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Abstract 

This PhD thesis combines the results from an individual PhD project part of 

PREMUROSA project aimed at optimizing materials to elicit targeted cellular 

responses and laying the groundwork for the production of PREMUROSA 

reference materials pivotal for the advancement of in vitro and in silico testing 

technologies for musculoskeletal applications. By studying a diverse array of 

tunable material surface properties, this work focuses on the intricate role of 

biomaterial surface characteristics to modulation of biological response, 

particularly focusing on titanium alloys and bioactive glasses. 

In particular, this project will delve into understanding the role of surface of 

biomaterials through the characterization and production of reference materials 

featuring diverse tunable properties. The focus is on titanium alloys and bioactive 

glasses, either as bulk, micro-, and nano-powders, hierarchical scaffolds with 

multiscale porosity; tailored compositions obtained by doping with antimicrobial 

ions or by modulating the surface reactivity and surface functionalization with 

antimicrobial agents able to modulate the biological response. 

A paramount challenge addressed in this research refers to combatting 

bacterial biofilm formation while concurrently facilitating bone regeneration—a 

critical aspect in orthopedic infection treatment. Traditional systemic antibiotic 

therapies often fall short due to biofilm resilience and concerns over bacterial 

resistance. Thus, the pursuit of antibiotic-free alternatives capable of fostering 

bone regeneration while preventing bacterial infection remains imperative. 
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Multifunctional biomaterials, such as those investigated here, hold promise in 

addressing these challenges. 

The first part of this work centers on optimizing the surface functionalization 

process to immobilize the antimicrobial peptide nisin onto titanium alloy surfaces 

without resorting to toxic linkers and preventing the surface micro- and 

nanoroughness. Through systematic adjustments of process parameters such as pH 

value, enhanced efficacy of nisin immobilization was achieved, culminating in 

promising anti-microfouling activity against Staphylococcus aureus (S.aureus). 

Notably, the chemically treated titanium condition exhibited antibacterial effect, 

due to a synergistic interplay and between nanotextured surfaces and nisin, 

underscoring its potential in bone-related applications. 

In the next part, bioactive glass disc surfaces, were successfully doped with 

either ionic Cu2+ (Cu-SBA3) or Ag+ (Ag-SBA2) through an ion exchange process 

in aqueous solution. The concentration of the Cu(II)acetate ion exchange solution 

was optimized, with 0.001 M being chosen for further analyses. The Cu-doping of 

SBA3 surfaces was found to maintain their amorphous nature and enhance in vitro 

bioactivity, while also demonstrating significant antibacterial activity against 

S.aureus. While challenges regarding cytocompatibility of doped glasses with 

respect to human adipose stem cells (hASCs) were encountered, particularly with 

Cu-SBA3, strategies such as pre-incubation and indirect culture hold promise in 

mitigating cytotoxic effects. In addition, in the case of Ag-SBA2, 

cytocompatibility was significantly improved with an adsorbed layer of 

fibronectin protein on the glass surface before cell seeding. 

The study also explores the fabrication of porous bioactive glass-ceramic 

scaffolds by foam replica method. Two different sintering temperatures were 

compared: one resulting in an amorphous scaffold (620 °C), and another one 

yielding a glass-ceramic one (850 °C). Both scaffolds closely resembled the 3D 

architecture of natural trabecular bone and exhibited high porosity of 



4  

 
approximately 75 vol.%. However, due to its superior mechanical properties, only 

the glass-ceramic scaffold was the focus of further analysis. The scaffolds 

demonstrated high in vitro bioactivity and mechanical strength, and additional 

antibacterial properties provided by silver doping by ion exchange. The scaffold 

developed in this study could find a possible application as a bone substitution 

material with antibacterial properties without using traditional antibiotics. 

Despite the remaining challenges, the findings presented in this thesis provide 

valuable insights into the varied biological responses induced by various 

biomaterial surfaces, serving as a promising basis for future research endeavors to 

advance multifunctional biomaterial surfaces for musculoskeletal applications. 
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Introduction 

The PREMUROSA project, standing for “Precision medicine for 

musculoskeletal regeneration, prosthetics, and active aging” embodies a 

foundational concept of “to take care with care”. The ultimate goal of the project 

is to combine the personalized clinical approach with individual “omic” 

characterization and the discerning selection of medical devices. The suffix -omic 

deals with the collective characterization and quantification of pools of biological 

molecules that translate into the structure, function, and dynamics of an organism 

or organisms. Generally speaking, it refers to approaches considering a totality of 

features. This approach holds the potential to yield reliable tools for treatment 

selection, leveraging the development of in vitro tests and decision support 

systems (DSS). Specifically, these tools are tailored towards precise, patient-

centered applications of regenerative technologies within the musculoskeletal 

field, encompassing tailored diagnostic measures and customized targeted 

therapies, thereby presenting a new perspective in musculoskeletal healthcare. 

The scientific objectives of the PREMUROSA project include:  

1) To gain a deep understanding of the role and interactions among materials, 

extracellular matrix, cells and tissues in musculoskeletal regeneration, taking into 

account patient morbidity, immunological status, and age; 

2) To develop new in vitro assays to test medical devices under conditions 

closer to clinical reality than the ones currently available, and to forecast 

personalized clinical healing and regeneration response; 

3) To develop new in silico models and DSS to test medical devices under 

conditions closer to clinical reality; 
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4)To generate a biologically integrated multi-OMIC signature to predict 

healing and regeneration. 

 

Figure 1. The scientific objectives of the PREMUROSA project 

The PREMUROSA project, funded by the European Commission under the 

Horizon 2020 programme (Marie Skłodowska-Curie Actions Innovative Training 

Network) involves 13 Early-Stage Researchers working with individual Ph.D. 

projects, hosted by the PREMUROSA European Consortium of universities, 

research institutes and companies in Italy, Switzerland, Portugal, Finland, Latvia, 

Ireland, and Serbia. My Ph.D. project is one of these 13 projects, hosted by 

Politecnico di Torino, in Turin, Italy. 

The specific goal of my Ph.D. project, entitled “Materiomics analysis of 

metallic and ceramic materials for musculoskeletal regeneration” is to explore the 

correlation between the physicochemical attributes of metallic and ceramic 

materials—such as chemistry, surface morphology, and hierarchical porosity—
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and the functionality of cells and tissues. By definition, the term materiomics 

refers to this study of the relationships between molecular, physicochemical, 

and/or processing properties for materials (1). The project seeks to optimize the 

materials to elicit specific cellular responses, collecting basic data on 

biomaterials’ main properties, and based on this information to produce project 

reference materials. These reference materials can be then utilized in the new in 

vitro and in silico testing technologies developed by the PREMUROSA project, 

ultimately enhancing the performance of biomaterials in tissue regeneration and 

healing. For instance, the ion-doped bioactive glasses described in Chapter 4 of 

this thesis are a part of PREMUROSA project reference materials, and have been 

prepared by me and then utilized by other ESRs of the project for immunological 

analyses (Appendix B).  

In particular, this project will delve into understanding the role of surface and 

porosity of biomaterials through the characterization and production of reference 

materials featuring diverse tunable properties. The focus is on titanium alloys and 

bioactive glass, either as bulk, micro-, and nano-powders, hierarchical scaffolds 

with multiscale porosity; tailored compositions obtained by doping with 

therapeutic ions or by modulating the surface reactivity; and surface 

functionalization with various moieties able to modulate the biological response. 

The thesis has been organized with the following structure. 

Chapter 1: a brief description of the most relevant surface properties of 

biomaterials and their characterization.   

Chapter 2: a summary of the biological phenomenon occurring after the 

implantation into the body.   

Chapter 3: this chapter covers the work regarding surface functionalization 

with an antimicrobial peptide nisin, performed both on titanium alloy and 
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bioactive glass surfaces. The results of this chapter are included in two published 

manuscripts:  

1) M. Lallukka et al., “Surface Functionalization of Ti6Al4V-ELI Alloy with 

Antimicrobial Peptide Nisin”, 2022, Nanomaterials;  

2) V.A. Gobbo, M.Lallukka et al., ”Functionalization of a chemically 

treated Ti6Al4V-ELI alloy with nisin for antibacterial purposes”, 2023, 

Applied Surface Science. 

In addition, another work regarding titanium alloys os covered in the 

Appendix A, where a titanium alloy 3D lattice structure was chemically 

treated and characterized in terms of the effect of the chemical treatment to 

lattice structure and morphology. 

Chapter 4: the focus of this chapter is the surface doping of bioactive glasses 

with therapeutic metal ions, with emphasis on antimicrobial activity. The 

experimental part of this chapter covers both physicochemical and biological 

characterization of doped glass surfaces.  The results of this chapter are included 

in two published manuscripts:  

1) M.Lallukka et al., “In vitro cytocompatibility of antibacterial silver and 

copper-doped bioactive glasses”, 2023, Ceramics International;  

2) M.Lallukka et al., “Cu-doped bioactive glass with enhanced in vitro 

bioactivity and antibacterial properties”, 2024, Ceramics International. 

Chapter 5: the realization of 3D porous bioactive glass-ceramic scaffolds 

doped with antibacterial silver ions. 

Chapter 6: the final conclusion and future outlooks for this research work.  

