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Abstract (English version) 

Modern medicine is in constant need of innovation in the ideation of devices optimized for 

tissue engineering. The challenge in designing such devices is often found in the need for 

balancing overcoming obstacles in the manufacturing process and eliciting a positive 

reaction from the host body. In this context, bioactive glasses (BGs) stand out among other 

materials for tissue engineering. Since its development in the late ‘60s, BGs have proven to 

be materials of pivotal importance, thanks to their properties, such as osteoinductivity, 

osteoconductivity, bioactivity, resorbability, angiogenesis, wound healing capabilities, 

antibacterial properties and more. 

However, BGs also come with their limitations, most notably the poor thermal properties of 

some widely studied composition, already available on the market, namely 45S5 Bioglass® 

and S53P4. In fact, exposure to high temperatures, required, for example, during the 

processing of BGs into devices for bone tissue engineering applications, causes 

crystallization of their originally amorphous structure. This phenomenon has several 

negative effects, such as slower bioactivity and dissolution kinetics, and worse mechanical 

properties. Several solutions to this phenomenon have been proposed in the literature: among 

them, the inclusion of dopant ions in the composition, capable of widening the processing 

window of BGs. Moreover, BGs are capable of expressing antibacterial properties against a 

wide range of bacteria strains. An investigation in the literature has shown that, besides the 

antibacterial efficacy of marketed compositions such as the above-mentioned S53P4, a 

common strategy for expanding the antibacterial properties of BG is doping with therapeutic 

or antibacterial ions, drug loading, or even a combination of these strategies. 

In light of these considerations, this work presents two novel BG compositions, namely 

45S5_MS and S53P4_MS, developed via the modification of 45S5 and S53P4 by 

incorporating magnesium (Mg) and strontium (Sr). Moreover, Bio_MS, an additional 

experimental BG with high crystallization temperature and optimal biological performance, 

was tested alongside the other formulations.  A thorough investigation of the effect of Mg 

and Sr on thermal, mechanical, and biological properties was conducted, revealing enhanced 

overall properties in the magnesium–strontium-doped BGs. Moreover, 45S5_MS and 

S53P4_MS were employed in the development and optimization of electrospun composite 

scaffolds for tissue engineering composed of polycaprolactone (PCL) and BG, testing 

designing strategies, and addressing critical limitations commonly associated with this 

typology of biomedical devices. Special attention was dedicated to overcoming the 

intrinsically hydrophobic nature of electrospun PCL, which may limit scaffold functionality. 

To this end, a chemical surface modification treatment based on immersion in a sodium 

hydroxide (NaOH) solution was integrated into the fabrication process, resulting in 

improved wettability and biological response. 

This work proposes a comprehensive design framework for next-generation BG–based 

biomedical devices, combining ion substitution to improve thermal stability and biological 

performance with tailored processing and surface modification strategies for electrospun 
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mats. Together, these approaches aimed to advance the clinical translatability of BGs and 

electrospun polymer/glass composite scaffolds.  
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Abstract (in italiano) 

Oggigiorno, la medicina ha un costante bisogno di innovazione nell'ideazione di dispositivi 

ottimizzati per l'ingegneria tissutale. La sfida nella progettazione di tali dispositivi risiede 

spesso nella necessità di bilanciare il superamento dei vari ostacoli del processo di 

produzione garantendo una reazione favorevole da parte del corpo umano. In questo 

contesto, il vetro bioattivo (BG) si distingue tra gli altri materiali per l'ingegneria tissutale. 

Fin dal loro sviluppo alla fine degli anni '60, i BG si sono dimostrati materiali di 

fondamentale importanza, grazie alle loro numerose proprietà, come l’osteoinduttività, 

l’osteoconduttività, la bioattività, la riassorbibilità, l’angiogenesi, il supporto alla guarigione 

di ferite, le proprietà antibatteriche e altro ancora. 

Tuttavia, i BG presentano anche dei limiti, in particolare le scarse proprietà termiche di 

alcune composizioni ampiamente studiate e già disponibili sul mercato, ovvero il 45S5 

Bioglass® e l’S53P4. Infatti, l'esposizione ad alte temperature, necessarie ad esempio per la 

produzione di dispositivi (scaffold) in vetro bioattivo utili per l'ingegneria tissutale ossea, 

causa la cristallizzazione della loro struttura tipicamente amorfa. Questo fenomeno ha 

diverse conseguenze, come una bioattività e una cinetica di dissoluzione più lente, insieme 

a possibili criticità da un punto di vista meccanico e della stabilità del prodotto una volta 

impiantato in vivo. In letteratura sono state proposte diverse soluzioni a questa problematica: 

tra queste, l'inclusione di ioni droganti nella composizione, in grado di ampliare la finestra 

di lavorazione dei BG. Inoltre, certi BG sono in grado di esprimere proprietà antibatteriche 

nei confronti di diverse specie di batteri. Un'indagine in letteratura ha dimostrato che, oltre 

all'efficacia antibatterica di composizioni commerciali come il S53P4, una strategia comune 

per espandere le proprietà antibatteriche dei BG è il drogaggio con ioni terapeutici o 

antibatterici, il caricamento con farmaci o la combinazione di entrambe le strategie. 

Considerando queste problematiche, in questo lavoro di Tesi sono state innanzitutto 

sviluppate e testate due composizioni di BG innovative, denominate 45S5_MS e S53P4_MS, 

ottenute modificando il 45S5 e l’S53P4 con magnesio (Mg) e stronzio (Sr). La progettazione 

di questi vetri bioattivi si è anche basata sul Bio_MS, un vetro sperimentale con alta 

temperatura di cristallizzazione e ottime prestazioni biologiche, testato insieme alle altre 

composizioni. È stata condotta un'indagine approfondita sull'effetto di Mg e Sr su diverse 

proprietà dei vetri bioattivi, riscontrando un miglioramento del comportamento termico, 

meccanico e biologico dei BG drogati con magnesio e stronzio. Inoltre, 45S5_MS e 

S53P4_MS sono stati impiegati nello sviluppo e nell'ottimizzazione di scaffold compositi 

elettrofilati in policaprolattone (PCL) e BG per l'ingegneria tissutale, integrando strategie di 

progettazione e superando problematiche, comunemente associate a questa tipologia di 

dispositivi biomedicali. Particolare attenzione è stata ricolta alla natura intrinsecamente 

idrofobica del PCL elettrofilato, che potrebbe limitarne la performance in ambiente 

biologico. A tal fine, il processo di fabbricazione è stato perfezionato con un trattamento 

chimico di modifica superficiale, basato sull'immersione in una soluzione di idrossido di 

sodio (NaOH), migliorando bagnabilità e risposta biologica degli scaffold elettrofilati.  

Il presente lavoro di Tesi si propone dunque di definire un quadro progettuale completo per 

lo sviluppo di dispositivi biomedicali compositi a base di vetro bioattivo. Tale obiettivo è 
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stato perseguito integrando la sostituzione ionica, finalizzata a migliorare la stabilità termica 

e la risposta biologica dei BG, con tecniche di processamento e di modifica superficiale di 

membrane elettrofilate. In conclusione, questi approcci mirano a promuovere l’avanzamento 

dell’applicabilità clinica dei BG e degli scaffold compositi basati su polimero e vetro. 

. 
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1 Introduction 

Tissue engineering (TE) is a rapidly developing branch of regenerative medicine that 

requires strong interdisciplinarity among research fields, including cellular and molecular 

biology, materials science and engineering, and medicine [1]. Due to an ever-growing 

request for surgical attendance, several fields of medical research try to engineer materials 

and devices employable for tissue healing and regeneration, commonly referred to as 

biomaterials [2]. 

Biomaterials are a relatively novel concept in medicine, dating back to the second half of the 

20th century. To date, the most accepted definition for what a biomaterial is, was outlined 

during the “Consensus Conference” in Chester, UK, in 1987: 

 

“Any substance or combination of substances, other than drugs, synthetic or natural in 

origin, which can be used for any period of time, which augments or replaces partially or 

totally any tissue, organ or function of the body, in order to maintain or improve the 

quality of life of the individual.” 

In fact, in earlier medicine, it was widely believed that the only materials suitable for use 

inside the human body were those that did not react with it. Consequently, past research 

efforts primarily focused on identifying materials that did not express any harmful or toxic 

effects when interacting with the host body. Such candidates were found mainly amongst 

metals and plastics, such as titanium and ultrahigh-molecular-weight polyethylene 

(UHMWPE) [3]. These materials are today categorized as first-generation biocompatible 

materials. However, these biomaterials tend to promote fibrous tissue formation, and long-

term implantation may result in prosthesis failure [4], [5]. In contrast, second-generation 

biocompatible materials have the ability to induce a controlled action–reaction when in 

contact with living tissue. The key difference between first- and second-generation 

biomaterials is the ability of the second one to actively interact with the host body, for 

example by dissolving when in contact with physiological environments or even integrating 

into living tissue. This property is commonly referred to as bioresorbability [6].  Some 

materials can even be engineered to be third-generation biocompatible materials. The key 

difference between second- and third-generation BGs lies in the latter’s ability to induce 

specific reactions in the host body at the molecular level, such as promoting the formation 

of new healthy tissue through the release of therapeutic ions, activating genes and enhancing 

regenerative processes [6], [7]. 

Thus, biomaterials have gradually evolved from readily available substances to be integrated 

into the host body, into carefully designed materials, engineered to suppress or elicit specific 

responses from the host environment [8]. For this reason, the “biocompatibility” of a material 

refers in general to how well a material performs while interacting with host tissue. Indeed, 

biocompatibility considers both how the body reacts to the material being grafted onto it and 

how the material behaves in contact with the body’s environment [9]. The modern concept 

of what a biomaterial does, extends beyond the sole intention to prevent adverse reactions 

upon contact with the host body. Instead, it aims at fully utilizing the material’s chemical 
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and physical response to tailor its behavior to a specific intended function [8]. Among the 

wide variety of biomaterials currently available, Bioactive Glass (BG) stands out as one of 

the most remarkable, owing to its unique properties and functionalities, which effectively 

pioneered the field of biomaterials research [2], [10]. 

1.1 Bioactive glasses and their properties 

Since the early 1800s, glass has been studied in relation to its properties when in contact 

with biological environments, cells, and bacteria [11]. However, Dr. Larry L. Hench was the 

first who successfully synthesized a bioactive glass in 1969, today worldwide known as 45S5 

Bioglass® [10]. According to his writings [10], he felt inspired by U.S. Army Medical Corps 

Colonel Klinker when he asked Hench: 

“If you can make a material that will survive exposure to high-energy radiation, can you 

make a material that will survive exposure to the human body?” 

Bioglass® was the result following a two-years-long research effort, through the analysis of 

the Na2O–CaO–SiO2 system, where 45S5 sits near a ternary eutectic [10], [12]. BGs were 

originally designed using the melt-quench technique, an efficient and reliable way to 

manufacture glass from oxides and carbonates [10]. However, an alternative technique 

emerged about three decades ago, enabling the production of high-purity BGs via sol–gel 

synthesis, typically starting from Tetraethyl Orthosilicate (TEOS – for silicate BGs) and 

nitrates [13]. This process allows for a more precise tuning of the composition and does not 

require high temperatures for melting the glass [13], [14]. 

A wide variety of BGs have been developed over the years. Most notably, S53P4 (marketed 

as Bonalive®, Novamin® and more) is among the most clinically relevant. S53P4 is a BG 

with formulation similar to that of 45S5, and with remarkable dissolution properties [15], 

demonstrating high bioactivity and a significant release of ions. Moreover, S53P4 shows 

strong inhibitory effects on bacterial proliferation: this is associated with a high ability to 

increase the pH of the solution in which the BG is immersed [16], [17], [18]. 

BGs can exhibit essential properties for bone tissue engineering (BTE) such as 

osseointegration, osteoconductivity, and osteoinductivity. These terms describe, 

respectively, the ability of a material to bond with bone without the formation of fibrous 

tissue, the surface’s capacity to facilitate bone growth, and the capability to stimulate stem 

cells to differentiate into bone-forming cells [19]. However, BGs have been mainly studied 

for their bioactivity. A material is considered bioactive when it has the ability to elicit a 

specific response from living tissue. Specifically, BGs’ bioactive properties are expressed 

via their ability to bond to bone tissue, precipitating hydroxyapatite (HA) when grafted into 

a body [20]. This property can be readily verified in vitro, thanks to Professor Kokubo et al. 

[21], who introduced a testing procedure that has since become the standard for the initial 

evaluation of the ability to bond with bone tissue of these materials. BGs are typically 

immersed into a solution called simulated body fluid (SBF), consisting of inorganic salts and 

compounds dissolved in demineralized water [21]. Even with its limitations, Kokubo’s 

procedure is arguably an invaluable tool for testing the in vitro capability of a material to 

precipitate hydroxyapatite [22]. 
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A major challenge in BTE is the fabrication of BG-based structures suitable for implantation. 

These materials can be shaped into complex three-dimensional architectures, commonly 

referred to as scaffolds. Scaffolds represent a key component in tissue regeneration 

strategies. Specifically, for bone tissue applications, the challenge is to create a design able 

to mimic the architecture of cancellous bone [23]. Thermal treatments are often employed 

to form these type of structures, inducing sintering of the powders, which ultimately results 

in the formation of a three-dimensional (3-D) structure [24]. Moreover, thermal treatments 

are required in several additional applications, such as implant coating via BG powders 

thermal spraying and manufacturing of glass–ceramic composites [25].  

BG powders are frequently subjected to thermal treatments involving exposure to 

temperatures above 600 °C [25]. However, such high temperatures can structurally modify 

the glass, inducing crystallization. Crystallization is generally regarded as a detrimental 

phenomenon in BGs. It typically occurs when the material is exposed to temperatures above 

its crystallization onset temperature (i.e., the temperature at which the crystallization process 

starts, TC_ONSET) and becomes most pronounced at the crystallization peak temperature (TC) 

[26], [27]. In fact, crystallization interferes with the bioactivity and mechanical performance 

of sintered BG powders, while also impeding viscous flow, thereby potentially slowing 

down the sintering process in crystallized materials. It has also been reported that 

crystallization could hinder the stability of the implant after its placement, considering that 

the residual amorphous and the crystalline phases of the material exhibit different dissolution 

kinetics [28]. It is also worth noting that, due to the close correlation between sintering and 

crystallization, these phenomena are often considered as a single process, referred to as 

sinter-crystallization [29].  

In order to tackle the crystallization issue in BGs, various metallic and alkali ions have been 

employed as dopants for their ability to widen the processability window of the compositions 

(i.e., the difference between the crystallization temperature TC_ONSET and the glass transition 

temperature TG). Moreover, extensive efforts have been employed in identifying BG 

compositions with broader processing windows, such as formulations like 13-93, Bio_MS, 

and BGMS10 [30], [31], [32]. For the last two BGs, the improvement of the thermal 

properties is attributed to the lower content of alkaline elements and the presence of 

magnesium (Mg) and strontium (Sr) in the BG composition, recognized for their positive 

biological effects and their ability to modify thermal and mechanical properties [9–12]. 

Specifically, Mg has been investigated as a BG dopant due to its biological properties, as it 

is naturally present in bone and enamel and plays multiple important functions in the 

organism [33], [34], [35]. Moreover, magnesium deficiency has been associated with 

reduced bone density and an increased risk of osteoporosis [34], [36]. Meanwhile, Sr is a 

known osteoblast and osteoclast activity regulator [34], [37], and in some cases has also 

shown antibacterial effects [38], [39]. 

In this context, the Network Connectivity (NC) model has proven as a valuable tool in 

elucidating the impact of different ions on the structural characteristics of glass. NC 

describes the average number of oxygen atoms, acting as a bridge in the network. NC is 
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equal to 4 for pure silica [40]. Hill and Brauer [41] developed an equation, today used as 

model, based on experimental data by Watts et al. [42], expressed as follows [42], [43], [44]: 

𝑁𝐶 =
[4 ∙ (𝑀𝑠) + 6 ∙ (𝑀𝑝)] − 2 ∙ [𝑀2𝑂 + 𝑀′𝑂]

𝑀𝑠
 , 

where Ms and Mp represent the molar percentages of SiO2 and P2O5 oxides present in the 

glass composition, respectively, and M2O and M’O denote the alkali and alkali-earth metal 

oxides, respectively. The NC of BGs typically falls within the range of 2 to 3. Higher values 

indicate a stronger network, thus better thermal stability, but worsened bioactivity due to 

reduced solubility. A lower value stands for a weaker network, generally leading to poorer 

thermal properties [45]. 

However, additional considerations regarding the crystallization of BGs should be taken into 

account. As previously discussed, increasing attention has shifted from preventing 

crystallization to actively controlling it through compositional design, specifically via the 

incorporation of selected metallic and alkali ions allowing for adjustable structural and 

biological properties [46]. In parallel, significant efforts have also been devoted to the 

optimization of silicate-based bioactive glass-ceramics, in which crystallization does not 

compromise bioactivity, proving instead as advantageous thanks to improved mechanical 

properties of the crystalline phases [47]. Within this context, glass-ceramics such as 

Biosilicate® (composition in mol.%: 53.73 SiO2, 21.22 Na2O, 23.49 CaO, 1.56 P2O5) have 

been successfully developed [48]. This material has demonstrated excellent biological 

performance both in in vitro and in vivo trials, exhibiting apatite formation and bone 

regeneration capabilities comparable to those of the well-established 45S5 [48], also in 

clinical trials, as short- and long-term Dentine Hypersensitivity treatment material [49]. 

These features make such glass-ceramics particularly attractive for scaffold fabrication 

strategies involving sintering-based thermal processing, where controlled crystallization can 

enhance both structural integrity and functional performance [50]. 

BGs are also investigated for the various properties that they exhibit upon implantation. 

Among these, antibacterial activity is recognized as a characteristic trait of third-generation 

biomaterials [51]. Some antibacterial capabilities have been recounted to both 45S5 and, in 

particular, S53P4, against several bacteria. This is primarily achieved via alkalinization of 

the environment caused by BG dissolution [16], [52]. However, this effect is more easily 

achievable through different strategies. Specifically, it was mentioned that the addition of 

metallic ions in the composition of bioactive glasses can elicit specific responses in the host 

tissue, such as tissue revascularization, hemostatic effects, and most notably, antibacterial 

effects [53], [54]. Some of the mechanisms through which metal ions are effectively 

antibacterial are: the induction of pH changes – as already noted for 45S5 and S53P4 – which 

increase osmotic pressure inside the bacterium, but also mechanical disruption of the cell 

membrane, reduction in membrane binding ability, oxidation of functional molecules and 

proteins, modification of enzymes and DNA, and generation of reactive oxygen species [55]. 

(1) 
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The effectiveness of this strategy also lies with a limited ability of bacteria to develop 

resistance to metallic ions [56]. 

1.2 Electrospun polymer-based fibrous composite scaffolds 

In recent years, research into regenerative medicine has focused on identifying viable 

strategies for manufacturing scaffolds for tissue regeneration. Among the various scaffold 

fabrication techniques employed for both soft and bone tissue engineering, electrospinning 

has been gaining increasing attention [57], thanks to its numerous upsides, such as ease of 

setup, relatively low materials cost, cost-effectiveness, and a wide range of achievable 

morphologies and compatible materials [58]. Research into BTE and wound healing began 

exploring electrospinning for fabricating nano- to micro-fibrous structures. This fiber 

morphology is particularly useful in tissue engineering, as it mimics the architecture of the 

extracellular matrix [59]. Indeed, one of the main strengths of this scaffold manufacturing 

technology is the ability to produce fibers with a tunable morphology in the 10-9–10-6 m size 

range [60]. These unique characteristics make electrospun fibers ideal candidates for tissue 

regeneration [61]. However, the high tunability of the mats’ properties also requires an 

extensive optimization of the machine parameters. Even minimal changes in the polymeric 

solution, manufacturing process, or environmental conditions can lead to significantly 

different results in the final product [62]. 

One of the most widely studied polymers for electrospinning is poly(ε-caprolactone) (PCL) 

[63], [64], [65], a biocompatible semi-crystalline polyester known for its high mechanical 

properties and optimal biodegradability [66], [67]. PCL is often used either in its pure form 

or blended with other polymers or insoluble particles, such as hydroxyapatite [68], [69], [70], 

or notably with BGs [71], [72], [73]. PCL-based electrospun fibers have been widely 

employed in biomedical applications, including as cardiac patches, cranial implants, and 

bone substitutes [74], [75], [76], [77], [78]. Moreover, recent research demonstrated that 

PCL/BG composite scaffolds show advantages over other PCL/ceramic composites, (where 

β-tricalcium phosphate or hydroxyapatite commonly serve as the ceramic phase), due to their 

superior mechanical properties and faster degradation kinetics, making them optimal 

candidates for BTE scaffolds [79]. 

The employment of BGs in electrospun scaffolds has gained relevance in recent years. 

Researchers have explored both the use of sol–gel-derived BGs as precursor solutions for 

electrospinning [80], [81] and the incorporation of suspended melt-derived particles into 

polymeric solutions [82], [83]. When utilizing melt-derived BG particles in electrospinning, 

it is crucial to obtain finely powdered material to ensure efficient transport and uniform 

incorporation into the fibrous structure. Even considering their limitations, BGs still remain 

an attractive material for producing electrospun scaffolds capable of exhibiting multiple 

beneficial biological properties in both soft and bone tissue related applications [81], [84], 

[85]. 

Lastly, the intrinsic hydrophobicity of electrospun PCL mats represents a significant 

challenge in the fabrication of this type of scaffold. Indeed, electrospun PCL mats have a 

highly hydrophobic surface, resulting in reduced biological performance, limited cell 

adhesion, and decreased protein adsorption [86], [87]. This can negatively affect the 
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scaffold’s functionality and limit its applicability in clinical contexts. More considerations 

on the hydrophilicity of the scaffolds will be discussed in chapter “6 Optimization of 

PCL/BG scaffolds”. 

 

1.3 Aim of the Thesis 

This Thesis aims to describe the development of two novel BG compositions to overcome 

known issues commonly associated with these materials, while also considering potential 

applications in devices for BTE and wound healing. 

Firstly, this work focuses on a state-of-the-art analysis of BGs subjected to thermal 

treatments, with particular emphasis on their effects on glass structure, sintering, and 

crystallization. Further investigation in this field addresses compositional modifications of 

BGs through the incorporation of selected ions into the glass network, with particular 

attention to how these substitutions influence sintering behavior and crystallization. 

Additionally, chapter “2 Thermal properties of BGs and ion substitution” briefly analyzes 

potential applications that involve subjecting BGs to high temperatures, such as scaffold 

manufacturing, thermally sprayed coatings, and BG/ceramic composites manufacturing. 

Due to the high thermal energy involved, the feasibility of these applications is closely 

associated with the thermal properties of BGs, making it crucial to examine their effects in 

detail. 

Additional research on BGs led to an exploration of the state of the art regarding their 

antibacterial capabilities, considering both well-established compositions and specifically 

engineered formulations that rely on the release of antibacterial metallic ions to exert their 

effects. As these materials continue to show promise in different biomedical applications, 

particular attention should be paid to their ability to inhibit bacterial growth, as this capability 

could prove essential for fully understanding and exploiting the properties of BGs in almost 

all applications. Various BG compositions reported in the literature will be examined for 

their antimicrobial or antibacterial activities, highlighting the specific mechanisms through 

which they inhibit bacterial growth or neutralize microorganisms. A dedicated section will 

explore the role of antibacterial ions such as silver, zinc, copper, and strontium, focusing on 

how these ions interfere with bacterial functions at the cellular level. Finally, both current 

and potential applications of antibacterial BGs will be discussed, along with other crucial 

aspects for translating these systems from research topics to practical applications, such as 

ion resistance, the combined use of antibiotics and BGs, and their effectiveness against 

biofilms. 

Moving to the experimental section of this thesis, the thermal mechanical, dissolution and 

biological properties of Mg- and Sr- doped modified BG composition will be investigated. 

Indeed, a significant gap in the literature remains regarding systematic studies on co-doping 

with Mg and Sr in silicate BG composition and corresponding thermal treatments. The 

chosen reference BGs for this part of the investigation include two widely known 

commercial variants, namely 45S5 and S53P4. Additionally, the study examines a patented 

BG, referred to as Bio_MS, characterized by its distinctive composition and notable thermal 
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and biological properties, including the incorporation of Mg and Sr among other elements 

[32], [88]. Furthermore, our study expands the investigation by introducing modified 

versions of 45S5 and S53P4. Specifically, Mg and Sr are introduced as substitutes for 

calcium and sodium. This substitution is intended to modulate the glass network 

connectivity, thereby influencing both thermal behavior and biological response. Within this 

framework, this research focuses on two interconnected objectives. The first is to investigate 

the impact of sintering and crystallization on BGs. The second is to evaluate how doping, 

specifically with ions such as Mg and Sr, influences the processes of sintering and 

crystallization, as well as the biological response of these materials. 

Lastly, chapters 5 and 6 focus on the exploration of electrospinning technology in order to 

manufacture electrospun PCL/BG composites. The aim of this portion of the investigation 

was to investigate the feasibility of electrospinning a PCL/45S5_MS suspension containing 

melt-derived BG, taking into account the challenges of achieving a homogeneous dispersion 

of BG particles within the electrospun mat [80], [89], [90], [91]. Furthermore, the study 

examined whether incorporating BG powder into electrospun mats could affect their 

dissolution behavior and biological performance, particularly in terms of cell proliferation 

and differentiation, thereby testing previous evidence supporting the potential application of 

45S5_MS in soft tissue engineering. Moreover, the processing parameters were optimized, 

trying to avoid common issues of composite PCL/BG scaffolds, known to the literature and 

from previous results. To this end, electrospun PCL/S53P4_MS scaffolds were investigated, 

building on previously established fabrication methods. Firstly, BG incorporation efficiency 

was considered a crucial aspect of the electrospinning process. Subsequently, the effects of 

chemical surface modification treatment in NaOH on scaffold wettability and mechanical 

behavior were evaluated by testing the mats both before and after treatment. This was done 

to address the key issues of PCL-based BG-loaded electrospun mats, i.e. their highly 

hydrophobic behavior, low BG incorporation efficiency, and limited mechanical 

performance. In addition, the biological properties of the electrospun mats were investigated 

before and after chemical surface modification in NaOH, through cell adhesion tests and the 

evaluation of cell morphology. 

Ultimately, this work aims to advance current knowledge in tissue engineering and 

biomedical device development by investigating one of the most promising biomaterials: 

bioactive glass. This Thesis seeks to elucidate the interplay between composition, thermal 

processing, and crystallization inhibition, and how these factors govern the resulting 

mechanical performance and biological response of BGs. Despite the extensive literature on 

bioactive glasses, significant knowledge gaps remain regarding the optimization of ion-

doped systems. In addition, particular emphasis is dedicated to the implementation of 

effective delivery strategies, via the incorporation of BG into electrospun composite 

scaffolds, with the ultimate aim of producing clinically relevant devices for tissue 

engineering and wound healing. 
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2 Thermal properties of BGs and ion substitution 

(This section has been published in “F. G. Mecca, D. Bellucci, and V. Cannillo, “Effect of 

Thermal Treatments and Ion Substitution on Sintering and Crystallization of Bioactive 

Glasses: A Review,” Materials, vol. 16, no. 13, p. 4651, Jun. 2023, doi: 

10.3390/MA16134651.”) 

As previously discussed, bioactive glasses are multifunctional biomaterials widely 

investigated in bone regeneration thanks to their ability to stimulate osteogenesis and form 

a stable chemical bond with living bone tissue [45], [92]. However, the low thermal stability 

of BGs often limits their employability in clinical settings [26]. In particular, when BGs are 

subjected to thermal treatments for sintering or scaffold fabrication, crystallization may 

occur. This phenomenon is generally undesirable in tissue engineering applications, as it can 

compromise densification when shaping it into 3-D porous scaffolds [93]. Moreover, 

crystallization reduces the reactivity of the glass network, potentially limiting the bioactivity 

of the BG [45], and leading to slower dissolution kinetics and ion release of the glass [28]. 

Specifically, the behavior of 45S5 and S53P4 powders during thermal treatments has been 

thoroughly studied in the literature, and some insights on the sintering behavior and 

crystallization of these materials are also provided in this work, in chapter “4 Novel Mg- and 

Sr-doped BG compositions”.  

This section of the thesis provides a comprehensive overview of the influence of different 

ions on the sintering and crystallization of BGs. Particular emphasis is placed on the 

importance of thermal treatments, as they have major implications in the manufacturing of 

medical devices (especially for BTE), ranging from scaffold fabrication [94] to implant 

coating through various deposition techniques [25]. The crystallization behavior of 45S5 is 

critically examined through an analysis of the literature, as this material still serves as a 

benchmark composition for understanding this phenomenon in silicate BG systems [10], 

[45]. 

