the polymer solution and their interactions 

with the solution. Surface modification on BGN can improve the dispersion pf BGN in 

the polymer solution, which can alleviate the aggregation of particles in the resulting 

nanocomposites [115]. Although this technique shows its convenience (e.g. no 

requirement for specialized equipment) solvent-casting also has disadvantages such 

as the toxic issues of residual organic solvent. More importantly, the synthesized 

nanocomposites using this method exhibit un-met pore structure for bone 

regeneration, where relatively large pore and high porosity are required. To increase 

porosity and enlarge pore size, particulates (mainly salts) with specific dimensions 

being not dissolvable in an organic solvent can be added in association with the 

solvent-casting process [116]. After the evaporation, these particulates can be 

removed by soaking the dried nanocomposites in another solvent (e.g. water) that 

can dissolve the particulates to create porosity. The pore size and porosity can be 

tailored by adjusting the used concentration and size of the particulates. However, 

the formed pores are not well interconnected, which may inhibit efficient cell and 

tissue ingrowth.  
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2.5.2. Phase separation (freeze-drying) 

Phase separation, particularly freeze-drying, is also a commonly used method to 

produce porous composites exhibiting interconnected macroporous structure 

[83,117,118]. In this method, polymer phases are dissolved in a solvent before the 

addition of BGN at a given volume fraction to form a homogenous suspension. The 

mixtures then undergo a decrease in temperature (e.g. by using liquid nitrogen) to 

induce a phase separation. The solvent-rich phase is then removed by extrusion or 

sublimation to provide open pores while in the meantime BGN/polymer phases 

become solidified, leading to the formation of macroporous nanocomposites. The 

porosity and pore morphology can be tailored by adjusting the volume fraction of 

BGN, polymer concentration, the type of polymer and solvent used [8]. Additionally, 

the pore size and orientation can also be controlled by adjusting cooling and 

sublimation rates [8,10]. Furthermore, by carefully controlling the processing 

parameters and selecting components, the mechanical properties of the prepared 

nanocomposites can achieve a level that is similar to that of cancellous bone [117].  

2.5.3. Coating 

Although BTE has emerged as a promising strategy for bone repair, metallic implants 

are still the most widely clinically used materials for the treatment of bone defects 

due to their satisfactory mechanical strength [119]. However, most of the metallic 

implants are bio-inert, which limits their osseointegration. Many efforts have been 

made to improve the osseointegration of metallic implants, such as surface coating 

[120–122]. In addition, porous scaffolds could also be coated to achieve enhanced 

mechanical properties and improved biological properties [112,123]. One of the 

coating strategies is to use BG particulates as precursors to create composite 

implants by dip-coating [118,179], spin-coating [180] or electrophoretic deposition 

(EPD) [181]. 

Dip coating and spin coating are popular techniques not only for implants but also for 

porous scaffolds [112,124]. In these strategies, thickness and morphology of coatings 

can be controlled by adjusting withdrawal/spin speed, solvent nature (e.g. type and 

concentration), environmental conditions (e.g. temperature), and the number of 

iteration [125]. In general, two precursors, i.e. suspension and solution, can be used 

for dip/spin coating. In the case of using BGN as one component of coatings, in the 

first strategy, pre-synthesized BGN are mixed with solvent firstly at a proper 

concentration prior to coating [120–122]. In the latter coating, proportional liquid 
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precursors (e.g. TEOS and CaN) are used instead of solid nanoparticles. The 

formation of nanoparticles takes place after coating processes. The nature of liquid 

precursors (e.g. good flow ability) allows ultra-thin coatings on implants or scaffolds 

with complex structure [27]. Coatings with mesoporous structure can also be 

achieved by using dip or spin coating [126]. BGN-containing nanocomposite coating 

[112] or layer-by-layer coating [127] can also be obtained via these approaches. 

EPD technique employs colloidal particles as precursors, allowing coatings on both 

flat substrates and complex constructs [128,129]. In the EPD routine, colloidal 

particles with a specific surface charge in suspension can migrate to objectives in the 

presence of an appropriate electric field. Since the suspension is exposed to electric 

field homogenously, uniform coatings are therefore achieved [130]. Apart from the 

parameters of EPD technique itself (e.g. voltage/intensity relationship and deposition 

time), the pH of suspension, concentration and size of particles are also significant to 

the resulting coatings [131]. Using EPD technique, nanocomposite coatings 

containing BGN can be conveniently produced [132–134].  

2.5.4. Electrospinning 

Electrospinning technique can produce either organic or inorganic fibrous matrixes 

for hard or soft tissue engineering [135,136]. Electrospun fibrous matrixes could 

mimic the structure of extracellular matrix (ECM), which may promote the 

proliferation, differentiation and attachment of cells [137]. The addition of BGN offers 

apatite-forming ability, enhanced hydrophilicity and biocompatibility to polymers or 

carbon fibrous matrixes [138–141]. In addition to technical parameters (e.g. voltage 

and processing time), the nature of polymer, type of solvent and the volume fraction 

of BGN in solution are also crucial to the morphology and properties of resulting 

nanocomposites. In electrospinning process, the particle size of BGN and their 

stability in polymer solution are key factors affecting the morphology and uniformity of 

nanocomposites. Since the size of electrospun fibers is mostly in the range of 100 to 

several micron meters, therefore, the size of fillers should be significantly smaller 

than that of produced fibers. Otherwise, non-continuous and surface-rough fibers 

would be obtained [141]. In addition, BGN in polymer solution should be stable, 

homogenous and non-aggregated during electrospinning processes. Otherwise, the 

distribution of BGN in the nanocomposites could be non-homogenous and the 

aggregated BGN could even block the syringe preventing further electrospinning. 

Suitable surface functionalization may improve the stability and homogeneity of BGN 

in the polymer solution to achieve a more efficient electrospinning [142]. 
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2.5.5. 3D printing  

Lots of fabrication methods, e.g. foam replication, can be used to produce scaffolds 

with macroporous and interconnected pore structure, however, the full control of pore 

morphology and interconnectivity cannot be easily achieved using these conventional 

approaches. Furthermore, the manufacture of customized scaffolds for specific 

defects is still a challenge, but strongly demanded. 3D printing is a technique that 

allows the fabrication of scaffolds with complex shapes directly from pre-design [143]. 

Many materials can be employed as building blocks for printing scaffolds, including 

polymers, ceramics and even inorganic/organic hybrids [143]. However, due to the 

relatively high processing temperature of ceramics/BG and their unmet strength 

during the printing process, 3D printed ceramic/BG scaffolds are still not easy to be 

prepared directly using powder-like building blocks. Alternatively, BG or bioceramics 

can be mixed to form a printable paste for constructing 3D porous scaffolds [144–

146]. Nanoparticle fillers, being able to distribute more homogenously in polymer 

phases, are preferred in this 3D printing strategy [143]. Although not many 

investigations focusing on BGN-containing 3D printed scaffolds have been reported 

[147,148], the scaffolds containing micron-sized BG have been widely studied [149]. 

For the achievement of integrated nanocomposite scaffolds, the composite 

precursors should remain homogenous and stable during the printing process. In 

addition, the composite precursors should have an appropriate viscosity for effective 

printing. The size and surface chemistry of BGN should also be carefully controlled to 

obtain a homogenous nanocomposite.  

2.6. Biomedical applications 

2.6.1. Bone regeneration 

Particulate BG can be directly used as fillers for repairing bone defects by being 

mixed with suitable materials to form a paste and then pressed into defects to fill 

voids [150]. For the repair of large bone defects that cannot self-heal, BTE is 

preferred and porous scaffolds are therefore preferred for guiding bone regeneration. 

BG alone can be used to fabricate the porous scaffolds exhibiting the ability of bone 

bonding and stimulating bone growth [4]. However, bare BG scaffolds suffer from the 

limitations such as inadequate mechanical strength that suppress effective bone 

regeneration [151]. To fulfill the complex requirements (e.g. bone-binding ability, 

biocompatibility, and mechanical robustness) for bone scaffolds, inorganic/organic 

composites are developed, as they may exhibit required properties from their building 
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blocks. BGN can, therefore, be combined with other materials to generate 

nanocomposites, such as scaffolds, membranes, and injectable materials, for 

intended applications [9,19,152].  

The straightforward concept of using BGN is to incorporate them in polymers [9]. 

Many biocompatible polymers exhibit biodegradability and flexibility, but the lack of 

bioactivity inducing bone bonding and regeneration. The incorporation of BGN in the 

polymer matrixes at proper concentration can improve the apatite-forming ability, 

mechanical properties and biological performances of the matrixes [9]. BGN are 

expected to bring more prominent enforcements to the matrixes than micron-sized 

BG. Misra et al. [91] compared the effects of incorporation of nano-sized and micro-

sized BG on the properties of P(2HB)/BG composites. Both composites showed 

improved mechanical properties, apatite-formation, and protein adsorption than bare 

polymer scaffolds, but BGN-containing one exhibited more significant improvements. 

Similar enhancements induced by BGN incorporation were also observed in poly(L-

lactide) acid (PLLA) [115,118,153,154], poly(3-hydroxybutyrate) (PHB) [155], 

chitosan [152,156], poly(ε-caprolactone) (PCL) [157,158], and alginate [159]. Notably, 

BGN with smaller size could lead to a higher improvement in mechanical properties 

for the matrixes. Wang et al. [160] developed macroporous BGN/gelatin 

nanocomposites through convenient solvent casting and freezing-dry methods. With 

the decreasing of particle size, both compressive modulus and strength increased, 

due to the increased interfacial area between the fillers and the gelatin. Particularly, 

the prepared nanocomposites exhibited similar mechanical properties to the 

cancellous bone when the size of used BGN was smaller than 100 nm. 

Biodegradable polymer matrixes usually cannot bond to the bone through apatite 

formation, but the incorporation of BGN could successfully endow the matrixes with 

this character [141,142,144,147–149]. Marelli et al. [162] incorporated 45S5 BGN 

into collagen matrixes and their mineralization was significantly accelerated in 

compared to pure collagen scaffolds. The addition of BGN in polymer matrixes can 

also improve biocompatibility, osteogenic and angiogenic potential due to the ion 

releasing capability of BGN [111,157,164]. An induction of angiogenic responses was 

observed in the collagen films containing BGN, due to the releasing of active ions 

(e.g. Ca ions) from BGN [111]. To accelerate bone regeneration or treat infection, 

biomolecules are always used in clinical treatment. MBGN thus stand out among 

various materials, as they can efficiently deliver the biomolecules due to their 

morphological characteristics and in the meanwhile they can release active ions for 

bone regeneration and vascularization [140,165–167]. The incorporation of these 
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BGN/biomolecules complexes in polymer matrixes could accelerate bone 

regeneration or inhibit the colony of bacteria [66,140]. BGN-containing 

nanocomposites for bone regeneration can be fabricated through many strategies, 

such as solvent casting, freeze-drying and electrospinning [9]. Among various 

strategies, electrospun matrixes exhibiting tissue-mimicking architecture have been 

widely used to regenerate bone tissues [168]. The incorporation of BGN in 

electrospun polymers is considered to better mimic the hybrid structure of 

extracellular matrix as well as enhancing the apatite-forming ability and better 

stimulating bone regeneration [139–141,169,170]. However, a balanced volume 

fraction of BGN in nanocomposites should be considered, since a volume fraction of 

BGN could deteriorate mechanical strength while too low may not be able to enhance 

apatite-forming ability or initiate positive biological inductions [171].  

Recently, hydrogels with highly hydrated and porous structure are attracting rising 

attention in bone regeneration, since they are able to mimic tissue microenvironment 

that facilitates tissue regeneration [172,173]. However, most hydrogels lack some 

critical requirements for successful bone regeneration, such as poor apatite-forming 

ability. The addition of BGN could compensate the hydrogels from the aspects of 

mechanical properties and apatite-forming ability [174,175]. El-Fiqi et al. [176] 

investigated the effects of BGN incorporation on collagen hydrogels. The results 

showed that the hydrolytic and enzymatic degradation of the hydrogel was reduced 

compared to the pure hydrogel while their mechanical properties (resistance to 

loading and stiffness) were improved. Moreover, the shrinkage of hydrogel during cell 

culture was reduced after BGN incorporation. Rottensteiner et al. [171] added BGN 

into alginate dialdehyde/gelatin hydrogels to evaluate their effects on in vitro and in 

vivo biocompatibility. The addition of 0.1 wt% BGN caused slightly cytotoxic effects, 

but no significant inflammatory reaction was found in vivo study. Interestingly, in vivo 

vascularization was detected after four weeks of implantation of the nanocomposite 

hydrogel. Leite et al. [148] prepared alginate dialdehyde-gelatin/BGN nanocomposite 

hydrogel containing MG-63 cells using the bio-plotting technique. Owing to the 

complex chemical structure of hydrogels, injectable and self-healing BGN-hydrogel 

nanocomposites could also be created for bone repair. Gantar et al. [177] 

synthesized Au-based 4-arms thiol terminated poly(ethylene glycol)/BGN dynamic 

hydrogel nanocomposites. The incorporation of BGN had no significant adverse 

influence on the gelation and self-healing ability of hydrogel, but the addition of BGN 

improved the stiffness and apatite formation of the hydrogel matrixes. 
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In addition to being incorporated in polymer matrixes, BGN can also be combined 

with other inorganic scaffolds [73,139,161,178–180]. Roohani-Esfahani et al. [73] 

coated porous calcium phosphate scaffolds using BGN/PCL nanocomposites. The 

apatite formation of the scaffolds was accelerated and the compressive strength and 

failure strain of the coated scaffolds were also significantly higher than those of bare 

calcium phosphate scaffolds. Interestingly, the in vitro osteogenesis of these 

nanocomposite scaffolds was dramatically affected by the shape of BGN (rod-like 

BGN showed a higher osteogenic induction in compared with spherical BGN), but it 

was independent of particle size. BGN could also be used as additives alongside the 

fabrication of inorganic scaffolds. Badr-Mohammadi et al. [178] prepared 

nanocomposite scaffolds by sintering zinc-containing BGN and biphasic calcium 

phosphate powders together. The BGN-containing scaffolds exhibited increased 

mechanical properties in comparison to bare biphasic calcium phosphate. The 

mechanical properties of the nanocomposite scaffolds could be tailored by tuning the 

concentration of added BGN and sintering temperature. The incorporation of BGN 

also improved the osteogenic activity of the nanocomposites, which was probably 

due to the release of Zn ions. 

Although the concept of BTE provides an attractive routine for bone regeneration, 

many challenges are still available limiting its successful clinical applications. Metallic 

implants are thus still the most widely used materials for bone regeneration. 

However, the biocompatibility and biological performance of most metallic implants 

require improvement to avoid the failure of implantation caused by the encapsulated 

with fibrous tissues after implantation [181]. In addition, the surface of most metallic 

implants cannot bond to bone firmly through apatite formation. Corrosion in implants 

upon exposure to body fluid may also limit their long-term use [182]. Herein, the idea 

of coating metallic implants using BG to improve the osseointegration of implants and 

protect them against corrosion from body fluids emerges out [124]. Although BG 

coatings alone can improve the behaviors of implants, their relatively high 

dissolubility hinders their long-term use, as it may facilitate the corrosion of the 

substrates, particularly for Mg-based implants [182]. For anti-corrosion, 

biocompatible polymers can be coated on implants, owing to their relatively low 

dissolubility [182]. BGN can thus be mixed with polymer solution or coated on 

polymer layers to form composite coatings on implants. Considering their smaller 

size and more uniform shape leading to more homogenous distribution on implants, 

BGN are more satisfactory building blocks for coatings on metallic implants in 

comparison to micron-sized BG [121,179,183,184]. Patel et al. [132] coated 
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chitosan/BGN nanocomposites on titanium implants through EPD. A uniform and 

thicknesses-controllable coating could be achieved. The presence of BGN 

significantly enhanced apatite formation and the osteogenic differentiation of pre-

osteoblastic cells. Rego et al. [133] developed a nanocomposite coating with similar 

morphology to nacre using BGN, chitosan, and hyaluronic acid as building blocks. 

This type of coating exhibited enhanced adhesive on implants and good apatite-

forming ability. BGN-based nanocomposite coating can also accelerate the 

osseointegration of implants. Covarrubias et al. [185] developed a BGN/nanoporous 

silica coating that could accelerate the formation of bone tissue in the periphery of 

implants after implantation. The coated implants showed mature bone in intimate 

contact with their surface in a shorter time in comparison to the uncoated implants.  

2.6.2. Dentistry 

The applications of BGN in dentistry are mainly related to the augmentation of 

alveolar ridges, the remineralization of dentin, root canal disinfection, and the 

treatment of periodontal pockets and dentin hypersensitivity [4]. BGN mainly act as 

re-mineralization agents because they can bond to defect sites facilitating the healing 

of diseases. BGN can also be added into glass-ionomer cement at proper 

concentration for the improvement of mechanical properties and biological 

performances [186]. Curtis et al. [187] coated dentine specimens using micron- and 

nano-sized BG to evaluate their re-mineralization effects in dentine tubules. After 

exposure to body fluids, platelet-like and rod-like apatite crystals could form on the 

dentine coated with micron- and nano-sized BG, respectively. The rod-like apatite 

could emanate from within the tubules to a maximum depth of 270 μm, suggesting 

that this type of apatite induced by BGN could resist harsher dynamic environment 

and should have better mechanical retention than the apatite layer only on dentin 

surface. BGN could also induce better differentiation and mineralization of human 

dental pulp cells (hDPCs) than micron-sized BG [188]. The antibacterial effects of 

BGN on oral microorganisms are also advantageous for their applications in dentistry 

[189]. The colonized microorganisms can cause an inflammatory reaction that 

therefore induces the resorption of bone, dentine or enamel. BGN exhibited higher 

bactericidal effects than micron-sized BG with same or similar composition [93,190], 

indicating their potential in the treatment of dental diseases initiated by the 

colonization of microorganisms (e.g. dental plaque). 45S5 BGN slurries showed 

superior antibacterial effects on root canal disinfection in comparison to their micron-

sized counterparts [191]. BGN could also be incorporated in polymer matrixes for the 
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treatment of periodontal diseases. Chitosan membrane containing BGN [83,114,192], 

with both apatite-forming ability and antibacterial activity, have been extensively 

investigated to treat periodontal diseases. Mota et al. [114] prepared chitosan/BGN 

composite membranes via a facile solvent-casting method. The addition of BGN 

enhanced apatite formation significantly, though it decreased the mechanical 

properties of composite membranes. Importantly, the addition of BGN enhanced the 

metabolic activity and mineralization of human periodontal ligament cells and human 

bone marrow stromal cells. Besides being combined with chitosan, BGN also could 

be incorporated in alginate leading to improved apatite formation and biological 

performances for periodontal regeneration [193]. 

2.6.3. Nanomedicine  

With the rising developments in nanotechnology, silica-based nanoparticles are 

attracting increasing attention in nanomedicine due to their tailored morphology, good 

biocompatibility and unique physiochemical properties including ion-releasing 

capability [194]. BGN including MBGN, as silica-based nanoparticles, are promising 

carriers for delivering biomolecules, particularly the proteins or antibiotics related to 

the treatment of bone disease/defects. Biomolecules can be loaded in BGN with a 

relatively high loading efficiency and then locally released in a controlled fashion at 

required sites. Owing to their abundant surface chemistry, BGN can also be 

functionalized intentionally to facilitate the loading of specific biomolecules such as 

peptides, proteins or growth factors [142].  

The impressive capability of drug delivery of BGN greatly promotes their effects on 

bone regeneration. Although BGN can intrinsically stimulate bone regeneration and 

vascularization, the induced regeneration is not satisfactory especially in repairing 

large bone defects. The biomolecules that can induce bone or blood formation are 

commonly combined with BGN for accelerating bone regeneration. Recently Kim et 

al. [165] developed a gene delivery system based on MBGN for bone regeneration. 

The mesopores of MBGN played a significant role in the effective loading and further 

sustained release of bone morphogenetic protein-2 (BMP2) plasmid DNA. These 

carriers released the genetic molecules in a highly-sustained manner for up to at 

least two weeks. The results also showed that these BMP-2 loaded MBGN 

significantly improved bone regeneration, being evidenced by the characterization of 

the micro-computed tomographic, histomorphometric and immunohistochemical 

analyses. Apart from loading growth factors or drugs for the enhancement of bone 

regeneration, MBGN can also carry siRNA for the inhibition of osteoclastogenesis 
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[195]. The high intracellular uptake rates and sufficient gene silencing effects could 

be achieved by tuning the morphology of MBGN.  

BGN can also deliver anticancer drug for the treatment of defects induced by the 

bone tumor [196–198]. Wu et al. [35] prepared MBGN loaded with doxorubicin 

hydrochloride (DOX), an anti-cancer drug, at a high loading efficiency of ~90%. The 

DOX-loaded MBGN demonstrated a significant inhibitory effect on the viability of 

osteosarcoma cells over culture. In addition, these MBGN could release Ca and Si 

ions that are expected to stimulate bone regeneration during the culture.  

One of the advantages of BGN over silica nanoparticles in nanomedicine is that BGN 

alone can be used as inorganic nanomedicine due to their release of therapeutic ions 

[6]. Recently, the anticancer potential of inorganic nanoparticles (e.g. copper 

nanoparticles) is attracting increasing attention [199]. Inorganic nanoparticles can be 

uptake by cells and then release ions that are toxic to cancerous cells inside cells to 

inhibit cancer growth in a more efficient manner. BGN containing anti-cancer ions 

can, therefore, be likely used for the anticancer purpose. The ideal particles should 

have high toxicity towards cancerous cells while no or low toxicity towards health 

cells [199]. Another common strategy for anticancer treatment is the hyperthermia 

therapy. Magnetic biomaterials can induce heat that leads to a local temperature rise 

when they are exposed to an exterior magnetic field. Cancer cells can be killed or 

inhibited at high temperature (>43 °C), while healthy cells may survive at such 

temperature [200]. Base on this concept, magnetic BG by incorporating iron oxide 

into BG as thermoseeds have been developed for bone regeneration and anticancer 

purpose [201]. For micron-sized BG, magnetic crystals can form inside the powders. 

However, it is challenging to incorporate magnetic thermoseeds into BGN. 

Alternatively, magnetic nanoparticles (e.g. iron oxide nanoparticles) can be combined 

with BGN to form magnetic nanocomposites, in which smaller magnetic nanoparticles 

can be coated on larger BGN or loaded into MBGN to induce hyperthermia effects. 

This concept is common in preparing magnetic silica nanoparticles, while rare studies 

regarding developing magnetic BGN nanocomposites have been reported [201]. 