Appendix A: Characterization of nanotextured titanium alloy lattice structure 

surfaces for bone integration 
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Appendix B: Article: Human T-cell responses to metallic ion-doped bioactive 

glasses 
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Chapter 1: Surface properties of 
biomaterials and their 
characterization  

1.1 Introduction 

 Distinguishing between material bulk properties and surface properties is 

essential. The surface of the material consists of the zone where the structure and 

composition differ from the average (bulk) (2). Bulk properties of a material 

include elastic modulus, hardness, fracture toughness, wear resistance, and 

elemental composition. Instead, regarding the surface properties, factors such as 

topography, surface chemical composition, surface energy, and wettability are of 

interest.  

In the context of implantable orthopedic devices, the surface assumes great 

importance as it is the initial interface with the biological environment. Surface 

properties play a direct role in post-implantation protein adsorption and 

subsequent biological responses from immune cells, as will be discussed in the 

next chapter (3). Factors such as chemical composition, surface energy, 

roughness, and topography significantly influence osseointegration, eventual 

bacterial contamination, and foreign body reaction, ultimately determining the 

fate of the implant. 

A surface can be described by a multitude of different parameters. The more 

of these parameters are measured the more complete idea of the surface properties 

is achieved. Regarding the different surface characterization methods, each 

technique has its advantages and limitations, but when used in conjunction, they 

offer comprehensive analyses of surface properties. Table 1 summarizes some of 
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the most common surface characterization methods of biomaterials, which will be 

further elaborated in the upcoming sections of this chapter.  

Table 1: Summary of common methods for biomaterial surface characterization (2) 

Method Principle Analyzing 

depth 
Spatial 

resolution 
Analytical 

sensitivity 

Contact 

angle 
Measure of surface energy by 

wetting the surface 
3-20 Å 1 mm 

Depending on 

the chemistry 

and topography 

XPS 
X-rays induce the emission of 

electrons of characteristic 

energy 
10-250 Å 5-150 µm 0.1 at% 

SIMS 
Ion bombardment sputters 

secondary ions from the 

surface 
10Å-1µm 100Å Very high 

FTIR-ATR IR radiation is adsorbed and 

excites molecular vibrations 1-5µm 10 µm 1 mol% 

AFM 
Mechanical probe interacts 

with sample surfaces through 

interatomic forces 
20 Å 

20-30 Å 

in the 

lateral 

direction, 

1Å in the 

vertical 

direction 

High 

SEM-EDS 

Secondary electron emission 

induced by a focused electron 

beam is spatially imaged; 

EDS: analysis of emitted X-
rays from sample bombarded 

with electron beam  

0.3-5.0 µm 10-40Å High 

Solid 

surface Zeta 

potential 

The measurement of 

electrokinetic effect to assess 

charging behavior at solid-

- - 
Depending on 

specimen and 

measurement 
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liquid interface conditions 

Profilometry The measurement on height 

variations across surface 
Up to 2.5 

mm 

Vertical 

resolution 

5 Å, 

lateral 

resolution 

limited by 

the tip 

shape 

High but less 

than AFM 

 

This chapter comprises a literature review of the properties of material surface 

that can influence biological response, and the most common methods to 

characterize them. In addition, surface functionalization and modification in order 

to enhance material osseointegration and antibacterial activity, for example, are 

discussed.  

1.2  Surface morphology and topography 

Surface roughness refers to the small-scale fluctuations in the height of a 

physical surface, distinct from larger-scale variations inherent in the surface 

geometry. Numerous roughness parameters exist, with the most commonly 

utilized one being the roughness arithmetic average height parameter (Ra) (4). Ra 

represents the mean of the average height differences, providing an overview of 

the roughness level across the analyzed surface (Figure 2). However, Ra solely 

addresses the 2D profile. For a more comprehensive assessment encompassing the 

3D surface area, the Sa value, an extension of Ra, is employed. Sa describes the 

arithmetic mean height of the scale-limited surface and it is the areal (3D) 

equivalent of two-dimensional Ra, calculated across the entire area of the dataset 

(5). 
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Figure 2: Roughness parameters. Ra: arithmetic average height; Xsj: spacing length of profile 
element; Zi: height of a single discrete point on the surface (6) 

For a deeper understanding of roughness, additional profile roughness 

parameters such as Rz, Rq, and Rsk offer valuable insights. Rz quantifies the 

measurement between the highest peak and lowest valley within the sampling 

length, essentially providing the maximum height of the profile. Rq, on the other 

hand, calculates the root-mean-square deviation of the profile, offering a measure 

of the overall roughness. Meanwhile, Rsk indicates the skewness, or asymmetry, of 

the profile about the mean line (4).  

Various types of surface topographies have been identified, each with distinct 

characteristics and implications (7): 

●Irregular topography: Characterized by irregular shapes, exhibiting random 

distribution and profiles in both 2D and 3D observations. 

● Ultrafine grains: Surface preparation techniques can reveal grain boundaries 

in ultrafine materials, serving as nanostructuring defects. The homogeneity of this 

structuring is determined by the form of the grains. 

● Hierarchical architecture: Features in this topography display periodic and 

homogeneous distributions. Beam-based techniques are instrumental in replicating 

microbumps, pillars, or polygonal figures. 

● Grooves: Specific surface patterning consisting of channel-like forms with 

varying widths and depths. 
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●Multiscale surface topography. 

Surface roughness measurements can be conducted using tools like a 

profilometer or laser scanner, as well as confocal microscopy. A profilometer 

serves to analyze the surface topography of solid samples, enabling the 

determination of surface roughness and morphological features by tracking 

surface changes. Contact profilometry involves a stylus, making vertical contact 

with the sample while traversing laterally. Instead, non-contact optical 

profilometry presents an alternative without physical contact. In general, contact 

profilometry offers superior lateral resolution compared to optical profilometry, 

and it exhibits resilience against sample surface contaminants. However, optical 

profilometry can be useful in some situations. A significant benefit lies in high 

vertical resolution and its non-destrcutive nature, safeguarding both instrument 

and samples from wear or mishandling (8).  

Atomic Force Microscopy (AFM) offers subnanometer resolution surface 

imaging and detailed surface mechanics and molecular interactions. AFM 

measures the deflection of a tip mounted on a flexible cantilever arm due to van 

der Waals forces and electrostatic interactions between the tip and the surface 

atoms. Various modes such as contact, tapping, and noncontact are based on 

specimen properties. Contact mode AFM is relatively similar to contact 

profilometry, except having a higher spatial resolution and a smaller measurement 

range (8). Kelvin Probe Microscopy (KPFM), on the other hand, maps the spatial 

distribution of surface potential, providing additional insights into surface 

properties. (9) 
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Figure 3: Cell response to material in different topographical scales (10) 

Surface topography plays an important role in modulating various cellular 

responses and interactions. Designing specific structures on material surfaces at 

micro or nanoscales can mimic natural environments for cells, as illustrated in 

Figure 3. Micrometer-scale topography influences cell activities by providing 

attachment points for stabilization and facilitating bone growth (11). At the 

nanoscale, surface topography enhances interaction with the extracellular matrix 

(ECM) (12,13) by increasing the surface area available for interaction with 

proteins, cytoskeleton components, and more. 

Parameters like size, width, sharpness, spacing, and height-to-width ratios, 

along with nature-mimicking strategies, impact both morphology and 

physicochemical properties such as surface energy or wettability. By manipulating 

the height and depth of surface features, the density of adsorbed proteins can be 

controlled, influencing inflammatory cytokine secretion, macrophage fusion, 

biofouling, focal cell adhesion, proliferation, and fibrotic encapsulation (3). 

Typically, osteoblastic cells, which are twice the size of fibroblasts, and bacteria 

tend to adhere more readily to rough surfaces, whereas fibroblasts exhibit a 
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preference for smoother surfaces, likely due to the contact guidance effect. (7). 

Additionally, topography and roughness affect cellular orientation and contact 

guidance (14). Cells exhibit specific morphological responses to substrates with 

features as small as 100 nm and depths as small as 75 nm, favoring reduced cell 

spreading, adhesion complex formation, and filopodia formation on nanoposts and 

nanopits. However, exceptions exist, with certain cell types like human-derived 

leukocytes, keratinocytes, and monocytes responding differently to nanogratings 

(15).  

Regarding cell proliferation, the mechanism behind cell–nanotopography 

interactions involves a complex interplay of geometry, length scale, substrate 

material, and cell types (16). Nonetheless, reduced proliferation rates are observed 

on nanogratings compared to planar surfaces (17). Interestingly, enhanced 

proliferation occurs under specific combinations of nanoposts and pits, further 

demonstrating the complexity of the effect of topography on cell responses. 

Moreover, cellular migration is influenced by nanotopography, with migration 

biased towards the grating axis and increased migration velocities observed in 

various cell types including endothelial cells, epithelial cells, osteoblasts, and C6 

glioma cells (18).  

The integration of multiscale roughness has the potential to enhance the 

adhesion, proliferation, and/or differentiation of various cell types. However, it 

also raises the likelihood of biofilm formation (bacterial adhesion) if the 

roughness threshold of 0.2μm is exceeded (19). The impact of micro-nanoscale 

topography on bacterial adhesion is primarily determined by bacterial 

characteristics. Bacterial cells, being smaller and more rigid than other cell types 

(such as osteoblasts, fibroblasts, and epithelial cells), do not necessarily require 

the presence of an extracellular matrix (ECM) to adhere and proliferate on 

surfaces (20). Generally, bacterial adhesion is enhanced on rough surfaces due to 

surface irregularities such as valleys, irregular shapes, and edges, as well as 
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sensitivity to nanoscale features on the material surface, which are smaller than 

the size of bacteria (21). 