Moreover, we tackle the implementation of manufacturing strategies in the literature, aimed 

at reducing the occurring of crystallization, while applying thermal treatment to BGs, such 

as ion substitution to increase thermal stability. Notably, zinc, potassium, and strontium have 

been widely investigated and shown to influence crystallization behavior, improve 

mechanical properties, and, in some cases, enhance biological performance [32], [95], [96], 

[97], [98].  

Nevertheless, it should be noted that that research on ion substitution to increase the thermal 

stability, widening the processing window of BGs, is still ongoing. Further investigation is 
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therefore required to elucidate how different dopants modulate sintering dynamics, 

crystallization mechanisms, and the resulting performance of BGs.  

 

Figure 1: Flowchart of the timeline of the major breakthroughs in the bioactive glass field [45]. 

2.1 Why Thermal Treatments? 

As previously mentioned, thermal processing is a necessary step for shaping bioactive glass 

powder into the desired form, depending on the application. Furthermore, the thermal 

treatment of BG powder triggers the formation of a liquid phase. Upon solidification, this 

liquid phase facilitates the sintering of the powder, thereby improving the mechanical 

properties of the BG material [99]. Many research papers have addressed the problem of 

thermally treating BG powders while minimizing the negative effects of crystallization, 

which can significantly impair BG’s final properties. Thus, striking the right balance 

between promoting sintering and preserving the mechanical properties and bioactivity of BG 

necessitates meticulous control over thermal treatment processes, along with extensive 

research into different BG compositions. This equilibrium is of utmost importance in the 

development of bioactive glasses with optimal properties tailored for diverse biomedical 

applications. 

Scaffolds are biodegradable porous 3D structures that can be made from various materials, 

including bioactive glass powders. Scaffolds serve as templates in large bone defects, to 

induce cell proliferation and vascularization of the damaged tissue [100]. Thus, using 

scaffolds may help replicate cancellous bone structure and permit cell proliferation [101], 
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[102], [103]. The development of an optimal scaffold for bone repair is a complex process 

that involves careful control of the properties of the materials and parameters used in their 

manufacturing. BG powders have shown great potential as a material for bioactive scaffold 

manufacturing due to their ability to enhance bone tissue regeneration. However, achieving 

the desired properties requires careful thermal treatment and compositional control. The 

desired properties of an ideal scaffold have been extensively discussed in the literature [104], 

[105]. Certain critical properties include the capacity to host cells, biocompatibility, and 

bioresorbability (i.e., the ability to dissolve in a biological environment without leaving 

behind harmful byproducts). Another crucial aspect is the high porosity of the scaffold, 

ideally surpassing 90%, coupled with a minimum pore size of 100 µm, to facilitate cell 

infiltration. Moreover, the scaffold must possess mechanical properties similar to that of 

bone [19]. 

Heat treatments are essential in the majority of manufacturing technologies for producing 

BG scaffolds for bone tissue engineering. The main techniques used today to produce 

scaffolds are foam replica, additive manufacturing, sol–gel, freeze-casting, and 

electrospinning [94]. Among these protocols, the foam replica and additive manufacturing 

techniques are the most frequently used ones to manufacture BG scaffolds. The foam replica 

technique and several additive manufacturing techniques produce a product known as a 

“green body”. However, to achieve the final scaffold form with proper consolidation and 

improved mechanical properties, the raw “green body” must undergo a crucial heat treatment 

process [45], [94], [106], [107], [108]. 

Bioactive glass powders have also been used to coat bioinert metallic implants. This 

application has been studied to improve the mechanical performance of inorganic metallic 

grafts. Usually, the metallic materials used to manufacture these grafts (alloplastic implants), 

such as titanium and magnesium, promote the formation of fibrous tissue [25], [109]. 

Coating a metallic graft with a BG film may improve the chemical stability of the metallic 

substrate, providing a physical barrier to avoid in-body corrosion. This protective coating 

also reduces the risk of prosthesis rejection. The bioactivity of the BG can also improve the 

adhesion of the implant, as the BG coating is resorbed, and a superficial HA layer can form. 

Thus, the coating may help improving the general stability of the implant and attaining 

biological fixation [110]. 

Various techniques are utilized to deposit a surface coating of BG powder onto a metallic 

substrate. These techniques include enameling, sol–gel, electrophoretic deposition, plasma 

spraying (PS), and laser cladding. Enameling, PS, and laser cladding require exposing the 

powders to heat in order to sinter or melt the glass and create the superficial layer [25], [111]. 

Enameling is a widely recognized and traditional technique that involves the deposition on 

a substrate of a coating BG-containing slurry, which is subsequently dried and sintered. This 

process typically employs temperatures in the 800–900 °C range [112]. PS and thermal 

spraying techniques are both reliable methods for depositing BG coatings onto metallic inert 

substrates, in order to manufacture composite load-bearing grafts. The metallic substrate 

provides mechanical strength, while the bioactivity of BG ensures bone-bonding ability [25]. 

PS is an advanced technique that involves applying high voltages on inert gases to create a 

plasma, which can reach extremely high temperatures (thousands of degrees Celsius). This 
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intense heat melts the powders while rapidly accelerating the particles toward the surface, 

where the melt droplets quickly solidify. Nevertheless, the BG remains at high temperatures 

for an extended duration, which can result to the partial crystallization of the glass [113], 

[114]. 

Laser cladding, a more recent technique, operates at lower temperatures, typically ranging 

from 1000 °C to 1500 °C. A critical aspect of laser cladding technology is the risk of post-

treatment cracking of the coating [115]. This occurs due to the significant difference in the 

coefficient of thermal expansion (CTE) between the BG and the substrate material. This may 

cause delamination of the coating layer. Solutions to mitigate this issue include (i) modifying 

the glass’ composition to match its CTE with that of the substrate, (ii) depositing a “bond 

coat” with an intermediate CTE, (iii) implementing mechanical modifications to the 

substrate’s surface, through roughening or patterning, and (iv) using chemical alterations to 

the substrate’s surface [111]. Furthermore, Foppiano et al. successfully deposited a 

functionally graded BG coating, where silica content decreased while the coating thickness 

increased [116]. Currently, commercially available solutions for bioactive glass coatings on 

metallic implants are limited. Ongoing efforts are being made to improve the techniques and 

materials in order to optimize the results [25]. 

Over the past three decades, researchers have explored the potential of BG as a secondary 

phase in glass–ceramic composites, in combination with hydroxyapatite (HA) or β-

tricalcium phosphate (β-TCP) as the primary phase [117], [118]. Hydroxyapatite 

(Ca10(PO4)6(OH)2) is a calcium-based mineral, chemically similar to biological apatite, 

which is the main mineral phase in bone tissue. Tricalcium phosphate (Ca3(PO4)2) is a salt 

that can interact with living tissue and be resorbed. Both HA and TCP have been extensively 

studied and utilized in clinical settings due to their ability to promote bone growth in in vivo 

studies. This ability, commonly referred to as osteoconductivity, has made them candidates 

for the use in bone tissue engineering [119], [120]. Interestingly, HA and TCP exhibit 

distinct performance in terms of reactivity. For instance, HA is more stable in contact with 

living tissue, displaying lower dissolution rates. Conversely, TCP is more reactive, 

exhibiting rapid dissolution rates in contact with physiological pH [121]. This disparity in 

reactivity can be exploited to manufacture TCP/HA ceramic composites. In fact, by selecting 

specific TCP/HA ratios, it becomes possible to carefully tailor the composite’s properties to 

meet specific requirements [122]. 

Bioactive glass–ceramic composites offer promising potential for bone tissue engineering. 

The primary motivation for using bioactive glass–ceramic composites is to enhance the 

mechanical properties of individual phases while concurrently tailoring the bioactivity of the 

composite by adjusting the content fraction of each phase. Studies indicate that an optimal 

fraction of ceramic particles, approximately 40 vol.%, results in the highest strength for the 

composite [123]. The inclusion of BG in the composite can offer advantages as it can 

improve the densification of the ceramic phase, acting as an effective sintering aid, which in 

turn leads to a final product with improved mechanical properties [124], [125]. For instance, 

the incorporation of as little as 2 wt.% bioactive glass into ceramic powders can substantially 

enhance the flexural bend strength of the composite [126]. 
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The fraction of BG in the composite has a direct impact on the sintering rate of HA/BG 

composite. In fact, the presence of BG can influence the grain size of HA, leading to smaller 

grains, thereby enhancing the strength and sintering quality of the final material [126]. 

Furthermore, Baino et al. evinced that the presence of BG in TCP/BG composites may help 

improve the stability of β-TCP phase up to 1300 °C [127]. Without the stabilizing effect of 

the bioactive glass, the β phase would irreversibly convert to α phase around 1150 °C [127]. 

Additionally, the distinctive properties of BG, such as its ability to induce bone formation 

(in other words, the aforementioned osteoinductivity) and the presence of specific ions in 

the glass’s composition, can be leveraged to further optimize the composite’s performance 

[128], [129]. Thus, ongoing research on BG properties and applications has great potential 

for advancing biomaterials and regenerative medicine. 

2.2 Effects of Crystallization of BGs 

As we mentioned in chapter “1.1 Bioactive glasses and their properties”, crystallization is 

considered to have a detrimental effect on bioactive glasses on several levels. Even though 

the crystallization peak temperature is higher than the glass transition temperature, in many 

cases, the crystallization of BGs takes place before significant densification can be achieved 

through sintering [99]. The main negative effects are (i) a modest change in volume 

(typically, the crystalline phase exhibits a distinct density in comparison to its amorphous 

counterpart), and (ii) loss of mechanical integrity in porous scaffolds, caused also by their 

brittleness [130]. Thus, the process of crystallization can have adverse effects, especially on 

the mechanical integrity of sintered products; for instance, the volume variation may create 

internal stresses, which, combined with the brittleness, severely hinder the mechanical 

performance of the samples. 

From a strictly biological perspective, crystallization does not inhibit the bioactivity of 

bioactive glasses but rather slows it down. This delay in bioactivity also affects the 

conversion of the glass’s outermost layer into hydroxyapatite once the material is implanted 

in the body and comes into contact with biological fluids. Peitl et al. found that crystallization 

slowed down the deposition onset of HA by three to four times in BGs containing 

phosphorus [131]. The slowing down of HA deposition onset is problematic since it could 

result in nonuniform dissolution of the scaffold, which, combined with the loss of 

mechanical performance, makes it unsuitable for human graft implantation. All the 

abovementioned effects are nevertheless linked to different parameters, such as heat 

treatment temperature and time; in fact, increasing the treatment time results in higher levels 

of densification, as well as higher crystallite and grain size. These effects do not appear to 

follow a linear trend over sintering time. In a study by Hashmi et al., it was observed that 

the crystallization rate of the BG (at a dwell temperature of 1000 °C) is higher in the 5–10 h 

range compared to the 0–5 or 10–15 h ranges [132]. However, as demonstrated by the wide 

range of applications mentioned above, the use of high temperatures is crucial in establishing 

the necessary sintering conditions for the manufacturing of BG delivery solutions. 

One critical factor to consider is the narrow temperature range between the glass transition 

temperature (TG) and the crystallization temperature (TC_ONSET), i.e. the previously 

mentioned processing window. In fact, this process parameter plays a crucial role in 
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achieving successful sintering of the glass. In this regard, commercial bioactive glasses such 

as 45S5 and S53P4 have extremely narrow processing windows, which makes it difficult to 

subject these materials to thermal treatment without inducing crystallization. In order to 

expand the processing window, researchers have directed their efforts toward developing 

new BG compositions or modifying the existing ones. The objective is to achieve BGs with 

wider processing windows, thus allowing for successful sintering while limiting the 

crystallization process [133]. 

2.2.1 Crystallization of 45S5 

Over the last few years, extensive research has been conducted on 45S5, with particular 

emphasis on its response to heat treatment. Previous studies have identified two distinct 

crystallization mechanisms for BGs, namely bulk and surface crystallization [134]. While 

the factors influencing the dominance of one mechanism over the other are not yet fully 

understood, it is evident that variations in granulometry and composition can have a 

significant influence on their respective prevalence. Different research papers highlighted a 

significant difference between the heat treatment of bulk and powdered 45S5 [99], [130], 

[134], [135]. This disparity is attributed to the size and granulometry of the sample, which 

play a crucial role in determining the outcome of the treatment. For instance, smaller 

granulometries (<300 µm) of 45S5 tend to undergo surface crystallization, whereas bulkier 

samples display bulk crystallization [130]. This disparity is evident when analyzing the 

differential thermal analysis (DTA) data for coarse and fine BG powders. In fact, Massera 

et al. reported a shift of the crystallization peak toward lower temperatures, coupled with a 

widening of the peak of 45S5 and S53P4 [136]. However, it should be noted that the 

crystallization mechanism of 45S5 is generally complex, involving a combination of 

different crystallization mechanisms [130]. 

Through analyzing DTA, differential scanning calorimetry (DSC), and X-ray diffraction 

(XRD) pattern data, it is possible to evaluate the characteristic temperatures and crystalline 

phases of a given bioactive glass. In past years, it was debated what the major crystalline 

phase was. While several authors agreed about identifying combeite (Na2Ca2Si3O9) as the 

main crystalline phase [131], [137], [138], more recent research by Li et al. [139] pointed 

out that, for lower temperatures in the 600–700 °C range, the main crystalline phase is 

actually Na2CaSi2O6 [99], [139]. Today, it is widely accepted that, during the heating of 

45S5 bioactive glass, two distinct crystallization processes occur. Silicorhenanite 

(Na2Ca4(PO4)2SiO4) has been identified as the second phase, with a nucleation temperature 

of about 850 °C [99], [137]. The previous misinterpretation of combeite as the main 

crystalline phase may be attributed to the structural similarity between Na2Ca2Si3O9 and 

Na2CaSi2O6, leading to ambiguous XRD patterns [137], [140]. 

Powdered 45S5 tends to have a slightly different behavior, with respect to bulkier forms 

(such as dense glass, granules > 300 µm, or fritted glass). This can be attributed to the 

presence of small-sized particles, which enable additional thermal phenomena, including 

sintering, to take place. As previously mentioned, sintering is a process of densification 

performed on powders, at temperatures below their melting point. It aims to consolidate the 

powders, leading to a more compact and durable material. There are three conditions that 
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must be met for powder sintering [141]: (i) the presence of a liquid phase that coexists with 

a solid phase. This occurs when the powder particles begin to melt on the surface; (ii) a 

decrease in the free enthalpy of the system, as this process becomes spontaneous at 

sufficiently high temperatures; (iii) the structural properties of the sintered product must be 

comparable to those of a compact material. 

Without going into the details, the sintering behavior of a specific material can be evaluated 

through heating microscopy, which involves measuring the shrinkage of a compacted 

powder cylinder using the following equation [142]: 

𝑆𝑇 =
𝛥𝐴

𝐴0
× 100% , 

where ST is the total shrinkage, and ΔA is the difference between the area of the sample at 

room temperature (A0) and the area of the sample at high temperature (A) [142]. Among the 

main studies dedicated to the crystallization of 45S5, we can mention Lefebvre et al. [27], 

[137]. In their research, the authors analyzed the five distinct stages observed in the 

crystallization process of this bioactive glass, utilizing DTA data. These stages include the 

initial glass transition occurring at 550 °C, a glass-in-glass phase separation at 580 °C, two 

crystallization phases at 610 °C and 800 °C, a secondary glass transition observed at 850 °C, 

and melting at 1200 °C [137]. According to the available data, the processing window of 

45S5 is very narrow, covering a temperature range of only 60 °C. Consequently, it may not 

be the most suitable option for fabricating sintered bioactive glass manufacts. Furthermore, 

we would like to stress that the powder’s chemistry, shape, and granulometry deeply affect 

the sintering and crystallization kinetics [143], [144]. This fact is of crucial relevance for the 

optimization of more complex structures, such as scaffolds that usually require a sintering 

process to consolidate. 

2.3 Increasing the Thermal Stability of 45S5: The “Sol–Gel” 

Option? 

To enhance the thermal stability of 45S5, researchers have undertaken investigations into 

the sol–gel method as a viable alternative to conventional melting technology. The sol–gel 

process involves the chemical synthesis of the glass using liquid and powdered precursors. 

This approach offers great flexibility in modifying the composition of the final glass by 

simply adjusting the precursor materials and incorporating various ions into the glass 

structure. However, it is important to note that the sol–gel process also requires a thermal 

treatment to trigger the chemical decomposition of the precursor reagents. In the case of 

45S5, this thermal treatment may be conducted at a temperature lower than the glass’s 

crystallization temperature [145]. Consequently, the end result of this process is a fully 

amorphous glass rather than a partially crystallized one. 

In addition to crystallization, the elevated temperatures reached during the treatment can 

induce various phenomena in the bioactive glass. These include partial crystallization, 

sintering, shrinkage, and the evaporation of humidity and CO2, resulting in significant mass 

loss [145], [146]. For example, Cacciotti et al. successfully synthesized 45S5 using the sol–

gel method and reported a shift of the crystallization onset point to over 800 °C [145]. These 

(2) 
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results were confirmed in subsequent research by Lombardi et al., where sol–gel-derived 

45S5 showed crystallization of Na2Ca2Si3O9, with traces of Na2Ca4(PO4)2SiO4 and SiO2 

after heat treatment at 900 °C [146]. Conversely to previous results, more recent research by 

Nawaz et al. reported the formation of combeite (Na2Ca2Si3O9) and rhenanite (NaCaPO4) at 

600 °C, and combeite and Na2Ca2Si2O7 at 700 °C [147]. This fact can be probably ascribed 

to the use of different treatment times or granulometry which is known to heavily influence 

the behavior of the glass. 

2.4 The Effect of Thermal Treatments on Some Relevant 

Compositions 

In the last 20 years, researchers focused on developing new BGs to achieve a widening of 

the processing window, which can enhance the properties and processability of BGs [45]. 

The properties of S53P4, a commercially available bioactive glass with a composition (in 

mol.%) of 53.8 SiO2, 21.8 CaO, 22.7 Na2O, and 1.7 P2O5, have been studied for almost three 

decades [148]. Lindfors et al. also highlighted its antibacterial properties in bone tissue 

infection therapy [18]. Massera et al. conducted extended analysis of the behavior of S53P4 

bioactive glass, comparing it to the “gold” standard 45S5 [136]. The authors found that the 

behavior of S53P4 significantly deviates from that of 45S5. Although the processing window 

of the S53P4 glass is wider than that of 45S5, it is not wide enough to achieve sintering of 

the BG while preserving its amorphous nature. 

To explore the sintering behavior of S53P4, researchers conducted a series of experiments 

and captured multiple micrographs of the powders at different sintering stages. These 

micrographs provided valuable insights into the progression of sintering, showcasing the 

distinct stages of sintering and the formation of necks between the particles [149]. After the 

heat treatment, the primary crystalline phase observed was Na2Ca2Si3O9. S53P4 exhibited 

surface crystallization of needle-like combeite crystals. This crystallization process occurred 

through a relatively straightforward nucleation and growth mechanism, in contrast to 45S5, 

where crystallization mechanisms tend to be more intricate. This finding implies that the 

properties of S53P4 may be less influenced by variations in grain size compared to other 

bioactive glasses, ultimately impacting the material’s overall performance. Nevertheless, it 

is important to highlight that reducing the grain size still resulted in a lower crystallization 

temperature [136]. 

Brink and colleagues developed a novel bioactive glass, with the aim of improving the 

thermal properties of 45S5, called 13-93 (composition in wt.%: 53.0 SiO2, 20.0 CaO, 6.0 

Na2O, 4.0 P2O5, 12.0 K2O, and 5.0 MgO). Today, this composition is approved for in vivo 

use in Europe [150], [151]. Fu et al. conducted DTA on the 13-93 bioactive glass, revealing 

a glass transition temperature (TG) of approximately 606 °C and a crystallization onset 

temperature (TC_ONSET) around 714 °C. These findings indicate a processing window of 

approximately 108 °C [152]. The prevailing opinion suggests that 13-93 exhibits a 

significantly lower propensity for crystallization when compared to 45S5. However, there is 

a lack of consensus regarding the presence of a well-defined processing window for this 

particular bioactive glass. This discrepancy arises from the broad shape of the crystallization 

peak observed during DTA [133]. 
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Fagerlund et al. [153] conducted a more in-depth analysis of 13-93 BG, comparing its 

performance to another newly developed BG, named 1-98 (composition in wt.%: 53.0 SiO2, 

1.0 B2O3, 22.0 CaO, 6.0 Na2O, 2.0 P2O5, 11.0 K2O, and 5.0 MgO). They utilized their data 

to generate a time–temperature–transformation (T–T–T) curve for both bioactive glasses, 

enabling a comparative analysis between them. The authors reported that 13-93 has a TG of 

612 ± 5 °C and 1-98 has a TG of 608 ± 5 °C, in agreement with Fu [152], [153]. According 

to the DTA data, the crystallization peaks of 13-93 and 1-98 occur at 1038 ± 6 °C and 958 ± 

6 °C respectively; on the other hand, the crystallization region is much wider than other 

glasses. In fact, TC_ONSET is reported to be around 700 °C for both glasses, and the exothermic 

region is much wider than 45S5. According to the authors’ findings, thermal treatment at 

temperatures exceeding 800 °C resulted in the predominant crystallization of wollastonite 

(CaSiO3) in both glass compositions, as confirmed by X-ray diffraction analysis. The 

crystallites were observed to be needle-shaped, with dimensions ranging between 20 and 40 

µm [153]. The presence of a wide crystallization region observed in the DTA data of the 13-

93 and 1-98 BGs indicates their potential as promising candidates for biomedical 

applications. Thanks to their thermal behavior, these glasses could provide greater control 

over crystallization, which can be critical for tailoring their properties to suit specific 

biomedical needs. 

More recent investigations include the development of a novel bioactive glass named 

BGMS10 (composition in mol.%: 47.2 SiO2, 25.6 CaO, 2.3 Na2O, 2.6 P2O5, 2.3 K2O, 10.0 

MgO, and 10.0 SrO), with an even wider processing window of about 210 °C [32]. The 

authors studied the thermal behavior of the BG and observed that the crystallization of 

CaSiO3 takes place within the BG structure at temperatures exceeding 880 °C. This indicates 

a considerably broad processing window, as the TG and TC_ONSET were reported to be 670 

and 880 °C, respectively. The research indicates that these favorable thermal properties are 

accompanied by equally promising biological properties [32], [154], [155]. Even though 

more work is needed in order to optimize this BG, biocompatibility tests have demonstrated 

that BGMS10 exhibits favorable interactions with living tissue, making it a viable solution 

for various applications [156]. 

A recent study led to another bioactive glass, named Bio_MS, with composition (in mol.%) 

46.1 SiO2, 31.3 CaO, 5.0 Na2O, 2.6 P2O5, 5.0 MgO, and 10.0 SrO. Bio_MS has a TG of about 

638 °C, and the differential thermal analysis revealed a crystallization peak at 859 °C. This 

glass exhibits a reduced tendency to crystallize, coupled with promising sintering properties. 

Furthermore, extensive cytotoxicity assessments have been performed, demonstrating its 

biocompatibility. Most notably, Bio_MS displays excellent bioactivity and facilitates bone 

differentiation, making it highly suitable for biomedical applications [31]. 

ICIE16 is an enhanced biocompatible glass composition, produced using the sol–gel method, 

specifically formulated to enhance the workability of BGs. Its composition consists of 48.0 

wt.% SiO2, 6.6 wt.% Na2O, 32.9 wt.% CaO, 2.5 wt.% P2O5, and 10.0 wt.% K2O. Westhouser 

et al. conducted a study in which they successfully heat treated and sintered ICIE16 at 690 

°C, resulting in the production of a sintered amorphous material. This is in contrast to the 

behavior of 45S5 glass composition [157]. Wu et al. studied the crystalline phases obtained 

from the heat treatment of ICIE16 BG scaffolds. They reported that the crystallization of 
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two main phases (K3Na(SO4)2 and Na2CaSi3O8) takes place at temperatures exceeding 700 

°C [158]. In contrast, Nommeots-Nomm et al. identified Ca2Si4Ca3(PO4)2 as the main 

crystalline phase [159]. This discrepancy is likely attributed to several factors, such as 

variations in heat treatment protocols and slight differences in the glass composition itself, 

which may induce significant reactions during the treatment process. However, ICIE16 is 

reported to be a potential candidate for use in sintered manufacts thanks to its relatively low 

TG and high viscous flow. Given the complexity of the subject, further investigation is 

necessary to comprehensively identify all the factors contributing to the sinter-crystallization 

of bioactive glasses. Table 1 provides a summary of the glass transition and crystallization 

temperatures for the main BG compositions discussed above. 

Table 1: Summary of glass transition (TG) and crystallization peak (TC) and onset (TC_ONSET) temperatures of some relevant 

BGs. 

BG  Glass Transition 

Temperature (TG) 

Crystallization temperatures: 

TC_ONSET(Onset), TC (Peak) 

Ref. 

45S5 550 °C TC_ONSET = 610 °C [137] 

S53P4 561 °C TC = 748 °C [136] 

13-93 612 °C TC_ONSET = 714 °C, TC = 1038 °C [152] 

1-98 608 °C TC_ONSET = 700 °C, TC = 958 °C [153] 

BGMS10 670 °C TC_ONSET = 880 °C, TC = 932 °C [32] 

Bio_MS 638 °C TC_ONSET = 817 °C, TC = 859 °C [31] 

ICIE16 575 °C TC_ONSET = 725 °C [158] 

 

2.5 Ion Substitution to Improve Thermal Properties of BGs 

To tackle the various challenges typically associated with thermal treatments of BGs, 

scientists have delved into the incorporation of ions into the glass composition to customize 

the thermal properties of BGs according to specific requirements. In this section, the main 

effects of different ions on the thermal properties of BGs are discussed. The main objective 

is to examine the reported influence of ions on their respective BGs and explore the potential 

advantages of these modifications in enhancing the thermal properties of BGs for biomedical 

applications. 

The mixed alkali effect (MAE) refers to the phenomenon where the inclusion of two or more 

alkali metal ions (such as Na, K, and Li) in a glass composition can lead to an enhancement 

of the properties of BGs, such as improved thermal stability, electrical conductivity, and 

mechanical strength [26]. The effect is believed to arise from changes in the glass structure, 

as a result of the presence of multiple alkali cations and the difference in the atomic sizes 

and bonding of the ions [160]. The MAE has been extensively studied in various BG systems 

and has shown to be promising for enhancing the properties of BGs for biomedical 

applications. Mixing different alkali ions in the glass structure has been shown to reduce the 

tendency of the glass to crystallize by introducing distortions in the structure of the glass. 

This facilitates the preservation of the material’s amorphous structure. All these factors 

contribute to enhancing the viscous flow properties of the glass, thereby facilitating 

improved sintering of the BG [26], [161]. 
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Specifically, Moghanian et al. conducted a study on the use of lithium as an additive ion in 

58S BG, a bioactive sol–gel-derived glass. The authors found that lithium has a tendency to 

broaden the endothermic crystallization peak while lowering the crystallization peak 

temperature from 980 to 952 °C [162]. Maçon et al. studied the interaction between lithium 

and silica in a Si–Li sol–gel bioactive glass system. They discovered that lithium could act 

as nucleation site for Li2SiO2 phase [163]. This is probably due to the fact that the lithium 

ion is the smallest among the alkali metals, and its presence alone in the composition does 

not favor the broadening of the processing window. However, it does lower the TG of the 

BG. Conversely, potassium, being larger than sodium and lithium, introduces distortions in 

the glass lattice, thereby impeding crystallization [96], [164]. 

Furthermore, the substitution of K ions in 45S5 for Na ions can slightly improve the 

mechanical properties of the material. This can be ascribed to the lattice distortion effect 

caused by potassium, resulting in improvements in microhardness, fracture toughness, and 

Young’s modulus [96]. Moreover, the research has shown that increasing the total calcium 

content and substituting potassium for sodium may lead to improved thermal properties. 

However, it should be noted that this modification also results in a stronger glass network, 

which may have the unintended effect of slowing down the deposition of hydroxyapatite in 

simulated body fluid (SBF), as well as in vivo [165]. 

Strontium has been extensively studied as a substitute ion for calcium in various BG 

compositions. Generally, strontium acts as a network modifier, causing the expansion of the 

glass network. As strontium is a larger ion than calcium, this leads to a weakening of the 

lattice structure. Consequently, as strontium substitution increases, there is a linear decrease 

in the glass transition temperature. Furthermore, Sr substitution for Ca causes an increase in 

the density of the glass [97], [166]. Fujikura et al. reported that, with increasing strontium 

substitution in a 45S5-based glass, there was a decrease in crystallization temperature [97]. 