Following the same concept, Ag nanoparticle can be loaded into MBGN using a 

spray pyrolysis (SP) process for antibacterial purposes [51]. The distribution of Ag 

nanoparticles in MBGN could be tailored by adjusting the formulation of used 

precursors. Rare earth elements, such as Eu, can also be incorporated in BGN 

[26,78,202–204], enabling BGN to possess luminescent capability. These rare 

elements doped BGN can be used for bio-imaging or visually monitoring the 

degradation or mineralization of materials [78,205].  
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2.6.4. Wound healing 

The application of BGN in wound healing is mainly attributed to their control of severe 

hemorrhages, angiogenic effect and antibacterial activity [3]. The hemostasis 

property of BGN is induced by the release of Ca ions playing a role in fibrin 

polymerization and clot stabilization [48], while the antibacterial effect is due to the 

release of antibacterial ions (e.g. Ag and Zn ions) [6]. The angiogenic effect of BGN is 

also induced by the relevant active ions such as Cu and Co ions [6]. Notably, MBGN 

exhibited less clotting time than dense BGN [206], due to the occurrence of the blood 

capillary adsorption inside the pores of porous particles. Ostomel et al. [48] prepared 

MBGN exhibiting hemostatic activity and being able to rapidly promote blood-clot 

formation. The clotting time decreased with increasing the concentration of MBGN 

used. The addition of Ag ions in BGN was also advantageous for wound healing 

process, due to the achievement of being antibacterial [207]. For a better wound 

healing effect, BGN could be incorporated into polymer matrixes to form dressings 

[208,209]. Lin et al. [210] fabricated Vaseline-based ointments containing BG to treat 

the superficial injuries of normal and diabetic rats. The results showed that all used 

BG could accelerate the recovery of skin wounds in both normal and diabetes-

impaired rats, but the healing effects of BGN were better than micron-sized BG. Cu-

containing BGN are preferred in the application of wound healing, as the released Cu 

ions can enhance vascularization that is a key process during the wound healing 

[37,209]. Li et al. [209] prepared Cu-BGN/eggshell nanocomposite membranes using 

pulsed laser deposition technique. The addition of Cu-BGN at proper concentration 

could stimulate proangiogenesis by improving the secretion of relevant protein and 

gene expression. In addition, the incorporation of Cu-BGN inhibited the growth of 

bacteria. The in vivo experiments confirmed the improved healing quality and 

formation of continuous and uniform epidermis layer using Cu-BGN/eggshell 

membranes. 

2.7. Conclusions and outlook  

With the development of nanotechnology, the synthesis of BGN is becoming routine 

and their use in biomedical applications is attracting increasing attention. Although 

many techniques are available for BGN synthesis, sol-gel based methods are 

preferred for producing BGN. The particle size, shape and pore morphology of BGN 

are conveniently tailorable in the sol-gel process by adjusting different processing 

parameters. Furthermore, various metallic ions can be incorporated in BGN for 

intended applications. In addition to the use of BGN in hard tissue regeneration (e.g. 
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bone regeneration), their application area can also be extended to soft tissue 

regeneration, wound healing and anticancer mainly owing to their carry of therapeutic 

ions. BGN are promising building blocks for nanocomposites, due to their small size, 

uniform shape, and modifiable surface chemistry. Many techniques (e.g. solvent 

casting and electrospinning) are available for nanocomposite fabrication. The 

technique should be determined according to the intended applications and the 

nature of materials. BGN are mainly used for bone regeneration, but their use in soft 

tissue regeneration and nanomedicine is also potential.  

BGN show their advantages over conventional micron-sized BG and bioceramics, but 

challenges inhibiting their efficient application are still available in the sol-gel 

processes for BGN synthesis. One of these challenges is the unsatisfied dispersity of 

BGN when multi-metallic ions are introduced. Monodispersed BGN with binary SiO2-

CaO composition system can be synthesized relatively controllably, but the 

introduction of additional metallic precursors may cause particle aggregation. A 

systematic understanding of the interactions between the metallic ions and colloidal 

silica particles during synthesis is still required for successful synthesis of highly 

dispersed BGN with multifold metallic ions. In order to produce these BGN, post 

modification including ion exchange and metallic nanoparticle coating can also be 

adopted. Another challenge is the precise composition control of BGN. Although BGN 

with composition being similar to nominal one could be synthesized, it was at the 

expense of dispersity. To address this composition issue, the optimization of sol-gel 

process and novel metallic precursors that could reduce their influence on silica 

nanoparticles are still required. The above dispersity and composition issues are 

significant to the further applications of BGN since the composition is directly related 

to their performances while their dispersity particularly matters with the properties of 

the nanocomposites containing BGN. Moreover, the comprehensive investigation of 

the biocompatibility of BGN is required for their clinical use. Although the in vitro 

cytotoxicity of BGN has been evaluated using various cell lines including stem cells, 

most of the investigated cell lines are bone-related ones. Considering the extension 

of application area of BGN, understanding the interactions between BGN and other 

cell lines (e.g. skin-related cells and cancerous cells) is strongly demanded. The in 

vivo behaviors of BGN including their clearance and distribution also need to be 

clarified in further investigation. 
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Chapter 3 Materials and Characterization 

Techniques 

 

This section includes the main materials and characterization techniques, which are 

common to the different parts of this project. Specific methods used in the studies 

presented in the different chapters are included in the corresponding chapters.  

3.1. Materials  

For the synthesis of BGN: tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP), 

calcium nitrate tetrahydrate (CaN), copper(II) nitrate hemi(pentahydrate) (CuN), 

ammonium hydroxide (28%), ethanol (96%), and lysozyme (LY) (chicken egg white 

lysozyme powders, 14.307 kDa, ≥40000 units/mg protein). All chemicals were 

purchased from Sigma-Aldrich (St. Louis, USA) and used as received without further 

purification. ZnO quantum dots (QDs) stock solution (2.5 wt% in isopropanol; N-10) 

were purchased from Nanograde AG (Switzerland). 

For the preparation of simulated body fluid: sodium chloride (NaCl), sodium hydrogen 

carbonate (NaHCO3), potassium chloride (KCl), dipotassiumhydrogen phosphate 

trihydrate (K2HPO4.3H2O), magnesium chloride hexahydrate (MgCl2.6H2O), calcium 

chloride (CaCl2), sodium sulfate (Na2SO4), Tris-hydroxymethyl aminomethane: 

((HOCH2)3CNH2) (Tris), and 1M Hydrochloric Acid, 1M-HCl. All chemicals were 

purchased from Sigma-Aldrich and used as received without further purification. 

For the preparation of buffer solution: phosphate-buffered saline tablets (pH 7.4, 

biotechnology grade) were purchased from VWR; sodium phosphate dibasic 

(Na2HPO4) and citric acid were purchased from Sigma-Aldrich and used without 

further purification. 

All the used reagents related to cell biology are included in the “Materials and 

Methods” section of the respective chapters. 

3.2. Characterization techniques 

3.2.1. Scanning electron microscopy 

The microstructure and morphology of as-synthesized BGN were characterized using 

field emission scanning electron microscopy (FE-SEM; Auriga, Carl Zeiss). SEM was 
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also used to observe the morphology of BGN after immersion in SBF or buffer 

solution. 

3.2.2. Energy dispersive spectroscopy 

Elemental analysis of the samples was performed using energy dispersive 

spectroscopy (EDS: X-MaxN Oxford Instruments, UK) during the observation of 

microscopy.  

3.2.3. Transmission electron microscopy 

Microstructure and morphology of BGN were also characterized using transmission 

electron microscopy (TEM: FEI, Tecnai G2F30 S-Twin microscope; Tecnai G2 20 

TWIN and Titan3 G2 60-300, FEI).  

3.2.4. Inductively coupled plasma atomic emission spectroscopy 

The determination of sample composition and ion release were evaluated using 

inductively coupled plasma atomic emission spectroscopy (ICP-AES, SPECTRO 

CIROS-CCP spectrometer). 

3.2.5. Fourier transformed infrared spectroscopy 

The chemical structure of the samples was investigated by Fourier transformed 

infrared spectroscopy (FTIR) (Nicolet 6700, Thermo Scientific, USA). Spectra were 

recorded in the absorbance mode in a selected range with a resolution of 4 cm-1. For 

FTIR measurements, the samples were ground, mixed with KBr (spectroscopy grade, 

Merck, Germany) and pressed into pellets. The pellets consisted of 1 mg of sample 

and 200 mg of KBr. 

3.2.6. X-ray diffraction 

The structure of the samples was also characterized using X-ray diffraction (XRD, 

Bruker D8 ADVANCE Diffractometer, Cu Kα). Data were collected over the 2θ range 

of 20−80° range using a step size of 0.014° with 1 second per step. 

3.2.7. Imaging analysis of particle size 

Particle size distribution was determined using Image J (NIH, USA). At least 200 

particles of each sample were measured for calculating the diameter. The results 

were given as mean ± standard deviation. 
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3.2.8. Zeta potential measurement 

Zeta-potential measurements were conducted to analyze the stability of the 

synthesized BGN and their surface charge in a specific solvent. This measurement 

was based on Laser Doppler Velocimetry (LDV) technique using a Zetasizer nano ZS 

equipment (Malvern Instruments, UK). For all measurements, the ratio of the solid 

materials to solvent was maintained low (diluted suspensions) to ensure reliable 

measurements.  

3.2.9. Thermogravimetric analysis 

Thermogravimetric analysis (TGA; TA INSTRUMENTS, Q500) was used to 

determine the LY content in LY-BGN. The samples were heated from 25 to 800 °C 

with a heating rate of 5 °C/min in air. The weight loss was plotted as a function of 

temperature. 

3.2.10. Photoluminescence spectra 

The fluorescence properties of ZnO-BGN were investigated by recording the 

photoluminescence spectra (PL) (emission spectra) using a spectrophotometer (F-

4500, Hitachi, Japan). All samples were tested under UV excitation (320 nm) in pure 

ethanol at a concentration of 2 mg/mL under ambient conditions. 

3.2.11. Solid-state nuclear magnetic resonance 

One-pulse 29Si HPDEC (high power heteronuclear dipolar decoupling) MAS NMR 

measurements were performed on an Agilent 500 MHz WB spectrometer at a 

resonance frequency of 99.30 MHz. The 29Si spectra were recorded using a 6 mm 

MAS NMR probe with a sample spinning rate of 5 kHz and by applying a pulse length 

of 3.9 μs and a relaxation delay of 60 s for BGN-30 and calcium-free silica particles 

(without the addition of CaN). Approximately 1200 scans were accumulated for BGN-

30, while 4000 scans were accumulated for the calcium-free silica sample. 

3.2.12. Nitrogen adsorption/desorption 

Nitrogen adsorption/desorption was carried out on the samples to evaluate porosity 

and determine specific surface area using a Micromeritics porosimeter (Tristar 3000, 

Micro-metrics Instrument Corp., USA). 
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Chapter 4 Timing of Calcium Nitrate Addition 

Affects Morphology, Dispersity, and Composition 

of Bioactive Glass Nanoparticles 

 

4.1. Introduction 

Bioactive glass nanoparticles (BGN) can be synthesized with diverse methods, e.g. 

flame-assisted production [22] and sol-gel based synthesis [25]. The sol-gel based 

synthesis is the most widely used strategies to produce BGN, due to their simple 

methodology and versatility [4,19]. BGN have been successfully used for various 

biomedical applications [19], but challenges remain inhibiting their effective clinical 

use. Aggregation of particles is one of the critical challenges, as it may compromise 

the properties of BGN, such as bioactivity and the improvement effects in mechanical 

properties for composites [4,19].  

To improve the dispersity of BGN for achieving more effective applications, many 

efforts have been made. Organic species, acting as templates or agents inducing 

steric effects, can facilitate the synthesis of BGN. Although particle dispersity can be 

enhanced and a better control in size can be achieved through the manipulation of 

organic agents, the homogeneity in size and shape of the synthesized BGN still 

require improvement. In addition, the synthesis process involved using organic 

species should be simplified, e.g. reducing processing time [211–213]. A combination 

of reverse micro-emulsion and the sol-gel process could lead to monodispersed BGN 

[62]. However, dozens of surfactants are needed to form inverse micelles, and the 

resulting BGN are usually not homogeneous in size. The Stöber method is still one of 

the most convenient routines to produce monodispersed silica-based nanoparticles, 

including BGN [12,26,30]. This method is performed under highly basic conditions, 

and the formed nanoparticles can thus remain dispersed due to the charge repulsion 

effects between particles [18,27]. The characteristics of the resulting nanoparticles 

can be controlled by tailoring the processing parameters, e.g. the concentration of 

catalysts, in the Stöber method.  

Since the osteogenic activity of BG is mainly due to the release of ions upon their 

exposure to biological fluids [6], the incorporation of biologically active ions into BGN 

is thus necessary to achieve desired functionalities. Calcium is a fundamental and 
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important component for BG, as it contributes to the bonding to the bone through the 

formation of hydroxyapatite (HA) [15] and it also enhances bone cell proliferation, 

differentiation as well as the mineralization of the extracellular matrix [6,214]. The 

presence of Ca in BGN, therefore, plays a significant role in the achievement of bone 

repair and regeneration. Recently, calcium alkoxide has been used as calcium 

precursor in the sol-gel synthesis of bioactive hybrid materials [4,215], as Ca ions 

from this type of precursor could enter the silicate network at relatively lower 

temperatures compared to the ions from inorganic calcium salt [13]. However, the 

relatively high cost and strict using conditions of calcium alkoxide need to be 

considered. Calcium salts (e.g. CaN) are still the most widely adopted precursors for 

calcium in sol-gel processes, considering their good solubility in water and ethanol as 

well as low cost. 

In this context, the use of metallic precursors for the incorporation of metallic ions in 

BGN is significant. However, the addition of metallic precursors during BGN 

synthesis can change the surface charge of primary silica nanoparticles (PSN), and 

this change may cause particles to coalesce or aggregate [18]. Therefore, the 

addition of metallic precursors should be carefully controlled to achieve 

monodispersed BGN. In a typically modified Stöber process for BGN synthesis, the 

Ca precursor (e.g. CaN) is usually added after or along with the formation of PSN 

[12,33]. Ca ions are adsorbed on PSN and then enter the silicate network by diffusion 

during the high-temperature treatment [13]. However, the addition of salts may affect 

the stability of the PSN [80], which could cause irregular shape [33], inhomogeneity 

in size [34], and aggregation [35]. Many processing parameters related to the 

addition of Ca precursor are responsible for the characteristics of the resulting BGN. 

For example, the molar ratio of silica precursors to CaN is crucial to producing 

monodispersed BGN and a threshold amount of calcium being able to be 

incorporated into the BGN to achieve monodispersity is available [12]. The type of 

calcium salts may affect the final distribution of Ca ions in the nanostructure of BG 

[13]. The correlation between the addition of calcium precursors and the properties of 

the resulting BGN is still needed to be clarified.  

Larger particles have higher resistance to electrostatic interactions caused by the 

addition of electrolytes including calcium salts [18]. Considering the continuous 

growth of particles during the reaction in the Stöber process, it was hypothesized that 

the timing of the addition of CaN could affect the characteristics of the resulting 

particles. If other parameters are controlled, adding CaN in the late stages of the 

Stöber process may avoid the aggregation and irregularity of the formed particles. 
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One of the aims of this study was thus to investigate the influence of timing of CaN 

addition on the characteristics of the produced BGN. CaN was added at different 

times after the formation of PSN. The influence of this addition-timing difference on 

the morphology, composition, and structure of BGN was investigated. In addition, an 

optimized routine for synthesizing monodispersed BGN was developed based on the 

experimental results. To evaluate the possible biomedical applications of synthesized 

monodispersed BGN, their ion release behavior, apatite-forming ability and 

cytotoxicity were also investigated.  

4.2. Materials and methods 

4.2.1. Synthesis of BGN 

BGN were synthesized using a modified Stöber method (schematic in Figure 4.1). 

The nominal composition of BGN was 59.4SiO2-36.5CaO-4.1P2O5 (in mol%). Briefly, 

solution A was prepared by dissolving 2.25 mL of TEOS and 0.23 mL of TEP in 25 

mL of ethanol Solution B was prepared by mixing 4.5 mL of ammonium hydroxide 

solution, 8.12 mL of ethanol and 12.38 mL of deionized water. Solution A was then 

poured to solution B rapidly under continuous stirring. After reaction for pre-

determined times (0, 10, 30 and 60 minutes, respectively), 1.45 g of calcium nitrate 

was added to the mixtures. Finally, the mixtures were allowed to react for a further 

period of time (total time after the mix of solution A and B was 2 h). For BGN-60, the 

reaction time was set to 2 hours and a half to ensure that BGN-30 and BGN-60 have 

the same time for the interactions between silica and calcium precursors. The 

resulting whitish suspensions were centrifuged at 7830 rpm for 5 min to obtain 

deposits and further washed twice using deionized water and once using ethanol. 

The collected deposits were dried at 60 °C for 6 h before being calcined at 700 °C for 

2 h. The heating rate was 2 °C/min and the material was then cooled down overnight 

in the used furnace. The obtained BGN were designed correspondingly as BGN-0, 

BGN-10, BGN-30, and BGN-60, respectively. In the case of BGN-0, CaN was 

dissolved in solution A before mixing.  
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Figure 4.1 Schematic representation of the synthesis route for BGN with different timing of 

addition of CaN, reproduced from Ref. [55] with permission from The Royal Society of 

Chemistry. 

 

4.2.2. Characterization of BGN 

The synthesized BGN were ultrasonically dispersed in ethanol prior to being dropped 

on a sample stub for SEM observation. After drying, the BGN were observed by FE-

SEM without being sputter-coated. SEM images were analyzed using ImageJ for the 

determination of particle size. The morphology of BGN was also assessed by HR-

TEM using an FEI Tecnai G2F30 S-Twin microscope operated at 300 kV and 

equipped with an HAADF Fischione detector. For the TEM observation, particles 

were homogeneously dispersed in ethanol by ultrasound and dropped on a carbon 

film. 

Zeta-potential measurements were conducted to determine the surface charge of 

BGN. For zeta-potential analysis, BGN were suspended in deionized water at the 

concentration of 0.5 g/L.  

FTIR spectra were recorded in transmission mode under ambient conditions. The 

weight ratio of sample to KBr was set at 1:100. The spectra were collected between 

2400 and 400 cm-1 with the resolution of 4 cm-1. 
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XRD was performed at a 2θ range of 20−80 ° with Cu K α radiation. All BGN were 

dispersed in ethanol before dropped on the low-background silicon wafers (Bruker 

AXS). A step size of 0.014 ° with a dwell time of 1 s per step was used. 

To analyze the elemental composition of BGN, 50 mg of the sample for each type of 

BGN was digested for inductively coupled plasma atomic emission spectroscopy 

measurements. The digestion was conducted using microwave heating (the heating 

program was from room temperature to 180 °C in 5 min and held for 5 min, then a 

second ramp up to 230 °C in 5 min and held for 20 min, following by cooling down at 

room temperature). 10 mL of concentrated HF/HNO3/HCL mixture in 1/1/3 ratio was 

used as digestion medium. The resulting samples were diluted to 100 mL with 

deionized water for the analysis.  

One-pulse 29Si HPDEC (high power hetero-nuclear dipolar decoupling) MAS NMR 

measurements were performed at a resonance frequency of 99.30 MHz. The 29Si 

spectra were recorded using a 6 mm MAS NMR probe with a sample spinning rate of 

5 kHz and by applying a pulse length of 3.9 μs and a relaxation delay of 60 s for 

BGN-30 and calcium-free silica particles (without the addition of CaN). Approximately 

1200 scans were accumulated for BGN-30, while 4000 scans were accumulated for 

the calcium-free silica sample.  

4.2.3. Degradation of BGN in DMEM 

The assessment of the degradation rate of BGN-30 was performed in low-glucose 

Dulbecco's Modified Eagle Medium (L-DMEM; Sigma-Aldrich, Germany). BGN-30 

were selected as they were monodispersed and homogenous in size. In addition, 

BGN-30 exhibited relatively high calcium content compared with BGN-60. Briefly, 75 

mg of BGN-30 was immersed in 50 mL of DMEM at 37 °C and 120 rpm. At each 

predetermined time point, 0.5 mL of supernatant liquid was extracted from the 

medium and the same amount of fresh DMEM was replenished. The extracts were 

then diluted to 10 mL with deionized water for ICP measurements. DMEM without 

BGN-30 was measured and the obtained values were used as background. 

4.2.4. In vitro mineralization 

To investigate the in vitro mineralization of monodispersed BGN, BGN-30 were 

immersed in SBF at a ratio of 1 mg/mL and then kept in an incubator (KS 4000i 

control, IKA, Germany) at 37 °C and 120 rpm for up to 7 days. SBF was replaced 

twice per week to keep the ion concentration stable. At every predetermined time 
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point, BGN-30 were removed from the SBF and rinsed with deionized water. The 

collected samples were then dried at 60 °C for 24 h before being characterized by 

FE-SEM and FTIR. The procedures of characterization were the same as described 

above. 

4.2.5. Cell viability1 

The experimental protocol was approved by the Animal Care and Experiment 

Committee of Ninth People's Hospital affiliated to School of Medicine, Shanghai Jiao 

Tong University. The experiments were conducted following Shanghai Administration 

Rule of Laboratory Animals. Rat bone marrow-derived mesenchymal stem cells 

(rBMSCs) were obtained from the femora of 4-week-old Sprague–Dawley rats. In 

brief, the marrow of femora midshaft was flushed out and suspended in L-DMEM 

(Hyclone, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 

U/mL penicillin and 100 mg/L streptomycin (Hyclone). Non-adherent cells were 

removed after 3 days. When reached approximately 80% confluence, the cells were 

passaged and used for the following experiment from second to third passages. 

To evaluate the in vitro cytotoxicity of monodispersed BGN, extracts from BGN-30 

were prepared. Briefly, the samples were incubated for 24 h at 37 °C in L-DMEM 

(Hyclone, USA) at a ratio 1 mg/mL. The mixture was then centrifuged and the 

supernatant was collected. Serial dilutions (500, 250, and 125 μg/mL) of extracts 

were prepared using L-DMEM medium for further cell culture experiments. The 

medium supplemented without the addition of material extracts was used as a control. 

Samples were sterilized by gamma radiation at 25 KGY before use. 

Cell viability was evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium 

bromide (MTT) colorimetric assay. Briefly, rBMSCs were seeded in 96-well plates at 

3.1×104 cells/cm2. The obtained extracts were added respectively and incubated for 

24 h. The MTT assay was performed following the manufacturer’s instructions. 

Dimethyl sulfoxide (DMSO, Sigma-Aldrich) was used to dissolve the formazan 

crystals, and the optical density was measured at 570 nm using a microplate reader 

(Multiskan™ FC, Thermo Fisher Scientific, USA). 

                                                           
1
 Cell viability assays were carried out by Baiyan Sui at the Ninth People's Hospital, School of 

Medicine, Shanghai Jiaotong University, Shanghai, China    
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4.2.6. Statistical analysis2 

All quantitative experiments were carried out at least in triplicate, and data were 

shown as mean ± standard deviation (S.D.). Statistical analyses were performed 

using SPSS software (v 12.0; IBM Corporation, NY, USA), and statistical 

comparisons were analyzed using the t-test. Differences were considered statistically 

significant when P<0.05. 

4.3. Results and discussion 

Parts of the results in this investigation have been published in Ref. [55] and they are 

reproduced here with permission from The Royal Society of Chemistry. 