Surface nano-texturing seems to be less important in the case of bioactive 

glasses that are inherently reactive upon contact with biological fluids and tend to 

be coated by a surface HCA layer. It was demonstrated that the higher the surface 

nano-porosity, the higher the specific surface area and, hence, higher the apatite-

forming kinetics of bioactive glasses (highly-porous sol-gel vs. melt-derived 

material, however, fast bioactive reactions were observed both in vitro and in vivo 

(actual bonding to hard and soft tissues) also when non-porous biomedical glasses 

are used  (22). 

1.3 Surface chemistry and composition 

The surface of a material exhibits distinct chemical bond characteristics 

compared to its bulk, necessitating separate consideration. While assemblies of 

atoms and/or molecules within the bulk experience uniform exposure to various 

types of attractive forces as detailed in Table 2, surface structural units undergo 

asymmetric pulling solely from the units beneath them. This lopsided attraction 

distorts the electron distributions of surface atoms or molecules, leading to the 

emergence of surface energy as excess energy linked to this disparity. 

Consequently, surfaces always possess unique reactivities and properties (23). 
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Table 2:Summary of interatomic forces (23) 

Interatomic 
force Explanation Relative 

Strength Examples 

Van der Waals 

Transient fluctuations in the 
spatial localization of 

electron clouds surrounding 
atoms lead to transient 
positive and negative 

charges, and consequent 
interactive forces in 
molecules can have 

permanent or transient 
polarity 

Weak 
Protein 

structure 

Ions 
Ions with a positive charge 
attract ions with a negative 

charge 
Very strong Na-Cl 

Metallic 
The attractive force between 

positively charged nuclei 
and delocalized electrons 

Medium-
strong Titanium 

Covalent A sharing of electrons 
between two atoms Strong C-C 

 

Characterization of the surface chemistry is necessary if the properties and 

performance of the native or modified surface of any material are to be 

understood. Surface chemistry and composition analysis include various 

techniques offering information about the elemental composition and molecular 

environment of materials. 
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Among these techniques X-ray photoelectron spectroscopy (XPS) relies on 

the photoelectric effect, where X-rays are directed onto the sample, causing the 

emission of core level (inner shell) electrons (2). By measuring the energy of 

these emitted electrons, information about the atoms' nature and chemical 

environment is obtained. Because atoms contain varying numbers of electrons 

with differing binding energies, every element generates distinct peaks in the 

photoelectron spectrum. The intensity of these peaks directly correlates with the 

concentration of the element (8).  

XPS commonly starts with a survey scan spanning 1000 eV, followed by 

scanning smaller energy ranges in higher resolution to identify specific features. 

XPS provides semiquantitative determination of the surface elemental 

composition within the outermost 10 nm, with the ability to identify elements 

present at concentrations > 0.1 atomic % (excluding H and He). It also offers 

insights into molecular environment factors such as oxidation state and bonding 

atoms. XPS allows non-destructive elemental depth profiling up to 10 nm into the 

sample, with destructive profiling reaching several hundred nanometers. Despite 

its high information content and rapid analysis, due to the extreme surface 

sensitivity, any contamination on the surface can lead to false results (8). In 

addition, XPS can be high in cost, and it requires vacuum compatibility, which 

can impact the specimen.  

Another technique, aside from XPS, for gathering supplementary insights into 

the molecular structure of a material's surface is secondary ion mass spectrometry 

(SIMS)(24). This method involves bombarding the surface with a beam of 

accelerated primary ions or atoms within ultra-high vacuum conditions. Upon 

impact, these particles traverse the surface, dissipating their kinetic energy 

through a collision cascade. Consequently, neutral particles, electrons, and 

positively or negatively charged "secondary" ions are emitted. SIMS exclusively 

measures these secondary ions, contrasting with XPS, which analyzes the energy 
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of emitted particles (electrons). SIMS determines the mass of emitted ions using a 

time-of-flight (TOF) mass analyzer, magnetic sector analyzer, or quadrupole mass 

analyzer, generating a mass spectrum representing the outermost 1-2 nm of a 

surface (2).  

Scanning electron microscopy (SEM) is an electron microscopic technique 

that scans a focused energetic electron beam from an electron gun to the sample 

and this way imaging the sample surface. It provides high-resolution surface 

imaging, primarily used for material topography visualization. For non-conductive 

materials, a metallic coating is necessary, with the resulting image reflecting the 

coating surface rather than the underlying material. SEM is generally equipped 

with an Energy-Dispersive X-ray Analysis (EDS) detector for elemental analysis 

or chemical characterization. EDS relies on the detection and investigation of the 

characteristic X-rays produced by the primary electrons of the sample to identify 

elements deeper within the specimen (>1 micron) (2). Therefore, EDS is not a 

very surface sensitive method, and in addition, the overlapping peaks of several 

elements in the EDS spectrum affect the result.  

When infrared (IR) light irradiates a sample, absorption transpires if the IR 

frequency aligns with a bond's vibrational frequency. Consequently, analyzing the 

transmitted or absorbed IR light provides insights into the molecular structure, 

constituting the method known as IR spectroscopy (8). Particularly, Fourier 

Transform Infrared (FTIR) spectrometry in Attenuated Total Reflectance (ATR) 

mode in the context of biomaterials, offers insights into molecular bond 

vibrations. It is widely used due to its versatility and low cost compared to other 

techniques. While its penetration depth ranges from 1-5 µm, making FTIR less 

surface-sensitive, it observes a broad region near the surface, providing valuable 

information on specific chemistries and structural orientation (25).  

The interaction between the surface and the biological environment is 

determined by the surface chemical composition, directly impacting protein 
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adsorption and cell behavior on the material. (26). Research has demonstrated that 

a range of physical and chemical characteristics of materials play a significant role 

in shaping cell behavior. Among these factors, functional groups serve as crucial 

chemical cues, influencing the fate of various cell types including stem cells, 

osteoblasts, and myoblasts. For instance, Cao et al. (2017) observed that neutral 

surfaces containing −CH3 and un-charged −OH groups resulted in reduced protein 

adsorption, cell spreading, and adhesion, but facilitated a greater extent of 

chondrogenic induction compared to charged surfaces containing −COOH and 

−NH2 group (27). 

1.4  Surface energy and wettability 

Wettability, a crucial characteristic, is often quantified through the contact 

angle—a numerical indicator of a solid's interaction with a liquid. Geometrically, 

this angle (denoted as θ) is formed at the three-phase boundary where liquid, gas, 

and solid intersect. The contact angle serves as a classifier for materials, 

categorizing them as either hydrophobic (water contact angle exceeding 90°) or 

hydrophilic (water contact angle below 90°). The common method for measuring 

involves assessing the sessile drop contact angle, where the droplet remains static, 

and the three-phase boundary remains stationary. This approach not only 

determines the contact angle but also allows for the measurement of the surface 

free energy of the substrate. 
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Figure 4: Contact angle. σSG: surface tension at the solid and gas interface; σSL : interfacial 
surface tension between solid and liquid; σLG : surface tension of the liquid.  

The surface free energy, a relative measure of surface energy, is closely 

linked to the strength of bulk interactions and the extent of surface exposure. In 

essence, a higher surface energy indicates either stronger bulk interactions or a 

greater degree of surface exposure. 

In general, a surface characterized by low surface energy tends to exhibit a 

high contact angle, indicative of low wettability. This is attributed to the surface's 

inability to form strong bonds, resulting in minimal energetic reward for the liquid 

to disrupt bulk bonding in favor of interacting with the surface. Conversely, 

surfaces with higher surface energy typically show lower contact angles, 

translating to better wetting. Materials like glasses, ceramics, metals, and others, 

held together by stronger bonds, generally possess elevated surface energy. 

The relationship between contact angle and surface energy is articulated 

through Young's equation: 

𝜎𝑆𝐺 =  𝜎𝑆𝐿 +  𝜎𝐿𝐺 ∙  cos 𝜃  
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From the biological standpoint, a threshold at the contact angle of 65-70° 

(about 40 mN/m in terms of surface energy) is often reported considering that 

surfaces with a contact angle below this threshold are usually tissue integrated, 

surfaces at the threshold level are usually cytocompatible, but non-adhesive for 

several cells, and surface above this threshold are often cytotoxic (the Berg limit) 

(28). According to existing literature, increased surface hydrophilicity 

corresponds to enhanced cell adhesion, observed in both osteoblasts and 

fibroblasts (29,30). Surfaces with almost 0° of contact angle are a different case 

because of the very limited adsorption of proteins included those with the RGD 

sequence which are needed for osteoblasts and/or mesenchymal cells adhesion. 

Regarding bacteria, a hydrophilic surface and, conversely, a super-hydrophobic 

surface (water contact angle above 150°) tend to inhibit bacterial attachment (31). 

However, environmental factors such as pH, shear stresses, forces, and certain 

bacterial strains with hydrophobic characteristics can influence adhesion. 

Consequently, studying the isolated impact of surface wettability on cell and 

bacteria adhesion is complex. Ideally, achieving a balance between preventing 

bacterial attachment and facilitating the adhesion of desired cells involves 

considering factors like the equilibrium between hydrophobic and hydrophilic 

groups. 

1.5 Surface charge and zeta potential 

Zeta potential characterizes the charging dynamics at interfaces, prevalent in 

colloidal systems and macroscopic solid surface analysis. In solid-liquid interface, 

zeta potential provides insights into the surface charge when in contact with 

water, particularly vital for materials employed in applications within aqueous 

systems, such as biomaterials interfacing with fluids in the human body. The 

electrostatic forces of attraction and repulsion are intricately linked to the solid 

surface zeta potential, offering valuable information about the functional groups 

on the surface that interact with the surrounding solution. This charging behavior 
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can be further demonstrated through the model of the electrical or electrochemical 

double layer (EDL). 