XRD analysis showed the crystallization of combeite phase during lower-temperature heat 

treatment. At temperatures exceeding 820 °C, the authors reported the crystallization of 

strontium-substituted combeite (Na2Sr2Si3O9) and a ring-structured silicate phase 

(Sr3(Si3O9)) [97]. On the other hand, Massera et al. reported a different trend in a S53P4-

based composition [166]. They found that the crystallization peak temperature decreases up 

to 5 mol.% SrO in the glass composition but then increases for higher concentrations. 

However, the authors specified that the combination of these two effects did not lead to a 

significant widening of the processing window [166]. 

Bellucci et al. investigated the presence of strontium and magnesium in BGMS10 and its 

“parent” glass BG_Ca_Mix [32]. They reported that magnesium has a similar effect on the 

bioactive glass as strontium, particularly concerning the thermal stability of the glass. 

However, the presence of Sr and Mg has extensively been reported to have positive effects 

on bone tissue formation [32], [167]. Moreover, magnesium has been shown to lower the 

glass transition temperature in BGs belonging to the CaO–MgO–P2O5–SiO2 system. This is 

attributed to the weaker Si–O–Mg bond compared to Si–O–Si, resulting in a less robust 

network structure. This effect is paired with the ability of magnesium to inhibit 

crystallization of both the BG and the apatite layer deposited after SBF immersion [168]. 

Evidence suggests that magnesium is incorporated in the apatite-like crystals, decreasing the 
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number of calcium–phosphorus nucleation sites, and resulting in the stabilization of the 

amorphous structure [169], [170]. 

Zinc has been incorporated in both sol–gel and melt–quench (45S5) BG, resulting in a slight 

decrease in crystallization and nucleation temperatures. Similarly, substituting zinc for 

magnesium in BGMS10 also leads to a greater decrease in glass transition and crystallization 

temperatures [171]. For instance, the addition of 2 mol.% zinc to the glass composition in 

place of magnesium can result in a drop in TG from 670 to 622 °C and in TC from 932 to 881 

°C [171]. XRD analysis performed by Srivastava et al. revealed that the presence of zinc 

ions did not affect the crystalline phases, which remained Na2Ca2Si3O9 and Na2CaSi3O8 [95]. 

In contrast, Shruti et al. [172] observed the formation of a Zn2SiO4 phase after heat treatment 

at 700 °C. However, the difference in glass composition heavily influenced the 

crystallization process [95], [172]. Nevertheless, the use of zinc ions in glass compositions 

has some significant drawbacks due to its biological effects. Concentrations of zinc ions over 

1 mol.% have been found to slow the formation of apatite, which is undesirable for 

biomedical applications [95], [172]. Additionally, there is a potential risk of cytotoxicity 

associated with higher concentrations of zinc ions in the glass [171]. Wetzel et al. conducted 

an investigation into the substitution of small amounts of magnesium or zinc for calcium in 

the 45S5 bioactive glass, ranging from 2.5 to 15 mol.% [173]. The results showed that the 

incorporation of these ions improved the processability of the glass. Due to the higher field 

strength of Mg2+ and Zn2+ compared to Ca2+, their substitution led to an increase in 

crystallization temperature and a decrease in TG. The researchers further noted that even a 

modest substitution of 2.5 mol.% was sufficient to induce this shift, while higher 

substitutions did not yield significant improvements in the outcomes [173], [174]. These 

seemingly contrasting results may be attributed to different interactions between ions within 

the glass structure, which give rise to complex and not easily predictable thermal behaviors. 

Research has also focused on the incorporation of barium in bioactive glasses. In particular, 

researchers have investigated the impact of substituting barium oxide for both silicon and 

calcium. Arepalli et al. studied barium BaO substitution for SiO2 in 45S5 [175]. They 

discovered that barium functions as a modifier of the glass network, leading to a decrease in 

both the crystallite nucleation temperature and the TC of the glass. Specifically, the 

nucleation temperature dropped from 614 to 542 °C, while TC decreased from 760 to 680 

°C. The XRD analysis demonstrated that the primary crystalline phase was Na2Ca2Si3O9. 

Khoeini et al. opted to substitute barium for calcium in 45S5 [176]. Their findings are 

analogous to those of Arepalli et al. [175] and indicate that barium functions as a modifier, 

weakening the glass structure. Interestingly, Khoeini et al. [176] did not observe a reduction 

in the number of oxygen bonds in the glass structure as reported by Arepalli et al. [175]. 

Their research led to the conclusion that barium is inserted into the glass structure as an 

interstitial element [176]. This leads us to infer that, while barium may exhibit promising 

biological properties for specific applications, it does not seem to enhance the thermal 

performance of bioactive glass. 

Cobalt has been the subject of investigation as a potential substitution ion in BGs in many 

research studies. Vyas et al. examined the effects of partially substituting cobalt for silicon 

in 45S5-based glass compositions, varying the cobalt content from 0 to 4 mol.% [177]. The 
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results showed a general improvement in the mechanical properties of the Co-containing 

glass. Specifically, the Young’s modulus, shear modulus, bending strength, and density 

exhibited a linear increase with cobalt substitution, up to a maximum of 3 mol.%. It was 

observed that cobalt acts as an intermediate oxide up to 2 mol.%, after which it acts as a 

network modifier. This transition also affects the mechanical properties of the glass, which 

does not increase linearly over this limit [177]. Moreover, cobalt addition seems to lead to a 

weakening of the glass network, since Si–O–Co bonds are weaker than Si–O–Si. This 

influences the TG of the material. DTA data showed that glass transition temperature 

decreases with increasing Co content [177], [178]. However, Co substitution also lowers the 

crystallization peak temperature from 718 °C to 616 °C. The formed crystalline phases were 

identified through XRD analysis of thermally treated samples, revealing the presence of two 

major cobalt-free phases: Na2Ca2Si3O9 and Na2CaSi3O8 [107,109]. This observation further 

supports cobalt’s role as an intermediate oxide in the glass composition. 

Zirconium is another element that has recently been used for ion substitution in BGs. Kang 

et al. gradually replaced sodium with increasing fractions (up to 12%) of zirconium oxide in 

45S5 [179]. Zirconium was found to act as a network modifier, increasing the number of 

bridging oxygen bonds and leading to a more rigid glass structure. This led to improved 

mechanical properties of the glass, including greater flexural and compression strength, as 

well as increased Vickers hardness [179], [180]. Furthermore, the presence of zirconium had 

an impact on the TG of the BG, with an increase in zirconium content corresponding to a 

higher glass transition temperature. Unfortunately, zirconia is a well-known inert 

biomaterial, and the presence of zirconium in the glass structure can inhibit its bioactivity 

[180]. 

The field of BGs has gained unprecedented interest. The number of scientific papers 

regarding BGs is ever growing, as illustrated in Figure 2. The hope is that this active 

academic engagement will lead to other interesting discoveries about the effects of different 

ions on the thermal, mechanical, and biological properties of BGs. Table 2 reports a 

summary of the effects of ions on mechanical and thermal properties of BGs discussed in 

this section. 

 

Figure 2: Number of scientific papers on BGs across different decades from the inception in 1969 to 2023. Notably, in the 

2020–2023 interval, the publication count is already conspicuous. Data were retrieved via Scopus, with keywords 

“bioactive glass” or “bioglass”. 
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Table 2:  Summary of the effect of different ions on mechanical and thermal properties of BGs. 

Ion 
Parent 

BG 

Substituted 

ion 
Effect Ref. 

Mixed 

Alkali 

Metals 

- Na 

Improved thermal stability 

[26], [161] 
Improved mechanical properties 

Hinders crystallization 

Broader processing window 

Li 58S Addition 

Broader crystallization peak 

[162] Lower crystallization temperature 

New crystallized phase 

K 45S5 Na Improved mechanical properties [96] 

Sr 

45S5 Ca 
Increased density 

[166] 
New crystallized phase 

S53P4 Ca 
Lower crystallization temperature 

[94] 
Lower crystallization temperature 

Mg 
- Ca 

Lower glass transition temperature 

[97] Inhibit crystallization 

Less robust network 

- Addition More stable amorphous phase [170] 

Zn 

45S5 Ca 

Lower glass transition temperature 

[95], [172] 
Lower crystallization temperature 

Lower viscosity 

New crystallized phase (debated) 

BGMS10 Mg 
Lower glass transition temperature 

[171] 
Lower crystallization temperature 

Ba 

45S5 Si 
Lower glass transition temperature 

[175] 
Lower crystallization temperature 

45S5 Ca 

Lower glass transition temperature 

[176] Lower crystallization temperature 

Reduced number of oxygen bonds 

Co 45S5 Si 

Improved mechanical properties 

[177] 
Lower glass transition temperature 

Lower peak crystallization 

temperature 

Zr 45S5 Na 

Increased mechanical properties 

[179] Increased number of bridging-

oxygen 
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3 Antibacterial properties of BGs 

(This section has been submitted for publication and is currently under revision in the 

Journal of the American Ceramic Society. Received: 16 Feb 2026) 

As previously anticipated, BGs have evolved significantly over the years, and today they are 

considered third-generation biocompatible materials, capable of expressing specific 

functions and eliciting reactions when implanted [45]. In fact, BGs can release therapeutic 

ions contained in their composition when dissolving in physiological environments. Such 

ions can express their antibacterial activity at the implantation site. Specifically, BGs have 

been investigated for their antibacterial and antibiofilm properties [17], [181], [182]. For 

example, 45S5 Bioglass® has been reported to possess antimicrobial properties against 

Gram-negative bacteria; however, this effect is predominantly pH-related, which may be 

difficult to replicate in an in vivo biological environment [183]. Similarly, other 

commercially available compositions, such as S53P4, have demonstrated pronounced 

antibacterial responses when tested for their ability to inhibit bacterial growth and killing 

bacteria [52], [184]. In these early-generation compositions, antibacterial effects were 

primarily associated with pH alterations of the surrounding medium; meanwhile, more 

recent BG formulations have been engineered to incorporate specific antibacterial ions to 

achieve stronger and tunable effects. Metallic ions including silver, copper, zinc, strontium, 

iron, cerium, gallium, and boron can exert bactericidal activity, acting through multiple 

strategies, such as membrane disruption, enzyme interference, oxidative stress, or inhibition 

of DNA replication [185], [186]. 

In the context of antibacterial efficacy of BGs, the literature emphasizes the advantages of 

sol–gel derived BGs over the traditionally manufactured melt-quench BGs, as their 

antibacterial effects are enhanced due to specific features of sol–gel derived materials [187], 

[188]; for instance, their morphological properties (such as small nanoscale porosities), their 

high reactivity, their improved homogeneity, which can enhance specific effects of BG on 

the environment [14]. Sol–gel derived BGs are far more reactive than their melt-quench 

derived counterparts. These features allow sol–gel BGs to be valuable weapons against 

infectious bacteria [188], [189]. 

The most employed testing procedures for the antibacterial efficacy of BGs are ISO 

22196:2011 [190] and JIS Z 2801 [191] which describe testing procedures for non-porous 

surfaces [192], and ASTM E2149-20, specific for dynamic conditions [193]. BG surfaces 

fall under two widely recognized types of antibacterial surfaces: “contact-kill” surfaces, 

which exert antibacterial effects through direct interaction with bacterial cells, and leachable 

surfaces, which rely on the release of antibacterial ions into the surrounding environment 

[194]. Nevertheless, several testing procedures are carried out to evaluate the antibacterial 

performance of BGs. Antibacterial testing procedures can be divided into several categories, 

including tests for materials with a high surface-to-volume ratio, inhibition zone on agar 

plates, eluate or solution tests, adhesion tests, and biofilm tests [195]. Among these, 

inhibition zone and eluate tests are the most commonly employed for BGs. For agar tests, 

inhibition halos with diameters exceeding 10–15 mm are typically considered indicative of 

antibacterial activity [192]. Nevertheless, this method presents notable limitations, including 



 

35 

 

restricted diffusion of certain ions in agar media, strain-dependent bacterial growth behavior, 

and its mainly qualitative nature [196]. Meanwhile, solution-based assays, while more 

appropriate for assessing ion-mediated antibacterial effects, also present limitations, as 

optical density measurements and colony–forming unit (CFU) counting do not discriminate 

between viable and non-viable bacteria [192]. 

This section analyzes and summarizes recent research on the antibacterial properties of BGs. 

Major attention is dedicated to their bacterial inhibition and killing ability, as this is crucial 

for understanding the full scope of capacities BGs possess. Starting from marketed and melt-

quench derived compositions, numerous BGs are reviewed in this section with particular 

attention to doped BG compositions, containing therapeutic ions, such as silver, zinc, copper, 

and strontium, focusing on how these ions interfere with bacterial functions at the cellular 

level. Moreover, current and future applications for these materials were investigated, from 

scaffold manufacturing to implant coating, from substitutes for antibiotics to effective anti-

biofilm agents. 

3.1 Antibacterial properties of widely known melt-derived 

compositions 

Several studies have demonstrated the antibacterial effects of 45S5. Hu et al. [197] showed 

that the antibacterial effect of 45S5 on S. aureus, S. epidermidis and E. coli is directly 

dependent on the concentration of BG in the medium. 50 mg/mL of 45S5 particles exhibited 

antibacterial effectiveness comparable to that of benzylpenicillin G against all bacteria 

tested. The authors attributed this activity primarily to the increase in pH of the solution; 

however, they also observed that BG powder debris could mechanically disrupt bacterial cell 

membranes [197]. Allan et al. [52] confirmed a direct correlation between the pH increase 

in an aqueous solution containing 45S5 Bioglass® and its antibacterial effect, comparing 

gingival bacterial death rates in the 45S5 eluate with those in a NaOH-diluted solution [52]. 

They also reported that S53P4 exhibited a stronger antibacterial effect compared to 45S5 

[52]; however, more recent studies have yielded contrasting results, suggesting that 45S5 

had can achieve comparable antibacterial performance when tested alongside S53P4 against 

various bacterial strains, including MRSA, an antibiotic-resistant staphylococcus [184]. 

These studies specifically highlighted the significant influence of particle size on BG 

antibacterial properties. In particular, 45S5 shows increased bacterial inhibition activity after 

24 hours when used as fine particles, due to the higher surface to volume ratio and the 

resulting faster dissolution, especially against biofilm; on the contrary a coarser 

granulometry is associated with less effective antibacterial action [184]. Even if the impact 

of particle size appears less pronounced for S53P4, it remains a relevant parameter for this 

composition as well [184]. These differences in antibacterial effectiveness associated with 

granulometry likely contribute to the discrepancies reported in the literature regarding the 

relative antibacterial performance of 45S5 and S53P4 [52,184] 

Further evidence of the antimicrobial properties of S53P4 has been reported in comparative 

studies. The effectiveness of powdered (particle size < 45 µm) S53P4 against a range of 

bacterial species was tested, together with five more powdered silicate and borosilicate melt-

derived BGs, namely 13-93, H2-02, 18-04, 23-04 and 3-04 [17]. The compositions of these 
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bioactive glasses, together with those of the most relevant BGs cited further in this review, 

are reported in Table 3. Results showed that S53P4 performed better than all the other BG 

samples, both on average and in single experiments against bacteria lines, yielding the lowest 

bacterial growth rates. This enhanced activity was correlated with the rapid pH increase in 

the medium, favored by the fine granulometry of the BGs. Moreover, the strongest 

antibacterial effect for all BG samples occurred during the first 24 hours of immersion, 

coinciding with the greatest pH rise. In contrast, 23-04, H2-02, and 13-93 displayed the 

weakest antibacterial activity due to their limited ability to inhibit bacterial growth [17]. 

These findings confirmed earlier results by Zhang et al., who reported optimal bactericidal 

effects for S53P4 while only moderate effects were reported for 13-93 and 18-04 [16]. The 

researchers emphasized that BG antibacterial activity is largely pH-dependent and noted that 

under anaerobic conditions, the reduced pH increase may limit antibacterial efficacy [181]. 

The researchers emphasized that BG antibacterial activity is largely pH-dependent and noted 

that under anaerobic conditions, the reduced pH increase may limit antibacterial efficacy 

[198]. In recent years, S53P4 has gained attention as a potential candidate for bone tissue 

regeneration, demonstrating effectiveness against bone bacterial biofilms in vitro [181], 

[199]. 

Other melt-derived BG compositions have shown promising bactericidal properties. For 

instance, F18, a recently developed melt-quench derived silicate BG containing potassium 

and magnesium [200], was evaluated both in vitro and in vivo, showing encouraging results 

in fibroblast differentiation and apatite deposition [201]. Passos et al. tested F18 against S. 

aureus, both through direct contact with the powder after 6 hours and via eluates at different 

BG concentrations, against S. aureus biofilm [200].  

Table 3: Compositions (mol.%) of the most relevant BGs mentioned in this review. When the exact molar percentage was 

not reported, “>0” indicates the presence of the corresponding oxide in the formulation. 

composition Ref. SiO2 Na2O CaO P2O5 B2O3 K2O MgO Al2O3 SrO 

45S5 [10] 46.1 24.4 26.9 2.6      

S53P4 [17] 53.8 22.7 21.8 1.7      

3-04 [17] 51.3 4.9 24.5 0.5  9.7 9.1   

13-93 [17] 54.6 6.0 22.1 1.7  7.9 7.7   

13-93B3 [202]  8.8 20.5 1.6 43.7 12.5 12.8   

H2-02 [17] 53.7 5.9 23.9 1.2 1.1 7.1 6.8 0.3  

18-04 [17] 54.2 14.5 21.2 1.7 1.7  6.7   

23-04 [17] 57.1 4.9 21.7 0.4 1.8 7.3 6.8   

58S [203] 60  36 4      

F18 [200] >0 >0 >0 >0  >0 >0   

HX-BGC [204] >0 >0 >0 >0     >0 

 

3.2 3. Antibacterial mechanisms in integrated bioactive glasses 

As previously discussed, BGs such as 45S5 and S53P4, are able to exert antibacterial activity 

in the surrounding environment through various mechanisms that arise from their interaction 

with it. Firstly, a mechanical antimicrobial effect may arise from direct contact between BG 
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particles and bacterial cells, potentially leading to membrane disruption and loss of integrity, 

killing the microorganisms. Secondly, the pH increase derived from rapid ion exchange, 

plays a major role, especially during the early contact phase. This effect is strongly 

dependent on dissolution kinetics and is typically most pronounced within the first 24 h. 

However, based on their composition, BGs can also present a third antibacterial effect, more 

specifically related to their composition. Some BGs containing therapeutic ions (e.g., Ag+, 

Cu+/2+, Zn2+) can induce ion-mediated antibacterial effects, regulated by the release of 

antibacterial ions from the BG into the environment. Notably, these processes do not act 

independently but are rather interconnected through the kinetics of glass dissolution. 

Therapeutic ions incorporated within bioactive glasses are released into physiological fluids 

upon dissolution. These can exert specific effects on the bacterial population, which will be 

discussed in depth in the next sections. Briefly, these metallic and alkali ions can interfere 

with bacterial metabolism, membrane exchange, and intracellular processes inhibiting 

growth and proliferation while causing bacterial death. This links the antibacterial properties 

of BGs not only to their intrinsic biological effects but also to their release kinetics and 

composition, influencing the overall biological effect of the material. In the following 

sections, the antibacterial roles of specific ions incorporated in the glass compositions are 

discussed in detail to highlight their crucial role in the expression of antimicrobial properties 

in BGs. 

3.2.1 Silver 

Firstly, one of the most investigated metals for engineering BGs with antibacterial properties 

is silver (Ag). Although there is no unanimous consensus on the mechanisms by which Ag 

ions exert antibacterial activity, different theories have surfaced, such as inhibition of 

cellular respiration and nutrient absorption [186], [205]. These mechanisms are probably 

related to complex reactions between silver ions and macromolecules or proteins [206], as 

well as with the bacterial genetic material [207]. Furthermore, Ag nanoparticles added to 

biomaterials also result in the expression of antibacterial properties, likely related to cell 

membrane disruption and DNA damage [55]. Further research has demonstrated the ability 

of Ag nanoparticles embedded in mesoporous BG to reduce the CFU counts of both S. aureus 

and P. aeruginosa [208]. Nonetheless, research has also suggested that other metallic ions, 

primarily Copper (Cu) [186], as well as organic compounds containing thiol groups [209], 

could compete with Ag in antibacterial action, reducing its efficacy. However, a borate BG 

composition with Ag as a co-doped with cerium (Ce) showed excellent antibacterial efficacy 

against E. coli and S. aureus [210].  

Sol–gel-derived BGs doped with variable concentrations of Ag (from 0.5 mol.% up to 3 

mol.%) have been shown to express interesting bactericidal effects. Bellantone et al. 

produced Ag-doped sol–gel derived silicate BGs [182], and Ahmed et al. produced 

phosphate-based, Ag-doped, melt-derived BGs [211], and both demonstrated a strong 

correlation between Ag content in the BG and the antibacterial efficacy of the BG. 

Furthermore, they showed that Ag exhibits greater antibacterial activity against P. 

aeruginosa than against S. aureus, which in turn is more susceptible than E. coli. However, 

Ag-doped BGs exhibit greater antibacterial effects than undoped compositions; this was also 
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verified by testing sol–gel derived Ag-doped composition and 45S5 against S. epidermidis 

[212], E. coli, S. aureus and P. aeruginosa [182].  

Another sol–gel derived BG composition containing 5 mol.% of Ag was tested against E. 

coli, where Ag adsorption by the bacteria was observed, indicating a direct interaction 

between the microbial cells and the glass dissolution products. This interaction was further 

supported by the inhibition of E. coli colony formation [213]. Similar encouraging results 

were found by substituting 2 to 4 mol.% of Ag in a 58S-based sol–gel composition [203].  

Recent studies by Shendage et al., in which 1 mol.% to 5 mol.% of Ag was added as a dopant 

to a silicate sol–gel BG, not only confirmed the antibacterial activity against S. aureus and 

E. coli, but also suggested low cytotoxicity and angiogenic properties [214]. Still, the 

literature also suggests that Ag nanoparticles may express the opposite effect, potentially 

inhibiting vascularization [215]. The efficacy of Ag ion doping in sol–gel compositions was 

confirmed by Akhtach et al., who demonstrated that even low silver contents are sufficient 

to induce antibacterial activity against E. coli and S. aureus [216].  

These findings support the potential of Ag-doped BGs as effective antibacterial materials for 

infection control. 

3.2.2 Copper 

Copper has also been shown to have a high potential for antibacterial activity. The 

antibacterial properties of Cu are well known in the literature and are retained even when Cu 

is present in alloys [217]. For this reason, metallic copper is currently widely used in 

applications with a high risk of contamination to prevent the spread of microorganisms 

[217], [218], both aerobic and anaerobic [218], [219]. In particular, researchers have shown 

that the ion Cu+ ion is more effective than Cu2+ in suppressing the activity of anaerobic 

bacteria [219]. The identified antibacterial mechanisms of copper ions include cell 

membrane disruption, oxidative damage, biochemical alteration and DNA damage [185], 

[220].  

Numerous studies have demonstrated that the addition of up to 5 mol.% of copper in both 

sol–gel and melt-quench BG compositions has resulted in more pronounced antibacterial 

effects when compared to undoped compositions, both against aerobic and anaerobic 

bacterial strains (E. coli and S. aureus) [221], [222], [223], [224], [225], and against S. 

epidermidis [226]. Moreover, Cu has also been used as a dopant in borate- and phosphate-

based BGs [227], [228]. Notably, results have shown that Cu-doped sol–gel BGs can exhibit 

stronger antibacterial properties than their Ag- and Fe-doped counterparts, probably due to 

the higher ion release of the former, which is correlated with lower network connectivity 

[223].  

However, the antibacterial effects of Cu-doped BGs are strongly affected by dopant content 

in the composition, ion release kinetics, BG concentration in the eluate, the methodology 

used to assess the antibacterial properties, and the type of bacteria [221], [223], [229], [230], 

[231]. Specifically, Gram-positive bacteria (such as S. aureus) are less susceptible to copper-

doped BGs than E. coli [223], [230]. Lastly, recent studies on Cu-doped 45S5 have shown a 

marked decrease in inhibition zone diameter for E. coli, S. aureus and S. mutans when Cu 



 

39 

 

concentration exceeded 0.5 mol.% [232]. Conversely, other studies have shown that low-

Cu-doped sol–gel-derived BGs can exhibit strong bactericidal activity, mostly dependent on 

the BG concentration in the medium [233].  

These findings highlight the need for more refined compositional optimization, as the 

antibacterial response of Cu in BGs does not necessarily scale linearly with ion content. 

3.2.3 Zinc 

Zinc (Zn) ions are essential for the metabolic activity of both prokaryotic and eukaryotic 

cells [234], [235]. Alongside its biological properties, the antibacterial properties of Zn have 

been documented for decades, also in combination with other agents [236]. These properties 

have also been more recently investigated by Phan et al. [237]. Notably, the authors 

associated the antibacterial effects of zinc with the inhibition of glycolytic enzymes and 

alkali production. However, its effectiveness was improved when combined with other 

antibacterial agents, as its activity was found to be lower than that of other ions, such as Cu2+ 

[237]. Anyways, excess of Zn ions in the environment can lead to a metal ion homeostasis 

imbalance, ultimately resulting in bacterial death [234], possibly via the inhibition of cellular 

respiration [238].  

Sanchez-Salcedo et al. demonstrated that the amount of zinc in sol–gel-derived silicate BG 

was correlated with the antibacterial efficacy of the BG against S. aureus, both as a growth 

inhibitor and as a bactericide [239]. Moreover, Zn was shown to be an effective antimicrobial 

agent in a melt-derived BG composition when tested against S. epidermidis, E. coli, and P. 

aeruginosa [171].  

In recent research, Zn is often introduced into BG compositions as a co-dopant ion. Fakher 

et al. demonstrated that Cu-Zn co-doped BGs exhibit optimal antibacterial properties against 

biofilms and planktonic forms of S. epidermidis, E. coli, and P. aeruginosa [240]. Similar 

results were found by modifying 58S, a sol–gel-derived BG, through the addition of Zn and 

Cu [241], by, and by introducing  the same ions into 13-93B3, a melt-derived borate-based 

BG [202], and by adding Zn and Ag to a sol–gel based composition tested against E. coli 

[242]. 

However, co-doping with other elements, such as magnesium, has also resulted in enhanced 

antibacterial potential of mesoporous BG against both E. coli and S. aureus [243]. The 

authors attributed this effect primarily to the presence of Zn ions, whose higher 

concentrations were associated with increased antibacterial efficacy. Furthermore, the 

antibacterial effects of magnesium oxide and ions are still under debate in the literature, as 

contrasting results report both their ability and the lack of ability of Mg-based species to 

inhibit bacterial proliferation [244]. Lastly, it has also been reported that the inclusion of 

magnesium in borosilicate sol–gel-derived BGs resulted in high inhibition efficacy of S. 

aureus proliferation in vitro, with increasing MgO content in the composition [245]. 

3.2.4 Cerium 

Rare earth elements such as cerium (Ce) have long been known to interact with living 

organisms, such as E. coli. It has been demonstrated that bacteria can absorb Ce ions, 
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resulting in the inhibition of oxygen uptake and cell membrane disruption at sufficient high 

concentrations [246]. While some studies report the efficacy of Ce as an antimicrobial agent 

when added as a dopant in BGs, while also retaining high bioactivity and apatite-forming 

ability, other studies report variable efficacy against different bacterial strains [247].  

Youness et al. showed that the addition of at least 0.7 wt.% of Ce in a melt-derived 

phosphate-based BG is required in order to exhibit significant antibacterial effects against S. 

aureus and E. coli, with no bactericidal effects observed against B. cereus, B. subtilis, and 

C. albicans [248]. The toxicity of Ce against E. coli has been reported in several studies in 

the literature [242], [249], [250]; however, the relatively high concentrations needed may 

result in potential toxic effects on healthy tissue cells.  

Similar results were reported by Morais et al. following the incorporation of Ce into a 

phosphate-based BG, which exhibited marked antimicrobial activity against S. epidermidis 

and S. aureus, but showed no significant efficacy against the Gram-negative bacterium P. 

aeruginosa [251]. However, some studies have successfully utilized co-doping of Ce and 

Ag to improve the antimicrobial properties of sol–gel BGs not only against E. coli but also 

against S. aureus and P. aeruginosa [252], [253]. 

3.2.5 Strontium 

Strontium (Sr) is an ion often employed as a doping ion in BG compositions, thanks to its 

biological activity and its effects on the thermal stability of the BGs. This properties will be 

analyzed in depth in chapter “4 Novel Mg- and Sr-doped BG compositions” Dabsie et al. 