4.3.1. Influence on morphology 

Figure 4.2 shows SEM images of the synthesized BGN. The morphology of BGN 

varied significantly with the change of the timing of addition of CaN. BGN-0 exhibited 

the smallest size (<100 nm) among the different particles, but they considerably 

aggregated. BGN-10 showed a dual-size distribution, in which small particles (<100 

nm) and large particles (~400 nm) co-existed in a manner that small particles 

clustered around the larger ones. However, both BGN-30 and BGN-60 were 

monodispersed with a spherical shape and homogenous size (~400 nm). TEM 

images of the samples also display similar morphological features of BGN (Figure 4.3) 

as those observed in SEM images. BGN-0 were composed of aggregated small 

particles (Figure 4.3a), and voids between particles could be observed. BGN-10 

exhibited morphology of smaller particles clustering on larger particles (Figure 4.3b), 

and voids between large and small particles could be observed. BGN-30 and BGN-

60 remained monodispersed and a spherical shape (Figure 4.3c-d), as being 

observed in SEM images. Additionally, no obvious nanopores could be observed in 

all nanoparticles, which agreed with results in previous studies reporting that particles 

produced via the Stöber method were non-porous after calcination at high 

temperatures [53]. The above results clearly showed that the morphology of BGN 

could be affected by the timing of the addition of CaN. Furthermore, it was shown 

that monodispersed BGN with a spherical shape could be synthesized after adding 

CaN at certain time points (>30 min after mixing solution A and B in this study). 

                                                           
2
 Statistical analysis was carried out by Baiyan Sui at the Ninth People's Hospital, School of 

Medicine, Shanghai Jiaotong University, Shanghai, China    
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Figure 4.2 SEM images at high and low magnifications of (a-b) BGN-0, (c-d) BGN-10, (e-f) 

BGN-30, and (g-h) BGN-60. 
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Figure 4.3 TEM images at different magnifications of (a) BGN-0, (b) BGN-10, (c) BGN-30, 

and (d) BGN-60.  

 

The influence of timig of the addtion of CaN on BGN morphology can be explained by 

the stability mechanism of silica particles in electrolytic solution [80]. In a typical 

Stöber process, PSN form within seconds or minutes after the mix of TEOS and 

catalyst [18]. The formed PSN continue growing through Ostwald ripening and 

consequently form spherical secondary particles [4]. These charged secondary 

particles can remain stable in particulate morphology without being bonded because 

they mutually repel each other under highly basic conditions [18]. However, the 

existence of Ca ions may be adsorbed by particles and thus leads to aggregation of 

silica particles due to electrostatic interactions between the hydrated nanoparticles 

[80]. To better understand the influence of addition timing, the formation process of 

BGN is schematically illustrated in Figure 4.4. In the case of BGN-0, a large number 

of Ca ions were present before the formation of primary particles. The Ca ions could 

then be adsorbed on the surface of PSN as soon as the particle formation took place, 

which caused the instability and aggregation of the particles due to electrostatic 
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interactions [80]. Consequently, BGN-0 exhibited a gel-like structure composed of 

bonded small particles (Figure 4.2a). In the case of BGN-10, part of the particles had 

grown large enough to withhold the effects induced by the presence of Ca ions. 

However, some smaller particles could still be influenced by Ca ions, which induce 

their adsorption by the larger particles. This fact could probably explain the co-

existence of large and small particles in the case of BGN-10. Notably, almost all 

particles might have grown to a large enough size (>100 nm) after reaction for 30 min 

and the electrostatic attraction between the particles was, therefore, insufficient to 

withstand the mechanical strain involved when two of these large particles collide 

with a third one during the Brownian motion [18]. In such a situation, smaller particles 

could not be bonded to the larger ones and aggregation could be avoided. As a result, 

BGN-30 and BGN-60 exhibited monodispersed and spherical morphology (Figure 

4.2c-d) with homogenous distribution of particle size. In addition, the zeta-potential of 

BGN-0, BGN-10, BGN-30, and BGN-60 were ~-21, ~-21, ~-25, and ~-23 mV, 

respectively, indicating that all BGN should be stable enough for preparing 

nanocomposites or coatings as well as confirming their negative surface charge. 

 

 

Figure 4.4 Schematic illustration of the formation process of BGN with different timing of 

addition of CaN at Minute 0, 10, 30, and 60 after mixing solution A and B. 
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4.3.2. Influence on composition 

Table 4.1 and Figure 4.5 show the nominal and actual composition of synthesized 

BGN, which were determined by ICP and EDS, respectively. As can be seen, ICP 

and EDS exhibit divergent results, but the trend that the concentration of Ca in BGN 

decreased with the delay of addition of CaN remained. Since ICP results could 

provide more precise information for composition analysis [53], the influence of the 

timing of the addition of CaN on composition was discussed based on the ICP results. 

It is notable that phosphorous (P) was not detected by ICP-AES and EDS 

measurements, suggesting that only a very limited amount of P was incorporated inti 

BGN (below the detection limit of measurements). This result could be explained by 

the different hydrolysis rates between TEOS and TEP as well as the favorable water-

solubility of TEP. As discussed above, TEOS can be hydrolyzed and condensed 

within seconds or minutes under strongly basic conditions, while the hydrolysis rate 

of TEP is relatively slow in a basic environment. This unbalanced hydrolysis rate 

could thus cause the formation of silica particles before hydrolysis of TEP, so that 

limited or no P species could enter the silicate network. Additionally, the remaining 

TEP might be removed during the following washing process due to their high water-

solubility, which excluded the possibility of incorporating P through diffusion during 

the subsequent heating treatment. Furthermore, the high volatility of phosphorus 

element at high temperatures might also lead to the low incorporation of P in BGN 

[216]. This phenomenon agrees with results from previous studies [13,26,33,62].  

 

Table 4.1 Actual composition of BGN determined by ICP-AES. The nominal composition of 

BGN was 59.4SiO2-36.5CaO-4.1P2O5 by mol%. (N.D: not detectable.) 

 SiO2 (mol%) CaO (mol%) P2O5 (mol%) 

BGN-0 67 ± 1 32.9 ± 0.3 N.D. 

N.D. BGN-10 81 ± 3 19 ± 2 

BGN-30 91.1 ± 0.5 9 ± 1 N.D. 

BGN-60 97.2 ± 0.6 2.8 ± 0.3 N.D. 
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Figure 4.5 EDS results of BGN-0, BGN-10, BGN-30, and BGN-60. 

 

Moreover, a lower concentration of incorporated Ca in BGN was observed compared 

with their nominal composition. It is known that a gap exists between the nominal and 

actual compositions of sol-gel derived BGN [12,26]. The centrifugation and washing 

processes before drying are usually considered to be one of the reasons leading to 

the composition gap [12]. Inorganic calcium precursors are only dissolved in the 

liquid inside the pores (voids between PSN) or adsorbed on the outer surface of 

spherical secondary silica particles before the high-temperature heating treatment 

[13]. However, Ca in the liquid inside the pores could be removed by the 

centrifugation and washing processes [12], which are necessary to prevent excess 

TEOS and ammonia causing further undesired reactions during the drying process. 

Additionally, excess CaN in sols may form calcium hydroxide instead of being 

incorporated into the silica particles [217]. These adverse influences could account 

for the reduction of Ca amount in BGN-0 and BGB-10, while they are likely not 

enough to explain the significant composition gaps in BGN-30 and BGN-60 (Table 

4.1).  

As can be seen, the timing of the addition of CaN significantly affected the 

composition of BGN. The incorporated amount of Ca in BGN decreased with the 

delay of Ca addition. The composition of BGN-0 was the most similar one to the 

nominal composition. However, only ~2.8 and ~8.9 mol% of CaO were incorporated 

in BGN-60 and BGN-30, respectively, while ~19.1 and 36.5 mol% of CaO could be 
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incorporated into BGN-10 and BGN-0, respectively. This difference could be clarified 

by observing the formation process of BGN (Figure 4.4). Ca ions could be adsorbed 

on the surface of silica particles due to the electrostatic interactions between 

positively charged Ca ions and negatively charged Si-OH groups. They could also 

form hydrated calcium silicate with [SiO4]
4- groups and (or) calcium hydroxide with 

OH- groups [38,80]. Hence, it is understandable that the particles with more [SiO4]
4- 

and OH- groups could adsorb more Ca ions. As mentioned above, PSN form quickly 

and grow subsequently by Ostwald ripening under strongly basic conditions. The 

particles grow and the number of particles decreases over the whole process of 

synthesis. Obviously, the synthesis system of BGN-0 had the largest number of 

particles with the smallest size. As a result, larger amounts of [SiO4]
4- and OH- 

groups were available in the BGN-0 system compared with the other synthesis 

systems. The particles in the BGN-0 system could then adsorb the largest number of 

Ca ions among all systems. Moreover, the particles in the BGN-0 system had lost 

stability and aggregated at an early stage of the reaction, in which Ca ions could be 

“locked” inside the structure being relatively difficult to lose them in the following 

washing step. The above two explanations could, therefore, account for the highest 

concentration of calcium in BGN-0. The situation of BGN-0 was similar to acid-

catalyzed sol-gel BG (the addition of CaN before mixing also reduced the pH value in 

the medium), in which the PSN are aggregated to form a gel structure [13]. Therefore, 

the composition of acid-catalyzed BG is usually close to the designed composition, 

considering the absence of a washing process [218]. In the case of monodispersed 

BGN-30 and BGN-60, secondary silica particles had grown to relatively large size 

when the addition of the calcium precursors took place, which means that fewer sites 

and pores were available for adsorption of Ca ions. Consequently, BGN-30 and 

BGN-60 could only incorporate limited calcium content. The lower amount of calcium 

in BGN-60 than in BGN-30 is understandable, considering their larger size during the 

addition of CaN. It should be noted that the reaction time between silica and calcium 

precursors was different in the synthesis of BGN, which may also lead to the different 

amount of calcium incorporated. However, the influence of reaction time in this study 

could be limited, as the interaction time between silica and calcium precursors in 

BGN-30 and BGN-60 was the same while the composition gap was still significant. 

Therefore, the composition should be mainly influenced by the timing of the addition 

of CaN. 

In summary, not only the centrifugation and washing processes cause the gap 

between the nominal and the actual compositions, but also the intrinsic mechanism 
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of particle formation in the Stöber process determines the composition gap. With 

delayed addition of CaN, the gap between nominal and actual compositions of BGN 

could be widened. Furthermore, calcium precursor concentrations are likely over 

saturated for the synthesis of BGN-30 and BGN-60. This means that it is possible to 

make monodispersed BGN with similar composition to BGN-30 by using a lower 

amount of calcium precursors. It is reported that more calcium may be incorporated 

by the careful control of the synthesis pH [43,83], the use of aerosol techniques [187] 

or the combination of polymer templates [84]. However, the compositional results in 

these studies were obtained only by EDS. Moreover, complicated synthesis process 

or equipment are needed in the suggested preparation protocols [22].  

4.3.3. Influence on structure 

Figure 4.6a shows the FTIR spectra of BGN-0, BGN-10, BGN-30, and BGN-60. A 

broad band starting at 460 cm-1 could be assigned to the Si–O–Si rocking mode, 

while a band located at 812 cm-1 could be assigned to the Si–O–Si symmetric 

stretching mode [218]. All the above bands were the characteristic bands of silicate 

glasses. Additionally, a strong band located at around 1630 cm-1 could be attributed 

to the vibration of hydroxyl groups, which indicated that a large content of water was 

available on the sample surface [203]. Notably, two bands at 1412 and 1498 cm-1, 

which could respectively be assigned to the stretching vibration of C-O bond and O-H 

bending vibration bond [219], were only observed in the FTIR spectra of BGN-0 and 

BGN-10. This result could be explained by the higher content of Ca ions and larger 

surface area of BGN-0 and BGN-10 leading to the formation of calcium carbonate 

[13]. Furthermore, a band at 1874 cm-1, which was attributed to the Si–O–Si 

stretching vibration in highly condensed silicate materials, could only be seen in the 

spectra of BGN-30 and BGN-60. This phenomenon indicated that a higher level of 

poly-condensation in BGN-30 and BGN-60 were available compared with BGN-0 and 

BGN-10 [220].  

The XRD patterns of BGN (Figure 4.6b) showed a broad band in the range of 2θ = ~ 

20 - 35 o, which was a typical characteristic peak for amorphous silicate materials 

[221] and its presence confirmed the amorphous nature of all the synthesized BGN. 

Notably, the broad band of BGN-0 exhibited a slight shift compared with bands of 

other BGN, which could be attributed to the existence of amorphous calcium silicate 

species in BG [222]. In conclusion, all types of BGN exhibited similar FTIR spectra 

and XRD patterns, indicating that the timing of the addition of CaN exerted a 

negligible influence on the intrinsic structure of the BGN. 
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Figure 4.6 Structural characteristics of BGN-0, BGN-10, BGN-30, and BGN-60: (a) FTIR 

spectra and (b) XRD patterns. 

 

The results evidenced that the addition timing could affect the obtained BGN from the 

aspects of morphology, dispersity, and composition. With delayed addition of CaN, 

more regular, homogenous and better dispersed BGN could be obtained, however, 

less calcium could be incorporated into BGN. Therefore, synthesis routine should be 

selected based on the intended application. BGN-0 should be synthesized when high 

calcium content is needed, while BGN-30 should be the choice when the dispersion 

is preferred. In this study, BGN are eventually used as bioactive fillers for 

nanocomposites and thus dispersion is crucial. The routine of synthesizing BGN-30 

would be used to produce bioactive glass nanoparticles. In the following section, the 

properties of BGN-30 are presented to evaluate their capability as bioactive fillers for 

biomedical applications. 

4.3.4. Properties of monodispersed BGN-30  

4.3.4.1. In vitro apatite-forming ability  

Figure 4.7a shows the FTIR spectra of BGN-30 and BGN-60 upon immersion in SBF 

for 3 and 7 days. Two new bands at 564 and 604 cm-1 appeared after 3 days of 

immersion in SBF. These bands could be assigned to P-O bonds in crystallized 

apatite and their appearance usually indicates the formation of HA in BG [218]. 

Additionally, the observation of two new bands at 1417 and 1458 cm-1, being 

assigned to the stretching vibration of C-O bonds [223], suggested that HCA rather 

than stoichiometric HA formed in BGN-30 and BGN-60 after immersion in SBF for 3 

days. The intensity of these characteristic bands increased after 7 days of immersion, 
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which could indicate that more crystallized HA has formed. Figure 4.7b-c shows the 

SEM images of BGN-30 after 3 days of immersion in SBF. Needle-like crystals, 

which have the typical morphology of HCA formed on nanoscale BG [224], clustered 

on the BGN-30. These results, therefore, indicated that monodispersed BGN-30 were 

bioactive and HCA could form on BGN-30 in a short period (3 days) of immersion in 

SBF. However, the calcium contents in BGN-30 (~8.9%) and BGN-60 (~2.8%) were 

lower than the limit of calcium content considered to be bioactive (~10%) in sol-gel 

derived BG [16]. This apparent paradox could be explained in term of the high local 

calcium content (maybe > 10%) near the surface of BGN-30 and BGN-60. In addition, 

the presence of abundant OH groups on sol-gel derived BG also facilitated the 

formation of HCA. Bioactivity assessment in previous studies has shown similar HA 

formation on low calcium content doped silica nanoparticles [36,52].  

 

 

  

Figure 4.7 Bioactivity evaluation of BGN-30 and BGN-60. (a) FTIR spectra of BGN-30 and 

BGN-60 after immersion in SBF for up to 7 days; (b-c) SME images of BGN-30 after 3 days of 

immersion in SBF. 
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4.3.4.2. Degradation behavior in DMEM  

DMEM is used as a mimetic cell culture environment to assess the degradability of 

materials since dissolution products in DMEM could be utilized directly to evaluate 

the biocompatibility and osteogenic activity of materials [225]. However, DMEM 

intrinsically contains abundant levels of potassium, calcium, and amino acids, leading 

to possible interaction with the tested material over time [226]. In this study, the 

assessment medium (DMEM-Water mixture) contained Ca ions at a concentration of 

~6.5 mg/mL. It is notable that Ca ions were released from BGN-30 during the first 

hour of immersion while the calcium concentration in the medium decreased in the 

following 3 days of immersion (Figure 4.8a). This phenomenon could be due to the 

interaction between BGN and DMEM causing an amorphous Ca-P layer formation on 

the surface of the particles [226], which consumed the Ca ions in the medium. With 

the increase of immersion time, the formation of a Ca-P layer is likely to slow down 

and the release of Ca ions from BGN-30 will be higher than the consumption of Ca 

ions. This effect could account for the increase of Ca ions after immersion in DMEM 

for 3 days. In addition, more Ca ions were released from BGN-30 in the following 

immersion period. This stable release of Ca ions over 14 days indicates that calcium 

could also be incorporated into the silicate network of BGN instead of being only 

adsorbed on the surface of the particles. As a comparison, BGN-30 showed a stable 

Si release for up to 14 days in DMEM, which suggests that BGN-30 was degradable 

in DMEM.   

 

 

Figure 4.8 Ion release behaviors of BGN-30 in DMEM. (a) Ca and (b) Si ions released from 

BGN-30 for up to 14 days. 
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The continuous ion-release feature is significant considering the expected positive 

biological response triggered by BGN [6]. One approach to ensure continuous ion-

release is to incorporate metallic elements into the silicate network. The SiO4 

tetrahedron is the basic building unit of the silicate glasses and the tetrahedron can 

bond to each other through Si-O-Si bonds. One pulse 29Si MAS NMR measurement 

with high powder decoupling techniques is a most useful method to study the 

changes that occur in the local structure of silicate glasses during the incorporation of 

calcium into the silicate network. It is known that the introduction of calcium could 

break Si-O-Si bonds and causes the reduction of Q4 species as well as the increase 

in Q3 or Q2 species [18,27]. Figure 4.9 shows the 29Si MAS NMR spectra of BGN-30 

and calcium-free silica particles, respectively. 29Si NMR spectra of both samples 

exhibited a broad peak due to the line broadening effect in solid-state NMR 

spectroscopy caused by the amorphous nature of silicate glasses. This broad peak is 

a combination of two peaks at ca. -111 ppm and -106 ppm corresponding to the Q4 

and Q3 species, respectively [36]. Thus, the 29Si MAS NMR spectra of both samples 

were simulated by two components for the quantitative evaluation of Q4 and Q3 

species (Figure 4.10). The results show that BGN-30 amounted to ~15% of Q3 

species while calcium-free sample contained ~10% of Q3 species, respectively 

(Figure 4.9). The higher Q3 amount in BGN-30 was due to the breaking up of Si-O-Si 

bonds caused by the incorporation of Ca into the silicate network. Thus, considering 

that the fact that BGN-30 could release Ca ions stably in DMEM for up to 14 days, it 

could be concluded that a certain amount of calcium indeed entered the silicate 

network in BGN-30. 

 



Chapter 4: Timing of calcium nitrate addition affects morphology, dispersity and composition of 
bioactive glass nanoparticles 

54 
 

 

Figure 4.9 
29

Si HPDEC MAS NMR spectra of BGN-30 and silica nanoparticles. The relative 

intensities of Q
3
 and Q

4
 were calculated by spectral deconvolution. 

 

 

Figure 4.10 
29

Si MAS NMR spectra of silica nanoparticles and BGN-30 being simulated by 

two components for the quantitative evaluation of Q
4
 and Q

3
 species. 

 

4.3.4.3. In vitro cytotoxicity  

Figure 4.11 shows the MTT results of BGN-30 extracts after culture with rBMSCs for 

24 h. Compared with the control, the extracts at all concentrations were non-cytotoxic. 

No significant difference could be observed among the different concentrations, but a 

trend showing that BGN extracts enhance rBMSCs growth could be noted. This 
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positive response may be attributed to the presence of released silicon and calcium 

in the medium [6].  

  

 

Figure 4.11 MTT results of BGN-30 extracts at different concentration towards rBMSCs after 

culture for 24 h.
 * 

P < 0.05 and cells cultured in L-DMEM were set as the control group. 

 

Based on the above results, it could be concluded that the monodispersed BGN-30 

are bioactive and non-cytotoxic. In addition, they can release silicon and calcium ions 

in a stable and continuous manner. These features make BGN-30 promising 

materials for bone regeneration applications. 

4.4. Conclusions  

Monodispersed BGN could be synthesized by adding CaN more than 30 min after 

mixing solutions A and B under the experimental condition of this study. The addition 

timing of calcium precursor could affect the morphology, composition, and dispersion 

of the resulting particles. Furthermore, monodispersed BGN-30 showed good apatite-

forming ability and continuous ion-release capability in DMEM, as well as exhibiting 

no cytotoxic effects on rBMSCs. These results indicate that BGN-30 are promising 

materials for biomedical applications, particularly for bone regeneration. 



56 
 

Chapter 5 Synthesis of Copper-containing 

Bioactive Glass Nanoparticles Using a Modified 

Stöber Method 

 

5.1. Introduction 

Monodispersed BGN with binary SiO2-CaO composition have been synthesized 

using a modified Stöber method in a previous study (see Chapter 4). These BGN can 

induce HA formation during their exposure to simulated body fluid, which suggests 

their capability of in vivo bone-bonding. These BGN are also expected to induce 

bone regeneration, as they can release Ca ions in a sustained manner and exhibit 

non-cytotoxicity. However, these binary SiO2-CaO based BGN may lack the 

capability of effectively inducing vascularization that is significant to successful bone 

regeneration [104]. To improve angiogenic activity, growth factors such as vascular 

endothelial growth factor (VEGF) can be used with BG and such combination may 

exhibit a synergistic effect on rapid and effective bone regeneration. However, most 

of these growth factors are susceptible to the outer condition, which suggests that the 

growth factors can be denatured during processing. Angiogenesis and osteogenesis 

can also be enhanced by the addition of therapeutic metallic ions that are easy to 

handle and cost-effective in contrast to growth factors [6,7]. Among various active 

ions, copper (Cu) ions have been found to contribute to vascularization by inducing 

VEGF expression [6,225,227]. Besides, Cu ions may be involved in the degradation 

and remodeling of the extracellular matrix (ECM) and may also exhibit antibacterial 

effects [225,228]. 

BGN are promising vehicles for delivering therapeutic ions, mainly because their 

degradation and ion release behaviors can be tailored through the modification of 

composition [5]. Cu-containing BG have been proved to be able to enhance bone 

regeneration and vascularization, as well as promoting wound healing [97,225,229]. 

More recently, Cu-containing mesoporous silica nanoparticles (Cu-MSNs) were 

synthesized via a sol-gel method, and it was shown that these particles induced 

osteogenic/angiogenic factors while suppressing osteoclastogenic factors [21]. 

However, previously reported Cu-MSMs lack Ca, another significant element that 
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plays a critical role in the process of bone-bonding (through apatite formation) and 

ECM mineralization [6], which may impede effective bone regeneration.  

In this chapter, Cu-containing BGN (Cu-BGN) were synthesized through the modified 

Stöber method that was developed and optimized previously (see Chapter 4) [54]. 