 

Figure 5: EDL model at the solid-liquid interface (32) 

 

The model discerns between a stationary, immobile layer and a diffuse, 

mobile layer of counterions, compensating for the surface charge, and establishing 

inner and outer Helmholtz planes. Zeta potential ζ can be defined as the potential 

at the boundary (or “shear plane”) between the stationary layer and diffuse layer. 

Surface charge generation at the interface occurs through two primary 

mechanisms: 

1) Acid-base reactions between surface functional groups and aqueous 

solution. The acidic groups dissociate, maintaining a negative charge, while basic 

groups get protonated, assuming a positive charge. The pH of the aqueous 

solution acts as the driving force, with a higher pH resulting in an increased 



1.5 Surface charge and zeta potential 21 

 
concentration of OH- ions, rendering the surface negatively charged, and vice 

versa.  

2) Adsorption of water ions. Even surfaces lacking functional groups exhibit 

a zeta potential due to the hydrophobic nature of the surface. Water molecules are 

replaced by water ions, and the preferential adsorption of OH- ions typically leads 

to a negative zeta potential on hydrophobic surfaces.  

In the case of planar solids, the Helmholtz-Smoluchowski equation can be 

used: 

𝜁 =
𝑑𝑙𝑠𝑡𝑟

𝑑∆𝑝
 ×  

𝜂

𝜀 × 𝜀0
 ×  

𝐿

𝐴
 

Where 𝑑𝑙𝑠𝑡𝑟

𝑑∆𝑝
 is the streaming current coefficient, 

L is the length of the rectangular slit channel between two planar surfaces,  

A is the cross-section, channel width multiplied by gap height,  

η is the viscosity of the electrolyte solution, 

ε x ε0 is the dielectric coefficient of the electrolyte solution. 

 

Zeta potential is subject to various influential factors. Among them, the pH 

value stands out as the most critical parameter, offering valuable insights through 

pH titration. The isoelectric point (IEP), characterized by a zeta potential of 0 mV, 

(where the electrokinetic net charge density becomes 0 C/m2) signifies an 

equilibrium between negatively and positively charged surface groups. IEP is a 

strong indicator of the surface's functional group chemistry. In cases where only 

one type of surface group is present, the IEP becomes linked to the acidic or basic 
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strength of that group and its corresponding pK value. Or in other words, the 

complete dissociation for acidic surface groups or the complete protonation for 

basic surface groups. Regarding other properties, zeta potential decreases with 

increasing ionic strength, attributed to the compression of the electrochemical 

double layer at higher ionic strengths. Therefore, the recommended ionic strength 

for solid surface analysis is 0.001 mol/L. However, zeta potential remains 

independent of temperature, sample size, roughness, and surface porosity. While 

bulk material porosity can influence streaming current measurements, the method 

remains unaffected by electronic conductance, enabling the analysis of metal 

surfaces. 

The impact of surface charge extends its influence over crucial aspects such 

as protein adsorption and interactions with immune cells (3). Contrary to atomic-

scale electrostatic interactions, protein adsorption is intricately guided by the 

overall charge of the surface (33). Understanding the isolated effects of surface 

charge alone poses challenges, yet the general consensus underscores the efficacy 

of negative surface charges in preventing nonspecific protein adsorption (34).  

The prevention of protein adsorption to material surfaces is often associated 

with maintaining a neutral net charge (35). Zwitterionic materials, composed of 

moieties featuring both positive and negative charges, adopt a specific structure 

that achieves a balanced neutral charge. This distinctive arrangement fosters the 

creation of a hydration layer through electrostatic interactions with water 

molecules. Consequently, zwitterionic materials exhibit remarkable antifouling 

properties, efficiently impeding protein adsorption on their surfaces (36). 

Surface charge plays a pivotal role as the second factor controlling protein 

adsorption, with higher adsorption rates observed at pH levels closer to the 

isoelectric point (IEP) of the protein (37). At the IEP, proteins have a neutral net 

charge, minimizing electrostatic repulsion between proteins and the surface and 

allowing for higher packing densities. Additionally, protein spreading is reduced 
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at the IEP due to increased structural stability and intramolecular electrostatic 

interactions (38,39). Changes in pH can lead to protonation or deprotonation of 

functional groups on proteins and surfaces, altering their electrostatic interactions 

(40). Although adsorption rates are higher when protein and substrate bear 

opposite charges, the total mass load is typically maximized at the IEP (41). 

The physicochemical characteristics of material surfaces, such as surface 

charge, wettability, and topography, significantly influence bacterial adhesion and 

biofilm formation. In aqueous mediums with nearly neutral pH, bacteria typically 

exhibit a negative surface charge, though this can vary based on species, surface 

structure, population, culture time, and ion strength (42). Bacterial wettability in 

aqueous mediums tends to be hydrophobic, facilitating adhesion to hydrophobic 

surfaces by interacting with deposited proteins (43). Surface charge type 

moderates protein adsorption, cell, and bacterial adhesion. Surfaces with positive 

charges, often aided by metal oxides, promote protein adsorption and stimulate 

osteoblast cell attachment (44). Despite bacterial adhesion being primarily 

influenced by topography, a negative surface charge can help reduce bacterial 

deposition on material surfaces (43).  

1.6 Surface functionalization  

Surface functionalization represents a pivotal step in biomedical material 

engineering, involving the alteration of surface properties through the attachment 

of molecules or substances using physical or chemical methods, or a combination 

thereof. This process aims to enhance various aspects including physical, 

chemical, and biological characteristics (45). The surface engineering focus 

revolves around controlling physicochemical properties such as wear and 

corrosion resistance, mechanical attributes like strength and toughness, as well as 

biochemical features such as cell assembly and growth, biofilm inhibition, and 

protein adsorption. 
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Diverse methodologies are employed for surface functionalization, broadly 

categorized as physical or chemical approaches. Certain technologies can have the 

involvement of multiple physical and chemical processes. Thus, it is impossible to 

strictly separate physical and chemical methods. The classification mainly 

depends on the main idea behind each technology. Physical methods entail 

processes like surface coating, roughening, grafting, and patterning, while 

chemical techniques involve surface activation and covalent or wet chemical 

modifications. 

Physical approaches typically involve non-destructive methods such as 

physical adsorption or "immobilization," where target molecules are absorbed 

onto the substrate through forces like electrostatic interactions or hydrogen 

bonding. Examples include techniques like the Langmuir-Blodgett method and 

electrophoretic deposition. Conversely, chemical approaches encompass surface 

activation methods like alkali hydrolysis or covalent adsorption, facilitating 

covalent bonding between molecules and the substrate surface.  

The development of multifunctional surfaces represents a popular approach in 

response to the rise of antibiotic-resistant bacteria. Especially strategies for 

antibacterial action while simultaneously enhancing osseointegration are gaining 

traction. Antibacterial methods can be either passive, aimed at preventing 

bacterial adhesion and biofilm formation through structural or chemical 

modifications without releasing bactericidal agents, or active, involving the 

release of antibacterial agents killing the bacteria (46,47). Inherent antimicrobial 

properties of materials, including their chemical composition, wettability, surface 

energy, and topography, play a role in their effectiveness. Furthermore, delivering 

antimicrobial agents directly onto material surfaces enables targeted delivery of 

substances such as metal oxides, polymers, antimicrobial peptides, enzymes, 

quorum sensing drugs, or bacteriophages, offering versatile options for combating 

bacterial contamination (48). These agents offer the advantage of localized 
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delivery with reduced dosages compared to systemic administration. The metallic 

therapeutic ions will be explored further in Chapter 4, while organic choices 

involve biomolecules such as antimicrobial peptides with further discussion 

available in Chapter 3. Additionally, the incorporation of nanostructured coatings 

and biomimetic interfaces can augment antibacterial efficacy. 

Balancing the need for fast versus long-lasting effects is essential. Simple 

adsorption followed by diffusion may lead to a burst release, while surface 

degradation can yield more controlled and reproducible kinetics. Bulk erosion, 

however, can result in unpredictable release patterns, highlighting the importance 

of tailored release mechanisms for specific applications. 

1.6.1 Functionalization of bioactive glass 

The functionalization of bioactive glass surfaces draws inspiration from 

established techniques used on various substrates such as pure silica, common 

glasses, metals, and polymers. These modifications aim to enhance several aspects 

of bioactive glasses, including biological activity, biomolecule bonding, cellular 

behavior modulation, drug delivery optimization, toxicity mitigation, 

antimicrobial properties, anti-cancer capabilities, and disease identification and 

management (49,50).  

The primary objective of introducing reactive sites on bioactive glass surfaces 

is to facilitate the grafting of biomolecules or drugs, thereby enhancing the 

biological response of artificial substrates. Upon exposure to water-based media, 

glasses naturally expose -OH functionalities, which can be exploited for 

functionalization purposes. Researchers have extensively investigated optimizing 

hydroxyl group exposure and activation through methods such as washings and 

soaking in aqueous solutions with varying pH levels (acetone, water, H2SO4, 

NaOH, and SBF) (51–53).  