[254] showed that Sr ions do not exhibit strong antibacterial effects against eleven aerobic 

and anaerobic bacterial strains in direct culture antibacterial testing up to concentrations of 

1.1 mol/L [254]. This result may also be related to the Sr ion concentration, as Subburam et 

al. [255] found a strong correlation between SrO nanoparticle concentration and the 

bactericidal activity of the suspension, with 25 µg/mL being the minimum concentration to 

express antibacterial properties [255].  

A high content of Sr in BG compositions has been shown to induce growth inhibition in P. 

gingivalis and A. actinomycetemcomitans [256], and reducing the particle size of Sr-doped 

BG can improve its antimicrobial efficacy against S. aureus [257]. Nevertheless, the 

literature suggests that, in combination with other ions, Sr may produce positive results in 

antibacterial testing. Baheiraei et al. [39] tested Sr-containing sol–gel-derived silicate BGs 

and found strong antibacterial effects of the BGs in gel-cultured E. coli and S. aureus. This 

result was attributed both to the pH-altering effects of BGs and to the capacity of Sr ions to 

enhance the bactericidal effects of BG [39].  

Similarly, 58S BG, doped with 5 and 10 mol.% Sr ions proved its bactericidal efficacy 

against MRSA [38]. The co-doping of BGs with Sr ions together with Zn, Cu, or Ag has also 

proved to be an efficient strategy to obtain a bioactive glass with positive biological 

properties that is also able to express bactericidal effects [224], [258], [259], even though Sr 

exhibits milder antibacterial action compared to Zn in similar ion-doped melt-derived BGs 

[260]. 



 

41 

 

3.2.6 Iron 

Iron (Fe) is not a commonly employed metal for bioactive glass doping. Gram-positive and 

Gram-negative bacteria are capable of adsorbing Fe3+ ions and reducing them to Fe2+. The 

latter participates in redox reactions, leading to the generation of highly reactive hydroxyl 

radicals, inducing oxidative stress within bacterial cells, lipid peroxidation, protein 

oxidation, and DNA strand damage – phenomena that can lead to bacterial death [261].   

The non-specific oxidative damage mechanism of the reactive species targets multiple 

cellular components simultaneously, reducing the likelihood of resistance development 

[262]. The presence of Fe ions in the BG compositions does not affect their cytocompatibility 

at concentrations below 50 µg/mL [223], [263]. A comprehensive outlook on the 

antibacterial properties of iron ions in BG compositions cannot yet be provided, as further 

research is required. Nonetheless, their strong bactericidal effects, comparable to those of 

Cu and Ag, has been observed against E. Coli, S. aureus, and S. mutans, as reported in the 

literature [223], [264]. 

3.2.7 Gallium 

Gallium (Ga) ions have also been utilized as a dopant in BG compositions to exploit their 

multiple beneficial biological properties, such as antibacterial efficacy (possibly via 

disruption of metabolic activity and DNA damage) and the ability to enhance calcium 

absorption during bone formation [265], [266]. Various studies have explored the production 

of BGs doped with varying percentages of Ga in sol–gel compositions, ranging from 1 

mol.% to 5 mol.%. Results indicate that increasing Ga concentrations are associated with 

enhanced antibacterial activity [54], [267], [268]. A focused study demonstrated the ability 

of Ga to inhibit the growth of the Gram-negative bacterium P. aeruginosa [269].  

Nonetheless, despite these promising outcomes, the behavior of Ga ions – characterized by 

strong oxygen affinity and its relatively low mobility within BG matrices [270] – tends to 

slow their release from the glass [54], [266], [271]. The slow ion delivery may limit the 

attainment of bactericidal concentrations in the surrounding medium, thereby restricting the 

practical antibacterial efficacy of Ga-doped BGs [54], [271]. 

3.2.8 Boron 

Among other elements, Boron (B) acts as a network former, analogous to Si or P ions, 

contributing to the amorphous network of BGs. B ions have also demonstrated potential 

antibacterial activity against bacteria present on human skin, which may cause wound 

infections [272]. The enhancing effect of B ions on the antibacterial properties of BG 

compositions has been explored in the literature [273], [274], [275]. Several strategies for 

boron incorporation into BGs have been reported, including the addition of hexagonal boron 

nitride to silicate melt-derived BGs, which has shown antibacterial activity against multiple 

bacterial strains [276].  

Nonetheless, the mechanisms of action and the extent of antibacterial efficacy remain 

unclear, as few studies have systematically explored these properties in relation to B ion 
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content in the composition. This uncertainty may be related to the higher cytotoxicity 

observed for borate BGs in biocompatibility assays [277]. 

3.2.9 Co-doping strategies 

As previously discussed, co-doping strategies are considered valuable tools for tailoring the 

functional behavior of BGs. Beyond antibacterial activity, the simultaneous incorporation of 

multiple ions can significantly influence glass dissolution, structural properties, and overall 

biological performance of bioactive glass. Consequently, increasing attention has been 

directed in the literature toward the development of multi-ion BG systems designed to 

combine complementary therapeutic effects [34]. Specifically, in the context of antibacterial 

applications, several studies have explored co-doping approaches to exploit potential 

synergistic interactions between ions. For example, the combined incorporation of Ag and 

Ce demonstrated their potential to enhance the antimicrobial activity of BGs against E. coli 

and S. aureus, suggesting that the interaction between the two ions may amplify bactericidal 

effects [210]. Similarly, other co-doped systems, including Cu-Sr [224], Ag-Zn-Sr [242], 

Zn-Mg [243], or Cu-Zn [240] doped BGs have been investigated to simultaneously improve 

antibacterial performance and additional biological properties such as osteogenic potential 

or angiogenic response. However, the optimization of multi-ion BG systems remains 

challenging, as the effects of co-doping are not necessarily additive and may lead to either 

synergistic or antagonistic behaviors. 

3.2.10 Bacterial resistance to metallic ions 

Despite being less subject to resistance development than conventional antibiotics, BGs 

containing antibacterial ions are not entirely exempt from bacterial adaptation mechanisms, 

especially over longer time frames [278]. Bacterial strains resistant to Ag, such as E. coli, P. 

aeruginosa and K. pneumoniae have been reported, mainly through plasmid-encoded efflux 

and transport mechanisms, although these occurrences are relatively rare and not yet fully 

elucidated [278], [279]. Cu resistance has been reported in literature. P. aeruginosa strains 

can develop periplasmic resistance to Cu2+ ions [278]. Cu resistance is relatively common 

and often intrinsic, primarily occurring via detoxification systems, frequently involving 

efflux, redox regulation, and sequestration mechanisms [278], [279].  

Zn resistance is achieved through multiple strategies, including limiting its uptake, actively 

exporting excess ions, and, in some cases, converting it into less toxic forms [280]. 

Moreover, some bacterial strains can adapt to highly alkaline environments, which may 

attenuate pH-mediated antibacterial strategies of certain BGs [281]; this has also been 

highlighted when testing 45S5 and S53P4 against S. gordoni and V. parvula: where a strong 

antibacterial effect at 24 h was followed by partial bacterial recovery at 48 h, suggesting the 

development of adaptive tolerance mechanisms to high pH environments [184]. While these 

limitations should be considered, they do not negate the high potential of antibacterial BGs 

in combating bacterial infections. 

Table 4: Summary of the antibacterial mechanisms associated with different ions incorporated into bioactive glass 

compositions, along with the bacterial strains against which they have been evaluated. 
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Dopant 
Mechanisms 

of action 
Efficacy Tested against Reference(s) 

Ag 

- Respiratory 

inhibition 

- nutrient 

adsorption 

- gene or protein 

modification 

> 0.5 mol.% 

highly effective 

against most 

bacteria 

E. coli [182], [203], [210], 

[211], [213], [216], 

[222] 

S. aureus [182], [208], [211], 

[216], [222] 

 

P. aeruginosa [208] 

S. epidermidis [208], [212] 

Cu 

- cell membrane 

disruption 

- oxidative 

damage 

- biochemical 

alteration 

- DNA damage 

0.5 < x < 5 

mol.% highly 

effective against 

most bacteria 

E. coli  

[216], [221], [222], 

[223], [224], [225], 

[230], [232] 

 

S. aureus 

S. mutans 
[232] 

S. epidermidis [226] 

Zn 

- inhibition of 

enzymes and 

alkali production 

-metallic 

imbalance 

- Respiratory 

inhibition 

- improves 

antibacterial 

effect of other 

species 

Effective at > 2 

mol.% 

highly effective 

at > 4 mol.% 

E. coli [171], [227], [240], 

[241], [242], [243] 

S. aureus 
[239], [243] 

P. aeruginosa 

[171], [240] 
S. epidermidis 

Ce 

- inhibition of 

oxygen adsorption 

- cell membrane 

disruption 

Effective at      > 

0.7 mol.% 

Risk of 

cytotoxic 

effects. Low 

efficacy vs. 

Gram (–) 

E. coli [246], [247], [248], 

[249], [250], [282] 

S. aureus 
[248], [251] 

S. epidermidis [251] 

P. aeruginosa [247], [251] 

B. cereus 

[247], [248] B. subtilis 

C. albicans 

Sr 

Uncertain, 

probably 

correlated with 

pH increase or 

oxidative stress 

Bactericidal at > 

5 mol.% while 

also improving 

osteoblast 

activity 

E. coli [39], [224] 

S. aureus [257] 

P. gingivalis 

[256] A. actinomy-

cetemcomitans 

MRSA [38] 

S. mutans [259] 
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Fe 

- Generation of 

highly reactive 

radicals 

- Inducing 

oxidative stress  

- Lipid and 

protein oxidation 

- DNA damage 

 

Most effective 

in the 2-4 mol.% 

range, although 

still debated 

E. coli 

[223], [263], [264] 

S. aureus 

S. mutans 

Ga 

Uncertain, 

probably 

correlated with 

iron metabolism 

disruption and 

DNA damaging 

Concentrations 

above 1 mol.% 

show increasing 

antibacterial 

activity 

E. coli 
[54], [267], [268] 

S. aureus 

P. aeruginosa 
[269] 

B 

Uncertain, 

possibly 

correlated with 

pH alteration 

Used as network 

former (> 40% 

mol.%) can be 

antibacterial but 

also cytotoxic 

E. coli [273], [274], [276] 

P. aeruginosa [275], [276] 

S. aureus [274], [275] 

B. subtilis 
[276] 

S. pyrogens 

 

3.3 From antibacterial mechanisms to biomedical applications 

The well-documented antibacterial properties of BGs have enabled their transition from 

basic material testing to the development of clinically relevant biomedical applications, 

including medical devices [283], scaffolds for BTE [260], fillers for polymers, dental 

prostheses for caries care and prevention [284], and vehicles for antibiotic delivery [285]. In 

this section we will explore the more practical aspects of employing BGs for antibacterial 

purposes, creating a bridge between research findings and real-world applications. 

 

3.3.1 Bioactive glasses versus antibiotics: building resistance 

Evidence in the literature suggests that employing BGs for their antibacterial properties can 

offer advantages over conventional antibiotics. For example, as already mentioned, S53P4 

has demonstrated antimicrobial activity against several antibiotic-resistant bacterial strains. 

Cunha et al. [286] showed that S53P4-loaded poly(methyl methacrylate) (PMMA) was able 

to neutralize several multidrug-resistant strains, with antibacterial kinetics comparable to 

those of antibiotic-loaded cements [286]. Similarly, Gergely et al. [287] reported that S53P4 

exerted antibacterial efficacy similar to gentamicin-coated PMMA against E. coli, S. aureus, 

P. aeruginosa, and K. pneumoniae after 24 hours in a liquid suspension [287].  

These capabilities extend to other BG compositions. Three sol–gel derived and multi-ion 

doped BGs were able to inhibit bacterial proliferation of C. albicans and E. fecalis, common 

cause of intracanal implants failure [288]. Additionally, hydrogels loaded with 10 mg/mL of 

45S5 exhibited stronger antibacterial effects compared to 5 mg/mL double-antibiotic paste, 

commonly used in oral medicine [289].  
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These results suggest that BG-based antibacterial strategies may represent valuable aids or 

alternatives in scenarios where conventional antibiotics show reduced efficacy. 

3.3.2 Antibiotic-loaded bioactive glass 

The combined use of drug-loaded BGs has been explored in the literature. Antibiotics and 

other therapeutic agents can infiltrate into the porosities of BGs, enabling a localized, slow, 

and controlled release directly in situ [290]. For these reasons, sol–gel derived BGs and 

ceramics have been tested as drug carriers, showing encouraging results [291], [292]. In 

particular, mesoporous BGs exhibit exceptional drug-loading capability, while also allowing 

for prolonged release in in vitro tests [292].  

Moreover, the use of melt-derived BG can be employed to regulate the porosity of drug-

loaded polymeric scaffolds, increasing the tunability of the release profile of these devices 

[293]. Major efforts are being made to find effective strategies to manage osteomyelitis, and 

the use of antibiotic-loaded BG-containing scaffolds represents a viable option to inhibit 

bacterial development [294], [295].  

Recent studies further confirmed the potential of sol–gel-derived BGs loaded with 

antibiotics, such as gentamicin and vancomycin, as well as other agents like ferulic acid, 

which have demonstrated strong bactericidal effects against S. aureus and E. coli [296], 

[297]. These findings support the further development and clinical translation of drug-loaded 

BG systems for the treatment of chronic and infection-related bone diseases. 

3.3.3 Bone-related applications  

Several medical fields consider antibacterial BGs to be promising materials for biomedical 

applications. Among them, BGs could be utilized for bone defect repair and treatment, 

exploiting their antibacterial properties to reduce the risk of infection, which could otherwise 

lead to graft failure and major complications for the patient. To address this, current research 

focuses on the production and optimization of antibacterial BG-based scaffolds for bone 

tissue engineering. Researchers have produced sol–gel-derived BG scaffolds doped with 

silver nanoparticles for BTE, showing strong antibacterial properties, with efficacy 

dependent on silver ion or nanoparticle content [298], [299].  

Nevertheless, studies aimed at exploiting the antibacterial properties of BGs are still 

ongoing. Several research efforts are currently developing BG scaffolds suitable for BTE 

that provide antibacterial efficacy against common bacteria such as E. coli [260], also 

leveraging the antibacterial properties of Cu [300], [301], [302], [303]. Recently, an Ag-

doped sol–gel-derived BG was tested for in vivo bone regeneration, resulting in optimal bone 

formation, cell proliferation, and osteoblast differentiation, and demonstrating strong 

antibacterial efficacy against the antibiotic-resistant staphylococcus MRSA [303]. Despite 

their great potential in bone tissue engineering application of BGs, several well-known 

limitations are associated with their use, such as poor mechanical integrity and brittleness 

[106], composition- and phase-dependent dissolution kinetics [28], or challenges related to 

crystallization and thermal processing during scaffold fabrication, already discussed in 

chapter “2 Thermal properties of BGs and ion substitution”. Furthermore, the incorporation 

of metallic ions, while beneficial for antibacterial activity, may also induce cytotoxic effects 
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at high concentrations [210]. Careful tuning of the BG composition can lead to the 

development of materials capable of exerting antimicrobial effects while preserving key 

biological and physicochemical properties, such as osteoblast proliferation and dissolution 

behavior. 

Pastes and gels loaded with BGs are another effective delivery strategy for antibacterial BGs, 

particularly relevant in oral and dental applications. Early studies from the 1990s 

demonstrated that S53P4-loaded pastes effectively reduced CFU counts of several bacteria, 

including the cariogenic species A. naeslundii and S. mutans [304]. Later, Koller et al. 

showed that Bioglass®-loaded PMMA based bone cement exerts antimicrobial activity on 

E. fecalis (a common bacterium resistant to different antimicrobial agents), comparable to 

gentamicin-loaded formulations [305]. Similar inhibitory effects against E. fecalis were 

reported for a BG-containing paste with sol–gel-derived BG F18 [306], and a mel-derived 

silicate BG containing boron [307], highlighting the potential of BG-containing pastes as 

antibiotic-free antibacterial systems for safer oral implantation. 

Moreover, BGs are also being designed for specific bone-related applications, such as HX-

BGC, a recently developed melt-quench-derived patented BG for toothpaste [204]. This 

composition, compared to 45S5, exhibited stronger antibacterial effects against cariogenic 

bacteria, even at low concentrations [308]. 

Lastly, S53P4 has been recently used for the treatment of human Charcot foot [309], and 

chronic bone infections [18], [310]. The authors highlighted the antibacterial properties of 

S53P4 as a key advantage for BTE, and the clinical trial resulted in complete rehabilitation 

of the infected foot, paving the way for further clinical trials and optimization of this material 

[309].  

3.3.4 Implant coatings 

BGs possessing antibacterial properties have also been investigated as materials for implant 

coatings. Ye et al. studied the use of Cu-doped sol–gel-derived BG loaded with ofloxacin 

for implant coatings. The combined effect of the drug and the Cu2+ ions provided an effective 

inhibition of bacterial growth against E. coli and S. aureus [311]. The effectiveness of Cu 

doped BGs as implant coatings has been demonstrated on magnesium supports [312] and 

stainless-steel supports [313], proving antibacterial and antibiofilm activity against E. coli, 

S. carnosus, S. aureus, and S. epidermidis [312], [313]. The BG F18 was shown to reduce 

biofilm formation of C. albicans, S. epidermidis, and P. aeruginosa on titanium implants 

[314].  

In a later study on sol–gel 58S-based BGs for dental titanium implants doped with cobalt, 

silver, and titanium, Ag-doped compositions showed clearly superior antibacterial efficacy 

[315]. However, an earlier study reported that titanium can reduce the antibacterial efficacy 

of melt-derived silicate and borate BGs used for metal coatings [316]. This evidence 

highlights multiple possibilities for employing BGs as coatings for metallic implants, also 

supported by the variability of procedures available to fabricate the coated implants, such as 

thermal spraying, sol–gel dip or spin coating, and more advanced hybrid techniques [25]. 
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While BGs engineered for implant coatings must satisfy application-specific requirements 

regarding parameters such as porosity, surface roughness, thickness or morphology [171], 

the incorporation of antibacterial ions should not negatively influence the structural and 

dissolution properties of the BGs. In this context, Ag-doped BGs represent a promising 

strategy, as they can inhibit bacterial proliferation and biofilm formation which can easily 

occur on smooth-surfaced BG implant coatings. 

3.3.5 Soft tissue and wound healing applications 

While these findings offer a promising outlook for antibacterial BG-based devices for BTE, 

their relevance clearly extends beyond hard tissues. Antibacterial BGs have also been 

employed in electrospun wound healing and BTE scaffolds, showing high antimicrobial 

performance and accelerated healing after in vivo tests [283], [317], [318]. The intrinsic 

properties of BGs, combined with their ability to release therapeutic ions, have attracted 

increasing interest in soft tissue applications as well. Among the different challenges for 

these applications the restoration of vascularization in damaged tissues remains particularly 

critical. This limitation may be addressed through the use of Cu-containing BGs, which have 

repeatedly demonstrated the ability to promote a neovascularization response in injured 

tissues [300]. 

Early investigations explored antibacterial BG formulations using ex vivo porcine skin 

models [319], and more recent work has focused on electrospun BG or BG/polymer 

composites capable of delivering antibacterial activity directly within the wound 

environment [283], [311], [320], [321]. Collectively, these studies highlight the growing 

potential of BGs as multifunctional materials for soft-tissue repair and infection control. 

3.3.6 Bioactive glasses versus biofilms 

Bioactive glasses have demonstrated pronounced antibiofilm activity against a range of 

clinically relevant bacterial species. This is particularly interesting, as biofilms can exhibit 

much higher resistance to convention medications [322]. S53P4 has been reported to inhibit 

biofilm formation by up to 80% compared to control, with this effect appearing independent 

of particle size (granules versus powders) [181]. Although some studies have suggested a 

greater particle size dependence on antibiofilm properties, attributing higher efficacy to BG 

particles smaller than 45 µm, the potential of S53P4 is consistently supported in the 

literature. Coraça-Huber et al. also attributed marked inhibitory properties to S53P4 powder 

against S. aureus biofilms [199]. Similarly, 45S5 has also been shown to exert effective 

antibiofilm activity against multispecies biofilms [184].  

Additional evidence further substantiates the antibiofilm capabilities of BGs. A Zn-loaded 

sol–gel derived BG composition was successfully employed to suppress biofilm formation 

of P. gingivalis, A. actinomycetemcomitans, and P. intermedia [323]. Moreover, the sol–gel 

derived F18 has been reported to inhibit biofilm development by S. aureus and MRSA 

biofilms [200].  

Taken together, these findings indicate that bioactive glasses can effectively interfere with 

biofilm formation across multiple bacterial species and compositions, supporting their 

potential as non-pharmacological antibiofilm materials. 
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 4 Novel Mg- and Sr-doped BG compositions 

(This section has been published in “D. Bellucci, A Mazzilli, A. Martelli, F. G. Mecca, S 

Bonacorsi, F. D. Lofaro, F. Boraldi, D. Quaglino, and V. Cannillo, “Enrichment of strontium 

and magnesium improves the physical, mechanical and biological properties of bioactive 

glasses undergoing thermal treatments: New cues for biomedical applications,” Ceram. Int., 

vol. 50, no. 24, pp. 52819–52837, Dec. 2024, doi: 10.1016/J.CERAMINT.2024.10.135.”) 

The author of this thesis contributed to drafting the original manuscript, sample preparation, 

data analysis, and was primarily responsible for the sintering behavior assessment, density 

analyses and bioactivity evaluation. 

As already discussed, BGs have excellent biological properties, nevertheless they exhibit 

certain limitations when exposed to high temperatures. This is because their tendency to 

crystallize leads to diminished bioactivity, reduced mechanical integrity, and altered 

dissolution kinetics. Specifically, 45S5 Bioglass® and S53P4 are of major importance as 

biomaterials, considering their remarkable propensity to elicit a positive response within the 

body, particularly in fostering bonding and/or interactions with host tissues [45]. However, 

their notable limitation is their poor thermal stability, which leads to sub-optimal results 

when being formed into amorphous bioactive glass scaffolds. This is mainly due to their 

resistance to being sintered without experiencing significant crystallization. This issue arises 

from their tendency to crystallize during sintering, mainly because of a limited processing 

window [45]. 

Some compositions have been developed and studied to exhibit a better perform under 

thermal stress. Among them Bio_MS (composition: 46.1 mol.% SiO2, 31.3 mol.% CaO, 5 

mol.% Na2O, 2.6 mol.% P2O5, 5 mol.% MgO, 10 mol.% SrO) has exhibited an exceptionally 

high crystallization temperature (TC) while also showcasing outstanding biological 

performance [31]. These distinct properties are attributed to the lower content of alkaline 

elements and the presence of magnesium (Mg) or strontium (Sr) in the BG composition, 

known for their positive biological effects and their ability to modify thermal and mechanical 

properties [167], [168], [324], [325]. Specifically, Mg is considered to be functioning as an 

intermediate oxide [326], [327]. Evidence in the literature suggests that Mg doping decreases 

the glass transition temperature (TG) of BGs [42], [168] due to the lower strength of Si-O-

Mg bond compared to Si-O-Si bond. Moreover, Mg doping can influence mechanical 

properties [328], [329], [330]. This effects is probably related to its higher ionic field strength 

[328]. Additionally, Mg-doped BG presents optimal biocompatibility, osteogenic and cell 

differentiation effects [331], [332], despite a possible reduction in hydroxyapatite 

precipitation in vitro on the material, compared to the case of undoped BG [333]. On the 

other hand, Sr is recognized for improving apatite formation [334], while still demonstrating 

optimal biological and cyto-differentiation properties [335]. The effects of Sr on mechanical 

and thermal properties remain, however, a subject of debate [97], [336], [337]. 

As previously stated, numerous studies have explored the individual role of Mg and Sr in 

BG behaviors, although their potential as co-dopants still needs to be explored. For this 

reason, we investigated their contributions to the thermal, mechanical, and biological 
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properties adding Mg and Sr as dopants in 45S5- and S53P4-based compositions (namely, 

45S5_MS and S53P4_MS). This section reports the results of tests conducted on five melt-

derived BGs, as produced and thermally treated. Their ideal sintering temperature was also 

estimated. The BGs were subjected to differential thermal analysis, heating microscopy, X-

ray diffractometry, environmental scanning electron microscopy, measurement of the 

Young's modulus, simulated body fluid testing, cytotoxicity tests, cell viability, growth, 

adhesion and morphology. The results demonstrated improved thermal, mechanical and 

biological behaviors of the magnesium-strontium-doped BGs, thus paving the way for the 

development of BGs with enhanced biomedical perspectives. 

4.1 Testing procedures 

4.1.1 Preparation of the bioactive glass 

This study aims to comprehensively investigate and characterize the effects of thermal 

treatment on the physical, chemical, and biological properties of BGs. The production of the 

glasses in this study utilized a well-established melt-quenching method, which has 

previously been employed for the production of other BGs [338]. High-quality raw materials 

in powder form (Carlo Erba Reagenti, Rodano-Milano, Italy) were accurately weighed and 

mixed for 2 hours in a laboratory rotary mixer. The mixture was melted in a platinum 

crucible following this thermal treatment: heated from room temperature to 1100 °C at 10 

°C/min; decarbonated at 1100 °C for 1.5 hours; then heated from 1100 °C to 1450 °C at 10 

°C/min and held for 1 hour at 1450 °C to obtain a homogeneous melt. The molten glass was 

subsequently quenched in water to achieve rapid cooling, resulting in the formation of a frit. 

The frit was then dried at 110 °C for 12 hours. 

A portion of each frit was then ground in a porcelain jar and sieved to obtain powders with 

a particle size below 63 μm. Another portion was ground and sieved to produce granules 

with a grain size ranging between 250 and 500 μm. This specific grain size was chosen to 

optimize the in vitro biological response, based on insights from prior studies [45], [339]. 

The compositions of the BGs employed for the present study, expressed in mol.%, are 

detailed in Table 5. Please note that the MgO and SrO contents in 45S5_MS and S53P4_MS 

were chosen to be comparable to that of Bio_MS. 

Table 5: Compositions (in mol.%) of the five BGs studied. 

Sample SiO2 P2O5 Na2O CaO MgO SrO 

45S5 46.1 2.6 24.4 26.9 - - 

S53P4 53.8 1.7 22.7 21.8 - - 

Bio_MS 46.1 2,6 5.0 31.3 5.0 10.0 

45S5_MS 46.1 2.6 9.4 26.9 5.0 10.0 

S53P4_MS 53.8 1.7 7.7 21.8 5.0 10.0 

 

4.1.2 Thermal analysis 

The thermal behavior of the produced BGs, in both powder and granule form, was 

investigated via Differential Thermal Analysis (DTA) using a Differential Thermal Analyzer 
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(STA 429 CD, Netzsch-Gerätebau GmbH, Selb, Germany). In this analysis, 30 mg of glass 

was placed in a platinum crucible and heated from room temperature to 1200 °C at a rate of 

20 °C/min. The DTA curve obtained allowed for the determination of characteristic 

temperatures of the BGs, which are the glass transition temperature (TG), onset 

crystallization temperature (TC_ONSET), and peak crystallization temperature (TC). 

Additionally, a heating microscope (HM) was employed to examine the behavior of the glass 

powders over a broader temperature range, from room temperature to 1600 °C, with a 

heating rate of 10 °C/min. This was conducted using a Misura 3.32 equipment (Expert 

System Solutions, Modena, Italy). The purpose of this analysis was to identify the sintering 

temperature (TS) and the melting temperature (TM) of the BGs. 

4.1.3 Sintering behavior 

To explore the impact of temperature on sintering, the glass powders were used to create 

disks that underwent heat treatment for three hours at five arbitrarily chosen temperatures: 

650 °C, 750 °C, 850 °C, 950 °C, and 1050 °C. The evaluation of sintering quality was based 

on the observed degree of shrinkage. The process to create the green bodies involved 

subjecting the glass powders to uniaxial pressing at a pressure of 7 bar for 10 seconds. 

Subsequently, five green bodies of each BG were placed in a muffle furnace (AWF 13/12, 

Lenton - Laboratory Scientific Equipment, Randburg, South Africa) and subjected to heat 

treatment at the specified temperatures, employing a heating rate of 10 °C/min. Following 

the thermal treatment, the samples were air-cooled to reach room temperature. To assess the 

changes in size resulting from shrinkage, the diameters of the samples were measured using 

a digital caliper (LTF 327.09, LTF S.p.A., Antegnate, Italy). The temperature associated 

with the maximum observed shrinkage was considered the best sintering temperature (TBS). 

4.1.4 Phases analysis 

To compare the impact of heat treatment on the five BG compositions, granules were 

subjected to heat treatment at two specific temperatures: TC determined via DTA analysis, 

and TBS determined as previously described. Both treatments lasted three hours. The phase 

composition of both untreated and treated granules, along with the potential formation of 

crystalline phases, was examined using X-Ray Diffractometry (XRD: X'Pert PRO; 

Panalytical, Almelo, the Netherlands). Data collection was obtained by a 2θ scan method in 

the range of 10–90° using Cu-kα X-ray line (step size: 0.017° 2θ). 