One of the aims of this work was to investigate the influence of the addition of Cu 

precursor on the morphology, dispersity, composition, and structure of the resulting 

nanoparticles since these characteristics are of importance to their biomedical 

applications. The in vitro cytotoxicity of Cu-BGN was evaluated using human bone 

marrow mesenchymal stem cells (hMSC) and fibroblast cells, as these two types of 

cells are closely related to bone regeneration and skin regeneration, respectively. 

Furthermore, the apatite-forming ability and ion release behaviors of Cu-BGN were 

investigated.  

5.2. Materials and methods 

5.2.1. Synthesis of Cu-BGN   

The synthesis of Cu-BGN was based on the modified Stöber method developed 

described in Chapter 4. Briefly, one solution, containing 3 mL of TEOS and 25 mL of 

ethanol, was poured into another solution composed of 4.5 mL of ammonium 

hydroxide, 10 mL of ethanol and 15 mL of deionized water under continuous stirring. 

The mixture was allowed to react for 30 min prior to the addition of proportional CaN 

and CuN. After a further stirring of 90 min, the suspension was centrifuged at 7830 

rpm for 5 min to collect deposits, which were further washed twice with water and 

once with ethanol. Afterward, the deposits were dried at 60°C for 6 h before 

calcination at 700°C for 2 h at a heating rate of 2 °C/min. The designed compositions 

of Cu-BGN were 70SiO2-(30-M) CaO-MCuO in mol% (M = 0, 5, 10, or 15) and 

designated as BGN, 5Cu-BGN, 10Cu-BGN, and 15Cu-BGN, accordingly.  

5.2.2. Characterization of Cu-BGN 

The surface morphology of Cu-BGN was observed using FE-SEM without sputter 

coated, while the particle size was determined using ImageJ according to the 

obtained SEM images (more than 400 particles were counted). EDS was also 

conducted during the SEM observation.  

FTIR spectra were recorded in a transmission mode using KBr pellets method under 

ambient conditions. The weight ratio of sample to KBr was set at 1:100. The spectra 
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were collected in a region between 2400 and 400 cm-1 with a resolution of 4 cm-1 and 

were normalized.  

XRD analysis was performed in a 2θ range of 10 − 80° with Cu Kα radiation. The 

samples were dispersed on low-background silicon wafers prior to the measurements. 

A step size of 0.014° with a dwell time of 1 s per step was used. 

The surface charge of Cu-BGN was characterized using zeta potential 

measurements operating with a 4 mW HeNe laser (633 nm) and a light scattering 

detector positioned at 90o. The samples were suspended in deionized water at a 

concentration of 0.1 g/L for the measurements.  

The specific surface area of Cu-BGN was calculated via the BET 

(Brunauer−Emmett−Teller) method using the nitrogen desorption branch of the 

isotherm. 

5.2.3. Determination of composition  

To determine the actual composition of Cu-BGN, 50 mg of each sample type were 

digested for ICP-AES measurements. The digestion was carried out by microwave 

heating, using 10 mL of concentrated HF/HNO3/HCL mixture in 1/1/3 ratio. The 

samples were then prepared by diluting the resulting solution to 100 mL with 

deionized water before the measurements. 

5.2.4. In vitro mineralization 

In vitro mineralization of Cu-BGN was evaluated by soaking the samples in SBF for 

up to 14 days according to the protocol of Kokubo et al. [90]. In order to evaluate 

apatite-formation on the Cu-BGN, the particles were pressed to pellets before being 

calcined at 700°C. The pellets were then soaked in SBF at a ratio of 1 mg/mL and 

kept in an incubator at 37°C and 120 rpm for different time periods. The SBF was 

replaced twice per week to keep the concentration of ions stable. At every pre-

determined time point, the pellets were removed from the SBF and rinsed with 

deionized water gently before drying at 60°C for 24 h. The dried samples were 

subsequently characterized using FTIR, FE-SEM, and EDS. The procedures for the 

characterization were the same as discussed above in section 5.2.2.  

5.2.5. Ion release in DMEM 

To understand the release characteristics of Cu-BGN in DMEM, BGN and10Cu-BGN 

were selected as model materials for ion release measurements. Briefly, 75 mg of 
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each type of the samples was immersed in 50 mL of DMEM at 37°C. At each pre-

determined time point, 0.5 mL of supernatant liquid was extracted from the medium 

and the same volume of DMEM was replenished. The extracts were then diluted to a 

volume of 10 mL with deionized water for ICP-AES measurements. Diluted DMEM 

solution (prepared as above) was also used for the measurements and the obtained 

values were used as background. 

5.2.6. MTT assay3   

To evaluate the cytotoxicity of the Cu-BGN, an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay was used to measure the metabolic activity of 

hMSC and fibroblast cells treated with the Cu-BGN, and results are presented as the 

relative viability of cells. hMSC were purchased from Lonza (Basel, Switzerland) 

while the human fibroblast cells were purchased from ATCC (Manassas, USA). Both 

cell lines were maintained in phenol red-free DMEM (Invitrogen, UK) supplemented 

with 10% (v/v) batch-tested Fetal Bovine Serum (FBS), 50 U/mL of penicillin and 50 

mg/mL of streptomycin, 1% (v/v) L-glutamine and 4.5 g of glucose. The cell culture 

was performed in a humidified atmosphere of 5% CO2 and 95% air at 37°C. The Cu-

BGN were sterilized in an oven at 200 °C followed by UV-irradiation prior to the MTT 

assay. Approximately 6000 cells per well were seeded in 96-well plates and cultured 

for 36 h. Afterward, the cells were treated with Cu-BGN at concentrations of 100, 10 

or 1 µg/mL, respectively, for 24 h or 72 h. After the treatment, the medium was 

removed from each well, and the cells were washed with PBS three times. Then 50 

mL of MTT in PBS (5 mg/mL) was added to the culture medium, which was then 

incubated at 37°C for 3 h to form MTT formazan. Subsequently, the medium was 

replaced by 100 µL of isopropanol (Roth, USA) and vibrated for 15 min to dissolve 

the formazan. The optical density (OD) was measured at 560 nm using an ELX Ultra 

microplate reader (Biotek, USA). The results were then converted to relative viability 

as shown below: 

Relative cell viability (%) =  Sample (OD)/Control (OD) ×  100% 

5.2.7. Statistical analysis 

All quantitative experiments were carried out at least in triplicate, and the data are 

presented as a mean value ± standard deviation (S.D.). For the comparison of 

                                                           
3
 MTT assay and the following statistical analysis were performed by Miao Lu and Xinyi Dai at 

Department of Surgery, Klinikum rechts der Isar, Technische Universitaet München, Ismaninger Str. 22, 
81675 München, Germany 
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quantitative cell biological results, the significance of differences between the control 

and tested groups was assessed using Student’s test and *p < 0.05 was considered 

as statistically significant. 

5.3. Results and discussion 

Parts of the results of this study have been published in Ref. [37] and they are 

reproduced here with permission from Elsevier. 

5.3.1. Morphology of Cu-BGN 

Figure 5.1 shows SEM images of the synthesized Cu-BGN, in which all Cu-BGN 

exhibited highly dispersed and spherical morphology regardless of the amount of Cu 

precursor added. This morphology demonstrated typical characteristics of particles 

synthesized through the Stöber method [11]. The addition of metallic precursors can 

affect the Stöber process and subsequently the morphology of the resulting particles, 

which has been shown in the previous chapter [12]. In this study, Ca and Cu 

precursors were added simultaneously, and such an addition manner exerted minor 

influence on the morphology and dispersity of the nanoparticles (Figure 5.1). The 

mean size (Figure 5.1e) of BGN, 5Cu-BGN, 10Cu-BGN and 15Cu-BGN were 

measured to be 434, 457, 453 and 466 nm, respectively, without showing a 

significant difference. It has been reported that the molar ratio between TEOS and 

metallic precursor relates to the morphology and dispersity of BGN [12]. In this study, 

the molar ratio of Si and metallic precursors for all the particles was retained at 70:30 

and the valence states of Ca and Cu ions are the same. Therefore, the molar 

quantity of positively charged ions should have no significant difference, which may 

account for the similarity in both morphology and dispersity of the resulting particles. 

However, the surface of the particles was affected by different precursors being 

added. BGN displayed a smooth surface while Cu-BGN showed a relatively rough 

surface with visible dots that are likely due to the adsorbed smaller silica particles 

(Figure 5.1). In the synthesis, smaller particles were adsorbed by the larger ones 

leading to the growth of particle size [230]. Molecular silica species may fill the voids 

between smaller particles on larger ones, and consequently smooth surface form 

[230]. In the case of BGN, the growth of particle size could reach equilibrium, where 

a smooth surface could be achieved. Therefore, although the type and amounts of 

metallic precursors exhibited limited influence on the shape of the synthesized 

particles, they might interrupt the process for equilibrium, leading to the formation of 

rough surfaces rather than smooth ones. 
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The nitrogen adsorption/desorption isotherms of Cu-BGN (Figure 5.2) show type III 

isotherms, indicating the non-porous nature of nanoparticles according to the IUPAC 

definition. This nonporous feature agreed with the results of a previous study 

showing that the silica nanoparticles synthesized using the Stöber method were 

nonporous after the high-temperature treatment [231]. BET surface area of BGN, 

5Cu-BGN, 10Cu-BGN, and 15Cu-BGN were 16.3, 16.8, 12.7, 11.1 m2/g, respectively, 

which were significantly higher than that of commercially available melt-derived 

micron-sized particles (0.15 - 2.7 m2/g) [232]. The zeta potential values (Table 5.1) of 

BGN, 5Cu-BGN, 10Cu-BGN and 15Cu-BGN were approximate -27.5, -15.4, -19.1, 

and -19.7 mV, respectively, which indicated that all particles were negatively charged 

and they should be stable in an aqueous solution for nanocomposite fabrication.  
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Figure 5.1 SEM images and size distribution of Cu-BGN. (a) BGN show smooth surface while 

(b) 5Cu-BGN, (c) 10Cu-BGN, and (d) 15Cu-BGN show rough surfaces with visible dots. (e) 

The particle size and size distribution of Cu-BGN, which was determined with ImageJ by 

countering at least 400 particles. 
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5.3.2. Composition of Cu-BGN 

Although the morphological characteristics of Cu-BGN were not significantly affected 

by the introduction of Cu precursor, the actual composition of these nanoparticles 

changed. As expected, 15Cu-BGN had the highest CuO and lowest CaO contents 

(Table 5.1). 5Cu-BGN had CuO content ~4-folds lower than that of 10Cu-BGN and 

15Cu-BGN, but the composition of 10Cu-BGN and 15Cu-BGN was not significantly 

different. A gap between nominal and actual composition was available, in which the 

concentration of incorporated CaO and CuO were significantly lower than the 

designed one. This phenomenon was also observed when single precursor was used 

(Chapter 4). This deviation could be explained by the mechanism of the formation of 

BGN. The formation and growth of nanoparticles in the Stöber process are based on 

the aggregation of particles and adsorption of smaller particles by larger particles 

[230]. The metallic ions are only adsorbed on the particle surface and to diffuse into 

the silicate structure upon calcination at high temperature [13]. However, the limited 

number of active sites being able to adsorb metallic ions in the particles only allows a 

certain number of metallic ions to be adsorbed and incorporated into the structure of 

the particles. Although excessive metallic precursors may increase the incorporated 

number of metallic ions, it is at the cost of inducing aggregation and (or) the 

formation of metal oxide species [12,53]. To avoid the aggregation of particles or the 

formation of impurities, a washing process is necessary to remove the excess 

number of metallic precursors that may also act as fusion agents between particles 

[13]. This step may also reduce the adsorbed amounts of metallic ions. Similar 

composition gaps have been observed in previous studies [12,26,33,53]. Interestingly, 

the introduction of Cu precursor also affected the total incorporated number of 

metallic ions. Approximately 9 mol% of SiO2 was found to be substituted by CaO in 

the BGN, while only ~5mol% of SiO2 in total was substituted by CaO and CuO in Cu-

BGN. The presence of two metallic precursors seemed to have adverse effects on 

the absorption of metallic ions, which could be explained by the repulsion interactions 

between positively charged Ca and Cu ions causing reduced adsorption of metallic 

ions on silica nanoparticles [27]. Additionally, Cu ions might be incorporated into the 

particles more easily than Ca ions, since a higher amount of CuO than CaO could be 

observed in the actual composition of 15Cu-BGN, which contrasted with the identical 

amount of CaO and CuO being expected from their designed composition (70SiO2-

15CaO-15CuO by mol%). This result could be explained by the smaller radius of Cu 

ions (0.073 nm) than Ca ions (0.1 nm), as the electrostatic forces between hydrated 

silica particles and Cu ions are stronger than that with Ca ions according to 
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Coulomb's law (smaller radius leading to stronger affinity). However, 10Cu-BGN and 

15Cu-BGN exhibited a similar content of CaO and CuO, which suggested that the 

particles in this study could not infinitely adsorb metallic ions due to the limited active 

sites being able to adsorb metallic ions.  

 

 

Figure 5.2 Nitrogen adsorption/desorption isotherms of (a) BGN; (b) 5Cu-BGN; (c) 10Cu-

BGN; (d) 15Cu-BGN showing type III isotherms and indicating their non-porous nature 

according to the IUPAC definition. 

Table 5.1 Actual composition of Cu-BGN (in mol%) and their zeta-potential in deionized water. 

The nominal composition of BGN, 5Cu-BGN, 10Cu-BGN and 15Cu-BGN were 70SiO2-(30-

M)CaO-MCuO (M corresponded to code names of MCu-BGN). 

Designation SiO2 CaO CuO Zeta-potential (mV) 

BGN 91±1 9.1 ± 0.1 - -28±3 

5Cu-BGN 95±2 4.50±0.07 0.600±0.003 -15±4 

10Cu-BGN 95±2 2.50±0.06 2.40± 0.02 -19±4 

15Cu-BGN 95±3 2.10±0.08 2.70± 0.03 -20±4 
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Cu ions, being biologically active, exhibit a dose-dependent effect on cells [6]. For 

example, Cu ions support osteogenesis and angiogenesis in the range of 60.4 to 

152.7 ppm through affecting the expression of both osteogenic and angiogenic 

markers in human bone marrow-derived stem cells [97]. A relatively low 

concentration of Cu ions (4 ppm) could be beneficial for human umbilical vein 

endothelial cells by downregulating apoptosis [233]. On the contrary, Cu ions may be 

toxic at a relatively high concentration and generate oxidative damage on cells [234]. 

Therefore, to avoid toxic effects on cells or tissues, it is necessary to control the Cu 

dose in Cu-containing materials. In this study, the highest concentration of Cu 

incorporated is 2.7 mol% in 15Cu-BGN. This concentration should be sufficient when 

particles are used as fillers in polymers or hydrogels for bone regeneration and 

wound healing.  

5.3.3. Structural characteristics 

No major difference in the FTIR spectra could be observed among different particles 

that all exhibit typical FTIR spectra of silicate BG (Figure 5.3a). The bands located at 

around 474 and 806 cm-1 could be assigned to the Si-O-Si rocking mode and Si-O-Si 

symmetric stretching mode, respectively [218]. A wide band starting at around 1000 

cm-1 could be assigned to Si-O-Si symmetric stretching mode [218], while another 

broad band at ~1870 cm-1 was assigned to the combination and overtone bands of 

Si-O-Si vibrations [235]. The presence of a band at ~1631 cm-1 was caused by O-H 

groups in water molecules [235]. Additionally, no diffraction peaks could be observed 

in XRD patterns (Figure 5.3b), which confirmed the amorphous nature of the 

nanoparticles after calcination at 700 oC. The above results suggest that the structure 

of the particles was not significantly affected by the introduction of different 

precursors. 

 

Figure 5.3 (a) FTIR spectra and (b) XRD patterns of Cu-BGN. 
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5.3.4. In vitro mineralization  

To evaluate the bioactivity of Cu-BGN, the particulate samples were pressed to 

pellets prior to the bioactivity test. After immersion in SBF for 3 days, mineral 

deposition was observed on Cu-BGN pellets (Figure 5.4) while no obvious deposition 

was seen on the BGN pellet. These depositions represented a new phase exhibiting 

a cauliflower-like morphology that is the typical morphology of HA forming on BG 

upon immersion in SBF [218]. A larger number of this new phase was observed on 

10Cu-BGN and 15Cu-BGN pellets than 5Cu-BGN pellets. After 7 days immersion in 

SBF (Figure 5.5), the deposition of the new phase could be observed on 5Cu-BGN 

and BGN. The surface of the 10Cu-BGN pellet was completely covered by such 

deposition, which was similar to what was displayed by 15Cu-BGN pellets immersed 

in SBF for 3 days. Individual particles could be observed above the HA layers on 

10Cu-BGN and 15Cu-BGN pellets, but these separated particles were likely induced 

by the processing of sample preparation, as the particles in SBF (separated from the 

pellets) could deposit on the top surface of the pellets while being withdrawn from 

SBF. The EDS results showed that the existence of P on the pellets after immersion 

in SBF for 7 days, indicating the formation of Ca-P species. Additionally, two 

characteristic peaks at 596 and 604 cm-1 corresponding to the P-O bonds in PO4
3- of 

crystalline Ca-P [218] were observed in the FTIR spectra of Cu-BGN after 7 days of 

immersion in SBF (Figure 5.6a). The XRD diffraction patterns (Figure 5.6b) of Cu-

BGN also demonstrated obvious peaks at approximate 31.7o, 36.4o, 45.4o, and 56.6 o, 

which correspond to the lattice plane (112), (202), (222) and (211) of HA (JCPDS 09-

0432). In summary, the above results confirmed the apatite-forming ability of Cu-

BGN implying their possible bone-bonding ability in vivo.  
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Figure 5.4 SEM-images of Cu-BGN after 3 days of immersion in SBF. No deposition could be 

observed on (a) BGN pellet; Need-like crystals could be seen on (b) 5Cu-BGN, (c) 10Cu-BGN 

and (d) 15Cu-BGN pellets.  

 

The influence of the doping of Cu in BG on bioactivity is complex. The substitution of 

Ca ions by Cu ions may enhance apatite formation, but the presence of other 

components in BG should also be considered [236]. In this study, the higher amount 

of Cu might accelerate the HA formation, as 10Cu-BGN and 15Cu-BGN showed a 

faster HA formation than BGN and 5Cu-BGN. It is well known that the HA formation 

on BG is a result of an ion-exchange process that is closely related to the dissolution 

behaviors of silicate BG. Since the bond of Si-O-Ca in the structure of BG is stronger 

than the Si-O-Cu bond [237], therefore, a faster release of Cu ions and the 

subsequent ion-exchange process could take place in 10Cu-BGN and 15Cu-BGN 

compared to that of 5Cu-BGN and BGN, leading to an accelerated HA formation. 

 



Chapter 5: Synthesis of copper-containing bioactive glass nanoparticles using a modified Stöber method 

68 
 

 

Figure 5.5 SEM images and EDS spectra of samples after immersion in SBF for 7 days. The 

whole surface of (c) 10Cu-BGN and (d) 15Cu-BGN pellets seem to be covered by the crystals 

while the surfaces of (a) BGN and (b) 5Cu-BGN are only partially covered. 
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Figure 5.6 (a) FTIR spectra of Cu-BGN after immersion in SBF for 7 days showing the 

emergence of P-O bands of crystalline Ca-P species at 596 and 604 cm
-1

; (b) XRD patterns 

of Cu-BGN exhibiting the typical peaks corresponding to the lattice plane of HA. 

 

5.3.5. Ion release of 10Cu-BGN in DMEM 

To investigate the ion release capability of the synthesized Cu-BGN, BGN and 10Cu-

BGN were selected as representative particles for the ion-release measurements. 

10Cu-BGN were selected because they contain an approximately identical amount of 

CaO and CuO and have a similar amount of CuO with 15Cu-BGN. DMEM is usually 

used to assess the degradation of materials in a cell culture environment, as the 

extract from materials using DMEM could be directly used to evaluate cytotoxicity or 

osteogenic activity [225]. Figure 5.7 shows the ion release profiles of BGN and 10Cu-

BGN upon immersion in DMEM for up to 14 days. As expected, 10Cu-BGN released 

a higher quantity of Si ions than BGN during the soaking, which can be explained by 

the higher amount of SiO2 in 10Cu-BGN (Table 5.1). BGN and 10Cu-BGN showed a 

similar releasing profile of Si, in which an initial rapid release took place in the first 3 

days, followed by a relatively slow release for up to 14 days (Figure 5.7b). 10Cu-BGN 

also showed a sustained release of Cu ions for up to 14 days, showing a similar 

release manner to Si ions. Such findings indicated that Cu ions were incorporated 

into the silicate structure of the glasses and could, therefore, be released with the 

dissolution of silica species [21]. Notably, BGN and 10Cu-BGN demonstrated 

different release profiles of Ca ions in DMEM. The amount of Ca ions in DMEM 

extracts from both of BGN and 10Cu-BGN increased within the first 12 hours after 

immersion, while decreased in the following 3 days. Afterward, the amount of Ca ions 

in DMEM extract from BGN increased again whereas that from 10Cu-BGN was 

almost unchanged. It is worth mentioning that DMEM itself intrinsically contains an 
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abundant number of ions and amino acids, which may lead to interactions (e.g. the 

formation of Ca-P species) between this medium and the material over time [226]. 

The formation of Ca-P species on nanoparticles consumes the Ca ions in DMEM, 

which may account for the decrease of Ca ions in the DMEM containing BGN and 

10Cu-BGN [226]. After 3 days of immersion, the release and consumption of Ca ions 

reached equilibrium in DMEM containing 10Cu-BGN, while BGN could still release 

further Ca ions because of their higher Ca content and relatively slower pattern of 

apatite formation. Nevertheless, BGN and 10Cu-BGN exhibited a stable release of Si 

ions for up to at least 14 days, suggesting that Cu-BGN were degradable in DMEM. 

This is meaningful for the intended biomedical applications, e.g. in bone regeneration. 

Furthermore, a sustained release of Cu ions is also beneficial for vascularization 

[238], a process that needs a certain amount of time for its completion during which a 

continuous presence of Cu ions is of significant importance. 

 

  

Figure 5.7 Ion release profiles of BGN and 10Cu-BGN in DMEM showing sustained release 

of (a) Si and (b) Cu ions for up to at least 14 days, while (c) Ca ions release from BGN and 

10Cu-BGN exhibits different behavior due to the interactions between glasses and DMEM. 

 

5.3.6. MTT assay 

As seen in Figure 5.8, no significant difference in cytotoxicity was observed for hMSC 

and fibroblast cells treated with particles at concentration of 10 and 1 µg/mL after 1 

and 3 days in culture. All relative cell viability values were higher than 90%, which 

indicates that the materials are non-cytotoxic at the tested concentration. However, 
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Cu-BGN showed adverse effects on cell viability at concentration of 100 µg/mL, 

which was indicated by a reduced relative cell viability. In comparison to BGN and 

the control, all Cu-BGN groups demonstrated reduced cell viability at concentration of 

100 µg/mL, which may be due to the toxic effects of such concentrated Cu ions [96]. 