26 Chapter 1: Surface properties of biomaterials and their characterization 

 
Some efforts to introduce functional groups on bioactive glass surfaces serve 

as preliminary steps for subsequent biomolecular grafting. Silanization stands out 

as a well-established and widely utilized technique for effectively and stably 

introducing reactive functionalities on inert glass surfaces. Silanes, particularly 3-

aminopropyltriethoxysilane (APTES), are commonly employed for introducing 

amino groups (-NH2) on bioactive glass surfaces. APTES grafting can be achieved 

using aqueous (54,55), toluene (56), or ethanol (51) solutions. Glutaraldehyde 

(GA) is another agent often associated with APTES use, serving to facilitate 

protein attachment on glass surfaces and enhance protein binding ability (22). 

Various functionalization strategies are employed to improve the bone 

integration of bioactive glass implants. These strategies include grafting proteins 

from the extracellular matrix (ECM proteins), peptides, bone morphogenetic 

proteins (BMPs), angiogenic growth factors (VEGF), collagen, fibronectin, and 

alkaline phosphatase onto different substrates. Biomolecules are anchored using 

techniques such as silanization, tresyl chloride activation, plasma surface 

activation, and the electrospray technique.  

Additionally, tetraethoxysilane (TEOS) can be employed as a surface-

modifying agent for bioactive glass, forming a silica layer with a negative charge 

(i.e., Si-O−). In another example, collagen was successfully used to cover the 

surface of bioactive glass-based porous scaffolds, leading to improved biological 

activity and mechanical properties without compromising scaffold macroporosity 

(57). The modification of bioactive glass surfaces using ion exchange techniques, 

such as the BG core-shell system, has shown promise in conserving non-

crystalline structure and increasing surface reactivity (58).  

Functionalized bioactive glasses also hold potential in anticancer applications, 

such as surface grafting of chemotherapeutic drugs combined with specific 

targeting molecules like folic acid. Natural polyphenols grafted onto bioactive 

glass surfaces have demonstrated the ability to promote the growth of healthy 
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osteoblast cells while selectively targeting cancerous cells. This approach offers 

controlled drug uptake and release, harnessing the benefits of natural 

biomolecules for enhanced biocompatibility and reduced toxicity (59). The 

utilization of functionalized bioactive glasses in combination with natural herbal 

medicines is an emerging area of interest, driven by their potential health benefits 

and low toxicity (60). 

1.6.2 Functionalization of titanium and its alloys 

Titanium and its alloys play a significant role in the biomedical field due to 

their exceptional properties (61–63). However, they are often considered inert 

metals, lacking the ability to adequately stimulate osteoblast proliferation and 

bone growth. (64,65). Moreover, implant-related infections remain a leading 

cause of failure in titanium implants. As a result, extensive research has focused 

on enhancing the antibacterial properties and biological functions of titanium 

implants while improving their wear and corrosion resistance (66,67).  

Various surface modification techniques have been employed to address these 

challenges, including physical and chemical methods such as plasma spray, 

plasma immersion ion implantation (PIII), plasma immersion ion implantation and 

deposition (PIII&D), physical vapor deposition (PVD), chemical vapor deposition 

(CVD), sol-gel, and micro-arc oxidation (MAO) (67). 

Plasma spray technology offers a cost-effective and reliable means of coating 

titanium alloys, with recent advancements like vapor-induced pore-forming 

atmospheric plasma spraying (VIPF-APS) showing promise in producing 

bioactive porous hydroxyapatite (HA) coatings that enhance osteoblast attachment 

and differentiation (68). Similarly, bioactive glass-ceramic coatings, such as the 

M2 coating (including CaO–MgO–SiO2), have demonstrated improved biological 

performance in vivo and potential as replacements for HA coatings in load-

bearing bone implants (69). In another example, tricalcium magnesium silicate is 
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recommended as a new coating, which has almost the same thermal expansion 

properties as Ti-6Al-4V, and also it has the potential to enhance the corrosion and 

biological behavior of permanent metallic implants (70). In another  interesting 

example titanium and stainless steel surfaces were coated with bioactive glass 

powder doped with antibacterial silver ions. This approach resulted in the 

realization of a coated device for bone-related applications with added 

antibacterial effect (71). 

The Plasma Immersion Ion Implantation (PIII) technique offers the capability 

to incorporate a diverse range of elements into the near-surface region of various 

substrates. Studies have shown that PIII can enhance the hardness, corrosion 

resistance, wear resistance, bioactivity, and antibacterial properties of biomaterials 

(72). Titanium dioxide (TiO2) has garnered significant attention as a common 

surface coating in Ti-based alloys using PIII. By employing PIII alongside optical 

emission spectrometry (OES), Lin et al. have successfully produced TiO2 

coatings, leveraging its super-hydrophilicity to potentially improve implant 

osseointegration (73).  

Utilizing Plasma Immersion Ion Implantation and Deposition (PIII&D) 

technology allows for the creation of a three-dimensional film characterized by 

strong adhesion, thickness, and minimal stress. Widely employed in forming 

metal coatings on titanium and its alloys (74) PIII&D facilitates the injection of 

metal ions into the surface of the titanium substrate. As the metal phase acts as an 

anode, releasing metal ions, this process enhances the material's antibacterial 

properties (67). Additionally, PIII&D has been instrumental in improving cell 

response to titanium. Treatment with Mg–Ag PIII&D has been shown to not only 

inhibit the adhesion and proliferation of Escherichia coli bacteria but also to 

promote the initial adhesion and alkaline phosphatase (ALP) expression of MG63 

cells (75). Research by Hempel et al. (2014) demonstrated that copper-doped and 

coated titanium can effectively prevent and treat implant-associated infections 
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(76). However, it is important to note that an excessive concentration of copper on 

the titanium surface can lead to negative biocompatibility (77). 

Physical vapor deposition (PVD) involves a coating process where solid metal 

is evaporated within a vacuum environment and then deposited onto a conductive 

substrate (78). The main methods of PVD include vacuum evaporation, ion 

plating, and sputter coating. PVD is a well-established technique known for 

forming highly adherent layers of materials that maintain surface topography and 

exhibit favorable tribological properties. However, the bonding force between the 

coating and substrate is weakened due to a mismatch in their coefficients of 

thermal expansion, limiting the scope of this coating method (67). Sarraf et al. 

(2017) demonstrated the preparation of tantalum pentoxide nanotubes (Ta2O5 

NTs) on biomedical grade Ti-6Al-4V alloy, revealing the formation of a bone-like 

apatite layer on the nanotubular coating after just one day of immersion in 

simulated body fluid (SBF), highlighting the significance of nanotubular 

configuration for in vitro biological activity (79).  

Chemical vapor deposition (CVD) is another coating method used to form 

thin film layers on substrate surfaces through chemical reactions involving vapor 

compounds or elements containing the desired film elements. While CVD has 

been successfully utilized in industrial applications for synthesizing inorganic 

materials such as carbon nanotubes, graphene, and TiO2, its application for 

biomedical surface modification on titanium alloy substrates remains limited (67). 

Based on the principle of plasma-electrolytic oxidation, MAO facilitates the 

creation of a macro-porous and firmly adherent TiO2 film on the titanium 

substrate. Organic substances applied to this layer can achieve a balance between 

antibacterial properties and cell compatibility (80). Moreover, bioactive elements 

such as boron, silver, calcium, and strontium can be incorporated into the TiO2 

coating to enhance its bioactivity and biological properties. MAO, as a prominent 

technology for surface modification, has been widely employed in various 
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research endeavors, including the preparation of titanium dioxide and 

hydroxyapatite (HA) layers. The increased surface hydrophilicity of the porous 

coating produced by the MAO method can promote interaction between the 

implant and the surrounding biological environment, while also imparting 

excellent antibacterial properties due to the presence of metal ions. Despite its 

convenience and cost-effectiveness, the bonding strength of anodic oxidation 

technology with the titanium matrix requires further enhancement (67). 

For titanium and titanium alloys, the inherent titanium oxide (TiO2) layer 

typically exhibits bioinert properties. Various chemical treatments have been 

suggested to impart bioactivity to titanium and its alloys (81). For instance, acid 

treatments involving HCl, H2SO4, HNO3, HF, and their combinations have been 

utilized on titanium dental implants to enhance bone contact (82). These 

treatments induce micro-scale roughness on the surface, thereby increasing total 

surface area, wettability, and surface energy to facilitate osseointegration (83,84). 

In another instance, a crack-free nanostructure was achieved on titanium alloy 

through a multistep solution treatment using HF and H2O2, resulting in enhanced 

wettability, corrosion resistance, cell attachment, and proliferation (85). 

Additionally, alkaline treatments (86,87) have been shown to produce a bioactive 

surface conducive to apatite formation. 

To mitigate bacterial adhesion on implants, there has been extensive 

exploration into the use of antimicrobial and anti-biofouling coatings such as 

metallic nanoparticles or bioactive molecules like chitosan and hyaluronic acid 

(88,89). However, these coatings may lead to challenges such as low osteoblast 

adhesion and differentiation, or even cytotoxic effects (90). The adsorption of 

silver nanoparticles (AgNPs) on titanium has been extensively researched as an 

antimicrobial coating for medical devices (88,91). Another approach involves 

modifying the titanium surface to simultaneously induce bone tissue integration 

and prevent infection through chemical etching–oxidation treatment and in situ 
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reduction of silver nanoparticles (92,93). A balance between cytocompatibility 

and anti-bacterial action must be found when using AgNPs and it is not a trivial 

issue because of the strong cytotoxic effect of AgNPs through a contact 

mechanism, even if in the absence of a relevant ion release, and its relationship 

with NP dimensions (the smaller the NPs the larger the cytotoxicity). 