4.1.5 Physical and mechanical properties 

To determine the density of the samples treated at TBS, cross-sectional analysis was 

conducted using image analysis techniques. The Environmental Scanning Electron 

Microscope (ESEM) (Quanta 2000, Fei Co., Eindhoven, The Netherlands) was employed to 

capture images of the samples, and ImageJ software was used to assess the porosity from the 

images. Following the density evaluation, the mechanical properties were examined using 

Open Platform equipment (CSM Instruments, Peseux, Switzerland) with a Vickers indenter 

tip. A load of 1000 mN was applied during indentation, with a loading/unloading rate of 

2000 mN/min and a hold time of 15 s. Each sample was tested at least 15 times, and the load-



 

52 

 

penetration depth curve was automatically recorded for each indentation. Young’s modulus 

was automatically calculated using the method proposed by Oliver and Pharr [340]. 

4.1.6 SBF testing 

The assessment of the bioactivity of the BG granules involved their immersion in Simulated 

Body Fluid (SBF), following the Kokubo protocol [21], [341]. Specifically, 1.5 g of BG 

granules were submerged in 50 ml of SBF and incubated at 37 °C for durations of 3, 7, and 

14 days. The pH of the solution was monitored, and the SBF was replaced every 48 hours. 

The starting pH of the solution was 7.4 as specified by the Kokubo protocol [21], [22]. After 

each time interval, the granules were collected via filtration and washed with distilled water. 

At the end of the test the samples were air-dried at room temperature for 24 hours.  

The apatite-forming ability of both heat treated and untreated glasses was assessed using 

XRD and micro-Raman spectroscopy (LabRAM, Horiba Jobin-Yvon, Villeneuve D’Aseq, 

France). The spectrometer was equipped with a diode laser operating at a wavelength of 

632.8 nm and delivering 20 mW of power to the sample. The scattered photons were 

dispersed using a grating monochromator with a resolution of 1800 lines/mm and then 

captured by a CCD camera. An optic with a 100X Ultra Long Working Distance (ULWD) 

objective was utilized. The spectral data was collected through a series of 15 acquisitions, 

each lasting 20 seconds. Lastly, the microstructure of the samples was examined using 

ESEM equipped with X-ray energy dispersive spectroscopy (EDS) (Inca, Oxford 

Instruments, UK), conducted under low-vacuum conditions (~ 0.5 Torr). 

4.1.7 Cytotoxicity according to ISO 10993 

To prepare the eluates, BGs were incubated with Dulbecco Modified Eagle Medium 

(DMEM) (Thermo-Fisher Scientific, MA, USA) at 37 °C for 16 hours, as recommended by 

ISO 10993-12 procedures [342]. Eluates were sterilized using 0.22 µm filters (Merck-Life 

Science, Darmstadt, Germany). 

Balb/3T3 embryonic mouse fibroblast cell line (American Type Culture Collection, ATCC) 

is widely used for testing cytotoxicity. Cells were seeded at a density of 103 cells/well in 96-

well plates and cultured in DMEM supplemented with 10% fetal bovine serum, 1% 

penicillin-streptomycin and 1% non-essential amino acids (Thermo-Fisher Scientific). After 

24 hours, the culture medium was replaced with eluates at different concentrations (i.e., 

100%, 50%, 25% and 12.5%). Negative and positive controls were set using the culture 

medium only, or the culture medium plus 0.1% sodium dodecyl sulphate (SDS, Merck-Life 

Science), respectively. After additional 24 hours, cell morphology was evaluated under a 

phase-contrast microscope (DIAPHOT-TMD, Nikon, Japan) and cytotoxicity was assessed 

with the MTT assay as recommended by the ISO 10993-5 protocol (Biological Evaluation 

of Medical Devices - Part 5: Tests for in vitro cytotoxicity). Briefly, tetrazolium salts 

(1mg/mL in DMEM) were added to the cell culture and incubated at 37°C in humidified 

atmosphere (95% air and 5% CO2) for 2 hours, then the medium was removed, and 200 μL 

of dimethyl sulphoxide were added to each well to dissolve formazan crystals. The optical 

density (O.D.) was measured at 540 nm using a multiplate reader (Multiskan FC, Thermo-

Fisher Scientific). Data was expressed as percentage of O.D. values of metabolically active 
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living cells in cultures with the presence of eluates compared to cells incubated in the 

absence of eluates set at 100%. Blank absorbance was represented by the medium alone. 

MTT assay was performed in sextuplicate. 

4.1.8 Cell viability and cell adhesion 

Human dermal fibroblasts (HDFs) from adult donors (Cat #C-013-5C, Invitrogen, USA) 

were cultured and maintained according to Boraldi et al. [343]. BGs were sterilized by UV 

light and placed into 96-well ultra-low adhesion plates (Cat #3474, Corning, USA) without 

washing. HDFs were seeded onto BG (1.5 × 105 cells/50 mg of BG) and cultured in standard 

cell culture conditions for 7 days. The culture medium was changed every two days. At 

different times of culture (i.e., 1h, 4 and 7 days), cell viability and cell morphology were 

evaluated by MTT assay and by optical digital microscopy (VHX-7000, Keyence, Japan), 

respectively. For cell morphology, the cells were fixed with 20% cold methanol and stained 

with 0.5% crystal violet [344]. Area (total area of each cell), perimeter, aspect ratio (the ratio 

between the major and minor axis of a cell) were evaluated using the Image software 

(v.1.53t) on approximately 80 cells/sample. 

4.1.9 Cell growth 

For cell growth assessment, 12-well plates (Falcon) were prepared with a cell density of 6.0 

× 104 cells/well in 1 mL of complete DMEM or in 1 mL of 100% eluate obtained from BG 

45S5 TBS (for the preparation of the eluate see paragraph 2.7). Cells were cultured for 7 days 

with changes of the medium (DMEM or eluate) on the fifth day of culture. Cell counts were 

performed at day 1, 4 and 7 after seeding using the Neubauer chamber. 

4.1.10 Statistical analysis 

One-way analysis of variance (ANOVA) was used for multiple comparisons and a Tukey 

post-hoc test was applied. Statistical analyses were performed using GraphPad Prism 8.0 

software (San Diego, CA). Values are reported as mean ± standard deviation (SD). 

Differences were considered significant for p < 0.05. 

4.2 Results and Discussion 

4.2.1 Thermal analysis 

Figure 1 (A-E) presents the DTA curves of the BGs, acquired while heating at a rate of 20 

°C/min using fine powders (<63 µm). The observed glass transition temperatures TG for 

45S5 and S53P4, measuring 520 °C and 530 °C, respectively, are consistent with data 

documented in existing literature [99], [134], [136], [142], [345]. Similarly, the data obtained 

for Bio_MS aligns with the analysis conducted in prior research [31], thereby establishing a 

foundational platform for comparing with other MS-doped BGs. However, it's important to 

note that while the findings concerning the crystallization temperature TC of 45S5 and 

Bio_MS align with literature [31], [134], [136], [142], [345], [346], the data for S53P4 

contradicts existing studies. Specifically, the recorded TC is 648 °C, unlike the range found 

in other studies, which report a TC between 730 °C and 805 °C [345], [347]. This discrepancy 

could potentially be attributed to the granulometry used for the DTA analysis or the heating 
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rate employed during evaluation. Further DTA analyses on BG granules confirmed the effect 

of granulometry size on thermal behavior.  

 

Figure 3: DTA and HM analyses of: (A) 45S5, (B) S53P4, (C) Bio_MS, (D) 45S5_MS and (E) S53P4_MS. Characteristic 

temperatures TG, TC_ONSET and TC are highlighted on the DTA curves. 
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Figure 3 also illustrates the results of the HM analysis, delineating the sintering, softening 

(marking the initiation of BG collapse owing to viscous flow), and melting temperatures of 

the samples. The data highlighted that the "MS" samples exhibit higher sintering temperature 

compared to their parent glass, with Bio_MS showing to have the highest sintering 

temperature. However, this analysis alone does not comprehensively reveal the optimal 

sintering conditions for BGs but rather indicates the temperature at which the glass begins 

to contract. Therefore, additional studies were conducted to explore BGs behavior under 

various sintering conditions.  

4.2.2 Sintering behavior 

Table 6 showcases the results obtained from a shrinkage assessment conducted at different 

temperatures, with particular emphasis on the TBS of the MS-doped compositions. For 45S5, 

as observed by Bretcanu et al. [142] and Lefebvre et al. [27], the sintering process reveals 

two distinct stages: an initial phase followed by a more prolonged and marked stage. 

Densification initiates at 650 °C during the first step, while the second densification phase 

starts at 950 °C, peaking at 1050 °C. The shrinkage associated with the first step measures 

approximately 2%, whereas a higher shrinkage rate of around 10% was recorded during the 

subsequent phase of densification. Remarkably, the TBS identified in this study aligns with 

findings reported by Chen et al. [348]. In the case of the S53P4, the glass exhibited the 

highest level of shrinkage at 650 °C, suggesting this temperature as potentially ideal for the 

sintering process. However, this observation contradicts other studies that identified 720 °C 

as the optimal sintering temperature [345], [349]. It is worth noting that in these studies, the 

determination of the optimal sintering temperature relied on manually testing the fragility of 

BG-scaffolds produced at different temperatures. It is noteworthy to mention that the S53P4 

samples encountered difficulty in being sintered at 1050 °C due to glass softening, thus 

making the measurement of shrinkage impossible in those conditions. Regarding Bio_MS, 

its identified TBS aligns with the findings of a previous study [31]. Similarly, for other MS-

doped bioactive glasses, the maximum densification occurred at 750 °C, diverging from the 

sintering temperatures suggested by the HM analysis, which were 50-100 °C lower. Notably, 

Bio_MS, 45S5_MS, and S53P4_MS also exhibit superior sinterability compared to 

commercial BGs. 

Table 6: Values of shrinking (expressed as percentages) of the BG disks after heat treatment for 3 hours at different 

temperatures. The highlighted values represent the highest value of shrinkage measured for each BG. 

Shrinkage % at the respective temperatures 

Sample 650 °C 750 °C 850 °C 950 °C 1050 °C 

45S5 2% (± 0.48) 2% (± 0.91) 3% (± 0.52) 7% (± 0.96) 10% (± 1.21) 

S53P4 10% (± 0.68) 7% (± 1.81) 7% (± 0.96) 8% (± 1.51) n.a. 

Bio_MS 0% (± 0.40) 13% (± 0.55) 13% (± 1.24) 10% (± 0.62) 10% (± 1.30) 

45S5_MS 13% (± 0.62) 14% (± 0.96) 13% (± 1.44) 9% (± 1.02) 9% (± 0.35) 

S53P4_MS 8% (± 1.33) 14% (± 1.08) 11% (± 1.30) 7% (± 2.41) 14% (± 1.07) 

 

Table 7 summarizes the characteristic temperatures found for the five glass compositions. 

The processing window, defined as the difference between the temperature of crystallization 
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onset and TG, and the sinterability parameter (𝑆𝐶 = 𝑇𝐶_𝑂𝑁𝑆𝐸𝑇 − 𝑇𝐵𝑆) are reported as well. 

The sinterability parameter SC of a glass is an estimate of its sintering ability versus its 

crystallization trend. In particular, if TC_ONSET is lower than the sintering temperature, then 

SC < 0 and the glass is likely to crystallize before it can sinter; this usually results in non-

optimal densification. On the other hand, if SC > 0, the glass can sinter without crystallizing, 

and thus compaction is promoted. 

It is crucial to highlight the beneficial effect of reducing the alkaline content and doping with 

Mg-Sr on the sintering behavior of BGs. This leads to increased sample shrinkage and 

widens the processing window of doped BGs. This observed trend likely results from various 

factors contributing to higher TC: lower Na content in doped BGs, potentially reducing glass 

network mobility [135], enhanced stability of MgO-doped glasses due to the oxide’s 

inhibitory effect on crystallization [324], higher entropy supporting the preservation of the 

BG network's amorphous structure, and the possible augmentation of flow viscosity owing 

to the presence of Sr2+ [350]. 

Table 7: Characteristic temperatures of the five BGs, obtained through various techniques: TG glass transition 

temperature; TC_ONSET onset crystallization temperature; TC peak crystallization temperature; TBS best sintering 

temperature; processing window (TC_ONSET - TG), and sinterability parameter (SC = TC_ONSET- TBS). 

 TG TC_ONSET TC TBS 
Processing 

window 
SC 

45S5 520 °C 560 °C 638 °C 1050 °C 40 °C < 0 

S53P4 530 °C 615 °C 648 °C 650 °C 85 °C < 0 

Bio_MS 635°C 830 °C 869 °C 750 °C 195 °C 80 °C 

45S5_MS 570 °C 740 °C 779 °C 750 °C 170 °C < 0 

S53P4_MS 620 °C 810 °C 874 °C 750 °C 190 °C 60 °C 

 

4.2.3 Phases analysis 

Figure 4 presents XRD analysis results of 45S5 and 45S5_MS subjected to different heat 

treatments: untreated and heated at TC and TBS for 3 hours. Our analysis indicates that after 

post-thermal treatment, the primary crystalline phase identified is combeite (Na4Ca4Si6O18, 

JCPSD no. 01-079-1086). In addition, secondary phases such as Na2CaSi3O8 (JCPSD no. 

00-012-0671) were possibly identified, particularly in 45S5 samples treated at TC. This 

aligns with previous studies on the crystallization of 45S5 [351], [352], although other 

crystalline phases have also been identified [138], [346].  

Moreover, in agreement with previous observations by Boccaccini et al. [346] the peak 

splitting observed around 2θ ≈ 33° is more likely attributable to variations in lattice 

parameters rather than the presence of distinct crystalline phases. This interpretation is not 

limited to 45S5 but extends to other silica-based bioactive glasses that crystallize into similar 

sodium–calcium silicate structures [48]. Lastly, minor contributions from Na6Ca3Si6O18 

(JCPSD no. 01-077-2189) cannot be excluded, as suggested by the analysis of 45S5_MS 

samples treated at TC. The influence of Mg and Sr on crystallization behavior must be 

considered. Notably, the doped glass exhibits a lower degree of crystallization compared to 

pure 45S5. This finding suggests the potential for significant control over the crystallization 
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of doped BG, enabling regulation of the crystalline-to-amorphous BG ratio. Such control 

could potentially dictate the mechanical and bioactive properties of the BG [46]. It is 

important to note that the analyzed samples do not display any peak associated with 

crystalline phases of Mg and/or Sr, as confirmed in previous studies [98]. 

 

Figure 4: XRD spectra of 45S5 and 45S5_MS samples in different conditions: untreated (red curve), after heat treatment 

at TC for 3 hours (blue curve), and after heat treatment at TBS for 3 hours (green curve). 

 

Figure 5: XRD spectra of the five BGs after heat treatment at TBS for 3 hours. 

Figure 5 displays the XRD analysis of the five BG compositions treated at TBS for 3 hours. 

The analysis indicated the formation of combeite (Na4Ca4Si6O18, JCPSD no. 01-079-1086) 

in thermally treated S53P4, as reported elsewhere [353]. The impact of Mg-Sr doping and 

the concurrent reduction in the alkaline element content on crystallization is readily apparent, 
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as the doped BGs exhibit minimal to no crystallization. Specifically, a lower tendency to 

crystallize is observed in Bio_MS and S53P4_MS. This tendency could be attributed to their 

lower sodium content, resulting in reduced diffusion coefficients and slower rates of crystal 

growth [354].  

 

4.2.4 Physical and mechanical properties 

Figure 6 presents the cross-section images of BG samples heat treated at their respective TBS. 

The diagram in Figure 7 illustrates the density obtained through image analysis. Notably, all 

examined BG compositions demonstrate exceptional density levels, surpassing 95%. While 

Bio_MS exhibits higher shrinkage compared to the commercial BGs, its density is slightly 

lower. This discrepancy in density may be attributed to larger pore dimensions observed in 

Bio_MS compared to those of other BG compositions. Regarding other MS-doped BG 

compositions, the higher shrinkage aligns with the increased density found by image 

analysis, confirming the superior sinterability of these BG compositions. 

 

Figure 6: SEM micrographs of the cross-sections of the five BGs disks samples heat treated at their respective TBS. 

 

Figure 7: Calculated density of the BG disks after sintering at TBS. Results were obtained analyzing the cross-section 

images. 
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The chart depicted in Figure 8 provides the results of the mechanical properties of the BGs 

analyzed in the present study. Consistently, the hardness values obtained for 45S5 and S53P4 

align with established literature sources [355], [356]. However, there is a noticeable scarcity 

of studies specifically investigating the hardness of Bio_MS or the MS-doped compositions, 

although the results presented here indicate higher values compared to other Mg or Sr doped 

BGs [167], [357]. The impact of Mg and Sr on the hardness of 45S5_MS is clearly 

discernible from the data, as it results higher than the reference commercial BG. In contrast, 

data suggest a marginal reduction in hardness within the S53P4_MS sample. This distinct 

behavior might be linked to the different Mg-Sr/Si ratios. Notably, Mg exhibits dual 

characteristics as both a network modifier and a network former [34], potentially resulting 

in the formation of quite strong Mg-O-Si bond [357] or the weakening of the overall glass 

network [42]. In the case of Sr-doped BGs, the potential weakening of the glass structure is 

attributed to the small but significant expansion of the glass network as a consequence of the 

substitution of Ca by Sr [358]. This expansion occurs due to the larger size of the Sr2+ cation 

compared to Ca2+. The impact of doping on the elastic modulus (E) appears to be minimal, 

aligning with findings similar to those reported by Sharifianjazi et al. [357]. Nonetheless, 

direct comparisons with existing literature present challenges due to the scarcity of studies 

specifically addressing the mechanical properties of bulk BG. It's important to note that the 

presence of residual pores and variations in powder granulometry might significantly impact 

the mechanical properties of sintered BGs [167], [359]. This aspect warrants further 

investigation and consideration in interpreting the presented results. Finally, it is important 

to note that BGs are intrinsically brittle materials and therefore, in load bearing applications, 

are used as coatings, e.g. on metallic prostheses. In this case, besides the fact that the BGs 

are thermally treated, it is important to pay attention to the mismatch of the coefficient of 

thermal expansion of the BG and the metallic substrate. In fact, due to such mismatch, 

thermal stresses may arise [360], [361]. 

 

Figure 8: Mechanical properties (specifically, microhardness and elastic modulus) of the sintered BG disks. 
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4.2.5 SBF assessment  

Figure 9 (A-C) compares the effects of different compositions on the pH of the SBF, to show 

the pH variation in the same heat treatment conditions. Results show that the heat treatment 

can influence the reactivity of BG compositions, as already discussed in chapter “2 Thermal 

properties of BGs and ion substitution”. In the same figure, the optimal pH range for tissue 

regeneration has been added [362]. Indeed, it has been demonstrated that a weakly alkaline 

environment, up to pH 8, can enhance osteogenic activities and promote antibacterial effects 

without toxic effects on cells [17], [52], [363], [364]. Taking this into account, delayed and 

lower reactivity of BG can be seen positively, considering the need for a controlled, slower 

reaction while retaining bioactivity. This result was achieved with BGs doped with Mg and 

Sr and a lower alkali content. Moreover, these findings are consistent with the literature, 

which reports that Mg and Sr influence the reactivity of BG in vitro [168], [365]. 

Furthermore, it can be seen how the doped samples heat treated at TBS are able to maintain 

a lower pH than the samples heat treated at TC. This finding is promising for glasses 

containing Mg and Sr, since it may point to a greater propensity of these compositions for 

the application as sintered BGs, allowing a simpler and more successful development of 

sintered parts. 

 

 

Figure 9: pH variation induced by the untreated samples (A), and by the heat-treated samples at TC (B), and TBS (C). The 

green area represents the optimal pH for osteoblast activity [366]. 

The in vitro bioactivity of a BG, specifically its ability to induce an HA precipitation, can be 

assessed using Raman spectroscopy. The results of the analysis are depicted in Figure 10, 

illustrating the Raman spectra of untreated granules of 45S5, S53P4, Bio_MS, 45S5_MS 

and S53P4_MS after soaking in SBF for 7 days. Analogous results were obtained from the 

analyses of crystals grown on the surfaces of heat-treated BG granules. Examination of the 
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spectra reveals the presence of typical peaks attributable to in vitro precipitated HA: one 

around 430 cm-1, another at 590 cm-1, and a prominent narrow peak at about 960 cm-1. These 

peaks can be attributed to the bond stretching of the (PO4)
3- groups [367], [368]. Moreover, 

a peak at 1070 cm-1, related to the stretching of the carbonate groups, confirms that the HA 

formed is carbonated, as reported in the literature [369]. These observations apply to all 

untreated samples following a 7-day immersion in SBF, thus confirming their bioactivity. 

However, the kinetics of HA deposition on the surface of the granules varies among the 

samples. The diminished reactivity of BGs containing Mg and Sr, which may ultimately lead 

to less HA precipitation, can be observed through the analysis of the Raman spectra. An 

example of this behavior is illustrated in Figure 11 (A-B), which shows the Raman spectra 

of untreated S53P4 and S53P4_MS granules, both as-fritted and after soaking in SBF for 3 

and 7 days. Examination of the spectra of both samples before immersion in SBF reveals a 

broad peak at 625 cm-1, corresponding to the vibration of the Si-O-Si silicate groups [370]. 

Additionally, a broad peak around 940 cm-1 is due to the vibration of the (PO4)
3- groups 

present in the BG structure [371]. After 3 days S53P4_MS exhibits result similar to those at 

time 0 day (Figure 11 B), whereas the spectrum of S53P4 showed peaks at 430 cm-1, 590 

cm-1, 960 cm-1 and at 1070 cm-1 (Figure 11 A). Similar results were obtained for untreated 

45S5 and 45S5_MS granules soaked in SBF; the Raman spectra observed for Bio_MS 

granules closely resemble those seen in glasses that contain strontium and magnesium (data 

not shown).  

  

Figure 10: Raman spectra acquired on untreated BG granules after immersion for 7 days in SBF 
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Figure 11: Raman spectra acquired on S53P4 (A) and S53P4_MS (B) untreated granules after immersion for different 

times in Simulated Body Fluid. 

The surfaces of the samples after immersion in SBF were observed using SEM. A qualitative 

chemical analysis was conducted by means of EDS. Figure 12 and Figure 13 present the 

results of the SEM/EDS analysis of the surfaces of some representative BGs after soaking 

in SBF. Specifically, Figure 12 (A-D) shows the SEM/EDS of the S53P4 (A-B) and 

S53P4_MS (C-D) samples after 3 days of soaking in SBF solution, respectively. Results 

show that the surface of S53P4 is covered by spherical particles with a cauliflower-like 

structure, which is typical of the HA formed in vitro. However, these kinds of deposits cannot 

be detected on the surface of the S53P4_MS samples, apart from local formations, 

supporting the previous hypothesis of the slower reactivity of this composition compared to 

its counterpart that does not contain strontium and magnesium. Additional considerations 

can be made based on the EDS analysis. In fact, in the EDS spectrum of S53P4_MS, a 

pronounced presence of silicon is observed, indicative of the formation of a superficial silica 

gel layer. Gel formation is an essential part of the reactions leading to the precipitation of 

HA and dehydrates after extraction from SBF, resulting in the typical cracked surface visible 

in in Figure 12 (C) [371], [372]. Furthermore, the EDS analysis shows an increase in the 

phosphorus peak, attributable to the formation of localized precipitates rich in phosphorus 

and calcium, precursors of HA [373]. It can therefore be concluded that the HA formation 

process on S53P4_MS is at a less advanced stage. The presence of small amounts of 

magnesium and chlorine on the S53P4 sample (Figure 12 (A)) is likely due to the deposition 

of salts precipitating from the SBF, as reported by the literature [374]. Similar observations 

can be made for the 45S5 and 45S5_MS samples. Regarding Bio_MS, after 3 days, it tends 

to behave in vitro like the other glasses containing magnesium and strontium (data not 

shown). 
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Figure 12: (A) SEM micrograph of S53P4 sample after 3 days of soaking in SBF, and (B) EDS analysis of the highlighter 

(red) area in micrograph (A). (C) SEM micrograph of S53P4_MS sample after 3 days of soaking in SBF, and (D) EDS 

analysis of the highlighter (red) area in micrograph (C). 

Figure 13 (A-D) shows the EDS analysis for the 45S5_MS (A-B) and S53P4_MS (C-D) 

samples after heat treatment at TC and 7 days of immersion in SBF. This analysis aims to 

highlight the different effects of Mg and Sr, as well as a lower alkali content, on two different 

BG compositions. On the surface of the 45S5_MS (Figure 13 (A)) some globular precipitates 

are clearly visible. EDS analysis confirms that these precipitates have high concentrations 

of Ca and P, supporting the hypothesis of HA formation on the surface (further confirmed 

by Raman investigation – data not shown). Figure 13 (C-D) shows the results of S53P4_MS 

after heat treatment at TC. Some HA precipitates are visible, but the surface is less covered 

compared to the 45S5_MS samples, indicating lower bioactivity of the S53P4_MS sample, 

even after 7 days of exposure to SBF. Nevertheless, both experimental compositions are 

bioactive after heat treatment at TC. 
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Figure 13: (A) SEM micrograph of 45S5_MS sample, heat treated at TC after 7 days of soaking in SBF, and (B) EDS 

analysis of the highlighter (red) area in micrograph (A). (C) SEM micrograph of S53P4_MS sample, heat treated at TC 

after 7 days of soaking in SBF, and (D) EDS analysis of the highlighter (red) area in micrograph (C). 

These results are further supported by Figure 14, which illustrates SEM images comparing 

the temporal evolution of the surfaces of untreated BG samples containing Mg and Sr after 

3, 7, and 14 days of soaking in SBF. It is evident that, after 3 days, the samples containing 

Mg and Sr present few-to-no deposits with the typical morphology of HA, thus confirming, 

as previously discussed, that the Mg/Sr doped compositions are less reactive than the 

undoped counterparts [365]. However, after 14 days of immersion, all surfaces are covered 

with a layer of HA, confirming the bioactivity of all BGs and the abundant deposition of HA 

on their surfaces after 14 days of immersion. 

Finally, Figure 15 (A-J) presents SEM images of BGs, both non-heat-treated and heat-

treated at TC, after 14 days of soaking in SBF. These images demonstrate that all the 

samples are highly bioactive after 14 days in SBF, as they exhibit HA globular precipitates 

on their surfaces. This further supports the high reactivity of these BGs, even after thermal 

treatment.  
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Figure 14: Grid of SEM micrograph of Bio_MS, 45S5_MS and S53P4_MS untreated samples after 3, 7 and 14 days of 

soaking in SBF. 

 

Figure 15: SEM micrographs of: 45S5 (A), S53P4 (B), Bio_MS (C), 45S5_MS (D), and S53P4_MS (E) untreated granules 

after 14 days of soaking in SBF, and 45S5 (F), S53P4 (G), Bio_MS (H), 45S5_MS (I), and S53P4_MS (J) granules heat 

treated at Tc after 14 days of soaking in SBF. 
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4.2.6 Biological assessment 

A - Cytotoxicity test 

MTT test is routinely used to evaluate the possible cytotoxicity of biomaterials and other 

medical devices, before conducting more detailed analyses on more complex experimental 

models [375]. MTT is a yellow tetrazolium salt that is metabolized by mitochondrial 

dehydrogenases leading to the formation of purple formazan crystals [376]. The intensity of 

the purple color is representative of the number of metabolically active cells capable of 

converting MTT, as an indicator of cell proliferation, viability and cytotoxicity. According 

to ISO 10993-5, samples are considered noncytotoxic when the cell viability is never below 

the threshold value of 70% compared to cells cultured in the absence of eluates (set at 100%) 

(Figure 16) Balb 3T3 fibroblasts were incubated with different concentrations (i.e., 100%, 

50%, 25% and 12.5%) of eluates from the different BGs untreated and treated at different 

temperatures (Figure 16). Only the positive control (i.e., cells in DMEM+SDS) shows 

cytotoxicity, while all tested BGs, regardless of their different composition, heat treatment 

and eluates’ concentration, do not exhibit any cytotoxic effect.  
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Figure 16: ISO 10993-5 cytotoxicity test. The viability of the Balb 3T3 cell line was evaluated by the MTT test after 24 

hours in the absence (DMEM, Ctrl-) or in the presence of different concentrations (100%, 50%, 25% and 12.5%) of eluates 

from the BGs. The positive control was represented by cells treated for 24 hours with DMEM plus 0.1% SDS (Ctrl +). 

Optical density (O.D.) from cells cultured in DMEM was set at 100%. The dotted line represents the threshold value of 

70%, compared to Ctrl-, that, according to the ISO 10993-5 guidelines, is required to demonstrate the absence of 

cytotoxicity. Values represent the mean ± SD of two independent experiments. 