There was no significant difference in the relative cell viability of both cell types in the 

groups treated with different Cu-BGN, which may possibly be due to their similar 

composition. Notably, Cu-BGN exhibited a higher cytotoxicity on fibroblast cells 

compared to hMSC after 3 days in culture at concentration of 100 µg/mL. This 

phenomenon suggests that fibroblast cells may be more susceptible to the 

stimulation of Cu ions than hMSC while the cytotoxicity of Cu-BGN is related to cell 

type, the concentration of particles, and exposure time. Nevertheless, Cu-BGN are 

not cytotoxic towards hMSC and fibroblast cells at concentration of 10 and 1 µg/mL 

for up to 3 days of culture, suggesting their safety for biomedical applications.  

 

 

Figure 5.8 Relative cell viability values of (a-b) hMSC and (c-d) fibroblast cells treated with 

Cu-BGN at different concentration for 1 day and 3 days, indicating the non-cytotoxicity of Cu-

BGN at concentration of 10 and 1 µg/mL and insignificant cytotoxicity at concentration of 100 

µg/mL. Data represent mean ± standard deviation and *p < 0.05. 
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5.4. Conclusions 

In this study, highly dispersed Cu-BGN with a uniform spherical shape and size were 

successfully synthesized through a conveniently modified Stöber method. The 

content of incorporated Cu varied from 0.6 to 2.7 mol% depending on the amount of 

Cu precursor added. These Cu-BGN were amorphous and no significant difference in 

structure could be observed among the various Cu-BGN. They exhibited good 

bioactivity and the substitution of Ca by Cu likely facilitated HA formation upon SBF 

immersion. Si and Cu ions could be released from 10Cu-BGN in a sustained fashion 

for at least 14 days in DMEM, which suggested that the Cu-BGN are promising 

carriers for delivering therapeutic Cu ions. Moreover, the Cu-BGN had no significant 

cytotoxic effects on hMSC and fibroblast cells at concentrations of 10 and 1 µg/mL. 

The above results evidently indicated that the addition of multi-metallic precursors 

exhibited insignificant effects on the morphology of resulting BGN, but the presence 

of two metallic ions indeed influenced the actual adsorption of the metallic ions on 

particles. The co-existence of metallic precursors could reduce the actual 

concentration of metallic ions in BGN in comparison to single precursors used. 

Nevertheless, the attractive morphological characteristics of the Cu-BGN, their 

favorable apatite-forming ability, and sustained release profile of Cu ions, as well as 

their lack of cytotoxicity are beneficial for their use as therapeutic ion agents or 

building blocks for fabricating nanocomposites for biomedical applications including 

bone regeneration and wound healing. To achieve this objective, further studies 

related to the interactions between Cu-BGN and the cells involved in the intended 

applications are still required. 
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Chapter 6 ZnO Quantum Dots Modified Bioactive 

Glass Nanoparticles with pH-sensitive Release of 

Zn Ions, Fluorescence, Antibacterial, and 

Osteogenic Properties 

 

6.1. Introduction 

Metallic ions, such as Cu ions, can induce positive biological activity that can improve 

functionalities of BG. Among various metallic ions with therapeutic effects, zinc (Zn) 

is an important element for alkaline phosphatase (ALP) and a key mediator of bone 

matrix mineralization [239], playing a significant role in bone repair and regeneration 

[7,240]. Additionally, Zn ions show antibacterial effects, being therefore beneficial for 

the inhibition of infection [241]. Zn-containing BG have shown enhanced calcified 

matrix deposition and ALP activity compared with Zn-free BG [242]. Moreover, the 

scaffolds made of Zn-containing BG have shown antibacterial activity while retaining 

biocompatibility towards human osteoblast-like cells [243]. Zinc-containing BGN are 

therefore attractive materials for bone regeneration, as BGN can interact with cells at 

the nanoscale, thus delivering Zn ions more effectively than bulky BG. Zn-containing 

BGN exhibiting good bioactivity have been synthesized through a quick alkali-

mediated sol-gel method [59,81], but the dispersity and uniformity of the synthesized 

BGN should be improved when they are considered for constructing nanocomposites.  

Monodispersed BGN in the SiO2-CaO system have been synthesized using a 

modified Stöber method by carefully controlling the timing of the addition of Ca 

precursor (see Chapter 4). Additional Cu ions could also be incorporated in BGN 

using this developed method (see Chapter 5), while the synthesized BGN remained 

highly dispersed and spherical in shape. In addition to using salts as metal ion 

precursors, metal or metal oxide nanoparticles can also be coated on nanoparticles 

to introduce metallic ions, while at the same time retaining the high dispersity of the 

nanoparticles [56,244]. One of the advantages of using metallic nanoparticles as a 

source of ions is that these metallic nanoparticles may retain their bulky properties 

after the coating on BGN. The coated BGN may thus exhibit interesting 

characteristics that stem from the presence of metallic nanoparticles on their 

surfaces for biomedical applications. 
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In addition to metallic nanoparticles, quantum dots (QDs) can also be used to 

introduce metallic ions. QDs are nanocrystals in the size range of 2-10 nm, being 

promising in energy applications due to their unique photoelectric properties [245]. 

QDs are also used in bioimaging (e.g. for real-time monitoring of intracellular 

processes and in vivo molecular imaging) [246,247]. The luminescent properties of 

QDs can be retained after their combination with other materials (e.g. BGN) [248]. 

ZnO QDs are relatively environmentally friendly, compared to other types of QDs, 

such as Cd-related QDs [249]. ZnO QDs are also effective antibacterial agents, 

considering their either killing or growth suppression effects on bacteria [250]. 

Furthermore, due to their unique degradation behavior (rapid degradation under 

acidic conditions but slow degradation under neutral or basic conditions), ZnO QDs 

could be used as nanolids to cap nanopores on drug carriers [251,252] to allow 

loaded drugs to be released at a low pH that may be associated with inflammation, 

bacterial infection or cancer [5,6]. 

In this study, it was hypothesized that highly dispersed Zn-containing BGN could be 

prepared by coating ZnO QDs on BGN. To this end, monodispersed BGN were first 

synthesized via the modified Stöber method as described in Chapter 4. ZnO QDs 

were then coated on BGN exploiting electrostatic interactions that are non-

destructive to both interacting materials. This coating process avoided the possible 

aggregation and formation of irregular particles caused by the addition of Zn 

precursors (e.g. metallic salts). Furthermore, the fluorescence property, apatite-

forming ability, antibacterial activity, and the ion release behaviors of ZnO-BGN were 

investigated. Their cytotoxicity towards cancerous HepG2 and human mesenchymal 

stem cells (hMSC) was evaluated by using the LDH (lactate dehydrogenase) leakage, 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and live/dead 

assays. Finally, the osteogenic potential of ZnO-BGN was evaluated. 

6.2. Materials and methods 

6.2.1. Synthesis of ZnO-BGN 

BGN (SiO2-CaO composition system) were synthesized as described in chapter 4 

and Chapter 5. ZnO-BGN were synthesized by coating ZnO QDs on BGN. Briefly, 

0.2 g of BGN was added to a solution containing 10 mL each of ethanol and 

deionized water, and then the mixtures were ultrasonically dispersed for 15 min. 

Consequently, 1 mL of ZnO QDs stock solution (2.5 wt% in isopropanol; N-10, 

Nanograde AG, Switzerland) was added to the suspension under stirring. The pH of 
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mixtures was adjusted to 7.4 with diluted ammonium hydroxide, and the mixture was 

then allowed to react for another 6 h before being centrifuged and washed three 

times with ethanol. During the whole process, the pH value of the suspension was 

monitored and kept at 7.4. The collected ZnO-BGN were then dried at 60 °C for 6 h 

and calcined at 600 °C for 1 h at a heating rate of 2 °C/min, and were then cooled 

down overnight.  

6.2.2. Characterization of ZnO-BGN  

The surface morphology of ZnO-BGN was observed using SEM and (S)TEM with 

bright-field (BF) imaging4. ZnO-BGN were dispersed in ethanol, and then dropped 

onto aluminum specimen stubs and copper grids for SEM and TEM observation, 

respectively. All samples were observed without being sputter-coated. The size of 

ZnO-BGN was determined using ImageJ software by counting individual particles (n > 

200). EDS mapping was conducted using a Quantax 800 (Bruker, USA) 

microanalysis system during the SEM observation to investigate the distribution of 

ZnO QDs in ZnO-BGN, while the concentration of ZnO QDs in ZnO-BGN was 

detected by using EDS (X-MaxN Oxford Instruments, UK) on ZnO-BGN pellets. The 

particle size and distribution were determined according to SEM images using 

ImageJ, and the number of counted particles was more than 300. 

The surface charge and dispersity of ZnO-BGN were measured using a Zetasizer 

Nano ZS with a 4 mW HeNe laser (633 nm) and a light scattering detector positioned 

at 90o. BGN and ZnO-BGN were measured in distilled water (pH ~7.4) at 

concentration of 0.1 g/L.   

FTIR was performed on a Nicolet 6700 FTIR spectrophotometer in transmission 

mode under ambient conditions. Samples and KBr were mixed and made into pellets 

for FTIR at a ratio of 1:100 by weight. Spectra were collected in the region from 400 

and 3600 cm-1 with a resolution of 4 cm-1. 

XRD was performed in the 2θ range of 20−80° with Cu K α radiation. All samples 

were dispersed in ethanol and then dropped onto low-background silicon wafers. A 

step size of 0.014° with a dwell time of 1 s per step was used. 

The fluorescence properties of ZnO-BGN were investigated by recording the 

photoluminescence spectra (PL) (emission spectra) using a spectrophotometer (F-

                                                           
4
TEM imaging was performed by Dr. Bogdan Rutkowski, International Centre of Electron Microscopy 

for Materials Science and Faculty of Metals Engineering and Industrial Computer Science, AGH 
University of Science and Technology.  
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4500, Hitachi, Japan). All samples were tested under UV excitation (320 nm) in pure 

ethanol at concentration of 2 mg/mL under ambient conditions. To evaluate the 

fluorescence stability of ZnO-BGN in physiological fluid, the PL of ZnO-BGN soaked 

in simulated body fluid (SBF) and PBS for 21 days was also measured. 

6.2.3. In vitro mineralization  

The in vitro mineralization of the ZnO-BGN was investigated by soaking the samples 

in SBF according to the protocol of Kokubo et al [90]. Briefly, ZnO-BGN were soaked 

in SBF at concentration of 1 mg/mL in an incubator at 37 °C and with an agitation 

speed of 120 rpm for different periods of time. The SBF was changed twice per week 

to keep stable the concentration of ions in SBF. At each pre-determined time point, 

the samples were removed from the SBF and rinsed gently with deionized water 

before being dried at 60 °C for 24 h. The dried samples were subsequently 

characterized using FTIR, XRD and SEM. The in vitro mineralization of BGN without 

ZnO was also evaluated as a control.  

6.2.4. Ion release of ZnO-BGN  

The assessment of ion release from ZnO-BGN was performed in PBS (pH 7.4) and 

citric acid buffer (pH 4). In brief, ZnO-BGN were soaked in each buffer at 

concentration of 1 mg/mL at 37 °C. At each pre-determined time point, half of the 

supernatant was collected and replenished with fresh PBS or citric acid buffer 

solution. The release of Ca and Zn ions was measured ICP-AES. 

6.2.5. Antibacterial activity5 

To assess the antibacterial activity of ZnO-BGN, Gram-negative E. coli and Gram-

positive S. aureus were used as model bacteria. Both strains were purchased from 

the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures 

(Braunschweig, Germany) and cultured on nutrient broth (Roth, Karlsruhe, Germany). 

According to the manufacturers’ instructions, the strains were inoculated in fresh 

media and incubated at 37 °C overnight under shaking conditions to reach a density 

of 1–5×107 cfu/mL for further antibacterial assay. The antibacterial activity of ZnO-

BGN was assessed quantitatively based on the absence of light caused by the 

turbidity of bacterial suspension [253]. Briefly, the samples were added in PBS at 

concentration of 1, 0.1, and 0.01 mg/mL. Then a sterilized 96-well plate was 

                                                           
5
 Antibacterial activity was performed by Yuyun Yang, at Institute of Biomaterials, Department of 

Materials Science and Engineering, University of Erlangen-Nuremberg. 
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inoculated with 50 μL of particle/PBS suspension and 50 μL of diluted bacterial 

suspension (1–5×105 cfu/mL). Bacterial growth was evaluated after culture for 24 h at 

37 oC and their optical density (OD) at 600 nm was then recorded using a Microplate 

reader (7530, Cambridge Technology, Inc., Karlstad, Sweden). Considering the 

possible interference from the samples, the OD value of the samples at 

corresponding concentration before culture was removed as the background. The 

results were shown as relative bacterial viability that was calculated as below: 

Relative bacterial viability (%) = Sample OD/ Blank control OD × 100% 

The well containing 50 μL of pure PBS and 50 μL of bacterial suspension was used 

as blank control. The experiment was performed in triplicate. 

6.2.6. Cell source6 

Human mesenchymal stem cells were purchased from Lonza (Basel, Switzerland) 

and HepG2 cells were purchased from ATCC (Manassas, USA). Both cell lines were 

maintained in phenol red free Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% (v/v) batch tested fetal bovine serum (FBS), 50 U/mL of 

penicillin and 50 mg/mL of streptomycin, 1% (v/v) L-glutamine and 4.5 g of glucose. 

DMEM was purchased from Invitrogen (UK), and the cell culture was performed in a 

humidified atmosphere of 5% CO2, 95% air at 37 °C.  

6.2.7. MTT assay 

Both of hMSC and HepG2 proliferation over time after exposure to BGN and ZnO-

BGN were evaluated using the MTT assay. Briefly, around 4000 cells were seeded in 

each well of 96-well plates and were allowed to grow for 24 h. Afterwards, the cells 

were exposed to BGN and ZnO-BGN at concentration of 0.1 or 0.01 µg/mL, for 24 

and 72 h. After the treatment, the medium was removed from each well, and the cells 

were rinsed three times with PBS. Then 100 μL of new medium with 10 μL of MTT 

solution (Amresco, Solon, USA) at concentration of 5 mg/mL was added to each well. 

After incubation for another 4 h at 37 °C, MTT formazan was measured at 560 nm 

using an ELX Ultra Microplate Reader (Biotek, USA). The results were converted to 

relative cell viability according to the following equation: 

Relative cell viability(%)  =  Sample (OD)/Control (OD) ×  100% 

                                                           
6
 The cell culture study and statistical analysis were conducted by Miao Lu and Xinyi Dai at 

Department of Surgery, Klinikum rechts der Isar, Technische Universitaet München 
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6.2.8. LDH assay 

The cytotoxicity of BGN and ZnO-BGN towards hMSC was assessed by monitoring 

lactate dehydrogenase (LDH) leakage into the culture medium using a cytotoxicity 

detection kit (Roche, Germany). In brief, 4000 hMSC cells were seeded in 96-well 

plates. After culture for 24 h, the medium was replaced by flesh medium containing 

BGN and ZnO-BGN at concentration of 0.1 or 0.01 mg/mL, respectively. After culture 

for 24 h and 72 h, the supernatants were collected and the cells were removed from 

the medium by centrifugation. The LDH assay was performed for each sample in 

triplicate according to the manufacturer’s protocol. Absorbance was measured at 500 

nm with an ELX Ultra Microplate Reader.  The results were shown as relative LDH 

leakage according to the following equation: 

Relative LDH leakage (%)  =  Sample (OD)/Control (OD) ×  100% 

6.2.9. Live/dead assay 

The live/dead assay was performed to assess hMSC viability after their exposure to 

BGN and ZnO-BGN by using a cell viability imaging kit (Life Technologies, Carlsbad, 

USA). This detection employed two fluorescent dyes: NucBlue® Live reagent for live 

cells producing blue fluorescence (ex/em 360/460 nm) and propidium iodide for dead 

cells producing red fluorescence (ex/em 535/617 nm). Briefly, hMSC cells were 

seeded in 6-well plates with approximate 5x104 cells per well in 2 mL of medium, and 

were allowed to grow for 24 h. The cells were then cultured with BGN and ZnO-BGN 

at concentration of 0.1 and 0.01 mg/mL for 24 and 72 h. The medium was then 

removed, and the cells were washed three times with PBS and fresh medium was 

added to each well. NucBlue® Live reagent and propidium iodide were then added 

according to the manufacturer’s instructions. After incubation for 15 min at room 

temperature, the cells were visualized using a laser scanning confocal microscope 

(Axio Observer Z1, Zeiss, Oberkochen, Germany). The live and dead cells were 

counted and the cell viability was calculated as below: 

         Cell number (%) =  the number of living cells/ the number of (living cells + dead cells) × 100% 

6.2.10. ALP activity 

The osteogenic differentiation of hMSC after exposure to BGN and ZnO-BGN was 

assessed by measuring ALP activity using an ALP assay kit (Abcam, England). 

Briefly, hMSC were seeded in 6-well plates at 5x104 cells/well in 2 mL of medium. 

After 24h of stabilization, the medium was replaced with an osteogenic differentiation 



Chapter 6: ZnO quantum dots modified bioactive glass nanoparticles with pH-sensitive release of Zn ions, 
fluorescence, antibacterial and osteogenic properties 

79 
 

medium (Lonza, USA) with BGN and ZnO-BGN at concentration of 0.1 and 0.01 

mg/mL. At day 14, cells in different groups were washed with PBS and protein was 

extracted using RIPA buffer (Cell Signaling Technology, USA) containing protease 

and phosphatase inhibitors (Roth, Germany). The protein concentration was detected 

with the BCA Protein Quantification Kit (Thermo Scientific, USA). ALP activity 

detection and quantification were performed according to the manufacturer’s 

instructions. ALP activity was expressed per gram of protein. Fluorescence intensity 

was measured at ex/em 360/440 nm using a fluorescence microtiter plate reader 

(Promega, USA). 

6.2.11. Statistical analysis 

All the quantitative experiments were carried out at least in triplicate, and the data are 

shown as mean ± standard deviation (S.D.). For the comparison of quantitative cell 

biological results, the significance of differences between the control and tested 

groups was assessed using Student’s test and p < 0.05 was considered to be 

statistically significant. 

6.3. Results  

Parts of the results of this study have been published in Ref. [88] and they are 

reproduced here with permission from The Royal Society of Chemistry. 

6.3.1. Morphology of ZnO-BGN 

The as-received ZnO QDs were highly dispersed and exhibited a sphere-like shape 

with a mean size < 10 nm (Figures 6.1a-b) while the synthesized BGN were 

monodispersed and exhibited a spherical shape (Figures 6.1c-d) with a mean size of 

415 nm and a smooth surface (Figures 6.2a-b). As can be seen in TEM images, BGN 

displayed a dense structure without nanopores on their surface (Figures 6.1c-d), 

since BGN were calcined at 700 °C and such a high temperature treatment had 

eliminated their nanoporosity [231]. The isoelectric point (IEP) of ZnO nanoparticles 

is ~9.5 [265] while that of BGN is ~2 [27], respectively. This IEP gap suggests that 

ZnO QDs may be coated on BGN through electrostatic interactions in a wide pH 

range including the normal physiological pH. 
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Figure 6.1 TEM images showing the morphology of (a-b) as-received ZnO QDs and (c-d) as-

synthesized BGN (SiO2-CaO based composition). 

 

Based on the above hypothesis, ZnO QDs were successfully coated on BGN at 

physiological pH 7.4. ZnO-BGN exhibited highly dispersed and spherical morphology 

with a mean size of 401 nm. They are composed of ZnO QDs uniformly clustering on 

BGN (Figures 6.2c-d). The coating of ZnO QDs exhibited no significant influence on 

the general morphological characteristics of BGN. TEM images confirmed the 

spherical and highly dispersed characteristics of ZnO-BGN (Figures 6.3a-b) and the 

selected area electron diffraction (SAED) pattern of ZnO-BGN (Figure 6.3c) showed 

that ZnO crystals were present around the amorphous BGN. The EDS mapping 

result (Figure 6.3d) indicated a homogenous distribution of ZnO QDs on BGN surface. 

Furthermore, the EDS result obtained from the ZnO-BGN pellets (Figure 6.2c) 

indicated the presence of Zn, Ca, and Si elements in ZnO-BGN and the molar 

percentage of ZnO in ZnO-BGN being ~3.12%. The zeta-potential values of ZnO-

BGN and BGN in distilled water (pH ~7) were ~-18 mV and ~-26 mV, respectively, 

which suggested their stability. The polydispersity index (PDI) of ZnO-BGN was 
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0.127 while that of uncoated BGN was 0.108. Although the PDI of particles was 

decreased after the coating by ZnO QDs, the low PDI of ZnO-BGN still suggested 

their high dispersity. All the above morphological, crystallographic, and elemental 

results, therefore, confirmed the successful coating of ZnO QDs on BGN.  

 

 

Figure 6.2 SEM images showing the surface morphology of (a-b) BGN and (c-d) ZnO-BGN; 

inserted particle size and EDS results. 

 

6.3.2. Structural characteristics of ZnO-BGN 

Figure 6.4a demonstrates the FTIR spectra of BGN and ZnO-BGN showing the 

characteristic bands of silicate BG at 476 cm-1 (Si-O-Si rocking), 809 cm-1 (Si-O-Si 

bending), and in the range 1000-1200 (Si-O-Si stretching) cm-1 [218,219]. The band 

located at 1634 cm-1 could be assigned to the bending vibrations of water molecules 

[219]. No significant difference could be observed in the FTIR spectra of BGN and 

ZnO-BGN, which could be due to ZnO QDs being coated on BGN only via 

electrostatic interactions but not covalent bonding. As expected, the as-synthesized 

BGN exhibited an amorphous nature while ZnO-BGN exhibited obvious diffraction 

peaks located at 32 o and 36 o (Figure 6.4b), which could be assigned to the (002) 

and (101) lattice planes of ZnO, respectively [254]. The XRD results agreed with the 
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electron diffraction patterns of ZnO-BGN (Figure 6.3c), confirming the presence of 

ZnO QDs crystals in ZnO-BGN [254]. 

 

 

Figure 6.3 (a-b) Bright field TEM images showing the morphology of ZnO-BGN; (c) the SAED 

pattern of ZnO-BGN indicating the presence of ZnO crystals; (d) the SEM-EDS mapping of Si 

and Zn, showing the presence of Zn on ZnO-BGN. (The result shown in Figure 6.3d does not 

originate from the particle shown in Figure 6.3c). 