Combining different therapeutic agents with specific properties presents a 

promising strategy to address these issues. Nonetheless, these strategies may also 

pose drawbacks such as complex fabrication processes, polymer degradation in 

physiological environments, and the potential for non-controlled release of 

antimicrobials leading to cytotoxicity, reduced drug efficacy, and persistent 

bacterial resistance (94,95).  
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Chapter 2: Biomaterial- host tissue 
interface interactions 

 

2.1 Introduction 

In instances of severe injuries, where the body's innate healing processes may 

be compromised, particularly by increasing aging, biomaterials emerge as 

essential tools in restoring various bodily systems. Departing from traditional 

autologous or allogeneous methods, nowadays biomaterials play a vital role in the 

regeneration of essential systems like musculoskeletal, cardiovascular, neural, and 

dermal systems (96). Biomaterials, broadly defined as either synthetic or natural 

substances, or their combinations, are employed for varying durations to either 

partially or completely augment and replace any tissue, organ, or function of the 

body. This definition also highlights the purpose of the biomaterial to maintain 

and/or improve the quality of life of the individual (97).  

Central to the effectiveness of biomaterials is the concept of biocompatibility, 

emphasizing the need to align the physicochemical characteristics of biomaterials 

with the biological responses observed in vivo. From the material science point of 

view, each physicochemical property of a biomaterial surface exerts a profound 

influence on the intricate interplay between the biomaterial and the biological 

environment. Important to this dynamic relationship is the need for biomaterials to 

not only offer mechanical support but also foster enhanced cell survival and 

function, ultimately promoting autologous tissue growth (96). 

This chapter summarizes the complex interactions occurring at the interface 

of a biomaterial and the host tissue. We start with the description of the initial host 
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response occurring immediately after implantation, also covering the following 

foreign body reaction. The option of prolonged inflammation leading to fibrous 

tissue encapsulation and the possibility of infection and bacterial biofilm 

formation is also discussed. Finally, we touch a bit of the topic of material toxicity 

and the osseointegration through bioactivity mechanism.  

2.2 Host response after implantation 

The fate of the implanted material depends on the host's response, categorized 

by various outcomes. Bioinert materials exhibit no alteration in physical structure 

or chemical composition upon interaction with surrounding tissues, preserving 

their functionality (98). Bioresorbable materials gradually dissolve within the 

body through controlled metabolization, eventually being replaced by surrounding 

tissues. Finally, bioactive materials are materials that are able to elicit strong 

bonding of the material to bone and soft tissue.  

However, unsuccessful implantation may result in chronic inflammation due 

to material toxicity or bacterial biofilm formation from infection. Before delving 

deeper into these potential issues, let's begin at the initial stage. 

In general, the implantation of any biomaterial within the host induces an 

injury. This injury brings the material into direct contact with blood, triggering a 

dynamic interplay between biomaterials and living tissue. This sets off a rapid and 

intricate cascade of events that ultimately shapes the fate of the biomaterial. 

Figure 6 illustrates the simplified steps of these events. 
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Figure 6: Simplified illustration of events occurring after implantation of a biomaterial 

In the initial phase, water molecules, low molecular weight solutes, and ions 

intricately engage with the material’s surface, swiftly forming a foundational 

layer. The water shell enveloping the biomaterial interacts with the hydration shell 

surrounding the biomolecules, a phenomenon governed by the kinetic and 

thermodynamic processes at the interface (99). This hydration layer serves as a 

platform for the subsequent rapid adsorption of proteins, a process unfolding 

within nanoseconds.  

As the biomaterial comes into contact with physiological fluids such as blood, 

the adsorbed proteins at this stage are mainly derived from the blood plasma. This 

protein coating serves as a catalyst for subsequent cell-biomaterial interactions 

(100). Depending on the surface properties of the material, proteins undergo 

conformational changes. This adherence triggers the infiltration and binding of 

various cells, including platelets, monocytes, and macrophages. Therefore, the 

modification of protein adsorption is also a tool to modulate the immune host 

response.  
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2.2.1 Foreign body reaction (FBR) 

Even if the implated biomaterial is not outright “rejected” by the host tissues, 

inevitably triggers an immune response known as the foreign body response 

(FBR). The FBR can be defined as interactions between the immune 

microenvironment and biomaterials (101), setting off complex signaling cascades 

that ultimately result in the biological encapsulation of the implant (99). This 

process critically influences the success of integration and the overall biological 

performance of the biomaterial. 

Every biomaterial inevitably disrupts the local host tissue environment, 

triggering FBR when at the injury site. This response involves the sequential steps 

of blood clot formation, recruitment of immune cells, and initiation of the 

inflammatory response. While the typical healing process rapidly transits from 

inflammation to cell proliferation, granulation tissue formation, and remodeling, 

in the context of FBR, the inflammation phase may persist and become chronic. 

This inflammation can result in two distinct outcomes: the formation of a fibrotic 

capsule around the foreign body (chronic-inflammation) or, alternatively, 

osseointegration. 
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Figure 7: Foreign body reaction following implantation of a material (99) 

The host response and FBR involve a complex interplay of inflammatory 

cells, mitogens, chemo-attractants, cytokines, and other bioactive agents. More 

detailed descriptions of the events of each stage (101) are listed below:  

In the first step, occurring within seconds, the host immune system is 

activated, leading to the recruitment of neutrophil infiltration. Vascular 

endothelial damage during implantation triggers a blood coagulation cascade, 

resulting in the deposition of a provisional fibrin matrix and platelet aggregation 

around the implant. The subsequent processes include the activation of extrinsic 

and intrinsic coagulation systems, the complement system, the fibrinolytic system, 

the kinin generating system (102), and platelets (99). Platelets release 

chemoattractants such as PDGF and TGF-β for leukocytes, promoting healing 

(103).  

Cellular recognition occurs through the interaction of adhesion receptors with 

adhesion proteins, forming focal contacts that later mature into focal adhesions. 

These cells release cytokines and chemokines, initiating the recruitment of tissue 

repair cells like fibroblasts and mesenchymal stem cells to the inflammation site. 
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Recruited cells will play a crucial role in depositing a collagen matrix and the 

following encapsulation of the material within a protective fibrous tissue layer 

(104). 

The following step is the acute inflammation, which lasts for a few hours to a 

few days, depending on the extent of injury at the implant site. This stage is 

characterized by the presence of neutrophils (polymorphonuclear leukocytes), the 

primary defense of the host system. Many growth factors and chemokines are 

released, recruiting mast cells and lymphocytes. According to this description, it is 

evident that an early pro-inflammatory reaction is needed for healing close to the 

physiological one. 

The following inflammation or the remodeling phase occurs after a few days 

after the previous stage (99). The duration of this phase depends on the 

immunomodulatory outcomes of the previous stages. Options include 

inflammation, marked by the presence of mononuclear cells such as monocytes 

and lymphocytes. Monocytes migrate to the wound site and differentiate into 

macrophages, serving as the second line of defense (105). Macrophages clear the 

site of cellular debris, bacteria, or foreign material through receptor-mediated 

phagocytosis. Macrophages release inflammation mediators, such as oxygen free 

radicals, and reactive oxygen intermediates. A switch toward the anti-

inflammatory action (M2 polarization of macrophages) is needed at this stage to 

avoid chronic inflammation, otherwise, macrophages may undergo fusion into 

foreign body giant cells (FBGCs) and chronic inflammation occurs. FBGCs 

attempt to engulf surfaces too large for phagocytosis, resulting in "frustrated 

phagocytosis" (103). The adaptive immune system is activated when chronic 

inflammation occurs. 

The development of granulation tissue is also a part of inflammation, 

signifying healing. Fibroblasts and vascular endothelial cells arrive at the implant 

site, leading to excessive granulation, collagen fiber deposition, and fibrous tissue 
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formation (106). Successful cases involve the recruitment of fibroblasts and 

mesenchymal stem cells (MSCs) for further repair, neovascularization, collagen 

synthesis, and isolation of the implant through fibrosis (102). The crucial role of 

fibroblasts in the healing of every biological tissue is here evident. 

 

Figure 8:Schematic illustration of the foreign body reaction (107) 

The influence of FBR on materials is multifaceted (3). Body fluid ions and pH 

levels, for instance, can induce corrosion in metallic materials and potentially lead 

to leaching. FBR poses a challenge for long-term implantation by disrupting the 

tissue-implant interface through cellular responses. This inflammatory reaction 

may result in biomaterial degradation, including stress cracking of surfaces. 

Conversely, the relationship between materials and FBR is bidirectional, 

shaped by both implant properties and host-related factors such as the 

implantation site and surrounding tissue type. Implant properties, including 

chemical composition, specific orientation, dimensions, shape, size, surface 
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topography, and elastic modulus, play pivotal roles, with special consideration for 

potential mismatches in mechanical properties, particularly in metallic implants 

(108). 

To prevent excessive FBR, diverse strategies have emerged in material 

development. One approach focuses on preventing nonspecific protein adsorption, 

which is thought to distort protein conformation and orientations. This can be 

achieved by masking the material surface through coatings (109), such as 

hydrophilic poly(ethylene glycol) (PEG) surface grafting and the use of 

zwitterions (110). Another strategy involves incorporating various biomolecules 

into the implant, with subsequent release (111). Examples include the integration 

of angiogenic or anti-inflammatory drugs (99). In the case of osseointegration, it 

is challenging to find a balance between surface features fastening 

osseointegration and modulating the inflammatory reaction. For instance, large 

(>150 microns) pores are needed to get bone in-growth and vascularisation but 

such pores easily induce chronic inflammation or super-hydrophilic surfaces 

(PEG coatings) result to be non-adhesive for osteoblasts. 