B - Viability and adhesion of human dermal fibroblasts grown onto BGs 

BGs have several well-known clinical applications in dental or orthopedic areas as scaffolds 

promoting bone regeneration [377], [378]. Data reported in previous sections have already 

highlighted the ability of BGs to favor the deposition of hydroxyapatite due to ion exchange 

on the BGs’ surface, even in the absence of cells. 

Therefore, we aimed at widening the spectrum of possible applications of BGs also in the 

field of soft connective tissue repair, given the clinical impact of defective wound healing 

[379]. In this study we have evaluated cell viability and the interactions between BGs and 
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human dermal fibroblasts (HDFs) in primary culture as a prototype of soft connective tissue 

mesenchymal cells producing the different components of the extracellular matrix [380], 

[381]. 

Since, we have previously demonstrated that a novel patented BG, Bio_MS [382], due to the 

integration of Mg and Sr (MS) in its composition, has promising applicative perspectives 

and improved thermal properties, we included in our biological evaluations also two 

commercially available BGs (i.e., 45S5 and S53P4) modified with the addition of MS.  

Furthermore, to better investigate the behavior of cells directly interacting with BGs, HDFs 

were seeded on the surface of BGs and cell viability, adhesion properties and morphology 

of cells at different time points, up to 7 days, were evaluated. 

Data reported in Figure 17 for Bio_MS indicates that cell viability is affected by the 

treatment at TC but not at TBS. To be noted, however, that reduction of cell viability at 4 and 

7 days, compared to 1h, was always less than 20%.  

 

Figure 17: Cell viability of human dermal fibroblasts grown for 1 hour (1h), 4 and 7 days (4d and 7d) on Bio_MS untreated 

or treated at different temperatures. Data are expressed as mean values ± SD. Values obtained with Bio_MS at 1h without 

any treatment were set at 100%. § p value < 0.05 of 4 or 7 days vs 1h in the same experimental condition; * p value < 

0.05, ** p value < 0.01, *** p value < 0.001 between BGs untreated or treated at different temperatures at the same time 

point. 

Morphological observations and morphometrical analyses performed on HDFs grown on 

Bio_MS at different temperatures of treatment demonstrated good adhesion properties. A 

consistent number of cells adhered to the surface of BGs independently of treatments (see 

Figure 18). As expected, cells were round after 1 hour but appeared well spread and 

elongated after 4 and 7 days from seeding. After 7 days, fibroblasts on Bio_MS TC appeared 

slightly, but significantly smaller compared to Bio_MS, suggesting that changes in the 
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characteristics of the BG’s surface may influence the way cells interact with the BG. In this 

case, the bioactivity of Bio_MS treated at TBS is not influenced by the sintering temperature. 

Indeed, as demonstrated in previous studies, one of the advantages of the Bio_MS 

formulation is the wide processing window with regards to heat treatment. Developing 

formulations that can be sintered without forming crystals and that are able to maintain good 

cell viability is an essential requirement for biomedical perspectives [156]. Since thermal 

treatments are necessary for the manufacturing of composite materials, porous scaffolds or 

coatings [156], Bio_MS treated at TBS emerges as a possible candidate capable of 

maintaining high biocompatibility even after treatment at high temperatures. 

  

Figure 18: Representative images of HDFs seeded for 1 hour, 4 and 7 days on Bio_MS untreated and treated at different 

temperatures. Violin plot representing area, perimeter and aspect ratio evaluated after 7 days of culture.  & p<0.05, && 

p<0.01 MS TC vs MS; $ p<0.05 MS TBS vs MS TC; ° p<0.05 MS TBS vs MS. 

The same type of analyses described for Bio-MS, were performed on BGs used as reference 

standards and on the same commercial BGs also supplemented with MS. Figure 19 indicates 

that cell viability is progressively reduced on 45S5 without addition of MS and that these 

effects are particularly evident after treatment at TBS.  Data seems in contrast with the well-

known properties of this BG, that represents the gold standard for implants, for supporting 

structures to be used in bone tissue regeneration [383] or for the re-mineralization of tooth 

enamel [384], [385]. However, its applicability and usability in the regeneration of loose 

connective tissues or in wound repair have been poorly investigated [386], [387], [388]. 

Within this context, it is worth mentioning that most of the data in the literature concerns the 

use of bone-related cells. For instance, 45S5 does not interfere with osteoblast viability, since 

these cells are well adapted to the extra- and intracellular alkalinization exerted by the BG 

[389]. Interestingly, a previous study by Day et al. [390], using a fibroblast cell line (208F) 

cultured on surfaces coated with 45S5, demonstrated a reduced cell proliferation depending 

on the time of culture (48 and 72 h) and/or on the concentration (0.01-0.2 wt./vol.%) of 45S5. 
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In the light of these data we can suggest that HDFs in primary culture, compared to other 

cells, may  have different interactions with the BG and that even local changes in the pH, 

without any pre-treatment of the BG (e.g., with serum components, simulated body fluid - 

SBF,  or with adhesive glycoproteins) [391], can influence cell adhesion [392] and cell 

proliferation, possibly mimicking in vitro what can happen in vivo, i.e. when the BGs are 

implanted.  

It is well known that the adsorption of proteins on the BG is influenced by numerous factors, 

both external (e.g., pH and temperature) and internal (e.g., surface charges and topography 

of the BG surface) [393]. Interestingly, MS-doped BG showed a significantly improved cell 

viability, effects being also independent of temperatures. At 7 days of culture, the viability 

of cells grown on doped BGs was 1greater than on BGs. Noteworthy data obtained with the 

45S5_MS TBS vs 45S5 TBS since addition of MS completely abolished the cytotoxic effect 

of the thermal treatment. In doped-BGs cell viability showed a general decrease at day 4 and 

an increase at day 7. These data suggest that 45S5_MS, regardless of treatment, induces an 

initial selection within the cell population in favor of a subpopulation capable of better 

adapting to the microenvironment, as already observed in the literature [394]. 

  

Figure 19: Cell viability of human dermal fibroblasts grown for 1 hour (1h), 4 and 7 days (4d and 7d) on 45S5 and 

45S5_MS untreated or treated at different temperatures. Data are expressed as mean values ± SD. Values obtained with 

45S5 without any treatment at 1 h were set at 100%. § p value < 0.05, §§ p value < 0.01, §§§ p value < 0.001, §§§§ p 

value < 0.0001 of 4 or 7 days vs 1h in the experimental condition; # p value < 0.05, ## p value < 0.01 of 7 vs 4 days;  *p 

value < 0.05, ** p value < 0.01, *** p value < 0.001, ****p value < 0.0001  between BGs untreated or treated at different 

temperatures at the same time point. 

The better performance observed for the doped 45S5 is associated with the addition of MS. 

This result is not surprising, as it has been already demonstrated that the addition of Mg to 

BGs promotes the adhesion of bone-derived cells [395]. Indeed, previous studies 

demonstrated that Mg promotes cell adhesion favoring the synthesis of collagen type I, 

vitronectin, fibronectin and the activation of kinases associated with focal adhesions in 

osteoblasts [35], [396] as well as in human fibroblasts [397]. Furthermore, also Sr can act as 

an inducer of cell adhesion and proliferation, as shown on BGs subjected to treatments at 

temperatures that can compromise the bioactivity of the biomaterial [337], and can promote 
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both osteogenesis and angiogenesis when added to BG nanoparticles [325]. Furthermore, Sr 

can maintain an optimal pH in the surrounding environment, thus ensuring good cell viability 

[398].  

The interactions between cells and BGs were also assessed by evaluating the morphology of 

HDFs grown up to 7 days on 45S5 and 45S5_MS at different temperatures. Morphometric 

analyses were also performed at 7 days to quantitate differences in the spreading of the cells.  

HDFs adhered well on all BGs at 1h, although, as expected, they are still round. Over time 

in culture, cells acquired a more elongated shape except for 45S5 TBS. Due to the low number 

of cells on 45S5 TBS, morphometric analyses on these samples were not performed. 

MS-doped BG allowed to maintain the number of adhered cells that exhibited a more spread 

morphology compared to cells on 45S5 (Figure 20) confirming the beneficial role of MS 

addition.  

 

 

Figure 20: Representative images of HDFs seeded for 1 hour, 4 and 7 days on 45S5 and 45S5_MS untreated and treated 

at different temperatures. Violin plot representing area, perimeter and aspect ratio evaluated after 7 days of culture. 

**p<0.01, ***p<0.001, ****p<0.0001 all conditions vs 45S5; &p<0.05, &&p<0.01 MS TC vs MS; °°°°p<0.0001 MS TBS 

vs MS; $$p<0.01 MS TBS vs MS TC. 

Since cell viability and adhesion were severely affected on 45S5 treated at TBS, we wanted 

to test if the observed effects were due to the release of specific components affecting cell 

behavior or if the cells negatively responded to changes of the surface of the BGs. Therefore, 

HDFs were cultured on standard multi-well plates in the presence of DMEM or of 100% 
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eluates from 45S5 treated at TBS.  Fibroblasts, in the presence of 100% 45S5 TBS eluates, 

exhibited good proliferation capabilities (see Figure 21).  

 

Figure 21: Cell proliferation. HDF were cultivated in DMEM or in DMEM+ 100% eluate from 45S5 TBS and cell number 

evaluated at different time points after seeding. There are no significant differences between the two experimental 

conditions. Data are expressed as mean values ± SD. 

Data demonstrates that the reduced cell viability observed with 45S5 treated at TBS is not 

due to cytotoxic components released by the BG but could be linked to modifications of the 

microstructure of the BG following heat treatment, as suggested by previous studies [137]. 

The operating conditions adopted during the sintering process for the consolidation of the 

powders, can modify the compositional and structural characteristics of the BG, which in 

turn influence mechanical and biological properties. Indeed, it has been observed that, as the 

temperature increases, the surface of 45S5 goes from smooth to wrinkled with consequences 

on the bioactivity of the BG [137]. Therefore, cell viability is not influenced by ions and/or 

toxic components released by BG, but more likely by changes occurring on the surface of 

the BG after treatment at sintering temperature. 

In Figure 22 data shows the viability of cells grown on the S53P4, that was developed and 

mainly used in clinical applications related to bone healing, vascularization, and cartilage 

repair [399], [400]. Although there are several data in the literature related to the effect of 

BG S53P4 on bone-derived cells (osteoblasts and osteoclasts) [401], [402], [403], to our 

knowledge, there are no studies on the use of dermal fibroblasts. 
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Figure 22: Cell viability of human dermal fibroblasts grown for 1 hour (1h), 4 and 7 days (4d and 7d) on S53P4 and 

S53P4_MS untreated or treated at different. Data are expressed as mean values ± SD. Values obtained with S53P4 were 

set at 100%. § p value < 0.05, §§ p value < 0.01, §§§ p value < 0.001, §§§§ p value < 0.0001 of 4 or 7 days vs 1h in the 

same experimental condition; # p value < 0.05, ## p value < 0.01 of 7 vs 4 days; * p value < 0.05, ** p value < 0.01, *** p 

value < 0.001, ****p value < 0.0001  between BGs untreated or treated at different temperatures at the same time point. 

In the present study, cell viability is progressively reduced on the BG both without any heat 

treatment or at temperatures TC/TBS. Similarly, to 45S5_MS, also S53P4_MS showed 

significantly improved cell viability, effects being independent on temperatures. The 

interactions between cells and S53P4 BGs were assessed by evaluating the morphology of 

HDFs grown up to 7 days on the BGs. Morphometric analyses were also performed for 7 

days to quantitate differences in the spreading of cells.  

When HDFs were grown on S53P4, after 1h, cell behavior was similar to that on 45S5. By 

contrast after 4 and 7 days, the number of adhered cells was reduced on BG treated at TC/TBS, 

thus underlining the effect of treatment on adhesion and cell viability of cells in contact with 

BGs. On the contrary, S53P4_MS exhibited nicely spread and typically elongated HDFs. 

Data, once more, clearly demonstrated the positive effect of the addition of Mg and Sr to the 

BG (Figure 23). 
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Figure 23: Representative images of HDFs seeded for 1 hour, 4 and 7 days on S53P4 and S53P4_MS untreated and treated 

at different temperatures. Violin plot representing area, perimeter and aspect ratio evaluated after 7 days of culture. * p< 

0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001 all conditions vs S53P4; && p< 0.01, &&&& p< 0.0001 MS TC vs MS; 

°°°° p< 0.0001 MS TBS vs MS; ++++ p< 0.0001 TC/TBS vs MS TC; ^^ p< 0.01, ^^^^ p< 0.0001 TC/TBS vs MS TBS. 

Finally, to better evaluate cell viability of HDFs in the different experimental conditions, 

BGs were compared to each other based on their formulation, regardless of the heat 

treatment. In particular, cell viability was evaluated on BGs without heat treatment (NHT), 

on BGs treated at crystallization temperatures (TC) and on BGs treated at best sintering 

temperatures (TBS). The cell viability data were compared with results of the non-thermally 

treated 45S5, considered the gold standard of BGs currently on the market [383].  

In group NHT, cell viability on 45S5_MS and Bio_MS was higher than on standard BG 

(45S5) (Figure 24). In group TC, cell viability was significantly higher for all BGs with MS 

compared to the same BGs without MS (Figure 22). In group TBS it clearly emerges that the 

addition of MS to the BGs significantly increased the cell viability of HDFs compared to 

formulations without MS. Furthermore, cell viability was similar among the three MS-

containing BGs (Figure 24). 
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Figure 24: Violin plot representation of the cell viability of HDFs grown on non-heat-treated (NHT) or heat-treated 

bioglasses (BGs) for 7 days. TC = crystallization temperature; TBS= best sintering temperature. Values of optical density 

(O.D.) obtained with 45S5 in 7 days were set to 100%. * p value < 0.05; ** p value < 0.01; *** p value < 0.001; **** p 

value < 0.0001. 

 

  



 

76 

 

5 Feasibility of electrospun PCL/BG composite 

scaffolds 

(This section has been published in “F. G. Mecca, N. O. Muniz, D. Bellucci, C. Legallais, 

T. Baudequin, and V. Cannillo, “Inclusion of Magnesium- and Strontium-Enriched 

Bioactive Glass into Electrospun PCL Scaffolds for Tissue Regeneration,” Polymers 2025, 

Vol. 17, vol. 17, no. 11, Jun. 2025, doi: 10.3390/POLYM17111555.”) 

As previously anticipated, electrospinning is a scaffold manufacturing technique that enables 

the fabrication of nano- to micro-fibrous, porous, unwoven flat scaffolds (or mats). The 

fibers are drawn out from a polymer-containing solution by applying a high electrical 

potential difference between a needle and a collector [404]. The incorporation of bioactive 

glass particles (specifically in the nano- to micro-size range) into the fiber structure may 

expand the range of applications of both BG and electrospun mats. The interest in the 

production of electrospun polymer/BG composites is due to their potential as functionalized 

scaffolds [61], [318], [405], [406]. However, the use of powdered melt-derived BGs 

suspended in the polymeric solution presents some limitations for electrospinning. In fact, 

achieving a homogeneous dispersion of BG particles can be challenging, as an 

agglomeration and physical alterations of the fiber morphology may occur. 

In this section of the work, two BGs 45S5, and 45S5_MS have been employed as particulate 

load in electrospun PCL/BG composite scaffolds. As already described in chapter “4 Novel 

Mg- and Sr-doped BG compositions”, 45S5_MS is a composition derived from 45S5, in 

which strontium and magnesium were introduced to partially substitute for calcium as a 

modifier. The addition of these ions into the BG composition is motivated by their positive 

biological effects, which are widely reported in the literature [98], [407], [408]. PCL is an 

FDA-approved semicrystalline polymer that has been extensively studied in biomedical 

applications due to its excellent mechanical properties and adjustable biodegradability [409], 

[410].  

In vitro tests in SBF were conducted on the scaffolds. The employment of SBF can give 

insights into the dissolution behavior of these scaffolds [411], [412]. Typical effect of the 

immersion of BG particles in SBF is a marked increase in pH, as rapid dissolution leads to 

alkali ion release in the environment [392]. However, the interaction between PCL and SBF 

has been reported to induce non-trivial effects both on the polymer - swelling, weight loss - 

and to the SBF solution, which is acidified [413], [414], [415]. This phenomenon contrasts 

with the typical alkalizing behavior of BGs related to ion leaching [392]. 

For these reasons, considering the potential alkalinization of the solution [197] and ion 

release from the glass (specifically of magnesium from 45S5_MS), in vitro biological 

investigations can provide valuable complementary information on the overall performance 

of the scaffolds, offering insights into their potential for in vivo studies [22]. 
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5.1 Testing procedures 

5.1.1 Bioactive Glass Preparation 

A detailed description of the preparation of the BGs 45S5 and 45S5_MS is reported in 

section “4.1.1 Preparation of the bioactive glass”. Table 8 reports the compositions of the 

BGs employed in the current portion of the study. 

Table 8: Compositions of 45S5 and 45S5_MS (also reported in chapter “4 Novel Mg- and Sr-doped BG compositions”). 

Oxide 45S5 Composition (mol.%) 45S5_MS Composition (mol.%) 

SiO2 46.1 46.1 

CaO 26.9 26.9 

Na2O 24.4 9.4 

P2O5 2.6 2.6 

MgO - 5 

SrO - 10 

 

To obtain a powder suitable for electrospinning, the glass frit was milled into a fine BG 

powder. To obtain micro- to submicrometric particle sizes, a two-step milling process was 

used. First, the glass frit was ground using alumina milling balls and a jar inside a laboratory 

mill MGS1800/2 (MGS S.r.L, Fiorano Modenese, Italy) for 20 min. The ground BG was 

then sieved using a 63 µm sieve. 

A second, more thorough, grinding step was performed using a PM100 (Retsch Gmbh, Haan, 

Germany) to obtain a finer powder. Ten grams of BG powder were placed inside a steel-

reinforced zirconia jar with 5 mm-diameter zirconia milling balls. The jar was spun at 600 

rpm for 20 min. This operation was repeated 3 times, for a total duration of 1 h. This milling 

process was carried out in three steps to maximize efficiency while allowing heat dissipation. 

Both BGs underwent this procedure to obtain two final powders. Finally, to ensure that the 

BGs were thoroughly milled, a scanning electron microscope (Quanta FEG 250, FEI, 

Hillsboro, OR, USA) was used to qualitatively analyze their morphology. 

5.1.2 Electrospinning of PCL/BG Scaffolds 

PCL beads (MW = 80 kDa), dichloromethane (DCM), and dimethylformamide (DMF) were 

purchased from Sigma Aldrich Chimie S.a.r.l. (Saint-Quentin-Fallavier, France). 

Electrospun mats were obtained from a 12 wt.% precursor solution of PCL and BG powder.  

First, the BG powder was dispersed in 60 vol.% DCM and 40 vol.% DMF. DCM acts as the 

solvent for PCL, while DMF is usually added as a stabilizer of the electrospinning jet, 

because of its higher dielectric constant and lower vapor pressure [416]. The ratio 3:2 

DCM/DMF was chosen based on previous experiments. Subsequently, the appropriate 

amount of PCL beads was added to the BG/solvent mixture. The resulting suspension was 
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stirred for 4 h. Four different suspensions were produced: (1) 90% of PCL and 10% of BG, 

(2) 80% of PCL and 20% of BG, each prepared using either 45S5 or 45S5_MS glass. Table 

9 presents a summary of the compositions of each sample. 

Table 9: Compositions of the precursor suspensions (expressed in percentages), with the relative BG and PCL content used 

before electrospinning 

BG Sample PCL Beads (%) BG Powder (%) 

45S5 
45_9010 90 10 

45_8020 80 20 

45S5_MS 
45_MS_9010 90 10 

45_MS_8020 80 20 

The electrospinning parameters needed extensive optimization to achieve stable and efficient 

spinning of the suspension. A comprehensive overview of these parameters is presented in 

Table 3. Previous work by Baudequin et al. [78] was used as a reference for the 

manufacturing of these scaffolds. Briefly, the voltage was maintained between 17.8 kV and 

20.0 kV to balance the quantity of suspension drawn out of the needle [417]. The working 

distance was fixed at 15 cm, and the flow rate was set to 1.5 mL/min. The suspension was 

fed through a 19-gauge, 8 cm long needle, chosen specifically to prevent clogging caused by 

BG agglomerates. A rotating cylinder collector was used at a speed of 300 rpm. 

Table 10: Electrospinning parameters used for spinning samples in this study. The table includes the environmental 

parameters, which were measured at the beginning of the electrospinning process. 

Sample 
Voltage 

(kV) 

Flow 

Rate 

(mL/h) 

Working 

Distance 

(cm) 

Total 

Spun 

(mL) 

Ambient Parameters 1 

Ambient 

Temp. 

(°C) 

Relative 

Humidity 

(%) 

45_9010 18 1.5 15 3.3 22.1 68.3 

45_8020 18 1.5 15 3.3 22.0 68.3 

45_MS_9010 17.8 1.5 15 3.3 21.7 70.2 

45_MS_8020 20 1.5 15 3.3 21.8 71.2 

1Ambient parameters were measured in the laboratory at the start of the electrospinning process and are 

dependent on weather conditions. 

The surfaces of the electrospun mats were studied using a field-emission scanning electron 

microscope (FE-SEM—Fei Nova NanoSEM 450, ThermoFisher Scientific, Eindhoven, The 

Netherlands) and an EDS detector QUANTAX-200 (Bruker Corp., Billerica, MA, USA), 

used for mapping the presence of silicon in the scaffolds, which is an indicator of the 

presence of BG in the electrospun mats. Small sections of the samples were cut and sputter-

coated with a 10 nm gold layer. ImageJ (an open-source image analysis software—version 

1.54j, NIH, Bethesda, MD, USA) was used to determine the mean fiber diameter. To achieve 



 

79 

 

this, at least 50 measurements were taken. A one-way ANOVA statistical analysis was 

performed to detect the statistical variance between the results. Moreover, a qualitative 

analysis based on visual observation to detect the BG particles was conducted to confirm 

their presence in the electrospun scaffolds. 

The electrospun mats underwent a thermal gravimetric analysis (TGA) using an STA 429 

CD (Netzsch GmbH, Selb, Germany) to quantitatively analyze the presence of BG powder 

in the electrospun mats as residue after thermal degradation of the PCL. Samples weighing 

10 to 20 mg were heated at a rate of 20 °C/min to 600 °C. This temperature was chosen to 

avoid any possible crystallization occurring in the BG structure, following the results 

reported in chapter “4 Novel Mg- and Sr-doped BG compositions” 

5.1.3 Mechanical Characterization 

The mechanical properties of the electrospun mats were evaluated through uniaxial tensile 

testing using a traction test machine, Synergie 400 (MTS System Corp., Eden Prairie, MN, 

USA), equipped with a 100 N load cell and clamps for direct measurement. A tensile speed 

of 1 mm/min at room temperature was used to measure the samples’ properties. The partial 

alignment of the fibers was considered a potential factor influencing the results. For this 

reason, two types of samples were cut from each mat: one along the longitudinal (L) 

direction, and one along the transversal (T) direction. The L-direction is parallel to the ra-

dial component of the cylinder’s velocity, while the T-direction is parallel to the rotation 

axis of the collector cylinder. Five 5 × 20 mm strips were cut for each type of sample. The 

clamps of the traction test machine were set at a starting distance of 5 mm. The thickness of 

the samples was measured using a digital feeler gauge. Finally, the Young’s modulus (E) 

and ultimate tensile strength (σMAX) were calculated from the obtained tensile stress–strain 

curve. A two-way ANOVA statistical analysis was conducted to evaluate the variance of the 

results. 

5.1.4 Surface Wettability 

The hydrophilicity of the samples, a key parameter for understanding their ability to support 

cell adhesion on their surfaces, was measured [418]. The water contact angles of the mats 

were assessed at room temperature using an automatic optical contact angle system (OCA 

15EC, Dataphysics Instruments GmbH, Stuttgart, Germany) equipped with a 6.5× zoom 

lens. A 20× magnification was used to capture the measurements. Distilled water was 

dropped onto the surface of each sample and immediately photographed (t = 0) to measure 

the water contact angle. Each sample was measured at least 10 times at different locations 

to obtain an average value. A one-way ANOVA test was performed to assess the differences 

in the contact angles among the scaffolds. A significance level of α = 0.05 was considered 

for all statistical evaluations. 

5.1.5 Methods for tests in Simulated Body Fluid 

Bioactivity tests were carried out according to Kokubo’s method. The SBF solution was 

prepared in the lab by slowly and carefully mixing the salts under constant stirring. HCl was 

used to buffer the solution and adjust its pH to 7.4. The required quantity of SBF was 

calculated using the formula provided by Kokubo et al. [22]: 
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𝑉𝑆𝐵𝐹 =
𝑆𝐴

10
 , 

where VSBF is the volume of SBF in which the samples are soaked, and SA is the total surface 

area of the sample. 

The electrospun mats were cut into 45 × 5 mm strips and weighed using an analytical 

balance. The strips were then secured in Petri dishes, submerged in SBF, and incubated at a 

constant temperature of 37 °C. Every 48 h, the pH of the solution was measured before 

replacing it with fresh, unreacted SBF. The samples were extracted at three predetermined 

time points: 3, 7, and 14 days. After the immersion period, the samples were removed from 

the SBF, washed with demineralized water, and dried at 40 °C for at least 3 days to remove 

the residual solution from the pores. The scaffolds were then analyzed using an 

environmental scanning electron microscope (Fei Quanta 200, ThermoFisher Scientific, 

Waltham, MA, USA) equipped with an EDS detector (Inca, Oxford Instruments, Oxford, 

Abingdon, UK). 

5.1.6 Materials for Biological Studies 

Mouse fibroblast-like cells (L929, ATCC), immortalized adipose-derived stem cells 

(ASC52telo, ATCC), mesenchymal stem cell basal medium (ATCC-PCS-500-030), 

mesenchymal stem cell growth kit-low serum for adipose, and umbilical cord-derived MSCs 

(ATCC-PCS-500-040) were purchased from LGC Standards (Teddington, UK). BCIP/NBT 

alkaline phosphatase (ALP) substrate solution, DAPI, dexamethasone (D8893), β-

glycerophosphate disodium salt hydrate (G9422), and L-ascorbic acid (A4544) were 

purchased from Sigma Aldrich Chimie S.a.r.l (Saint-Quentin-Fallavier, France). Dulbecco’s 

Modified Eagle’s Medium—low glucose, Osteocalcin (OCN) polyclonal antibody, goat 

anti-Rabbit IgG (H+L) cross-adsorbed secondary antibody Alexa Fluor™ 488, penicillin and 

streptomycin (PenStrep), and L-glutamine were purchased from ThermoFisher Scientifics 

(Eindhoven, The Netherlands). Dulbecco’s phosphate-buffered saline (DPBS) and bovine 

serum albumin (BSA) were obtained from Dominique Dutscher SAS (Bernolsheim, France). 

Fetal bovine serum (FBS) was provided by Cytiva (Marlborough, MA, USA). 

5.1.7 Biological Evaluation 

A - Indirect Cell Culture 

The cytotoxicity of the scaffolds was assessed in accordance with ISO 10993-5 guidelines 

[419] to evaluate the presence of cytotoxic compounds released into the media. The viability 

of the mouse fibroblast-like cells (L929) in indirect contact with the scaffolds was evaluated. 

The cells were cultured and maintained in flasks with complete DMEM, supplemented with 

10% FBS, 1% penicillin–streptomycin, and 1% L-glutamine, at 37 °C in a humidified 

atmosphere containing 5% CO2. For the test, 96-well plates containing 100 µL of complete 

DMEM were seeded with 10,000 cells/well and incubated for 24 h. In parallel, electrospun 

mats were cut into small pieces, covered with complete DMEM, and incubated under 

agitation for 24 h at 37 °C and 5% CO2. Before the test, the mats were disinfected by 

immersion in 70% EtOH for 30 min and then washed three times with DPBS under sterile 

(3) 
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conditions. Latex was used as a negative control (CTRL (−)) and was disinfected using the 

same procedure. 

After 24 h, the culture medium was replaced with 100 µL of the mat- or latex-extracted 

medium and incubated for another 24 h in the same conditions (n = 3). Complete DMEM 

served as the positive control (CTRL (+)). 

Following incubation, 20 µL of the MTS solution were added to each well and incubated for 

2 h at 37 °C and 5% CO2. The optical density (OD) was measured at 492 nm using a 

microplate reader (Tecan Spark 10, Männedorf, canton of Zürich, Switzerland). The 

absorbance values were normalized to positive control and expressed as relative cell viability 

(%). 