 

6.3.3. Photoluminescence activity 

Figure 6.4c shows the photoluminescence (PL) spectra of ZnO QDs, BGN, and ZnO-

BGN. The emission wavelength of ZnO QDs was at around 380 nm in the violet 

range, which was induced by their intrinsic band gap (3.3 eV) [255]. BGN also 

showed an emission peak in the range of violet light (~440 nm), which could be 

attributed to the defect pair consisting of a dioxasilirane and a silylene center in 

heated silica-based nanoparticles [256]. As a comparison, ZnO-BGN showed a 

unique PL spectrum, where three PL peaks located at ~410, 480, and 520 nm could 

be observed. This phenomenon has also been found in previous studies focusing on 
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the combination of ZnO and silica-based nanoparticles [257,258]. The strongest peak 

located at ~410 nm in the violet range was induced by the presence of ZnO QDs 

[255], while the presence of other two peaks in the blue (~480 nm) and green range 

(~520 nm) was related to the change in OH groups [255,259] and the spherical 

shape of BGN causing multiple scattering of excitation light [258], respectively. After 

soaking in PBS and SBF for 21 days (Figure 6.4d), ZnO-BGN still exhibited two 

obvious emission peaks at 380 nm and 440 nm that were in the violet range, which 

were corresponded to ZnO QDs and BGN, respectively. However, the peak in the 

blue (~480 nm) region was not observed after soaking while the peak in the green 

area (~520 nm) was weakly present. Nevertheless, the fluorescence activity of ZnO-

BGN seemed to be retained in physiological fluids for up to at least 21 days. 

 

 

Figure 6.4 (a) FTIR spectra and (b) XRD patterns of BGN and ZnO-BGN showing the 

structural characteristics; (c) PL spectra of BGN, ZnO QDs and ZnO-BGN showing their 

fluorescence properties; (d) PL spectra of ZnO-BGN after soaking in SBF and PBS for 21 

days. 
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6.3.4. In vitro mineralization 

Binary SiO2-CaO BGN have been proved to be bioactive as reported in Chapter 4, 

and HA could form on BGN after 3 days of immersion in SBF. However, the coating 

of ZnO QDs on BGN inhibited the bioactivity of BGN, since no significant formation of 

HA could be observed in ZnO-BGN upon immersion in SBF for 14 days according to 

the FTIR spectrum (Figure 6.5c). HA formation could only be observed in ZnO-BGN 

after immersion in SBF for 21 days. As shown in TEM images (Figure 6.5a), needle-

like crystals clustered the particles, which is the typical morphology of formed HA on 

nanoscale BG [224]. Moreover, two characteristic P-O bonds located at 560 cm-1 and 

604 cm-1 in the crystalline Ca-P species could be seen in the FTIR spectra of ZnO-

BGN after 21 days of immersion in SBF (Figure 6.5c), suggesting the formation of HA. 

The XRD pattern of ZnO-BGN soaked in SBF for 21 days (Figure 6.5b) clearly 

demonstrated the formation of HA crystals (JCPDS 72-1243). The peaks assigned to 

ZnO crystals could still be observed, suggesting the presence of residual ZnO QDs 

on ZnO-BGN after immersion in SBF for 21 days. Moreover, the EDS mapping 

results (Figure 6.6) showed the presence of Ca, P and Zn elements in ZnO-BGN 

after 21 days of immersion in SBF, which also suggested the formation of apatite and 

the presence of remaining ZnO QDs. Notably, needle-like crystals were also found 

outside the nanoparticles (Figure 6.5a), which was induced by the released ions from 

ZnO-BGN leading to a change of local supersaturation towards apatite precipitation 

[260]. These formed crystals also contained Zn element (Figure 6.6) apart from Ca 

and P elements, which supported the fact that crystal formation was induced by ion 

exchange. In addition, the incorporation of Zn ions into the HA layer is an attractive 

feature for bone regeneration, considering the therapeutic effects of Zn ions. The 

overall results, therefore, suggest that the coating of ZnO QDs on BGN caused a 

delay in the formation of HA upon immersion in SBF, but they also confirm that the 

apatite-forming ability of BGN was not prevented.  
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Figure 6.5 (a) STEM -BF images of ZnO-BGN after immersion in SBF for 21 days showing 

the formation of needle-like apatite crystals; (b) XRD pattern of ZnO-BGN after soaking in 

SBF for 21 days demonstrating the characteristic XRD peaks of HA; (c) FTIR spectra of ZnO-

BGN after immersion in SBF for 14 and 21 days. 
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Figure 6.6 EDS mapping results showing the presence of Ca, Zn, and P elements in ZnO-

BGN after immersion in SBF for 21 days. 

 

6.3.5. Ion release  

Figure 6.7 shows the ion release of ZnO-BGN upon soaking in acidic and basic 

solutions. The release of Zn ions exhibited a pH-sensitive trend, in which at pH 4 

almost all Zn ions (~33 μg/mL) were released within 8 hours while only a small 

amount of Zn ions was released (~3.7 μg/mL) within 21 days at pH 7.4. A burst 

release of Zn ions within 8 h could only be observed at pH 4 while a stable and 

sustained release of Zn ions was observed at pH 7.4. This phenomenon can be 

explained by the significant pH sensitivity of ZnO QDs that are stable at pH 7.4 but 

rapidly dissolved at pH <5.5 [251]. The sustained release of Zn ions of ZnO-BGN in 

PBS also suggested the robust bonding between ZnO QDs and BGN after 

calcination. The release of Ca ions also acted in a pH-sensitive manner (Figure 6.7b). 

However, the difference in release between two pH conditions was narrow: ~6.3 and 

~9 μg/mL of Ca ions were released after 21 days at pH 7.4 and pH 4, respectively. A 
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burst release of Ca ions within 1 day could be observed under both tested conditions, 

likely induced by the rapid release of weakly bonded Ca ions on the surface of BGN 

[13]. Figures 6.7c-d show SEM images of ZnO-BGN after soaking in citric acid buffer 

solution and PBS for 21 days, respectively. No obvious ZnO QDs could be observed 

on the surface of ZnO-BGN after 21 days of soaking in citric acid buffer solution while 

a few ZnO QDs could still be seen on the particles after soaking in PBS. This 

observation agreed with their ion release behaviors (Figure 6.7a) that indicated Zn 

ions being completely released within 3 days under acidic conditions. Notably, 

smaller spherical particles were seen after soaking in both solutions, which was the 

result of the partial degradation of ZnO-BGN in an aqueous solution [33]. These 

results suggested that ZnO-BGN were degradable and they could release Ca ions 

and Zn ions for up to at least 21 days under physiobiological conditions.   

 

 

 

Figure 6.7 (a-b) Ion release profiles of ZnO-BGN in PBS (pH 7.4) and citric acid buffer 

solution (pH 4) showing the pH-dependent release of Zn ions; SEM images of ZnO-BGN after 

soaking in citric acid buffer (c) and PBS (d) for 21 days. 
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6.3.6. Antibacterial activity 

Figure 6.8 demonstrates the antibacterial effects of ZnO-BGN and BGN towards 

Gram-positive S. aureus and Gram-negative E. coli. ZnO-BGN inhibited the growth of 

both bacteria at all tested concentration. Their strongest antibacterial effect towards 

bacteria was found at the highest concentration of 1 mg/mL, while no significant 

difference could be observed between the concentration of 0.1 and 0.01 mg/mL. The 

relative viabilities of Gram-positive S. aureus and Gram-negative E. coli were 34 % 

and 65 % respectively after exposure to ZnO-BGN at concentration of 1 mg/mL, 

which indicated that ZnO-BGN had more pronounced antibacterial effects on Gram-

positive than on Gram-negative bacteria. This result was consistent with previous 

studies showing that Gram-positive bacteria were more susceptible to ZnO than 

Gram-negative one [261,262]. BGN also showed antibacterial effects on E. coli at all 

tested concentrations, but the effects were not significant.  

 

 

Figure 6.8 Antibacterial effects of BGN and ZnO-BGN towards (a) Gram-positive S. aureus 

and (b) Gram-negative E. coli at concentration of 1, 0.1, and 0.01 mg/mL. 

 

6.3.7. Cell proliferation and cytotoxicity  

hMSC and HepG2 cells were used in the MTT assay to evaluate the proliferation of 

cells exposed to BGN and ZnO-BGN (Figure 6.9). BGN had no significant effect on 

the proliferation of either hMSC or HepG2 at the tested concentration (0.1 and 0.01 

mg/mL) in comparison with the control, while ZnO-BGN showed slightly adverse 

effects on the proliferation of hMSC (Figure 6.9a) but no significant effects on HepG2 

at the tested concentration (Figure 6.9b). Higher concentration and longer culture 
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time might have greater adverse effects on hMSC in the case of ZnO-BGN (Figure 

6.9a).  

As ZnO-BGN did not exhibit significant effects on the proliferation of HepG2, the LDH 

leakage of hMSC exposed to ZnO-BGN and BGN in cell culture media was 

measured to better evaluate the cytotoxic effects of ZnO-BGN. As can be seen in 

Figure 6.9c, at the concentrations of 0.1 and 0.01 mg/mL, no obvious relative LDH 

leakage in both BGN-treated cells and ZnO-BGN-treated cells was observed after 

culture for 24 h. However, after culturing for 72 h, a slightly higher relative LDH 

leakage was observed in the ZnO-BGN group while a reduced LDH leakage was 

observed in the BGN group at concentration of 0.1 mg/mL. At concentration of 0.01 

mg/mL, no significant differences in LDH leakage were detected among BGN-treated, 

ZnO-BGN-treated, and the control cells. These results indicated that ZnO-BGN had 

no significant cytotoxic effects on hMSC as evaluated by the LDH leakage assay.  

Figure 6.9d shows the living and dead cell numbers obtained from the live-dead 

assay. At concentration of 0.01 mg/mL, no obvious dead cells could be observed in 

all groups after 24 h and 72 h of culture. However, the dead cells were found in all 

tested groups at concentration of 0.1 mg/mL, but the number was less than 3 % of 

the total cell number. The largest dead cell number (2.5 %) was found in the cells 

treated with ZnO-BGN at concentration of 0.1 mg/mL after culture for 72 h. Figure 

6.10 shows representative live/dead images: dead cells (red) are rarely observed 

under all conditions at concentration of 0.01 mg/mL while obvious dead cells can only 

be seen after ZnO-BGN treatment at concentration of 0.1 mg/mL. These results were 

consistent with the results of LDH assay showing that ZnO-BGN had no significant 

cytotoxicity towards hMSC at concentration of 0.1 and 0.01 mg/mL. 
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Figure 6.9 Cytotoxicity assays of BGN and ZnO-BGN towards hMSC and HepG2. The MTT 

assay showing the effects on the proliferation of (a) hMSC and (b) HepG2 cells at 

concentration of 0.1 and 0.01 mg/mL. (c) The LDH leakage assay and (d) the live/dead assay 

showing that BGN and ZnO-BGN had no significant cytotoxicity towards hMSC. 
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Figure 6.10 Representative live/dead images of BGN and ZnO-BGN after culture with hMSC 

at concentration of (a) 0.01 and (b) 0.1 mg/mL for 24 h and 72 h showing live cells (blue) and 

dead cells (red). 

 

6.3.8. Osteogenic differentiation  

The ALP activity was measured after 14 days of culture to assess the osteogenic 

differentiation potential of hMSC after culture with ZnO-BGN and BGN. The activity of 

ZnO-BGN was significantly higher than that in BGN-treated and control cells at 

concentration of 0.1 and 0.01 mg/mL, while no obvious difference in ALP activity 

between BGN and the control could be observed at both tested concentration (Figure 

6.11). Notably, the ALP activity of ZnO-BGN-treated cells at concentration of 0.1 

mg/mL was significantly higher than that at concentration of 0.01 mg/mL.  
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Figure 6.11 The ALP activity of hMSC culture with BGN and ZnO-BGN for 5 days at 

concentration of 0.1 and 0.01 mg/mL. Values represent the mean ± SD. The samples in each 

experiment were assessed in triplicate. (∗) (P < 0.05) and (∗∗) (P < 0.001) indicate a statistical 

significance. 

 

6.4. Discussion 

One of the motivations to develop Zn-containing BGN by coating monodispersed 

BGN with ZnO QDs was to avoid the aggregation of particles, as the addition of 

metallic precursors during conventional sol-gel synthesis may cause the formation of 

aggregates inducing the synthesis of such doped BGN challenging. ZnO-containing 

BGN have been produced using the one-step alkali-mediated sol-gel method with the 

assistance of ultrasonic dispersion or mechanical agitation [59,81]. However, the 

dispersity and uniformity of the synthesized BGN still require improvement. The 

challenge to produce highly dispersed and uniform BGN in the conventional one-step 

sol-gel method is that the addition of salt precursors may destabilize the 

nanoparticles by changing their surface charge or solution conditions [53,55]. This 

change then leads to the aggregation and non-uniformity in size or shape of BGN. 

For the achievement of highly dispersed and uniform BGN, the processing 

parameters, e.g. the molar ratio between silica precursor and metallic precursor [12], 

and the addition timing of metallic precursor [55] should be carefully controlled. With 

proper processing parameters, highly dispersed BGN with binary SiO2-CaO 

composition could be relatively easily produced using the one-step sol-gel method 

[12,55], but the production of multifold metallic ions containing BGN with high 



Chapter 6: ZnO quantum dots modified bioactive glass nanoparticles with pH-sensitive release of Zn ions, 
fluorescence, antibacterial and osteogenic properties 

93 
 

dispersity, uniform shape and size are still challenging due to the complex 

interactions among various charged species. Alternatively, the post modification on 

silica nanoparticles or binary BGN to introduce metallic ions has been shown the 

potential of avoiding the aggregation of nanoparticles [53,54].  

In this study, ZnO QDs were used as modification agents to introduce Zn ions. The 

modification was based on the electrostatic interaction that could retain the structure 

and properties of the involved components. Additionally, the synthesized ZnO-BGN 

retained high dispersity and spherical shape of BGN (Figure 6.2), while the size of 

both ZnO QDs and BGN was not significantly affected (Figures 6.2-6.3) during the 

process. Considering the convenience of controlling the size of BGN with binary 

SiO2-CaO composition [55], this proposed method can, therefore, produce ZnO-BGN 

with different size by tailoring the size of BGN. 

Furthermore, the surface modification of BGN using ZnO QDs can introduce 

additional properties to BGN. The coating of BGN with ZnO QDs was based on the 

electrostatic interaction that is non-destructive and can thus preserve both the 

morphology and properties of functionalization agents and matrix materials [142]. 

Perhaps the most notable characteristic of ZnO QDs is their unique fluorescence 

capability. ZnO QDs have shown potential in bio-imaging or drug delivery due to their 

fluorescence capability [263], however, their emitted violet light is similar to the self-

fluorescence of cells that could emit blue color upon UV irradiation [264]. As a 

comparison, ZnO-BGN showed three emission peaks (Figure 6.4c), located in the 

wavelengths of violet, blue and green lights. The additional green-light emission 

could thus distinguish ZnO-BGN from the self-fluorescence of cells. However, the 

direct use of ZnO-BGN in cell imaging may be not appreciated, considering the 

relevant large particle size of ZnO-BGN (~390 nm) causing difficulty on their uptake 

by cells. Nevertheless, the fluorescence capability of ZnO-BGN can be used to 

monitor the interaction between cells and materials. In addition, the fluorescence 

property of ZnO-BGN was stable in physiological fluids for up to at least 21 days. 

This long-term fluorescence was advantageous. For example, the mineralization 

process of composites containing ZnO-BGN could be monitored with the assistance 

of stable fluorescence in physiological fluids [205]. 

The combination with ZnO QDs also introduced the antibacterial activity to BGN. 

Although BGN have been reported to be able to inhibit bacteria growth, this effect is 

highly dependent on the composition and usually induced by the release of 

antibacterial ions (e.g. silver, cerium ions) or alkaline ions leading to a local pH rise 
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[60,93,190]. ZnO QDs are effective antibacterial agents, and their antibacterial 

activity may be from the production of H2O2 from ZnO QDs, the release of Zn ions, or 

the generation of reactive oxygen species (ROS) [265]. The reported minimum 

inhibition concentration (MIC) of Zn ions against S. aureus was lower than 9 μg /mL 

[266]. In our study, the concentration of Zn ions was ~0.95 μg/mL after soaking in 

PBS for 24 h. In bacterial culture medium, the amount of released Zn ions should be 

similar to that in PBS, given the similar pH conditions in both media. Although this 

concentration was lower than the reported MIC of Zn ions against S. aureus, our 

results showed that ZnO-BGN exhibited significant antibacterial effects (Figure 6.8). 

This phenomenon could be due to the synergistic effects that were induced with 

other ions. It has been reported that Zn ions at the concentration of 0.05 μg/mL 

exhibited significant antibacterial effects on S. aureus in the presence of Ca and Sr 

ions [267]. ZnO-BGN could release Si and Ca ions in addition to Zn ions, while Zn-

free BGN also had antibacterial effects (Figure 6.8). The co-existence of Si, Ca and 

Zn ions could thus account for the antibacterial effects of nanocomposite particles at 

a relatively low concentration of released Zn ions. In addition to the synergistic 

effects of ions, the presence of produced H2O2 and ROS could also improve the 

antibacterial activity of ZnO-BGN. Notably, the preferred toxicity of ZnO-BGN towards 

antibiotic-resistant bacteria S. aureus could be advantageous in repairing bone 

defects caused by infections, as S. aureus is the major pathogen in bone infections 

leading to severe and chronic forms of osteomyelitis [268].  

The coating of ZnO QDs on BGN induced fluorescence and antibacterial properties, 

but it reduced the intrinsic bioactivity of coated BGN. The doping of BG by ZnO has a 

significant influence on the apatite-forming ability of BG. The presence of ZnO in BG 

may delay the nucleation of HA crystals during the initial periods of immersion in SBF, 

but it has not significant effects on HA formation after a long period of immersion 

[240]. The zinc ions released from BG can be adsorbed on the active sites of BG, 

which therefore inhibits the deposition of apatite. The coating of ZnO QDs on the 

surface of BGN, playing a similar role in HA formation to the case of Zn-doped BG, 

delayed but not prevented the HA formation. The homogenous coating of ZnO QDs 

could inhibit the effective adsorption of Ca2+ and PO4
3− from the medium and 

therefore a delayed formation of apatite took place [269]. Here needle-like apatite 

crystals were observed on ZnO-BGN upon immersion in SBF for 21 days, indicating 

that the apatite-forming ability of ZnO-BGN was only inhibited but not prevented. 

ZnO QDs are relative low-toxicity materials compared to other types of QDs (e.g. 

CdS), but they still exhibit cytotoxicity at a high concentration [263]. The toxicity of 
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ZnO QDs is likely to be induced by the release of Zn ions or the generation of ROS 

[265]. To reduce the cytotoxicity of ZnO QDs, silica, considering its high 

biocompatibility, has been coated on ZnO QDs [264]. The presence of a silica shell 

could also increase the stability and hydrophilicity of ZnO QDs. In this study, ZnO-

BGN did not show obvious cytotoxicity towards hMSC in comparison to BGN and the 

control, which might be due to the relatively low released concentration of Zn ions. 

Song et al. [270] reported that the concentration of Zn ions reaching 10 μg/mL could 

induce approximate 50% death of mouse macrophage (Ana-1) cells, which was 

similar to the cytotoxicity of ZnCl2 (IC50 = 13.33 Zn μg/mL). Yamamoto et al. [271] 

found that normal osteoblast function could be inhibited when the concentration of Zn 

ions reached 5.89 μg/mL. In this study, the concentration of Zn ions in PBS was 

~0.95 μg/mL when ZnO-BGN were soaked in PBS at the concentration of 1 mg/mL 

for 24 h (Figure 6.7a). Although the soaking medium does affect the degradation 

behavior of the material, it was estimated that ZnO-BGN in cell culture medium at the 

concentrations of 0.1 and 0.01 mg/mL should not release Zn ions to a concentration 

higher than 0.95 μg/mL and were therefore far below the cytotoxic limit mentioned 

above. However, ZnO-BGN indeed inhibited the relative proliferation of hMSC 

compared to the control and BGN according to the MTT assay. On the other hand, 

no inhibition effects were found on HepG2 (Figure 6.9). The relatively lower 

proliferation of hMSC in comparison to HepG2 caused by ZnO-BGN could be 

explained by the differentiation tendency of stem cells while cancerous HepG2 tend 

to proliferate [272].  It should be noted that the MTT results contradicted the LDH and 

live/dead results since ZnO-BGN exhibited cytotoxicity towards hMSC at the 

concentration of 0.1 mg/mL as indicated by the MTT assay while no obvious 

cytotoxicity was detected by the LDH and live/dead assays. This difference in 

cytotoxicity is consistent with previous results on the comparison of MTT and LDH 

assays [273], suggesting that the MTT assay is more sensitive in detecting 

cytotoxicity compared to the LDH leakage assay. 

Bioactive glasses can stimulate the osteogenic differentiation of pre-osteoblasts and 

stem cells due to the released ions upon dissolution [6]. It has been reported that 

glasses containing ZnO could increase the ALP activity of osteoblast cells [274]. 

However, it also has been reported that Zn-doped BG scaffolds had no significant 

effects on the osteogenic differentiation of human adipose stem cells [275]. This 

contradiction is likely due to the different concentration of released ions, as Zn ions 

probably only stimulate the osteogenic differentiation of cells in a narrow range of ion 

concentration. The synthesized ZnO-BGN could only release a small amount of Zn 
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ions (~0.95 μg/mL) in PBS (at the concentration of 1 mg/mL after 24 h) and were 

thus expected to release a similar amount of Zn ions in cell culture medium. This low 

concentration of released Zn ions may account for the significant enhancement of 

ALP activity of hMSC. It has been reported that the concentration of Zn ions between 

0.15 and 0.26 μg/mL could significantly improve ALP activity, collagen secretion and 

ECM mineralization of rat mesenchymal stem cells after 14 days culture [266].  Even 

at concentrations below 0.01 μg/mL, Zn ions still could improve the osteogenic 

activity of mesenchymal stem cells [276]. Considering the refreshment of cell culture 

medium during the process, the concentration of Zn ions should be kept at a low 

level, but it was effective enough to induce osteogenic differentiation of hMSC as 

indicated by the enhanced ALP activity. Zn ions can trigger ERK1/2 signaling that is 

considered to play a significant role in the osteogenic differentiation of hMSC [276], 

which could explain the enhanced ALP activity of hMSC culture with ZnO-BGN. 

However, to our knowledge, no definite quantitative data have been shown to confirm 

the effective concentration range of Zn ions leading to osteogenic effects. In addition, 

Si and Ca ions may also enhance ALP activity [6], which means that the improved 

ALP activity could be a synergetic effect of released Si, Ca and Zn ions. 

Nevertheless, ZnO-BGN could induce the osteogenic differentiation of hMSC in 

comparison to BGN and the control, suggesting their potential in bone-related 

biomedical applications. In addition, the rapid release of Zn ions from ZnO-BGN 

under low pH conditions may be advantageous to the inhibition of bacteria in 

inflammatory tissues that are considered to have lower local pH value, as the 

relatively high concentration of Zn ions could exhibit stronger antibacterial effects 

[243,267]. However, to elucidate the exact concertation range leading to both 

osteogenic and antibacterial effects, a comprehensive investigation is required. 