2.3  Toxicity of implanted materials  

Understanding the potential toxicity of implanted materials is crucial, with 

various biocompatibility endpoints providing a comprehensive assessment. These 

include cytotoxicity, sensitization, irritation or intracutaneous reactivity, acute, 

subchronic, and chronic systemic toxicity, material-mediated pyrogenicity, 

genotoxicity, hemocompatibility, carcinogenicity, reproductive or developmental 

toxicity, and, in the case of absorbable materials, biodegradation. The evaluation 

depends on the expected duration of device contact and its anticipated 

permanence (112). 

A fundamental principle in toxicology is encapsulated in the phrase "the dose 

makes the poison." Biomaterial constituents, upon exposure, absorb into local 



40 Chapter 2: Biomaterial- host tissue interface interactions 

 
tissues and distribute systemically through blood and lymph vessels. The journey 

involves traversing cell membranes and tissue layers for whole-body distribution, 

metabolism, and eventual excretion through urine, feces, sweat, hair, and nails. A 

biomaterial is considered non-toxic if it is neither absorbed nor distributed to a 

target organ in concentrations that would elicit an adverse biological response 

(113). 

Concerning metals and metal alloys, frequently used in implants such as 

stainless steel, cobalt-based alloys, chromium alloys, titanium, and nickel-

titanium-based alloys, as well as refractory metals like molybdenum, tungsten, 

vanadium, and tantalum used as alloying elements, there is a need for cautious 

consideration (114). Even essential metals like iron and zinc can become toxic in 

excess concentrations or altered valence states (112). Metal-on-metal (MoM) 

implants, particularly prone to nanosized wear particles, can pose challenges 

despite modern designs being highly resistant to wear (115). Poor placement or 

replacement of failed implants can lead to increased debris, potentially impacting 

the immune system and causing adverse reactions (116) 

While not necessarily toxic, foreign compounds may induce hypersensitivity 

or allergic reactions in susceptible individuals. Implantation inherently involves 

innate immune or inflammatory responses, which can escalate into pathological 

foreign body reactions. Debris and wear particles taken up by phagocytic cells can 

trigger inflammatory responses, releasing systemic effects. In the worst cases, 

these responses may exacerbate local tissue destruction and lead to device failure. 

Immune or delayed hypersensitivity reactions can be disproportionate, involving 

the amplification of lymphocytes bearing antibodies targeting foreign substances. 

Metal allergies, particularly to nickel, cobalt, and chromium, are among the most 

common contact hypersensitivities (116). 

In the scope of orthopedic devices, specific bone-related immune responses 

are paramount. Aseptic loosening and instability can result from local 
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inflammatory responses caused by sensitization to metal or bone cement 

components, cement failure, or inadequate bone formation (117). The balance of 

osteoclastogenesis and osteogenesis, crucial for maintaining skeletal integrity, 

involves dynamic processes integrating inflammatory, metabolic, and immune 

inputs (118). Osteoclasts, implicated in inflammatory responses, can be influenced 

by implant material selection to either suppress inflammatory responses or 

promote osteogenesis. Careful consideration of these factors is essential to ensure 

the safety and efficacy of orthopedic implants. 

2.4  Biofilms, and related infections 

The risk associated with infections, particularly those related to biofilms, 

tends to escalate with permanent implants. Conventional approaches such as oral 

or intravenous antibiotics often fall short in resolving these infections, 

necessitating surgical interventions like debridement or partial/total revision, 

adding complexity to the situation. A significant challenge in such cases is the 

formation of microbial biofilms (119). 

A bacterial biofilm represents a community of bacteria that adheres and 

proliferates on a surface. Upon attachment, these bacteria colonize the surface, 

forming a biofilm where they embed themselves within a self-produced 

extracellular polymeric substance (EPS) (120). This EPS consists of 

exopolysaccharides, extracellular and cell surface-associated proteins/adhesions, 

lipids, and extracellular DNA, and may even incorporate host material (120,121). 

The biofilm's thick structure shields bacteria from antibiotics, while also 

providing channels for nutrient and waste transport, contributing to their survival. 

Simultaneously, the transport through the biofilm is constrained, making bacteria 

within biofilms more resistant to various environmental stresses such as 

dehydration, metal toxicity, and UV light exposure compared to free-floating 

planktonic bacteria (119). 
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Figure 9: Steps of biofilm formation 

The tolerance of the bacteria against environmental factors is not fully yet 

understood but the most common mechanisms involve bacterial dormancy due to 

nutrient depletion (122), interactions of antimicrobial agents with the EPS through 

binding/degradation (123), and the emergence of recalcitrant populations like 

slow-growing small colony variants or "persister" cells (124). However, it is 

essential to note that these tolerance mechanisms differ from genetically inherited 

bacterial resistance. 

Biofilm defense mechanisms involve EPS matrix production, protecting 

bacteria from phagocytes and reducing antibody penetration (125). While biofilm 

formation aids evasion of host immune responses, many biofilm-associated 

infections are linked with chronic inflammation. Interestingly, even when the 

inflammatory response fails to eradicate the biofilm, it contributes to pathology by 

damaging host tissue (126). 

In the context of osteomyelitis, a bone infection resulting from trauma, 

surgery, or vascular insufficiency (particularly in diabetes cases), antibiotics are 
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administered orally or intravenously for 4-6 weeks (127). Full surgical removal of 

infected tissue can leave large defects, inhibiting normal function. The gold 

standard for "dead space management" involves bone grafting using autologous or 

allogeneic tissue (128). However, this approach has limitations such as donor site 

morbidity, postoperative pain, lack of available tissue, immune rejection, and the 

risk of further infection. Another approach involves bone cement mixed with 

antimicrobials, but the non-biodegradable nature of bone cement necessitates a 

second surgery, increasing the risk of reinfection. 

Antibiotics, whether administered systemically or locally, face challenges like 

suboptimal release profiles and reduced osseointegration of antibiotic-loaded 

implants. Furthermore, the increasing development of antibiotic resistance has 

prompted research into multifunctional non-antibiotic antimicrobial biomaterials 

that combat resistant bacteria locally and serve as templates for bone tissue 

ingrowth. The emphasis is on developing synergistic materials that address both 

infection control and tissue integration simultaneously. 

2.5  Osseointegration and Bioactivity 

In the realm of bioactive glasses, a specific reaction at the material-tissue 

interface facilitates a bonding process with bone, termed bioactivity. This 

innovation emerged as a response to the historical design of materials as bioinert, 

leading to fibrous encapsulation post-implantation (129).  

A bioactive material is defined as one that elicits a positive response from the 

body, notably by bonding to host tissue, particularly bone, and stimulating bone 

growth beyond the bone-implant interface. The key mechanism behind this bone 

bonding is the formation of a hydroxycarbonate apatite (HCA) layer on the glass 

surface. Resembling the mineral composition of bone, HCA interacts with 

collagen fibrils to bond with the host bone (130). The osteogenic properties of the 
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glass are attributed to the dissolution products that stimulate osteogenic cells to 

produce bone matrix (131).  

The formation of the HCA layer involves a mechanism similar to 

conventional glass corrosion (132), with the following steps: 

1) Rapid cation exchange, where Na+ and/or Ca2+ from the glass surface 

exchange with H3O+ (H+ for simplicity) from the solution. This creates 

silanol (Si-OH) bonds on the glass surface: 

 

𝑆𝑖 −  𝑂−𝑁𝑎+ +  𝐻+ + 𝑂𝐻−  → 𝑆𝑖 −  𝑂𝐻+ + 𝑁𝑎+(𝑎𝑞) +  𝑂𝐻− 

 

2) The dissolution products elevate the solution's pH, leading to the 

formation of a silica-rich, cation-depleted region near the surface. 

Phosphate may also be lost from the glass composition during this step. 

3) The high local pH prompts OH-  to attack the silica glass network, breaking 

Si-O-Si bonds, resulting in the loss of soluble silica Si(OH)4 to the 

solution. This leaves more silanols at the interface: 

𝑆𝑖 − 𝑂 − 𝑆𝑖 +  𝐻2𝑂 → 𝑆𝑖 − 𝑂𝐻 + 𝑂𝐻 − 𝑆𝑖 

4) Silanol groups near the surface condense, leading to the re-polymerization 

of the silica-rich layer. 

5) Migration of Ca2+ and PO4
3- groups to the surface through the silica gel 

layer and from the solution. This culminates in the formation of a film rich 

in amorphous CaO-P2O5.  

6) Incorporation of hydroxyls and carbonate from the solution and 

crystallization of the CaO-P2O5 film into HCA. 

7) Adsorption of proteins 

8) Attachment of macrophages 

9) Attachment of stem cells 
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10) Osteoblast differentiation and proliferation 

11) Matrix production 

12) Matrix crystallization 

13) Bone formation. 

 

The composition of the glass, particularly the silica content and other 

modifying cations, significantly influences the rate of bioactivity. Lower silica 

content results in a less connected silica network, making it more prone to 

dissolution. This process is well illustrated in Figure 10. 

 

Figure 10: Bioactive glass network (133) 
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While the steps mentioned are well-characterized, subsequent stages, 

including protein adsorption to the HCA layer, cell attachment, differentiation, 

and the production of bone matrix, are less clear but have been shown to play 

crucial roles in the bioactivity process. 