B - Direct Cell Culture 

In vitro cell tests were performed using human immortalized adipose-derived stem cells 

(ASC52telo). To assess the effect of BG presence, a pure PCL electrospun mat was used as 

a control. 

Cells were cultured in complete mesenchymal stem cell basal medium, supplemented with 

10% FBS, 1% penicillin–streptomycin, and 1% L-glutamine, at 37 °C and 5% CO2. The 

electrospun mats were disinfected by immersion in 70% EtOH for 30 min and washed three 

times with DPBS under sterile conditions. They were then incubated overnight on a 24-well 

plate in complete medium at 37 °C and 5% CO2. The mats were seeded with ASC52telo 

cells at a density of 10,000 cells per sample (Ø = 12 mm). 

To evaluate the influence of the scaffolds on cell activity, two groups were established: one 

cultured in complete medium (proliferation group) and the other in osteogenic medium 

(complete medium supplemented with 1 M β-glycerophosphate, 50 mg/mL L-ascorbic acid, 

and 100 µM dexamethasone). The culture was maintained for 28 days, with medium changes 

every two days. 

C - Qualitative Staining of Alkaline Phosphatase 

After 28 days of culture, the medium from both groups was removed, and 500 µL of 

BCIP/NBT alkaline phosphatase substrate were added to each well. The samples were 

incubated in the dark at room temperature for 30 min. The substrate solution was then re-

moved to stop the reaction, and the samples were washed with DPBS. 

D - Immunofluorescence (IF) Staining of Osteogenic Bone Marker 

The presence of osteogenic markers in the in vitro cultured samples was analyzed by IF-

OCN staining. Samples cultured with ASC52telo for 14 and 28 days were collected, washed 

with phosphate-buffered saline (PBS), and fixed in 4% paraformaldehyde for 30 min. They 

were then permeabilized with 0.5% Triton X-100 for 20 min, washed three times with PBS, 

and saturated with 2% BSA for 2 h. The samples were incubated overnight at 4 °C with the 

primary OCN antibody. After washing with PBS and 0.1% BSA, the samples were incubated 

for 1 h at room temperature with the goat anti-rabbit IgG (H+L) cross-adsorbed secondary 

antibody Alexa Fluor™ 488 and DAPI, in a humid chamber. The samples were visualized 

using a confocal laser scanning microscope (LSM 980 Airy-Scan II, Carl Zeiss France 
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S.A.S., Rueil-Malmaison, France), with excitation/emission wavelengths of 405 nm for 

DAPI (blue) and 488 nm for OCN (green). 

5.2 Results and Discussion 

5.2.1 Characterization of the Electrospun Scaffolds 

As previously described, the BG powders underwent an extensive milling process to ensure 

optimal results during suspension spinning. To evaluate the morphology of the powders after 

milling, SEM imaging was performed. The results are shown in Figure 25. The BG appears 

to have been successfully ground into a powder with dense particles and variable geometry. 

However, a significant agglomeration of the powder was observed, with smaller BG particles 

adhering to one another. This phenomenon, typical of nano-sized BG particles, has been 

previously reported in the literature and is attributed to residual surface charges [420], [421], 

[422]. The use of cyto-compatible deflocculants may mitigate this effect by improving 

particle dispersion within the suspension [422]. 

 

Figure 25: SEM analysis of the morphology of the powdered BG: (A, B) 45S5; (C, D) 45S5_MS samples, after milling with 

the PM100 rotary mill. 

The structure of the as-spun mats was examined using SEM, and the results are re-ported in 

Figure 26. The images revealed the presence of BG particles embedded within the 

electrospun mats. In all four samples, BG particles were either adhered to the surface of the 

fibers or completely embedded within them. However, the micrographs in Figure 26 indicate 

that the BG particles are predominantly incorporated into the fiber structure rather than 

merely adhered to the surface. Furthermore, the EDS map in Figure 26 (E), showing the 
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presence of silicon atoms, confirms the widespread distribution of BG within the electro-

spun mat, further supporting the predominant incorporation of the BG particles into the fiber 

structure. Although this analysis was performed on all four samples, only the result for 

sample 45_MS_8020 is shown in Figure 26 (E) for the sake of conciseness. The inclusion 

of BG particles may have influenced the final morphology of the fibers, as reported in 

previous studies [70]. Embedded particles occasionally caused bulging along the fibers, 

which could compromise mechanical performance, as bead-on-string defects are known to 

introduce weak points in the fiber structure [423], [424].  

 

Figure 26: FE-SEM micrographs at 6000× magnification of the as-spun scaffolds: (A) 45_9010; (B) 45_8020; (C) 

45_MS_9010; (D) 45_MS_8020. (E) EDS map of silicon superimposed on a 6000× magnification FE-SEM micrograph of 

sample 45_MS_8020. 

To further evaluate the fiber morphology, an image analysis was carried out using ImageJ 

software (version 1.54j). The results for the four types of electrospun scaffolds are reported 

in Table 11. The measured fiber diameters are consistent with previous findings [425], [426]. 
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However, a statistical analysis using one-way ANOVA revealed significant differences 

between the samples (p < 0.05). Tukey’s HSD test confirmed that the greatest difference in 

fiber diameter was observed between 45_MS_9010 and 45_MS_8020. Considering the 

process parameters listed in Table 10, this difference may be attributed to the variation in 

applied voltage. The voltage between the needle and the collector has been shown to strongly 

influence the fiber diameter, with higher voltages generally resulting in thicker fibers 

compared to lower voltages [417], [427]. This effect is likely due to increased Coulombic 

forces that counteract the viscoelastic resistance of the polymer solution [427]. Nevertheless, 

the variables affecting fiber diameter are numerous and often difficult to control, including 

not only setup parameters but also environmental factors such as temperature and humidity 

[425]. 

Table 11: Results of the image analysis: mean fiber diameter, mean BG particle size, and the percentage of the area 

occupied by particles in the images. 

Sample 
Mean Fiber Diameter 

(µm) 

Mean BG Particle Size 

(µm2) 

Area Occupied by 

Particles (%) 

45_9010 1.58 ± 0.32 2.57 1.16 

45_8020 1.03 ± 0.23 2.44 1.85 

45_MS_9010 0.53 ± 0.16 1.41 1.09 

45_MS_8020 1.62 ± 0.46 1.73 1.99 

PCL 1 0.5–1 - - 

1 Data for PCL, added as reference, was obtained from Baudequin et al. [78]. 

Further evaluation of the BG content in the electrospun mats was performed via TGA, which 

can provide insights into the thermal stability of the scaffolds, as well as the relative 

proportions of organic and inorganic components. The TGA plots, reported in Figure 27, 

show that the degradation of 45S5-loaded PCL began around 300–330 °C. A lower onset 

temperature of degradation is consistent with the literature findings for electrospun mats 

incorporating BG, as interactions between the BG particles and the polymer matrix can lead 

to partial chain scission and decreased thermal stability [428]. Interestingly, the degradation 

onset for 45S5_MS-based mats occurred at higher temperatures, suggesting a less 

pronounced interaction with PCL. 

As expected, the samples prepared with a PCL-to-BG ratio of 90/10 exhibited a lower BG 

content, ranging from 3 wt.% to 5 wt.%, while the samples with an 80/20 ratio showed higher 

BG contents of 8 wt.% to 10 wt.%. Considering the thermal stability of BGs at the 

temperatures used in TGA (up to 600 °C), the discrepancy between the theoretical BG 

content and the actual values obtained via TGA may, in the first instance, be attributed to 

some critical issues in the electrospinning process. In particular, it is likely that solvent–

powder interactions and suboptimal jet parameters hinder effective BG transport to the 

collector, while particle sedimentation— exacerbated by agglomeration— further reduces 

the incorporation efficiency. The combination of these effects could lead to a theoretical-to-

nominal BG incorporation ratio lower than 50%, as observed in this study and re-ported 
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elsewhere in the literature. For example, recent works have already highlighted similar 

efficiency issues in the fabrication of BG-loaded electrospun mats [429], [430]. In this 

regard, the suboptimal nominal BG/PCL ratios, compared to the theoretical values of 10 

wt.% and 20 wt.%, indicate room for improvement both in the preparation of the suspension 

for electrospinning and in the optimization of the process parameters. Despite the TGA 

results, we have chosen to retain the sample labels “9010” and “8020”, referring to the 

weight ratios used in preparing the electrospinning suspensions. Obviously, these labels were 

selected for the sake of clarity and consistency but are not intended to imply direct 

correspondence to the final BG content in the electrospun scaffolds. 

 

Figure 27: TGA plots showing thermal degradation of PCL and residual BG content in the electrospun mats. 

5.2.2 Mechanical Characterization and Surface Wettability 

In order to test the physical properties of the electrospun scaffolds, both tensile testing and 

water contact angle measurements were performed on the samples. Table 12 presents the 

results of the tensile testing. The results include σMAX and E in both the L and T directions, 

expressed in MPa. Five replicates were tested for each direction of each sample and then 

averaged. Additionally, the results include the mean value of all the measurements taken for 

each sample, regardless of orientation. 
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Table 12: Ultimate tensile strength and Young’s Modulus of the samples measured via tensile testing. Two-way ANOVA 

showed significant statistical differences among samples and directions (p < 0.05) for both mechanical properties. 

Sample Orientation σMAX (MPa) 
Young’s Modulus 

(MPa) 

45_9010 
L 2.21 ± 0.37 4.84 ± 0.62 

T 1.94 ± 0.33 4.43 ± 0.92 

45_8020 
L 4.32 ± 0.52 6.37 ± 1.64 

T 3.14 ± 0.57 5.58 ± 1.02 

45_MS_9010 
L 7.48 ± 0.48 14.68 ± 1.61 

T 4.79 ± 0.52 8.74 ± 0.68 

45_MS_8020 
L 2.16 ± 0.24 5.37 ± 0.43 

T 1.37 ± 0.14 4.49 ± 1.15 

PCL 1 L - 14.89 

1 Data for PCL, added as reference, was obtained from Baudequin et al. [78]. 

All values of tensile strength in the L direction exceeded 2 MPa, and the Young’s modulus 

values were all above 4.8 MPa. However, sample 45_MS_9010 showed the highest values, 

reaching 7.5 MPa and 14.68 MPa, respectively. A two-way ANOVA revealed that, both for 

the tensile strength and Young’s Modulus, there was low variability within each direction of 

each sample. However, a statistically significant difference was found between the L and T 

directions, suggesting anisotropy in the samples. In addition, 45_MS_9010 exhibited 

significantly higher tensile strength and Young’s modulus in both directions compared to 

the other samples. The higher mechanical properties of sample 45_MS_9010 could be linked 

to the lower fiber diameter, which has been reported to heavily influence both the tensile 

strength and Young’s modulus [431]. Nonetheless, these results appear consistent with the 

previous literature on the topic [432]. However, the mechanical properties could be further 

improved, reaching higher tensile strength and Young’s modulus values, as reported for pure 

PCL electrospun scaffolds by Baudequin et al. [78], even though the presence of embedded 

glass–ceramic particles may worsen the mechanical properties compared to pure electrospun 

scaffolds [431]. Further evidence of this behavior can be found when cross-referencing the 

mechanical properties of the other samples with their respective fiber diameter value. This 

makes it unlikely that the mechanical properties of the electrospun PCL/BG samples were 

influenced by the composition of the BG in this work. 

Measuring the tensile strength in both the longitudinal and transversal directions revealed 

the anisotropic nature of the samples. The results show that both the ultimate tensile strength 

and Young’s modulus are higher in the L-direction compared to the T-direction, indicating 

an uneven distribution of mechanical properties, likely due to a predominant fiber orientation 

within the scaffolds. The factors contributing to these phenomena include the type of 

collector (rotational or stationary), solution composition, voltage, working distance, and 
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flow rate [60], [433], all of which can induce anisotropy in mechanical properties. As 

mentioned in the Materials and Methods section, a rotational collector operating at 300 rpm 

was employed (which is a relatively low speed compared to other studies aiming to obtain 

aligned fibers [434], [435]). This approach aimed to achieve homogeneous fiber distribution 

while minimizing fiber alignment. 

To evaluate the surface wettability of the PLC/BG scaffolds, water contact angle 

measurements were conducted on the samples using double-distilled water. Table 13 

summarizes the results along with standard deviations (expressed in degrees °). Each value 

represents the average of ten measurements taken per sample surface. 

Table 13: Contact angle values of the five electrospun mats with standard deviation. One-way ANOVA showed no 

significant differences among the samples (F = 0.565, p = 0.6416). 

Sample Angle Mean Value (°) 

45_9010 119.68 ± 2.52 

45_8020 119.82 ± 1.63 

45_MS_9010 120.04 ± 2.80 

45_MS_8020 120.94 ± 2.40 

PCL 1  122.8 ± 5 

1 Data for PCL, added as reference, was obtained from Baudequin et al. [78]. 

The results show that all samples exhibited contact angles above 119°, indicating a 

hydrophobic surface. Slight differences in contact angle values were observed across the 

samples, with sample 45_MS_8020 displaying the highest average contact angle. However, 

a statistical analysis indicated no significant differences in contact angle among the samples 

(F = 0.565 and p = 0.642), suggesting that the wettability of the samples is comparable and 

that variation in BG composition did not affect surface wettability. This could be related to 

previous results presented in the micrographs in Figure 26, which revealed that the BG 

particles are predominantly embedded within the fiber structure. These values fall within the 

range reported in other studies on similar electrospun scaffolds, which often describe 

hydrophobicity as a typical feature of electrospun PCL scaffolds [436], [437]. To reduce 

hydrophobicity, surface modification techniques such as plasma treatment or chemical 

functionalization could be applied to enhance scaffold hydrophilicity, promoting better cell 

attachment and facilitating tissue integration [438]. 

5.2.3 Tests in Simulated Body Fluid 

To evaluate the bioactivity of the electrospun PLC/BG scaffolds, SBF testing was conducted 

according to Kokubo’s protocol. pH changes were monitored in the SBF solution over a 14-

day period, with measurements recorded every 48 h. The results are presented in Figure 28. 

After each measurement, the solution was refreshed to ensure consistent testing conditions 

and to better mimic the dynamic environment of physiological fluids. 
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Figure 28: pH variation plot of the 4 electrospun scaffolds, submerged in SBF for 7 days. pH values were recorded every 

48 h. 

The electrospun samples induced minimal fluctuations in the pH of the solutions, which did 

not exceed 7.45. This may indicate limited ion exchange and PCL degradation in the 

solution. The latter hypothesis could be supported by the sudden acidification of the solution 

measured after the 7th day of immersion. Previous studies have also reported this drop in the 

pH of the SBF, which could be associated with PCL degradation [439]. 

In chapter “4 Novel Mg- and Sr-doped BG compositions” has already established that both 

45S5 and 45S5_MS are bioactive, as they precipitated HA after 7 days of immersion in SBF 

[21], [22]. Additionally, 45S5_MS has demonstrated good biological behavior, exhibiting 

optimal cell viability and adhesion when tested with human dermal fibroblasts. For these 

reasons, our investigation focused on EDS analysis of the SBF-treated samples to determine 

whether calcium- and phosphorus-rich compounds were deposited on the surfaces of the BG 

particles embedded within the electrospun scaffolds. Figure 29 presents the results of the 

EDS analysis conducted on sample 45_MS_8020, taken as an example, along with SEM 

imaging of the sample surface. The analysis revealed a significant concentration of calcium 

and phosphorus on a white globule, along with the absence of silicon. This could be a 

potential indicator of HA deposition on the surface of the BG granule in the scaffold structure 

[373]. 
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Figure 29: (A) EDS analysis of the surface of the 45_MS_8020 electrospun PCL/BG sample and (B) SEM image of the 

analyzed area. The red arrow points to the spot where the analysis was conducted. 

Furthermore, the presence of Na and Cl, as detected by the EDS, could be attributed to salt 

precipitation from the solution [62,63]. Lastly, the SEM image in Figure 5B shows a 

damaged fiber structure, as the PCL began to degrade upon contact with SBF, as suggested 

by the acidification phenomenon previously mentioned. 

5.2.4 Biological Assessment 

A - In vitro Evaluation of Cytotoxicity 

In tissue engineering, 45S5 and PCL are biomaterials that are widely employed. However, 

the addition of Mg and Sr to the BG composition could lead to an undesirable response in 

biocompatibility, inducing a decrease in cell viability. To evaluate the cytotoxicity of the 

mats, an indirect test was conducted according to ISO 10993-5 guidelines. Figure 30 shows 

the proliferation of the L929 cells that were cultured for 24 h in the extract of electrospun 

mats and latex and then normalized against the CTRL (+). It is possible to notice that the 

mats did not demonstrate a significant adverse effect on the cells after culture. For CTRL 

(−), the proliferation decreased to 70%, which could be related to the cytotoxicity of the 

latex. 
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Figure 30: Indirect cytotoxicity test: Proliferation of L929 fibroblasts cultured in electrospun mats extracts, latex extracts, 

or complete DMEM medium for 24 h. CTRL (+) is the complete DMEM medium, and CTRL (−) is the latex-extract medium. 

The black line corresponds to 70% proliferation. Statistical analysis was performed using one-way ANOVA with Tukey 

post-test, with p < 0.05 (n = 3). 

B - In vitro Evaluation of Osteogenic Induction Performance 

To evaluate whether 45S5 and 45S5_MS play a role in osteogenesis, ALP, an earlier 

phenotype marker of osteoblast differentiation, and OCN, the most abundant non-

collagenous bone protein produced exclusively by osteoblasts, were investigated. In this 

study, PCL electrospun scaffolds (fiber diameter around 480 nm) served as a control to 

compare the results obtained with the scaffolds containing BG and additives. 

Briefly, bone formation by osteoblasts is divided into two steps: organic matrix 

formation/deposition and mineralization. Collagen proteins, including type I collagen, are 

secreted during organic matrix formation, followed by the production of several distinctive 

non-collagenous proteins, such as ALP, OCN, and osteopontin (OPN). Finally, the 

calcification process of the extracellular matrix is induced [440]. During matrix 

mineralization, the secretion of osteocalcin by osteoblasts is associated with the late phase 

of cell differentiation [441]. 

After 28 days of culture, the ALP staining (Figure 31) for samples in the osteogenic medium 

was more intense than in the proliferation medium, as expected, since the presence of 

osteogenic factors stimulates cell differentiation. 
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Stiffness and high surface area are crucial factors to consider when developing an ideal 

scaffold. Scaffolds designed with biophysical properties that mimic either cancellous or 

cortical bone provide a proper environment for cells to attach, proliferate, and migrate. 

Moreover, the interaction between mechanical properties and cell signaling can drive cells 

to differentiate into a tissue with mechanical properties comparable to the scaffold by 

influencing cell focal adhesion and the cytoskeleton [442], [443]. Furthermore, studies have 

demonstrated that the osteogenic potential of several stem cells, such as adipose stem cells, 

is significantly increased by a microfibrous environment [444]. 

 

Figure 31: ALP staining of ASC52telo cultured on electrospun scaffolds in proliferation and osteogenic medium after a 

period of 28 days. A semi-quantitative score was attributed to each sample, from 0 = no ALP presence to 5 = completely 

dark. 

By analyzing the results obtained by the scaffolds in a proliferation medium without 

osteogenic supplements, it can be inferred that the scaffolds with the highest level of ALP 

staining were those loaded with 45S5_MS, as well as the reference scaffold made of pure 

PCL. Specifically, PCL and 45_MS_9010 showed the highest E and the lowest fiber 

diameter, which are favorable properties for cell differentiation. Interestingly, in the case of 

sample 45_MS_8020, which had a lower Young’s Modulus value (5.37 MPa) and a larger 

fiber diameter (1.62 µm), it also showed a high level of ALP staining. A previous study 

demonstrated that pure PCL and composite PCL electrospun scaffolds could induce bone 

differentiation without an osteogenic medium, and this differentiation could be more related 

to the morphology (alignment, multiple layers) and composition of the material than to the 

relationship between fiber diameter and stiffness [78]. It could be hypothesized that, in this 

study, the increase in ALP staining may be linked more closely to the presence of the doping 

ions in the BG (i.e., magnesium and strontium) than to the size and/or mechanical properties 

of the fibers. 
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The fluorescence images in Figure 32 and Figure 33 shows stained nuclei (blue) and 

osteocalcin (green) in the ASC52telo after 14 and 28 days of cell culture. On day 14, it was 

possible to observe the presence of OCN expression in all samples in both the proliferation 

and differentiation media, with enhanced OCN presence in the osteogenic medium. From 

day 14 to 28, an increase in OCN expression was observed for all samples, highlighting that 

the cells continued their growth process and suggesting differentiation towards osteo-blasts. 

Despite the slightly hydrophobic characteristics of the electrospun samples, which could 

compromise cell adhesion, these results demonstrate that ASC52telo can adhere, spread, and 

proliferate on the scaffolds, indicating that the inclusion of 45S5 and 45S5_MS can provide 

a favorable microenvironment for cell growth. 

 

Figure 32: Immunofluorescence staining of osteocalcin (green) and cell nuclei (blue) in ASC52telo cultured on electrospun 

scaffolds in two media (proliferation and osteogenic) on day 14. Scale bars represent 50 µm (magnification 20×). 

Furthermore, following the ALP staining results, on day 14, a higher cell density was 

observed in the mats containing Mg and Sr. Several studies have indicated the advantages 
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of bio-ceramics doped with magnesium and strontium, which can promote bone formation 

[408], [445], [446], [447]. The presence of Mg can stimulate the proliferation of osteoblasts 

[448], whereas Sr possesses therapeutic effects on osteoporosis by enhancing pre-

osteoblastic differentiation [449]. In vivo studies have shown that BG doped with strontium 

and BG doped with magnesium increase new bone regeneration by stimulating osteoblast 

metabolic activity and proliferation [450], [451]. Another study revealed that the presence 

of Mg in tricalcium phosphate ceramic stabilized the cell–material interface and promoted 

higher cell attachment and growth [445], [448], [450]. 

These results demonstrate that the inclusion of enriched BG into PCL electrospun scaffolds 

might provide a favorable environment for cells and represent an alternative for tissue 

engineering. 

 

Figure 33: Immunofluorescence staining of osteocalcin (green) and cell nuclei (blue) in ASC52telo cultured on electrospun 

scaffolds in two media (proliferation and osteogenic) on day 28. Scale bars represent 50 µm (magnification 20×). 
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6 Optimization of PCL/BG scaffolds 

(This section has been submitted to Polymers and is currently under revision. Received: 12 

Feb 2026) 

Further efforts were dedicated to the optimization of the PCL/BG composite scaffolds 

discussed in the previous chapter. While previous results showed the feasibility of producing 

electrospun scaffolds incorporating melt-derived BG powder, several limitations emerged. 

A low efficiency of BG electrospinning, such as agglomeration and an uneven particle size 

distribution led to reduced BG presence in the final products in the previously described 

scaffolds. Moreover, the highly hydrophobic behavior of the scaffolds was tackled, 

considering that low wettability of the mats is a major hinderance for electrospun PCL, as 

discussed in section “1.2 Electrospun polymer-based fibrous composite scaffolds” [418]. 

To address these issues, several precautions were implemented into the production process. 

Specifically, an upgraded electrospinning system, equipped with a scanning emitter, 

enabling improved fiber distribution, a negative voltage generator (useful for improving 

deposition quality and reducing waste), and wider needles, which could also ease the 

employment of higher flow rates [452]. Tuning the composition of the electrospinning 

solution is also a major concern when producing electrospun scaffolds. Higher PCL content 

in the polymeric solution is usually associated with thicker fiber formation during the 

production process [453]. This can also result in worse mechanical performance as fiber 

thickness has been shown to be inversely correlated with ultimate strength of the electrospun 

mats [454]. 

Besides compositional optimization, surface properties are a critical limitation of 

electrospun PCL-based scaffolds. As discussed in section “1.2 Electrospun polymer-based 

fibrous composite scaffolds” a low wettability of the mats is a limitation for electrospun PCL 

scaffolds, as it can lead to lower protein adsorption and cell adhesion [86], [87]. While the 

incorporation of BG particles did not result in improved wettability of the scaffolds, different 

strategies have been explored to address this issue, such as plasma treatment or 

functionalization by immersion in a sodium hydroxide (NaOH) solution [455]. Among these 

approaches, chemical treatment in NaOH is an accessible and practical solution for several 

reasons, including the high availability of reagents, low cost, and ease of implementation, 

especially when compared to plasma treatment. Increasing the hydrophilicity of these 

devices could significantly enhance their biological performance, providing a valuable tool 

for various applications in tissue engineering, including skin tissue healing, infection control, 

and BG delivery for bone regeneration. Meanwhile, employing cost-effective production 

strategies could more easily bring this technology into industrial production. 

6.1 Testing procedures 

6.1.1 Production of PCL/BG electrospun scaffolds and chemical treatment 

The BG S53P4_MS was manufactured using the traditional melt-quench technique, already 

described in chapter “4 Novel Mg- and Sr-doped BG compositions”. The frit obtained after 

melting and cooling the BG, was ground into a powder via dry milling for 20 min, using an 
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alumina jar and a laboratory mill MGS1800/2 (MGS S.r.L., Fiorano Modenese, Italy), then 

sieved to a powder with granulometry <63 µm. The BG powder underwent a second, wet 

milling in ethanol (EtOH) for 1 hour, using a BG:EtOH:balls weight ratio of 1:20:20. The 

BG/EtOH suspension was allowed to decant, the supernatant was removed, and the 

remaining wet slurry was dried in a ventilated oven at 50 °C for 48 hours. 

Electrospun scaffolds were manufactured using an electrospinning machine Spinbox® 

(Bionicia, Valencia, Spain), equipped with a rotating collector, syringe pump, negative 

voltage generator, and scanning emitter. The mats were prepared starting from a BG 

suspension in a PCL solution. The appropriate amount of S53P4_MS was weighed and 

placed into a glass vial. 3.5 mL of DMF were added into the vial, which was then sonicated 

for 10 minutes. The appropriate amount of PCL (MW~80.000 – acquired from VWR 

International S.r.L., Milano, Italy) was weighed and added to the vial together with 6.5 mL 

of DCM. These solvents were chosen accordingly to experimental procedures previously 

determined and described in chapter “5 Feasibility of electrospun PCL/BG composite 

scaffolds”. The solvent ratio was chosen based on previous experimentation with different 

solutions. The suspension was then stirred overnight. The detailed compositions of the 

suspensions for each are reported in Table 14. Three formulations were prepared in order to 

investigate the effect of BG loading on the electrospun scaffolds. The sample SP_H 

represents an intermediate composition, with a nominal BG content of 23.08 wt.% relative 

to the total solid phase. The formulation SP_L was prepared with a lower BG content (13.04 

wt.%), while SP_X contained higher amounts of both PCL and BG compared to SP_H, 

maintaining the same nominal BG fraction (23.08 wt.%). The selected BG contents are 

consistent with values commonly reported in the literature for electrospun polymer/BG 

composites, as excessively high ceramic loading may alter electrospinnabilty and 

compromise fiber formation [456], [457], [458]. Moreover, these BG concentrations sit in 

the 5-40 wt.% range, ideal for osteoblast growth and Ca–P formation in composites [106]. 

Prior to electrospinning, the suspensions were sonicated for an additional 5 minutes, then 

poured into a syringe and electrospun through a 17 G needle (internal diameter Φi=0.1067 

mm). The electrospinning parameters for each sample are reported in Table 15. In brief, the 

total voltages employed were between 17 and 18.5 kV, while flow rate and needle-collector 

distance were constant at 2.4 mL/h and 15 cm, respectively. 

 

Table 14: Compositions of the suspensions used to manufacture electrospun samples. 

 SP_H SP_L SP_X 

DCM 6.5 mL 6.5 mL 6.5 mL 

DMF 3.5 mL 3.5 mL 3.5 mL 

PCL  0.90 g 0.90 g 1.00 g 

S53P4_MS 0.27 g 0.135 g 0.3 g 

Nominal PCL/BG weight ratio 23.08% 13,04% 23,08% 
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Table 15: Electrospinning parameters employed in the production of samples. 

 SP_H SP_L SP_X 

Applied voltage 12 kV 11.5 kV 13.5 kV 

Negative voltage -5 kV -5 kV -5 kV 

Flow rate 2.4 mL/h 2.4 mL/h 2.4 mL/h 

Needle-collector 

distance 

15 cm 15 cm 15 cm 

Scanning emitter speed 25 mm/s 25 mm/s 25 mm/s 

Rotating collector 

speed 

250 rpm 250 rpm 250 rpm 

Total electrospun 

volume 

5 mL 5 mL 5 mL 

 

In order to increase the wettability of the electrospun scaffold, aiming to improve its 

biological properties and better exploit the properties of BG, the samples were chemically 

treated in a NaOH 1M solution, following procedures reported in the literature [455] using 

Milli-Q bi-distilled water and NaOH pellets (Incofar S.r.L., Modena, Italy). Samples were 

secured onto a petri dish and submerged in the NaOH solution at room temperature for 4 

hours. The samples were then extracted, washed with bi-distilled water, and dried at room 

temperature for 24 hours. The treated samples were named accordingly SP_HT, SP_LT, and 

SP_XT and characterized as follows. 