Moreover, the concentration of ZnO in ZnO-BGN can be tailored by tuning the initial 

coating conditions (e.g. concentration of BGN and ZnO QDs or pH values of coating 

condition). This possibility of the control of Zn concentration is significant to the 

further application of ZnO-BGN, considering the cytotoxicity and osteogenic activity 

of ZnO-BGN being dose-dependent.  

6.5. Conclusions 

In this work, highly dispersed Zn-containing BGN with uniform spherical shape were 

produced through a simple and convenient surface modification method. The 

proposed method was based on the electrostatic interactions between BGN (SiO2-

CaO system) and ZnO QDs. The developed ZnO-BGN particles retained the high 
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dispersity and spherical shape of unmodified BGN. The above morphological 

characteristics indicated that this coating strategy could be a promising method to 

produce highly dispersed BGN containing therapeutic ions. This combination also 

allowed the nanocomposite particles to obtain the properties from both components, 

i.e. ZnO-BGN exhibited a pH-sensitive release of Zn ions, fluorescence, antibacterial 

and osteogenic properties. The synthesized ZnO-BGN are therefore promising 

building blocks for nanocomposites and can be used for various biomedical 

applications, particularly in bone regeneration. 
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Chapter 7 Monodispersed Lysozyme 

Functionalized Bioactive Glass Nanoparticles with 

Antibacterial and Anticancer Activity 

 

7.1. Introduction 

Monodispersed BGN (SiO2-CaO) have been successfully produced via a modified 

Stöber method (see Chapter 4). Additional metallic ions could also be added to these 

BGN with the modified Stöber method (Chapter 5) or post modification (Chapter 6). 

These bioactive metallic ions can bring novel functionalities, such as osteogenic and 

angiogenic potential, to BGN.  

In addition to therapeutic metallic ions, biomolecules can also introduce unique 

properties to BGN for intended applications. Lysozyme (LY) is a protein that is 

capable of lyzing bacteria by hydrolyzing specific peptidoglycan linkages in the cell 

wall and plays a pivotal role in the innate immune system of human beings [277]. 

Additionally, LY has shown potential as an anticancer agent, as it could inhibit tumor 

formation and growth. It can also improve the efficiency of chemotherapy treatments 

[278]. 

In this work, LY was used to modify binary BGN through electrostatic interactions 

(see Figure 7.1). The aim was to create novel biomaterials exhibiting bone induction 

capability as well as antibacterial and anticancer activities, for potential applications 

in the treatment of bone defects caused by tumors. By carefully tuning the pH 

conditions, BGN became negatively charged while LY adopted a positive charge, and 

thus LY could be adsorbed onto the surface of BGN to form an LY-BGN complex 

without causing significant aggregation. Here the dispersity of LY-BGN was 

evaluated by FE-SEM observations and zeta-potential measurements. The in vitro 

apatite-forming ability of bare BGN and LY-BGN was compared. The antibacterial 

activity of LY-BGN towards Gram-positive Bacillus subtilis (B. subtilis) and Gram-

negative Escherichia coli (E. coli was evaluated. The MTT assay was used to assess 

the anticancer activities of LY-BGN and human hepatocellular carcinoma HepG2 

were used as the model cell. HepG2 were selected because hepatocellular 

carcinoma is one of the most common tumors worldwide, and have been widely 

investigated as the human hepatoma model cell line for assessing the anticancer 
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activity of nanoparticles [279,280]. The different cytotoxicity of anticancer materials 

towards cancerous cells and healthy cells (higher cytotoxic effects on cancerous cells 

while lower or no effects on healthy ones) is important for the successful treatment of 

tumor-induced bone defects. Therefore, the cytotoxicity of LY-BGN towards human 

umbilical vein endothelial cells (HUVECs) was also investigated to evaluate the effect 

of LY-BGN on healthy cells.  

 

 

Figure 7. 1 Schematic illustration showing the synthesis route and properties of LY-BGN, 

adapted from Ref. [198]. 

 

7.2. Materials and methods 

7.2.1. Functionalization of BGN 

BGN were synthesized using a modified Stöber method as described previously 

(Chapter). LY-BGN were prepared based on electrostatic interactions. Briefly, the 

synthesized BGN were mixed with deionized water at the concentration of 10 mg/mL 

and LY (chicken egg white lysozyme powders) was dissolved in deionized water at 

the concentration of 1 mg/mL. The BGN suspension was then mixed with the LY 

solution at the volume ratio of 1:1 or 1:3, and further designated as 1LY-BGN or 3LY-

BGN, accordingly. The starting pH of the mixture was adjusted to 10 using diluted 

ammonia hydroxide solution and it was then further stirred for approximately 24 h. 

The functionalized BGN were then collected by centrifugation and washed three 
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times using deionized water to remove the excess ammonia and un-adsorbed LY. 

The washed BGN-LY complex was then lyophilized to form dispersed particles for 

further experiments.  

7.2.2. Characterization of LY-BGN 

The morphology of LY-BGN was observed using FE-SEM without being sputter-

coated. The working distance was 3.2 mm with an accelerating voltage of 0.7 kV. 

The particle size and distribution were analyzed according to SEM images using 

ImageJ. The number of counted particles was more than 400 and the mean value 

and the standard deviation (S.D.) were determined.  

FTIR spectra of samples were recorded in transmission mode. The weight ratio of 

sample to KBr was set at 1:100. Spectra were collected between 4000 and 400 cm-1 

with the resolution of 4 cm-1. 

To analyze the elemental composition of synthesized BGN, ICP-AES analyses were 

conducted. In addition, the elemental analysis of BGN was also carried out by EDS 

Thermogravimetric analysis (TGA) was used to determine the LY content in LY-BGN. 

The samples were heated from 25 to 800 °C with a heating rate of 5 °C/min in air. 

The weight loss was plotted as a function of temperature. 

To determine the dissolution profile of LY from LY-BGN composites, 1LY-BGN and 

3LY-BGN were immersed in 2 ml PBS (pH 7.4) at the ratio of 1 mg/mL in a shaking 

incubator (90 rpm, 37 °C). 1 mL of suspension from each sample was extracted and 

replenished with 1 mL of fresh PBS at pre-determined times. The suspension was 

then measured by UV–vis spectrophotometer at the wavelength of 281 nm. The 

experiments were carried out in triplicate.  

The surface charge of the samples was characterized by zeta-potential 

measurements. The samples were suspended in deionized water at the 

concentration of 0.1 g/L for measurement and then treated with a 4 mW HeNe laser 

(633 nm) with a light scattering detector positioned at 90o. The samples were 

analyzed in triplicate and each consisted of 30 runs. 

7.2.3. In vitro mineralization  

In vitro mineralization of BGN and LY-BGN was investigated by soaking the 

particulate samples in SBF for up to 7 days. The SBF was prepared according to 

Kokubo’s protocol [90]. Briefly, the samples were soaked in SBF at the ratio of 1 
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mg/mL and were then placed in an incubating orbital shaker at 37 °C, agitated at 120 

revolutions per minute (rpm) for 3 days and 7 days. The SBF was replaced twice per 

week to keep the concentration of ions stable. At every pre-determined time points, 

the samples were removed from SBF and rinsed using deionized water and then 

collected by centrifugation. The samples were dried at 60°C for 24 h before being 

characterized by FE-SEM and FTIR. The procedures of characterization were the 

same as described above. 

7.2.4. Antibacterial activity7 

E. coli and B. subtilis were purchased from the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). Both 

strains were cultured on nutrient broth (Roth, Karlsruhe, Germany). According to the 

manufacturers’ instructions, all strains were inoculated into fresh media and 

incubated at 37 ℃ overnight under shaking conditions to reach the logarithmic phase 

of growth at a density of 1–5×107 cfu/mL. Then, the bacterial suspensions were 

diluted to a density of 1–5×105 cfu/mL and used for subsequent antibacterial assays. 

The antibacterial activity of the samples was evaluated quantitatively based on the 

absence of light caused by the turbidity of bacterial suspension. Briefly, a sterilized 

Erlenmeyer flask was inoculated with 20 mL of nutrient broth, 1 mL of the sample 

suspension (1LY-BGN or 3LY-BGN at concentrations of 1, 0.5, and 0.05 mg/mL in 

PBS, respectively) and 50 μL of bacterial suspension. Bacterial growth was recorded 

after culture for 24 h at 37 ℃ at an optical density (OD) at 600 nm using a nano-

photometer (Implen, Munich, Germany). Corresponding BGN suspension with the 

same concentration was used as negative control. Blank controls containing 20 mL 

nutrient broth, 50µL of bacterial suspension and 1 mL of PBS were also performed. 

Since the samples may interfere with the optical density at the 600-nm wavelength, 

the OD value of the corresponding concentration of the samples was removed from 

the final results as the background. The results were shown as relative bacterial 

viability, which was calculated as below: 

Bacterial viability = Sample (OD)/ Blank control (OD) × 100% 

                                                           
7
 Antibacterial activity was carried out by Yufang Liu at Department of Chemistry and Pharmacy, 

University of Erlangen-Nuremberg, Schuhstr. 19, 91052 Erlangen, Germany 
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7.2.5. MTT assay8 

HepG2 and HUVECs were selected to assess the cytotoxicity of LY-BGN by using 

the MTT assay. HepG2 were cultured in RPMI1640 (Sigma-Aldrich, St.Louis, USA) 

containing 10% fetal bovine serum (Sigma-Aldrich, St.Louis, USA) and 1% penicillin-

streptomycin (Sigma-Aldrich, St.Louis, USA). HUVEC were cultured in Endothelial 

Cell Growth Medium2 with endothelial cell growth Medium Supplement Mix 

(Promocell, Heidelberg, Germany). MTT was performed to assess the metabolic 

activity and the consequent cell proliferation of HepG2 and HUVEC after exposure to 

BGN, 1LY-BGN, and 3LY-BGN. Briefly, around 6000 cells were seeded in each well 

of 96-well plates and were allowed to adhere for 24 h. Afterward, cells were exposed 

to BGN, 1LY-BGN and 3 LY-BGN at concentrations of 5, 10, 50 µg/mL, respectively, 

for 24 and 72 h. After the treatment, the medium was removed from each well and 

cells were rinsed three times with PBS. Then 100 μL of new medium with 10 μL of 

MTT solution (Amresco, Solon, USA) at the concentration of 5 mg/mL was added to 

each well. After incubation for a further 4 h at 37 °C, MTT formazan was measured at 

560 nm using an ELX Ultra Microplate Reader (Biotek, USA). The MTT result of a 

group without containing materials was considered as blank control. By comparing 

the MTT results of tested materials with those of the control, relative cell viability 

could be expressed as: 

Cell viability =  Sample (OD)/Control (OD) ×  100% 

7.2.6. Live/dead assay 

The cytotoxicity of LY-BGN on HepG2 was also measured by live/dead assay using 

the Cell Viability Imaging Kit (Life Technologies, Carlsbad, USA). Briefly, HepG2 

were seeded in 6-well plates with 50000 cells in 2mL RIPA1640 medium per well. 

After 24 h stabilization, cells were treated with BGN, 1LY-BGN and 3 LY-BGN at the 

concentration of 10 µg/mL for 24 and 72 h. The concentrations of samples used in 

this assay were determined according to the previous MTT results. Afterward, the 

medium was removed, the cells were washed three times with PBS and 2 mL of 

fresh medium were added to each well. NucBlue® Live reagent and propidium iodide 

were added according to the manufacturer’s instructions. After an incubation of 15 

min at room temperature, the cells were visualized using a laser scanning confocal 

microscope (Axio Observer Z1, Carl Zeiss, Oberkochen, Germany) with excitation 

                                                           
8
 MTT assay, live/dead assay and statistical analysis were performed by Miao Lu at Department of 

Surgery, Klinikum rechts der Isar, Technische Universitaet München, Ismaninger Str. 22, 81675 
München, Germany 
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and emission of blue (ex/em 360/460 nm for NucBlue® Live reagent) and red (ex/em 

535/617 nm for propidium iodide) fluorescence. Three images for each group were 

selected randomly to count the dead cells (red color). However, the live cells (blue 

color) could not be counted individually because HepG2 grow as colonies [281]. 

Confluency is an alternative method to estimate the number of cells because it 

reveals the cell density [282]. The confluency represents the percentage of surface 

area that cells cover within a photographed area in an image, which can be 

calculated as follows: 

Confluency(%) = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑒𝑙𝑙 𝑐𝑜𝑣𝑒𝑟𝑖𝑛𝑔)/ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑎 𝑝ℎ𝑜𝑡𝑜𝑔𝑟𝑎𝑝ℎ𝑒𝑑 𝑖𝑚𝑎𝑔𝑒) ∗ 100% 

In this study, cell confluency was calculated by using ImageJ software. 

7.2.7. Statistical analysis 

All the quantitative experiments were carried out at least in triplicate, and the data 

were shown as the mean ± standard deviation (S.D.). For comparison of quantitative 

MTT results, the significance of differences between two groups was detected using 

Student’s test and p < 0.05 was considered as statistically significant. 

7.3. Results  

Parts of the results of this study have been published in Ref. [198] and they are 

reproduced here with permission from IOP Publishing. 

7.3.1. Characterization of LY-BGN 

Figure 7.2 shows SEM images of BGN, 1LY-BGN, and 3LY-BGN at different 

magnifications. As can be seen, BGN exhibited spherical morphology, which is the 

typical shape of nanoparticles synthesized via the Stöber method [12,33]. The 

inserted EDS result (Figure 7.2b) confirmed the presence of calcium in BGN, while 

ICP-OES results determined that the final composition of BGN was ~90%SiO2-

10%CaO (mean values were 90.17 ± 0.78% SiO2-9.83 ± 0.43% CaO, mol%). 1LY-

BGN and 3LY-BGN still retained the spherical morphology and monodispersity, 

which indicated that the functionalization had insignificant influence on the 

morphology and dispersity of BGN. The surface of both LY-BGN was as smooth as 

that of non-functionalized BGN, but some dots could be observed at higher 

magnification (Figure 7.2). These dots were likely the re-crystallized LY that formed 

during the lyophilization process [283]. The mean size of BGN, 1LY-BGN, and 3LY-

BGN were 408 nm, 429 nm, and 438 nm, respectively. The particle size of both LY-

BGN was relatively homogenous and the distribution was narrow, which could be 
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beneficial for their further biomedical applications. The zeta potential of BGN was -31 

± 6 mV in deionized water, whereas that of 1LY-BGN and 3LY-BGN turned to +1.4 ± 

1.1 mV and +2.6 ± 1.4 mV, respectively. The change of surface charge from negative 

to positive suggested the adsorption of positively charged LY.  

 

 

Figure 7.2 SEM images and size distribution (inserted) of (a-b) BGN, (c-d) 1LY-BGN, and (e-f) 

3LY-BGN.  

 

Figure 7.3a shows the TGA results of BGN, 1LY-BGN, and 3LY-BGN. The weight 

loss of BGN was relatively low (1.1%) after calcination from 25 to 800 °C, whereas 

the weight loss of LY-BGN and 3LY-BGN reached 4.4% and 8.5%, respectively. The 

weight loss of BGN could be explained by the decomposition of adsorbed water and 
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silanol in BGN. For both LY-BGN, the weight loss that occurred mainly between 250 

and 550 °C could be attributed to the thermal decomposition of LY. This 

phenomenon agrees with the results in a previous study [283]. Additional evidence 

from FTIR confirmed the existence of LY in the functionalized BGN. All BGN and LY 

functionalized BGN showed the characteristic bands of silicate BGN at 472 (Si-O-Si 

rock), 809 (Si-O-Si bend), 1000-1200 (Si-O-Si stretch), 1874 (Si–O–Si stretch) and 

2006 (Si-OH stretch) cm-1 [218–220], but both LY-BGN also showed the 

characteristic bands of LY at 1538 cm-1 (the amide II: N-H bend/C-H stretch) and 

1654 cm-1 (the amide I: C=O/C-H stretch) assigned to the vibrations of the 

polypeptide chain [283]. These bands indicate that the secondary structure of LY was 

maintained within LY-BGN, which suggests that LY could retain the properties and 

activity after the functionalization. Figure 7.3c shows the dissolution profile of LY in 

LY-BGN. 1LY-BGN and 3LY-BGN showed similar profiles, where a burst release of 

LY within 24 h followed by a sustained release could be observed. The dissolution of 

LY could still be observed after 120 h of immersion in PBS. This result also 

suggested that LY was incorporated in BGN after functionalization.  

 

 

 

Figure 7.3 (a) TGA curves of BGN, 1LY-BGN, and 3LY-BGN; (b) FTIR spectra of BGN, 1LY-

BGN, and 3LY-BGN; (c) LY dissolution profile of 1LY-BGN and 3LY-BGN in PBS. 
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7.3.2. In vitro mineralization 

Figure 7.4a shows the FTIR spectra of BGN, 1LY-BGN, and 3LY-BGN after soaking 

in SBF for up to 7 days. As can be observed, two characteristic P-O bonds (at 560 

and 604 cm-1, respectively) in crystallized apatite could be found in the spectra of 

BGN after soaking in SBF for 3 days, while no obvious characteristic P-O bonds 

could be seen in the spectra of both LY-BGN after soaking for 3 days. In addition, the 

needle-like crystals around individual BGN could be observed after 3 days soaking in 

SBF (Figure 7.4b inserted). This needle-like shape is the typical morphology of 

apatite crystals formed on nanoscale BGN [30,224]. Interestingly, cauliflower-like 

apatite, which is the typical HA morphology forming on bulky BG after immersion in 

SBF [218], could also be observed in a SEM image with lower magnification (Figure 

7.4b). This phenomenon could be due to the aggregation of BGN providing 

deposition sites for many apatite crystals and the continuous ion release from BGN 

then leading to the growth of apatite crystals to cauliflower-like morphology. Similar 

results could be found in bioactivity assessments of previous studies [105,284]. 

These results indicate that HA could form on BGN after soaking in SBF for 3 days 

thus proving the high bioactivity of BGN. As a comparison, the characteristic P-O 

bands could be observed clearly in the FTIR spectra of both LY-BGN (Figure 7.4a) 

after soaking in SBF for 7 days. Additionally, three bands at around 874, 1410 and 

1460 cm-1 which could be assigned to the CO3
2- group [218,285] could be found in the 

spectra of both LY-BGN. These bands suggested that the formed apatite could be 

HCA that is closer to the apatite in human bones. At the same time, cauliflower-like 

apatite crystals could be seen on LY-BGN clusters (Figure 7.4c-d). Notably, the 

characteristic LY bands (at 1538 cm-1 and 1654 cm-1) could not be seen after soaking 

in SBF for 7 days, but the weak band at 1538 cm-1 could still be seen in the spectra 

of LY-BGN after soaking for 3 days (Figure 7.4a). This result agreed with the LY 

dissolution profile of LY-BGN (Figure 7.3c), which indicated that most of LY in LY-

BGN dissolved after 5 days of immersion in PBS. It could be concluded that LY 

dissolved during soaking in SBF and the apatite began to form after the partial 

dissolution of LY. Although the apatite formation was delayed due to the presence of 

LY, bioactivity of LY-BGN was not prevented and HA could still form on LY-BGN after 

soaking in SBF for 7 days.  
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Figure 7.4 (a) FITR spectra of BGN, 1LY-BGN, and 3LY-BGN after soaking in SBF for up to 7 

days. (b) SEM image of BGN after soaking in SBF for 3 days; (c) 1LY-BGN after soaking in 

SBF for 7 days; (d) 3LY-BGN after soaking in SBF for 7 days.  
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7.3.3. Antibacterial activity 

Figure 7.5a shows the relative viability of B. subtilis after exposure to BGN, 1LY-BGN 

and 3LY-BGN at different concentrations. BGN showed slight antibacterial activity 

towards B. subtilis. However, no significant difference of antibacterial activity could 

be observed at different concentrations (the relative viability values were ~85%, ~87% 

and ~87% at concentration of 1, 0.5, and 0.05 mg/mL, respectively). As a 

comparison, the relative bacterial viability of both LY-BGN groups was much lower 

than that of BGN groups. The relative viability decreased with the increase of sample 

concentration. At the concentration of 1 mg/mL, the relative bacterial viability values 

of 1LY-BGN and 3LY-BGN groups were ~8% and ~7%, respectively, but increased to 

~50% and ~42%, respectively, at concentration of 0.05 mg/mL. As expected, 3LY-

BGN exhibited stronger antibacterial activity compared with 1LY-BGN, due to the 

higher content of LY. Figure 7.5b shows characteristic bacterial growth curves after 

exposure to BGN, 1LY-BGN, and 3LY-BGN at concentration of 1 mg/mL. It is notable 

that both LY-BGN only exerted antibacterial effects after culture for 10 h. Before that, 

no obvious difference could be observed compared with the growth curve for BGN 

and the blank control. This result could be explained by the fact that the dissolved LY 

could not reach the minimal inhibitory concentration (0.625 µg/mL) against B. subtilis 

[286] before that time point. It is well known that the antibacterial activity of LY is 

mainly towards Gram-positive bacteria. To study the antibacterial activity of LY 

combined with BGN towards Gram-negative bacteria, E. coli was used to assess the 

activity of samples. However, BGN, 3LY-BGN, and 1LY-NGS at concentration of 1 

mg/mL showed no obvious antibacterial effects on E. coli (Figure 7.5c). This result 

indicated that LY-BGN had less antibacterial effects on the Gram-negative bacteria E. 

coli compared to the Gram-positive B. subtilis at the same concentration, which was 

consistent with results of previous studies [286,287]. 



Chapter 7: Monodispersed lysozyme functionalized bioactive glass nanoparticles with antibacterial and 
anticancer activity 

109 
 

 

Figure 7.5 Antibacterial activity of BGN, 1LY-BGN, and 3LY-BGN: (a) B. subtilis viability after 

exposure to BGN, 1LY-BGN, and 3LY-BGN for 24 h at concentration of 1, 0.5, and 0.05 

mg/mL. (b) Representative B. subtilis growth curves after exposure to BGN, 1LY-BGN, and 

3LY-BGN at concentration of 1 mg/mL; (c) E. coli viability after exposure to BGN, 1LY-BGN, 

and 3LY-BGN at concentration of 1 mg/mL for 24 h. 

 

7.3.4. Relative cell viability of HepG2 and HUVECs 

Figure 7.6a shows the relative viability of HepG2 after exposure to the samples for 24 

h and 72 h, respectively. The results indicate that both 1LY-BGN and 3LY-BGN 

exhibited a dose-dependent cytotoxicity on HepG2, as reduced cell viability was 

detected with increasing the sample concentration in the culture medium. After 

exposure to 1LY-BGN and 3LY-BGN for 24 h, the relative viability values of HepG2 

were 80.3% and 56.8% respectively at concentration of 5 µg/mL, while they 

decreased to 45.4% and 36.8% at concentration of 50 µg/mL, respectively. It is 

notable that the relative viability increased for all the groups with the increase of 

culture time. After exposure to 1LY-BGN and 3LY-BGN for 72 h, the relative cell 

viability increased to 92.8% and 79.4% at the concentration of 5 µg/mL, respectively. 