6.1.2 Characterization 

Various properties of S53P4_MS, including its biological properties, have already been 

investigated in chapter “4 Novel Mg- and Sr-doped BG compositions”. To increase the 

stability of the suspension during the electrospinning process, and improve the quality of the 

fibers, BG particles should have a fine particle size [85]. The granulometry of the powders, 

both sieved after the first milling step and after re-milled, was verified using a laser-

diffraction particle size distribution analyzer (Malvern Panalytical, Malvern, UK). 

Moreover, the powders were observed under FE-SEM (Fei Quanta 200, ThermoFisher 

Scientific, Waltham, MA, USA) equipped with both a secondary electron detector and a 

backscattered electron detector working simultaneously. The micrographies were acquired 

at 1600× magnification. The characteristic diameters D0.1, D0.5, and D0.9, corresponding to 

the particle diameters below which 10%, 50%, and 90% of the particle population are found, 

respectively, are reported along with the particle size reduction (PSR), calculated as: 

𝑃𝑆𝑅 =
(𝐷𝑠−𝐷𝑑)

𝐷𝑠
× 100% , 

where Ds is the mean diameter after single milling, and Dd is the mean diameter after the 

second milling. 

 

(4) 
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TGA was conducted on the electrospun samples to quantify the effective electrospinning 

yield of BG. The analysis was carried out by heating the samples to a temperature sufficient 

to ensure complete thermal degradation of the polymeric phase (PCL), while remaining 

below the temperature range at which thermal reactions of BG occur. Small samples were 

cut from the electrospun mat, weighed, and placed in a simultaneous thermal analyzer STA 

429 CD (Netzsch GmbH, Selb, Germany). A heating rate of 20 °C/min was applied up to 

temperature of 600 °C, in air atmosphere; this temperature was selected considering the high 

thermal stability of S53P4_MS up to 700 °C. 

The electrospun mats were characterized using a FE-SEM (Fei Quanta 200, ThermoFisher 

Scientific, Waltham, MA, USA), equipped with a secondary electron detector. Images of the 

sample surfaces were acquired at magnifications of 3000× and 5000×. Small patches were 

cut from the mats and sputter-coated with a 10 nm gold layer. Moreover, EDS (Quantax200, 

Bruker Corp., Billerica, MA, USA) was used to verify the presence and spatial distribution 

of S53P4_MS within the electrospun fibers via elemental mapping detecting silicon. SEM 

micrographies were subsequently used to determine the mean diameter of the fibers using 

the open-source image analysis software ImageJ (version 1.54d, NIH, Bethesda, MD, USA). 

The 5000× magnification micrographies were employed to measure the fiber diameter. At 

least 50 measurements were taken on each sample. Mean fiber diameter and standard 

deviation were thus calculated. A one-way ANOVA with Tukey’s post-test was performed 

on the fiber diameter data. Statistical significance was set at p < 0.05. 

Water contact angles of the electrospun samples were measured using an automatic optical 

contact angle system (OCA 15EC, Dataphysics Instruments GmbH, Stuttgart, Germany) 

equipped with a 6.5× zoom lens. The measurements were conducted on samples both as-

spun and after treatment in NaOH in order to compare the wettability of treated and untreated 

samples. Small 5 × 2 cm strips were cut from the samples and secured to a flat dish. 2 µL 

drops were dispensed on the surfaces and, after waiting 5 seconds, both right and left angles 

were measured digitally (SCA 20, DataPhysics, Germany). At least 10 measurements were 

acquired for each sample. The collected data was then used to calculate the mean contact 

angle for the samples’ surfaces. A two-way ANOVA analysis for unbalanced data (α=0.05, 

variable A: sample type, variable B: treatment condition) was conducted to evaluate the 

variance of the results, particularly with respect to chemical treatment. For sake of clarity, 

resulting data includes the contact angle reduction factor (RCA) calculated as: 

𝑅𝐶𝐴 =
𝜃𝑢𝑡−𝜃𝑡

𝜃𝑢𝑡
× 100% ,  

where θut is the mean contact angle of the as-spun samples and θt is the contact angle of the 

treated samples, employed to quantify the variability in contact angle measurement. 

Before the tensile testing, the samples’ thicknesses were measured. Optical imaging was 

used to determine the mean thickness of the electrospun mat, thanks to the improved 

thickness uniformity achieved via the scanning-emitter-assisted electrospinning process. 

Small patches of electrospun samples were cut from the mat, from zones adjacent to those 

used for tensile tests. These small patches were secured between two semi-rigid supports 

and embedded in cold-curing resin. After 24 hours of curing, the resin was sectioned and 

(5) 
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polished; the cross-sections were examined under an optical microscope (Olympus Corp., 

Tokyo, Japan) at 500× magnification. The mean thickness of the samples was subsequently 

measured using ImageJ (version 1.54d). 

The ultimate tensile strength (σMAX) and elongation at failure (εb) were measured using a 

universal testing machine (Z050, Zwick-Roell GmbH & Co. KG, Ulm, Germany) equipped 

with a 10 kN load cell (XForce HP, Zwick-Roell). Samples were cut into small strips and 

secured onto two polymeric grips. A preload of 0.2 N was applied to the samples, and the 

test was conducted at a speed of 5 mm/s, ultimately causing failure of the samples. At least 

5 repetitions were conducted for each sample. The data collected were then used to calculate 

the mean value for the samples’ σMAX and εb. One-Way analysis of variance was conducted 

on the samples to determine statistically significant differences among the scaffold 

formulation and treatments. Additionally representative stress–strain curves are shown to 

qualitatively illustrate the mechanical response of untreated and treated scaffolds. 

6.1.3 Biological test: cell spreading 

Prior to cell seeding, the PCL/BG scaffolds were sterilized by incubation in 70% ethanol for 

30 minutes followed by three washes with DPBS, (Thermo-Fisher Scientific, MA, USA). 

HDF (Cat. #C-013-5C, ThermoFisher Scientific), at the concentration 1.0 × 104 cells were 

suspended in 1 mL of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 

% fetal bovine serum, 1% penicillin-streptomycin and 1% non-essential amino acids 

(acquired from Thermo Fisher Scientific). 1 mL of this suspension was placed onto each 

scaffold cut in order to have the same surface area (1 cm2) for the same number of cells. 

Scaffolds were placed on non-treated cell-culture plates for 1 hour to let cells adhere to the 

scaffold. Then, each scaffold was transferred into 24-well cell culture plates (Corning, NY, 

USA) and incubated at 37 °C with 5% CO2 in complete DMEM. After the transfer there 

were no cells left on the untreated culture plates. After 24 hours, all samples were fixed with 

4% paraformaldehyde for 15 minutes.  

Fluorescent markers were used to boost the visualization of cells and their morphology on 

the scaffolds. Briefly, cells were permeabilized with 0.5% Tween-20 in DPBS for 10 minutes 

and then incubated for 5 minutes with 300 nM DAPI (D1306, ThermoFisher Scientific) and 

for 45 minutes with iFluor-488-conjugated phalloidin (1:1000 dilution, ab176753, Abcam, 

UK), for staining the nuclei and the actin cytoskeleton, respectively. Samples were then 

washed with DPBS and observed with a 20× Olympus objective mounted on EVOS M5000 

(Thermo-Fisher Scientific).  

To quantify the number of fibroblasts attached and grown on the scaffolds, nuclei were 

counted using the ImageJ software (v.1.53t) on 10 images from each sample taken randomly 

on the whole surface of the scaffolds. Experiments were done in duplicate. One-way 

ANOVA was used for multiple comparisons and a Tukey post-hoc test was applied. 

Statistical analyses were performed using GraphPad Prism 8.0 software (San Diego, CA). 

Values are reported as mean and standard deviation. Differences were considered significant 

for p<0.05. 
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6.2 Results and discussion 

6.2.1 Morphological and compositional characterization of electrospun 

PCL/BG scaffolds 

S53P4_MS underwent a double milling process to ensure fine particle size of the powders. 

This approach was followed to minimize BG sedimentation during electrospinning, which 

can lead to reduced BG incorporation in the final product compared to the nominal weight 

ratio. Furthermore, reducing the maximum particle diameter also decreases the risk of 

clogging the tubing and needle.  

Figure 34 (A-B) presents the SEM micrographs of the S53P4_MS powder after the initial 

milling and sieving process, and after the subsequent wet milling process. The cumulative 

and differential particle size distributions obtained from the granulometric analysis are 

presented in Figure 34 (C-D). Meanwhile, Table 16 reports the characteristic diameters D0.1, 

D0.5, and D0.9, and particle size reduction. Results show a sharp reduction in particle size 

following the wet milling step. The particle size reduction was approximately 70% across 

the characteristic diameters, confirming the effectiveness of wet milling in refining the BG 

powder. This creates conditions for more stable electrospinning, reducing the risk of 

sedimentation and clogging. 

Table 16: Results of the granulometric analysis on S53P4_MS powders after a single and double milling process, 

expressed as D0.1, D0.5, and D0.9 (in µm), and PSR values. 

 D0.1 D0.5 D0.9 

Single milling 3.34 12.86 33.40 

Double milling 1.00 3.57 11.22 

PSR 70% 72% 66% 
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Figure 34: SEM micrographies of the S53P4_MS powders after the initial milling (A) and after the second milling (B), and 

their corresponding cumulative and differential distribution for the single- (C) and double-milled (D) powder. 

The surface and fiber morphology of the electrospun PCL/BG scaffolds before and after 

chemical treatment were investigated by SEM imaging, and the results are reported in Figure 

2. The micrographs show successful electrospinning of the suspensions, with BG particles 

predominantly embedded within the fibers. SEM analysis also revealed the presence of 

beads, a morphological defect of the mats consisting of localized fiber thickening [459], 

likely linked to flow fluctuations caused by the suspended BG powders [459]. Moreover, 

chemical treatment did not cause any visible morphological alterations to the fibers. SEM 

micrographs were further employed to measure the mean fiber diameter, and the results are 

reported in Table 17. Notably, the BG particles are in the micrometer size range, while the 

electrospun fibers exhibit diameters in the nanometric range. This dimensional mismatch 

suggests that BG particles are not fully encapsulated within the polymeric matrix; instead, 

they are likely to induce localized bulges along the fibers (unavoidable in these conditions) 

and may remain partially exposed at the fiber surface. However, this could prove useful as 

direct contact between BG particles and physiological fluids is required to promote ion 

release and fully exploit the dissolution-related properties of bioactive glasses. 

One-way ANOVA revealed a statistically significant difference among the samples 

(p=0.019). Tukey’s post-test identified a significant difference between samples SP_H and 

SP_X, while no significant difference was detected between SP_L and SP_H, or SP_L and 

SP_X. Notably, SP_L, characterized by a lower nominal BG content compared to the other 

samples, did not exhibit a markedly different mean fiber diameter, suggesting that variations 

in BG loading within the investigated range do not strongly affect fiber diameter [85]. 

Furthermore, EDS maps (Figure 36) were acquired on untreated samples to detect silicon 

atoms, indicative of the presence of BG. The results further confirmed the presence and 

homogeneous spatial distribution of BG within the electrospun fibrous mats. 
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Figure 35: SEM micrographs of the as-spun SP_H (A), SP_L (B) and SP_X (C) samples; and chemically treated SP_H 

(D), SP_L (E) and SP_X (F) samples. 

Table 17: Mean fiber diameter and standard deviation of the electrospun samples. One-way ANOVA and Tukey’s post-

test showed statistically significant differences between samples SP_H and SP_X (p<0.05). 

 SP_H SP_L SP_X 

Mean fiber 

diameter 
0.376 ± 0.102 µm 0.390 ± 0.119 µm 0.423 ± 0.144 µm 
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Figure 36: EDS maps of the untreated electrospun samples SP_H (A), SP_L (B), and SP_X (C). Blue highlighted areas 

indicate the presence of BG particles. 

Thermal gravimetric analysis was employed to quantify the effective BG content in the 

electrospun mats, compared to the nominal values. Results are reported in Figure 37 and 

summarized in Table 18. TGA revealed that the actual BG content was lower than the 

nominal value. This was expected, as incorporating insoluble powders as a load during 

electrospinning is commonly associated with reduced loading efficiency in the final product 

[430], [460]. Across all electrospun samples, the retained BG content ranged between 65% 

and 71% of the nominal value. These values are consistent with previously reported results 

in the literature [460] and represent an improvement over previous efforts reported in chapter 
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“5 Feasibility of electrospun PCL/BG composite scaffolds”. The enhanced efficiency 

observed in this work can reasonably be attributed to the modified procedures, including 

tuning of the electrospinning setup and parameters, as well as the optimized particle size 

achieved through wet milling. Future efforts could focus on further increasing BG 

electrospinning efficiency by refining particle dispersion and minimizing sedimentation 

during manufacturing. 

Table 18: Nominal and measured BG/PCL weight ratios of the untreated electrospun scaffolds and relative electrospinning 

efficiency. 

 Real BG mass % Nominal BG mass % Yield 

SP_H 15.15 23,08 65.64% 

SP_L 9.04 13,04 69.32% 

SP_X 16.53 23,08 71.62% 

 

 

Figure 37: TGA curves of the electrospun PCL/BG scaffolds, showing polymer degradation and residual BG content. 

6.2.2 Wettability and mechanical behavior of electrospun scaffolds 

The effect of chemical treatment in 1M NaOH solution for 4 hours on the surface wettability 

of the PCL/BG scaffolds was evaluated by measuring and comparing the water contact angle 

of treated and untreated samples. Table 19 summarizes these results, indicating the mean 

contact angle and standard deviation of the treated and untreated samples, as well as the 

RCA. The as-spun electrospun mats showed mean contact angles ranging between 118° and 

123°, confirming the hydrophobic nature of electrospun PCL. Meanwhile, the surface of the 

chemically treated mats exhibited a more hydrophilic behavior, with contact angles ranging 

from 85° to 94°. The substantial reduction in contact angle demonstrates that NaOH 

treatment effectively enhanced scaffold wettability.  
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Two-way ANOVA for unbalanced data revealed a highly significant main effect of the 

NaOH treatment on surface wettability (p << 0.05), independently of scaffold formulation 

(p=0.629), suggesting that the effect of NaOH treatment was consistent across all scaffold 

formulations. Notably, the treated samples showed higher dispersion of measurements 

compared to the as-spun samples. This could be attributed to the improved local absorption 

of water in specific regions of the fibrous structure, likely resulting from surface chemical 

modification. These results are in accordance with previous findings and further confirm the 

effectiveness of NaOH treatment on the surface wettability of hydrophobic electrospun PCL 

[455]. 

Table 19: Mean contact angle and standard deviation of the treated and untreated samples, and RCA expressed as 

percentage. 

 mean contact angle (°) RCA 

SP_H 118.88 ± 4.81 
26.39 % 

SP_HT 85.96 ± 9.92 

SP_L 122.74 ± 4.48 
27.69 % 

SP_LT 93.52 ± 5.11 

SP_X 121.45 ± 4.41 
23.81 % 

SP_XT 89.40 ± 11.21 

 

The mechanical properties of the electrospun PCL/BG scaffolds were evaluated via tensile 

testing. Figure 38 shows the results of the tests, expressed as mean values of ultimate tensile 

stress and elongation at break. In addition, Figure 39 presents exemplary engineering stress–

strain curves of samples SP_H and its chemically treated counterpart, SP_HT, providing a 

qualitative comparison of their mechanical response.  

Overall, the mechanical properties of these scaffolds were improved compared to previously 

reported results (refer to Table 12). This could be generally attributed to the finer fiber 

diameter achieved in the present work, which has been previously associated with improved 

mechanical performance in electrospun fibrous mats [431], [454]. Untreated scaffolds 

exhibited tensile strength values in the range of 3–6 MPa, while NaOH-treated samples 

showed higher tensile strength values between 6–9 MPa. A similar trend was observed for 

the ultimate strain, which ranged from 130–170% for untreated scaffolds and increased to 

140–190% after surface treatment. The results for tensile strength fall within the range 

typically reported for electrospun PCL-based composite scaffolds, while maintaining 

relatively high elongation at break [456], [458], [461]. Moreover, samples SP_L and SP_LT 

clearly exhibited higher tensile resistance compared to other formulations, which could be 

ascribable to lower BG content, as higher ceramic loading is often associated with reduced 

mechanical integrity in composite electrospun scaffolds [456]. The influence of BG content 

on the mechanical response of electrospun scaffolds has been widely discussed in the 

literature. BG nanoparticles embedded into PCL-based fibrous scaffolds can initially 

increase tensile strength due to a reinforcing effect of the ceramic phase, although higher BG 

concentration may lead to a reduction in strength [458]. Several different studies point out 

that excessive inorganic filler in electrospun mats could lead to stress concentration and 
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promote brittle behavior [73], [456]. Additionally, previous works have highlighted that the 

mechanical performance of electrospun composites is strongly influenced by the dispersion 

of BG particles within the polymer matrix. Indeed, poor dispersion and particle clustering 

may result in localized stress concentration resulting in worsened mechanical properties 

[73]. 

Notably, the mechanical properties of the scaffolds treated in NaOH solution were higher 

than those of untreated samples, in both elongation at break and ultimate tensile strength. 

This could be related to the chemical treatment, although the underlying mechanisms 

governing this behavior are not fully elucidated. One-way Anova supports these 

observations, revealing statistically significant differences among the samples (F = 15.32, p 

<< 0.05). Tukey’s post-test revealed a significant increase of tensile strength between treated 

and untreated samples, except for SP_X compared with SP_XT (p = 0.17). Interestingly, 

statistical analysis revealed the influence of BG loading in the scaffolds, as SP_L shows 

significantly higher tensile strength compared to SP_H (p < 0.05), indicating that lower BG 

content leads to higher tensile strength in electrospun scaffolds. In contrast, statistical 

analysis performed on εb did not reveal significant differences among the investigated 

groups (F = 2.148, p = 0.108). Although variations in elongation at break were observed 

among the samples, these differences can be attributed to experimental variability rather than 

systematic effects related to scaffold composition or surface modification. 

Nevertheless, these results suggest that NaOH treatment, when applied to randomly oriented 

electrospun fibers for up to 4 hours, does not compromise the mechanical performance of 

the fibrous scaffolds. Cues for this behavior have previously been presented by Bosworth et 

al., even though it is not fully discussed [455]. Based on the available evidence, the 

improvement in tensile strength after NaOH treatment could be attributed to a combination 

of factors. Firstly, the partial surface hydrolysis of PCL caused by NaOH could promote 

localized fiber fusion [462], potentially leading to a favorable balance between stiffness and 

ductility for this system. Secondly, NaOH treatment has been reported to induce fiber 

flattening [455], [462], resulting in thinner scaffolds compared to the untreated samples. This 

morphological change may have contributed to an apparent increase in tensile properties, as 

a smaller cross-sectional area influences stress calculations. However, further dedicated 

investigations would be required to fully elucidate this behavior. 
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Figure 38: Traction test results reporting (A) σMAX (expressed in MPa) and (B) εb (%) of the treated and untreated 

electrospun PCL/BG samples. 
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Figure 39: Representative engineering stress-strain curves of the samples SP_H (A) and the chemically treated SP_HT 

(B). 

6.2.3 Cell spreading test 

To test the affinity of cells to the different electrospun PCL/BG scaffolds, HDF were cultured 

for 24 hours on SP_H, SP_L, and SP_X untreated or treated with NaOH. The morphology 

of the cells appeared shriveled and stretched alongside rounder cells in the SP_X sample; by 

contrast, cells were elongated and more expanded on all other samples, and especially on 

those treated with NaOH, indicating higher affinity for these surfaces. In particular, 

fibroblasts seeded on the SP_L scaffolds were more numerous, and in several areas on the 

SP_LT, cells appeared already at subconfluence with well-marked cytoskeletal structures 

(Figure 40 (A)). 

To better evaluate the number of cells on the different scaffolds, the DAPI-stained nuclei 

were counted. Adhesion of cells showed best results on SP_L > SP_H > SP_X. In all cases, 

treatment with NAOH increased the number of adherent cells compared to the corresponding 

untreated scaffold (Figure 40 (B)). Results highlight that alkaline treatment, by increasing 

the wettability of the scaffolds favors the attachment of the serum adhesive glycoproteins 

present the culture medium, thus promoting cell adhesion and spreading as already suggested 

[463]. The lower affinity for cells shown by the SP_X samples could be due to the larger 
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size of the fibers, which creates a structure that does not favor contact with fibroblasts and 

that can be overcome, at least partially, by NaOH treatment. 

 

Figure 40: Representative images of HDF seeded on SP_H, SP_L and SP_X scaffolds untreated or treated with NaOH.  

Nuclei and cytoskeleton are stained with DAPI (blue) and phalloidin (green), respectively. Scale bar= 100 μm. (B) Nuclei 

count of HDF seeded on the different scaffolds. Data are shown as mean, error bar represents standard deviation . *p 

value < 0.05. 
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Conclusions 

The ultimate goal of this study was to expand knowledge of biomaterials for tissue 

engineering, with a specific focus on the properties, applicability, and delivery strategies of 

bioactive glasses. This was achieved by investigating the properties and interactions of BGs, 

both through a review of the literature and through experimental work. 

BGs show great promise and offer a wide range of potential applications. Some of these 

require heat treatments to enhance the mechanical properties of the glasses or to sinter the 

BGs powders.  In this context, the crystallization behavior of the “gold” standard 45S5 BG 

during thermal treatments remains a subject of debate, particularly regarding the main 

crystalline phase formed after the first crystallization step, namely whether it is 

Na2Ca2Si3O9 or Na2CaSi2O6. 

Despite this challenge, significant progress has been made in improving the thermal 

properties of these materials through sol–gel synthesis (which allows for a lower 

concentration of network modifiers in the BG), new glass formulations, and ion substitution. 

These advancements have opened up new possibilities for the utilization of BGs in areas 

such as scaffolds, composites, and thermally sprayed coatings. Nonetheless, further research 

is necessary to fully unlock the potential of these remarkable materials. Continued 

investigation into the effects of different ions on sintering and crystallization is crucial for 

further advancements in the field of BGs. Lastly, it is important to investigate the impact of 

glass composition on thermal residual stresses arising from the mismatch between the 

coefficients of thermal expansion of BGs and other phases, such as in composites or BG 

coatings. This investigation could be conducted through numerical simulations [361] to 

better understand the role of glass composition in managing thermal stresses. 

Among the many advantageous properties of BGs, such as osteoinductivity, bioresorbability, 

and the ability to promote biomineralization, one is their capacity to be engineered for 

antibacterial activity, a feature that has proven valuable in various applications. Since the 

early 2000s, studies have demonstrated that chemically diverse BG compositions can inhibit 

bacterial growth. Two main mechanisms drive this behavior: (i) alkalinization of the 

surrounding environment and (ii) the release of therapeutic metal ions with intrinsic 

antibacterial activity. The latter approach allows for a more precise and controlled 

modulation of the antibacterial response.  

BGs exploiting these mechanisms could be employed not only for BTE, where reducing 

post-operative infection could significantly improve clinical outcomes, but also for soft-

tissue repair, maxillofacial and dental applications, and implant coatings. The gradual 

transition of these materials into clinical use confirms their practical viability. As research 

progresses, BGs designed with tailored antibacterial functions are likely to become 

increasingly relevant in next-generation biomedical devices and regenerative therapies. 

While investigating the effects of the substitution of Mg2+ and Sr2+ ion substitution MS-

doped BGs compositions, several interesting results emerged. Firstly, both TG and TC show 

a significant increase in value in MS-doped BGs, while also exhibiting a wider processing 

window. This may allow for low temperature sintering of the BGs. Applying heat treatment 
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to the MS-doped BGs resulted in quasi-amorphous or low-crystallinity structures. Lower 

temperatures enabled the production of sintered BG samples while retaining a mostly 

amorphous structure. Densification was also higher for the MS-doped BGs. Specifically, 

45S5_MS exhibited improved mechanical properties following sintering heat treatment 

compared with sintered 45S5. Meanwhile S53P4_MS showed mechanical properties similar 

to the other BGs in this study. 

When immersed in SBF, the MS-doped BGs exhibited slower reaction kinetics compared to 

the undoped compositions. This behavior can also prove beneficial, as the pH of the solution 

increased less compared to the undoped BGs, an effect associated with improved 

cytocompatibility [366], [464]. 

Biological tests showed a good interaction between bioglasses and Human Dermal 

Fibroblast suggesting their potential use in soft connective tissues, in addition to their 

established use in bone and cartilage regeneration. Heat treatment can modify the surface of 

BGs with consequences on cellular adhesion, as highlighted in the case of 45S5 TBS. 

Moreover, the positive effect of the dopants on the biological properties is particularly 

evident when BGs are treated at TC and TBS. The addition of Mg2+ and Sr2+ ions in 45S5 and 

S53P4 - already widely used for orthopedic and dental applications - further improved the 

biological performance and thermal stability of the BGs. 

Electrospun composite mats were produced using PCL, incorporating melt-quenched BG 

powders into the scaffold structure.  The mats underwent extensive testing, including 

mechanical characterization, surface wettability assessment, SBF testing, and biological 

evaluation. The BG powders were successfully incorporated into the electrospun mats.  

The results from the tests conducted on these scaffolds can be summarized as follows. The 

mechanical characteristics of the mats were consistent with previous research on PCL and 

composite electrospun mats, indicating a minimal influence of BGs on the structural integrity 

of the scaffolds. The surface wettability was low, reflecting the high hydrophobicity of the 

scaffolds. This outcome is attributed to the hydrophobic nature of PCL, combined with the 

micro-fibrous morphology of the mats. The analysis of the samples after SBF testing 

suggests that the BG was exposed to the solution and was capable of forming apatite-like 

crystals. However, additional precipitates containing high concentrations of Na+ and Cl- ions 

were also observed, as confirmed by EDS analysis. Furthermore, the solution could induce 

degradation of PCL, which can lead to the acidification of the immersion medium. Indirect 

cytotoxicity tests with L929 mouse cells confirmed the non-cytotoxicity of the electrospun 

scaffolds, with viabilities in the range of 85% to 100%. ALP activity testing revealed that 

the presence of Mg and Sr was associated with higher ALP staining, which could be 

favorable for cell differentiation. Fluorescence imaging revealed that, from days 14 to 28, 

osteocalcin expression persisted, suggesting cell proliferation and differentiation, especially 

in the scaffolds with additives. 

These results suggest that the inclusion of Mg- and Sr-enriched BG powders, produced via 

the traditional melt–quench technique, can serve as a viable alternative to unloaded PCL 

electrospun scaffolds. Not only do they enhance biological performance, but they also 

preserve the key characteristics of pure PCL. Further work should focus on optimizing the 
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processing parameters for scaffold fabrication and improving the surface wettability. This 

could enhance the scaffold’s healing properties by promoting better cell adhesion to the 

fibers. Additional research could also explore specific properties of BGs, such as their 

angiogenic potential, which supports vascularization and wound healing, and their 

antibacterial activity, which helps reduce infection risk. These properties may significantly 

influence the treatment of soft tissue wounds and patient outcomes, potentially opening new 

applications for composite electrospun BG/PCL scaffolds. 

The implementation of a wet-milling step allowed for high degree of refinement of BG 

powders prior to solution preparation, improving the electrospinning efficiency. 

Morphological analyses confirmed uniform fiber formation and adequate dispersion of the 

BG within the mats. Moreover, the chemical treatment did not visibly modify the fibers, 

although NaOH treatment significantly enhanced the wettability of the scaffolds. 

The mechanical characterization of the PCL/S53P4_MS scaffolds suggested that ceramic 

loading can negatively influence the mechanical performance of the mats; however, the 

samples showed improved tensile strength compared to previous systems. This is likely 

associated with the lower fiber diameter, which had a major influence in this work. 

Furthermore, the chemical treatment did not compromise mechanical integrity; on the 

contrary, it was associated with improved tensile performance. 

Cell seeding evaluation using HDFs revealed that NaOH-treated scaffolds had enhanced cell 

adhesion compared to the untreated surfaces, consistent with the improved wettability of the 

modified surfaces. This is probably associated with improved protein adsorption from the 

culture medium. Among the investigated formulations, SP_L exhibited the most favorable 

cellular response, indicating that both composition and fiber morphology influence 

interactions between cells and the material. 

These results indicate that particle size refinement, electrospinning optimization, and surface 

modification can contribute to improvements in the properties of PCL/BG scaffolds. While 

further investigation is needed, these findings provide a basis for the continued development 

of electrospun composites for potential tissue engineering applications. 
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