At concentration of 10 and 50 µg/mL, the relative cell viability also increased. 3LY-
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BGN exhibited obvious higher cytotoxic effects on HepG2 compared with 1LY-BGN, 

which could be attributed to the higher LY content in 3LY-BGN (Figure 7.3a). As a 

comparison, bare BGN showed no cytotoxic effects on HepG2 at all used 

concentrations. To investigate the cytotoxicity of 1LY-BGN and 3LY-BGN towards 

healthy cells, HUVECs were selected as they are closely related to the 

vascularization process for tissue regeneration. As can be observed in Figure 7.6b, 

the relative cell viability values after exposure to 1LY-BGN and 3LY-BGN at 

concentration of 50 µg/mL for 24 h were 59.9% and 52.4%, respectively, while they 

increased to 70.4% and 63.0%, respectively, after exposure for 72 h. Interestingly, 

1LY-BGN and 3LY-BGN showed no cytotoxic effects on HUVECs at concentration of 

10 and 5 µg/mL. As expected, BGN at all concentration did not show cytotoxic effects 

on HUVECs, which is similar to their cytotoxic effects on HepG2.  

 

 

Figure 7.6 The relative viability of cancerous and healthy cells culture with samples: (a) 

HepG2 and (b) HUVEC relative viability after culture with BGN, 1LY-BGN and 3LY-BGN for 

24 h and 72 h at concentration of 5, 10, 50 µg/mL (*p<0.05, **p<0.01, ***p<0.001). 
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According to the results of the MTT assay, a live/dead assay was used to evaluate 

the cytotoxicity of samples towards cancerous HepG2 at concentration of 10 µg/mL. 

As can be seen in Figure 7.7, only a limited number of dead cells could be observed 

in the control and BGN groups, which was consistent with the MTT results (Figure 

7.6a). As a comparison, the number of dead cells in both LY-functionalized BGN 

groups was significantly higher than that in the control and BGN groups (Figure 7.7a). 

In addition, 3LY-BGN caused a larger number of dead cells than 1LY-BGN after 24 h 

culture, which suggests a higher cytotoxic effect of 3LY-BGN on HepG2. The 

confluence was much lower in the LY-functionalized BGN groups indicating that 

fewer cells survived after exposure to these samples for 72 h. Figure 7.8 shows the 

representative live/dead images of HepG2 exposure to the samples. A larger number 

of cells can be seen in the LY-functionalized BGN groups compared with those in the 

BGN and control groups. The live/dead assay thus confirmed the cytotoxic effects of 

LY-functionalized BGN on cancerous HepG2. 

 

 

Figure 7.7 Quantitative live/dead assay results of control, BGN, 1LY-BGN, 3LY-BGN groups 

after culture with HepG2 for 24 and 72 h at concentration of 10 µg/mL. (a) The number of 

dead cells; (b) the confluency of live cells (*p<0.05, **p<0.01, ***p<0.001). 

 

7.4. Discussion 

Surface functionalization has emerged as a convenient and promising approach to 

engineer biomedical materials [142], as the functionalization can offer specific 

surface properties whereas the material can still maintain its bulk characteristics 

[142]. Proteins contain both hydrophobic and hydrophilic domains, whose 

hydrophilicity and surface charge depend on the specific amino acid sequence and 

the surrounding pH conditions [288]. They have several binding sites that are able to 
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interact with materials through physical adsorption, electrostatic interaction, or 

covalent coupling. Furthermore, proteins (e.g. growth factors) can demonstrate 

advantageous biological functionalities for specific applications (e.g. stimulating bone 

growth), which makes proteins promising agents for functionalization of inorganic 

materials. LY has attracted widespread attention for biomedical applications, 

because of its antibacterial capability, biocompatibility, and as it can be commercially 

produced [289–292]. In addition, the isoelectric point (IEP) of BGN and LY 

investigated in this study were ~2 and ~11 [290], respectively, which means BGN 

and LY can possess opposite charges in the physiological environment (pH ~7.4). 

Moreover, the adsorption capability of BGN for LY increases sharply from the IEP of 

BGN to the IEP of LY. It has been reported that the presence of LY at pH 4-6 caused 

compact aggregates of silica particles and led to loosely flocculated clusters at pH 7-

9.  However, silica particles with adsorbed LY could become charge stabilized at pH 

10 in LY-silica nanoparticle mixtures [293]. Based on the previous results, the 

functionalization was performed at a selected pH 10. The results showed that LY-

BGN maintained the spherical morphology and monodispersity, which could be 

beneficial for their application, for example, as fillers for nanocomposites and in 

injectable biomedical materials. 
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Figure 7.8 Representative live/dead images of the control, BGN, 1LY-BGN, and 3LY-BGN 

groups after culture for 24 h (a-d) and 72 h (e-h) with HepG2 at concentration of 10 µg/mL. 

Blue represents live cells and red represents dead cells. Scale bars represent 50 μm in all 

images. 
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It has been reported that BG could possess the intrinsic antibacterial capability, but 

this heavily depends on the glass composition [93,190]. In addition to the release of 

antibacterial ions (e.g., Ag+), the local pH rise caused by the release of alkaline ions 

could also lead to the inhibition of bacteria [93,190]. However, it is challenging to 

incorporate enough alkaline and silver ions into BGN so that the particles exhibit 

antibacterial activity, as the incorporation of the above ions could induce severe 

aggregation and irregular particle morphology. Alternatively, in this study, it was 

shown that LY functionalization provided a convenient approach to offer the 

antibacterial capability to BGN. LY can hydrolyze the glycosidic bonds in the wall 

components of bacterial cells, specifically in the β (1-4) linkages between C-1 of N-

acetylmuramic acid and C-4 of N-acetyl-D-glucosamine [287,294]. At the same time, 

BGN could still retain the monodispersity and spherical morphology (Figure 7.2). 

Here LY-BGN exhibited dose-dependent antibacterial properties. Higher LY 

concentrations demonstrated stronger antibacterial activity towards Gram-positive B. 

subtilis. This could be explained by the higher content of LY in a higher concentration 

of LY-BGN groups. Gram-negative bacteria are usually regarded as insensitive to LY, 

due to the lipopolysaccharide layer surrounding the outmost membranes of bacteria 

preventing the access of LY [287,294]. Recently, Oliveira et al. [294] reported that 

LY-silica nanocomposites could exhibit higher antibacterial effects on Gram-negative 

E. coli than on Gram-positive B. subtilis. They proposed that the higher antibacterial 

activity could be attributed to the attractive interactions between the positively 

charged surface of the silica-LY nanocomposites and negatively charged E. coli cell 

wall. However, although 1LY-BGN (+1.5 ± 1.1 mV) and 3LY-BGN (2.6 ± 1.4 mV) 

were positively charged, in our study they did not show obvious antibacterial effects 

on E. coli. This contradiction could be explained by the difference of LY content. In 

the study by Oliveira et al, the content of LY in nanocomposites was ~50% [294], 

whereas in the present study the content of LY in 3LY-BGN was only around 9% 

(Figure 7.3a). In addition, much higher concentration of materials was used in their 

study (in which 200 µL aqueous suspension of silica-LY with the concentration of 20 

mg/mL was mixed with 100 µL bacteria medium). All these differences could be 

attributed to the different antibacterial behavior. Higher concentrations of LY-BGN 

can induce the stronger antibacterial effect. However, this strong antibacterial effect 

may also have adverse effects on healthy cells. Therefore, lower concentration (5, 10 

and 50 µg/mL) was selected for MTT tests. In addition, 1LY-BGN and 3LY-BGN 

exhibited significant antibacterial effects, and more than 50% of bacterial viability was 

inhibited (Figure 7.5a). This result means that LY-functionalized BGN could also 

exert antibacterial effects at relatively low concentrations. 
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Bone cancer (osteosarcoma) and bone metastases from tumors at other sites (e.g., 

lung and breast) bring a considerable threat to human health, with tumor-induced 

bone defects becoming a tough challenge for bone regeneration strategies [199]. To 

tackle tumor-induced bone defects, a system based on BG containing anticancer 

drug doxorubicin hydrochloride (DOX) has been investigated [35]. This system 

showed significant inhibitory effects on the viability of osteosarcoma cells. However, 

the cytotoxicity of BG containing DOX on healthy cells was not evaluated. It is 

important for anticancer systems to have selective cytotoxicity towards cancerous 

cells and no or less cytotoxicity towards healthy cells [199]. In this first study on 

lysozyme functionalized bioactive glass nanoparticles, HepG2 were selected as 

model cells to assess the cytotoxicity of the new nanomaterials towards cancerous 

cells, as these cells exhibit all the basic characteristics of cancerous cells, such as 

high proliferation and invasion abilities and are therefore one of the most studied and 

accepted cell lines for assessing the anticancer effects of bioceramics [279]. In 

addition, bone tumors can be divided into primary and secondary bone tumors. 

Secondary bone cancers are metastasized from other cancers, such as the 

carcinoma of breast and liver [295]. The cytotoxic effects of materials on cancerous 

cells from liver (HepG2) may thus suggest related effects for the treatments of bone 

cancer, although different cancerous cells have diverse characteristics and further 

studies with bone cancer cells should be carried out in future. LY-functionalized BGN 

exhibited obvious cytotoxicity against cancerous HepG2 (Figure 7.6a). The 

anticancer activity of LY could be related to the host-mediated immune response 

including activation of the spleen and macrophages [278]. However, evidence exists 

that LY may also have effects on the tumor cells themselves [278,296]. Recently, a 

study showed that the anticancer activity of LY could be explained by a reactive 

oxygen species (ROS) based mechanism [296,297]. Interestingly, in the present 

study higher relative cell viability of HUVECs, compared to that of HepG2, was 

observed at the same LY concentrations (Figure 7.6). Especially, both LY-BGN 

showed no cytotoxic effects on HUVECs at the concentration of 10 µg/mL, whereas it 

had considerable cytotoxic effects on HepG2 (Figure 7.6). This could be explained by 

the higher sensitivity of cancerous cells to ROS caused by LY compared with healthy 

cells [298,299]. This cytotoxicity gap between cancerous cells and healthy cells is 

advantageous to design novel anticancer materials. It is of concern that many current 

anticancer therapies (e.g. chemotherapy and radiation therapy) can kill both 

cancerous and healthy cells, which brings undesirable side effects to patients. Here a 

key concentration window (10 - 50 µg/mL), in which most cancerous cells were killed 
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while healthy cells survived, could be determined, and these results suggested that 

LY-BGN could be promising biomaterials for cancer therapy with reduced side effects.  

Based on the above results and discussion, LY-functionalized BGN can be suitable 

for treating tumor-induced bone defects, as they exhibit bioactivity, antibacterial and 

anticancer activities. LY-BGN could bond to the bone through surface apatite 

formation, at the same time their antibacterial property could reduce the risk of 

implant failure and infection. More importantly, their anticancer activity could be a 

helpful supplement for cancer therapy. For example, LY-functionalized BGN could 

inhibit cancerous cell activity or metastasis from other sites while stimulating bone 

formation at the local defects. In addition, cytotoxicity against cancerous cells could 

be tuned by modifying the LY content in LY-BGN However, more evidence proving 

the anticancer effects of LY-BGN on bone cancer cells are needed. In addition, the 

mechanism of LY-BGN inhibiting cancerous cells should be better understood for a 

more effective application of these nanomaterials. In our future study, the cytotoxicity 

of LY-BGN on relevant cancerous cells including bone tumor cells, and the 

mechanism of this anticancer activity will be investigated.  

7.5. Conclusions 

Novel LY-BGN nanocomposite particles were synthesized using a simple routine 

based on electrostatic interactions at selected pH conditions. LY functionalized BGN 

maintained the monodisperse spherical morphology and bioactivity, while apatite 

formation was delayed compared with non-functionalized BGN. LY-BGN showed 

strong antibacterial effects on Gram-positive B. subtilis and the antibacterial activity 

was dose-dependent. In addition, LY-BGN showed a dose-dependent cytotoxic effect 

on cancerous HepG2. The relative viability of HepG2 decreased with increasing LY-

BGN concentration in culture medium. Notably, LY-BGN showed lower or no 

cytotoxic effects on healthy HUVECs compared with their cytotoxicity on cancerous 

HepG2 at the same concentration. A concentration window in the range of 10 to 50 

µg/mL, where most cancerous HepG2 were killed while healthy HUVECs survived, 

was determined. Hence, these monodispersed bioactive LY-BGN with antibacterial 

and anticancer activities may be promising biomedical materials for bone 

regeneration, particularly for the treatment of bone defects caused by tumors. 
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Chapter 8 Summary and Future Work 

 

8.1. Summary 

In this work, highly dispersed BGN with SiO2-CaO based composition were 

successfully synthesized using a modified Stöber method. Furthermore, additional 

Cu ions and Zn ions were introduced to BGN by the modified Stöber method and by 

post chemical modification, respectively. BGN containing added ions (Cu and Zn) 

remained highly dispersed exhibiting uniform size. In addition to active ions, 

lysozyme could also be loaded on BGN without significantly affecting their dispersity 

and morphology. The unique morphological characteristics of the synthesized BGN 

and the feasibility of functionalizing these BGN with active ions or biomolecules 

indicate that SiO2-CaO based BGN synthesized in this project could be promising 

materials for biomedical applications including bone regeneration and wound healing. 

The achievement of highly dispersed BGN (SiO2-CaO based composition) was 

fulfilled by carefully controlling the addition timing of Ca precursor, a parameter that 

can be conveniently tailored and that had not been considered in detail before. The 

influence of the timing of addition of Ca precursor on the morphology, composition, 

and structure of the resulting nanoparticles was thoroughly investigated. The 

morphology and composition of resulting BGN were heavily affected by the addition 

timing of Ca precursor, while the structure was not significantly affected. With the 

delayed addition of Ca precursor, more regular, homogeneous and better dispersed 

BGN could be obtained, however, less Ca was incorporated in BGN. Monodispersed 

BGN could be produced by adding Ca precursor 30 min after the time point of mixing 

the silica precursor (TEOS) and the catalyst (ammonium hydroxide) in this proposed 

method. Notably, although the synthesized BGN could not achieve the nominal 

composition, this type of monodispersed BGN (BGN-30) exhibited apatite-forming 

ability upon exposure to SBF. They also exhibited a stable release of Ca ions for up 

to at least 14 days while they showed no obvious cytotoxicity.  

Highly dispersed Cu-containing BGN (Cu-BGN) were also synthesized using the 

similar modified Stöber method. The Cu precursor was added along with the Ca 

precursor in the developed modified Stöber process. The content of incorporated Cu 

could be tailored by adjusting the amount of the added Cu precursor, a procedure 

that had no significant effects on the morphological and structural characteristics of 

the nanoparticles. The synthesized Cu-BGN exhibited satisfactory in vitro apatite-
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forming ability, and the incorporation of Cu facilitated the apatite formation in SBF. In 

addition, both Si and Cu ions were released from Cu-BGN in a sustained manner for 

at least 14 days in cell culture medium, indicating the potential of BGN as effective 

carriers for delivering functional Cu ions. Moreover, Cu-BGN showed no significant 

cytotoxicity towards human mesenchymal stem cells and fibroblast cells. All the 

above results indicated that Cu-BGN could be used as bioactive fillers to develop 

nanocomposites for biomedical applications, especially for bone regeneration and 

wound healing.  

In addition to the developed modified Stöber method for introducing metallic ions in 

BGN, ZnO quantum dots (QD) were also coated on BGN (SiO2-CaO composition) 

through electrostatic interactions to form Zn-containing BGN nanocomposite particles 

(ZnO-BGN). The synthesized ZnO-BGN exhibited the spherical morphology of BGN 

clustered by smaller ZnO QDs. The combination with ZnO QDs brought novel 

functionalities to BGN. For example, the particles exhibited a unique fluorescence 

behavior under UV excitation, emitting three wavelengths in the violet, blue and 

green range, which may extend their applications to bio-imaging. ZnO-BGN 

displayed a pH-sensitive release of Zn ions. This release of Zn ions also induced 

their antibacterial activity. Moreover, ZnO-BGN did not result in significant cytotoxicity 

towards human mesenchymal stem cells (hMSC) and they improved the osteogenic 

differentiation of hMSC. Therefore, coating quantum dots on BGN represents a 

convenient strategy to produce BGN with novel functionalities.   

Lysozyme (LY) was used to modify BGN via a facile electrostatic interaction routine. 

The LY functionalization had no significant effects on particle morphology. The 

incorporated content of LY could be tailored by adjusting the initial concentration of 

LY precursor for functionalization. The in vitro apatite-forming ability of the 

functionalized BGN was not eliminated, but the formation of such apatite crystals in 

SBF was retarded compared to non-functionalized BGN. Notably, LY-BGN showed 

strongly antibacterial activity towards Gram-positive B. subtilis at proper 

concentrations. More importantly, LY-BGN showed selective cytotoxicity towards 

human hepatocellular carcinoma (HepG2) cell line and human umbilical vein 

endothelial cells (HUVECs). LY-BGN exhibited significant toxicity towards HepG2 

cells while they showed less or no cytotoxicity towards HUVECs at the same 

concentration with respect to HepG2 groups. This cytotoxicity window between 

cancerous and healthy cells could be highly interesting for application of these BGN 

in cancer treatment strategies. Furthermore, the antibacterial properties and the 
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bioactivity of LY-BGN confirmed that these BGN are suitable materials for treatment 

of bone defects caused by tumors.  

8.2. Future work 

In this work, several challenges related to BGN were tackled, including convenient 

control of the synthesis of highly dispersed and homogeneous BGN, however, 

challenges remain that should be investigated in future studies. In the following 

section, some of the challenges and potential solutions are discussed. 

(1) Synthesis of BGN with size below 100 nm 

Dispersion and size are both significant to the properties of nanoparticles, especially 

when the particles are used as bioactive fillers for nanocomposites. The size of BGN 

can be conveniently tailored by adjusting processing parameters such as 

concentrations of catalyst and TEOS, but smaller particles are inclined to aggregate 

to form larger clusters, especially in the presence of salts. This limitation leads to the 

challenge of producing BGN smaller than 100 nm that remain highly dispersed. 

However, such small BGN are still strongly demanded, as they can reinforce 

matrices in an effective manner as the bioactive filler and they are also more suitable 

agents for drug delivery. BGN smaller than 100 nm have been produced using sol-

gel based methods [81], however, these particles were aggregated after calcination. 

Monodispersed bioactive silica nanoparticles (<100 nm) with calcium doped have 

been developed through post surface modification [52], but these particles lacked a 

high-temperature treatment that is necessary for stabilizing Ca ions in BGN. The 

main difficulty inhibiting the achievement of the highly dispersed small BGN is the 

fact that addition of metallic salts changes the surface charge of nanoparticles and 

this change may thus induce aggregation. As discussed previously, careful control of 

the addition of metallic precursors (e.g. addition timing and amount) represents an 

important strategy to achieve monodispersed BGN. However, these synthesized 

BGN exhibited relatively large size (300-450 nm). Comprehensive studies focusing 

on the interactions between primary silica nanoparticles and metallic precursors in 

the Stöber process are still needed to obtain highly dispersed BGN smaller than 100 

nm. In addition, new precursors, being able to enter the silicate network at a relatively 

low temperature as well as exhibiting insignificant influence on the surface charge of 

primary nanoparticles, should be developed. Metal alkoxides can be easily 

incorporated into the glass structure at relatively low temperature [215] showing their 

promise as alternatives of metallic salts. However, most of the metal alkoxides (e.g. 

calcium or titanium alkoxide) are highly active in aqueous solutions or even in air, 
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which strongly hinders their use in sol-gel processes. A non-aqueous process for 

BGN synthesis therefore should be developed to use metal alkoxides as precursors.  

(2) Enhancing metallic ion content in BGN 

In the synthesis of BGN using modified Stöber methods, the actual composition of 

BGN was rarely identical to the nominal one, and the incorporated content of metallic 

ions was usually lower than the expected one. The explanations of these phenomena 

have been elaborated in Chapter 4 and 5. Although the composition of BGN could 

still be controlled by standardizing the processing parameters, engineering BGN in a 

more precise manner is strongly demanded. Particularly enhancing the content of 

metallic ions is important for biomedical applications, as a continuous and sustained 

active ion release at an effective dose, which is significant to some applications such 

as bone regeneration and wound healing, needs a relatively high content of these 

ions in BGN. To address this issue of low content of ions, new precursors for BGN 

synthesis should be developed. Using an alternative metallic precursor (e.g. metallic 

alkoxides) it is possible to enhance the metallic contents in BGN since metallic ions 

from alkoxides have been reported to be able to enter the silicate structure at a 

relatively lower temperature [13]. Increasing the used amount of salt precursors may 

also boost the number of metallic elements in BGN, but this treatment may cause the 

aggregation of particles due to significant changes of ionic conditions during the 

synthesis. Additionally, a post surface modification (e.g. soaking particles in metallic 

salt solution) could also increase the metallic ion content in BGN, but these 

incorporated ions may be released in a short time [87]. More investigations on 

developing BGN with relatively high contents of metallic ions are therefore required. 

(3) Engineering BGN-based nanocomposite hydrogels 

BGN are prominent building blocks for nanocomposites. Thus, understanding the 

interactions between BGN and suitable matrices is significant to better engineer 

BGN-based nanocomposites. BGN-based nanocomposite hydrogels have emerged 

as promising materials for biomedical applications [300]. However, only a few 

investigations on the interactions between BGN and hydrogel matrices have been 

reported. The nanocomposite hydrogels can mimic the structure, microenvironment 

and properties of tissues owing to their organic/inorganic structure, interconnected 

porosity and highly hydrated nature. However, this highly hydrated structure of 

hydrogels may cause problems of using BGN as bioactive fillers. Owing to their high 

SSA, BGN could dissolve relatively faster than micron-sized particulate BG during 

exposure to the aqueous environment of hydrogels. The abundant presence of water 
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in hydrogels may lead to a significant dissolution of BGN before their use. The 

released ions along with BGN dissolution could also affect the hydrogel structure, 

which may reduce the mechanical strength of the hydrogel or influences its biological 

properties. This influence should be clarified for a better use of BGN-containing 

nanocomposite hydrogels. The integration of BGN with hydrogels is also critical to 

the properties of the nanocomposites. Towards mechanical and chemical robust 

nanocomposite hydrogels, BGN should be homogenously and firmly incorporated 

into the polymeric networks. They can either be physically or covalently crosslinked 

with the hydrogel networks. BGN are silica-based nanoparticles and they therefore 

have abundant surface-active groups (mainly Si-OH groups) and exhibit negative 

surface charge under physiological aqueous conditions. Their surface can be 

conveniently engineered by chemical groups to covalently crosslinking BGN with 

hydrogels. However, this covalent crosslinking may denature or damage the intrinsic 

features of hydrogels. Therefore, a proper crosslinking strategy must be selected. 

Furthermore, the inhomogeneous distribution of BGN in hydrogels may cause 

negative results (e.g. un-matched degradation and weak mechanical strength). 

Therefore, for engineering BGN-containing nanocomposite hydrogels for successful 

biomedical applications, further investigations on the interactions between BGN and 

hydrogel matrices as well as the selection of crosslinking strategies are required. 
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