 

Figure 11: The bioactivity steps (134) 
In addition to glass, bioactivity can also be induced in titanium and its alloys, 

eliminating the formation of interfacial fibrous tissue. Techniques such as plasma-

sprayed coatings (apatite, bioactive glass), electrochemical processes (anodic 

oxidation), or chemical surface treatments enable the bioactivation of titanium and 

its alloys (81). 
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Chapter 3: Biological surface 
functionalization by antimicrobial 
peptides 

 

3.1 Introduction 

Implant-associated infections represent a major clinical challenge, often 

resulting in implant failure, and substantial social and economic burden (135). In 

response, the introduction of antimicrobial properties into implant materials has 

emerged as a compelling avenue to combat bacterial adhesion, subsequent biofilm 

formation, and infections. Notably, alternative methods to traditional antibiotics 

are of interest due to the wide-spread threat of antibiotic-resistant bacteria (136). 

Biomaterial surface coating and functionalization utilizing non-antibiotic 

antimicrobial agents, such as polymers, metal ions, and antimicrobial peptides, 

present viable strategies for addressing these challenges.   

This chapter comprises a bibliographic part regarding antimicrobial peptides, 

specifically nisin, and their use in biomedical applications. The experimental part 

describes the surface functionalization process of titanium alloy, both polished 

and chemically treated, with nisin, including physicochemical characterization 

and evaluation of the antimicrobial properties. 

3.2 Antimicrobial peptides 

Antimicrobial peptides (AMPs), represent a class of small proteins naturally 

produced by all living organisms, both prokaryotes and eukaryotes, serving as a 
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fundamental component of their innate immune system (137). Renowned for their 

broad-spectrum antimicrobial activity, AMPs exhibit efficacy against a diverse 

array of microorganisms, including bacteria, yeasts, fungi, viruses, and parasites 

(138). To this day, more than 3000 AMPs have been discovered and characterized 

(139). Commonly, AMPs share defining features, characterized by small size (less 

than 100 amino acids), typically with positive net charge and amphipathic 

structure with both hydrophobic and hydrophilic regions, giving them structural 

flexibility (140). 

AMPs tend to target primarily the negatively charged lipidic bi-layer 

membranes of microbial cells, thanks to their positive net charge. This mode of 

action makes it difficult for bacteria to develop resistance against AMPs (137). 

AMPs can either destabilize and disrupt bacterial membranes, or translocate 

across the membranes, thereby destabilizing normal cell functions (141).  

The scope of AMP applications extends across diverse domains, ranging from 

food preservation to agriculture (142). From the biomedical point of view, the 

predominant use of AMPs has been in topical applications, owing to their 

susceptibility to proteolysis and susceptibility to changes in salt concentrations or 

pH levels (143). However, thanks to the immunomodulatory, antioxidant, 

anticancer, and anti-inflammatory activities of AMPs, in the future they could be 

utilized for several other applications, such as treatment for cancer, inflammatory 

disorders, or wound healing, alone or in combination with other drugs (144). 

3.2.1 Nisin 

Nisin(C143H230N42O37S7) is one of the oldest known antimicrobial peptides, 

with origins tracing back to its discovery in 1928 within fermented milk cultures. 

Derived from Lactococcus lactis bacteria, nisin is a pentacyclic post-

translationally modified peptide comprising 34 amino acids with a weight of 
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3354.12 Daltons (145). Its distinctive attributes derive from enzyme-mediated 

post-translational modifications, leading to the presence of unusual thioether 

amino acids such as lanthionine (Lan) and/or methyllanthionine (MeLan) (146). 

Characterized as an amphiphilic molecule, nisin includes both hydrophilic and 

hydrophobic residues in its structure (Fig.12) (147). The hydrophobic residues of 

nisin are identified to be responsible for its antimicrobial activity (148,149).  

 

Figure 12. Chemical and primary structures of the nisin polypeptide (150). 

Nisin’s mechanism of action is multifaceted and involves several steps. 

Initially, nisin binds to the anionic phospholipids (lipid II) situated within the 

cytoplasmic membrane of the bacteria. This binding event disrupts the bacterial 

cell wall formation. Subsequently, nisin proceeds to form an ion channel or a pore 

in the membrane. This structural modification leads to a fatal efflux of 

intracellular products, notably including adenosine triphosphate (ATP) and 

potassium, preventing essential cellular processes of bacteria (149).  

Remarkably, nisin's impact primarily extends to Gram-positive bacteria. 

Instead, Gram-negative bacteria pose a challenge due to their outer membrane 

barrier, which impedes nisin access to the lipid II in the inner membrane. 
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However, nisin is effective against Gram-negative bacteria when employed in 

conjunction with chelating agents such as ethylenediaminetetraacetic acid 

(EDTA), citrate monohydrate, trisodium orthophosphate, or with thermal 

treatments (148). 

Nisin, traditionally employed in food preservation as a safe food additive 

approved by the Joint Food and Agriculture Organization/World Health 

Organization, has increasingly gained attention for its potential therapeutic 

applications in combating infections. Within the realm of infections, nisin has 

demonstrated antimicrobial efficacy against various conditions, including mastitis 

(151), respiratory infections (152), gastrointestinal infections (153,154), and skin 

infections (155). Moreover, nisin has shown selective cytotoxicity towards cancer 

cells and impacted tumor growth, as evidenced in multiple studies (156–158).  

In addition to its antimicrobial attributes, emerging research indicates that 

nisin may exhibit immunomodulatory properties, particularly influencing cytokine 

production(159). Further evidence has suggested an influence on both innate and 

adaptive immune cells (160). However, given the variances in results and 

considerable variability in experimental models, the need for additional studies is 

emphasized to substantiate and elucidate nisin's effects (147). 

AMPs, including nisin, can be grafted onto material surfaces with covalent 

bonds through their inherent structural components such as amines, carboxylic 

acids, thiols, and hydroxyl groups (161). An ideal outcome involves the peptide 

maintaining stability and retaining its active form within the coating, unaffected 

by environmental conditions impacting the exposed contact surface. 

Simultaneously, it should possess the capability to be released from the surface to 

exert antimicrobial activity (162).  
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The immobilization and release of nisin nanoparticles have been the subject of 

previous research, exploring diverse metallic substrates across stainless steel 

(162–164), titanium (162,163), and gold surfaces (165). In addition to metallic 

materials, nisin has also been grafted onto glass substrates by using dopamine as a 

coupling agent (166) to polymers such as polycaprolactone electrospun fibers 

(167), and monocalcium phosphate monohydrate (168).  

Incorporating AMPs as a coating on biomaterial surfaces presents challenges, 

particularly concerning potential hydrolysis and denaturation of the coating due to 

variations in pH and temperature, which might compromise antimicrobial 

efficacy. Moreover, there is a risk of decreased AMP activity due to the covalent 

linkage of its essential functional groups for antimicrobial action to the surface, 

potentially rendering the peptide inactive (161). 

3.3 Materials and Methods 

3.3.1 Sample preparation 

Ti6Al4V-ELI discs (Grade 23, Titanium Consulting and Trading S.r.l., 

Firenze, Italy) with a diameter of 10 mm and a thickness of 2 mm were employed 

for the experimental study. The discs were polished with SiC abrasive papers up 

to 4000 grit. Subsequently, the polished discs were then subjected to a cleaning 

regimen, which included a single sonication in acetone for 5 minutes followed by 

two separate sonication processes in ultrapure (Milli-Q) water, each lasting 10 

minutes. This sequential cleaning procedure was executed to ensure the removal 

of any potential contaminations present on the sample surfaces. From now on, 

these samples will be named MP (mechanically polished).  

Moreover, a subset of the samples underwent a chemical treatment, as 

previously described (85,169). This patented protocol involves an acid etching 

stage utilizing hydrofluoric acid (HF), designed to eliminate the native oxide 
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layer, followed by a controlled oxidation process in hydrogen peroxide (H2O2). 

The goal of this treatment is to induce the creation of a micro- and nanotextured 

titanium oxide layer, enriched in -OH functional groups, which creates bioactive 

surface suitable for osseointegration with anti-microfouling properties (85,170).  

Consequently, the samples derived from this process are denoted as Chemically 

Treated (CT). 

3.3.2  Surface functionalization with Nisin 

Before nisin functionalization, both MP and CT samples underwent UV-C 

irradiation (UV-C 40 W, 253.7 nm, Philips TUV T8) for one hour. This step 

aimed to eliminate potential atmospheric contaminations and adsorbed water 

molecules, while concurrently enhancing the reactivity of the surface by 

promoting the exposure of –OH groups. 

 

 

Figure 13: Surface functionalization with nisin 
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The antimicrobial peptide nisin (Nisin Ready Made Solution, 20,000–40,000 

IU/mL in 0.02 N HCl, Sigma-Aldrich, Milan, Italy) was utilized for the biological 

functionalization. A nisin concentration of 1 mg/mL in ultrapure water was 

employed for the study, with solutions at three different pH values: pH 5, pH 6, 

and pH 7. The original nisin solution (pH = 3.39 ± 0.05) was buffered to the 

desired pH by incremental addition of 0.05 M NaOH buffer solution. These pH 

conditions were chosen to prevent substrate corrosion and to optimize the 

electrostatic attraction between the molecule and the substrate, as detailed in the 

Results section. In the case of CT samples, the chosen pH range also aimed to 

avoid potential deleterious effects on the titanium surface morphology and the 

previously obtained textured oxide layer. The adjustment was monitored using a 

pH meter (Edge pH, HANNA Instruments Italia S.r.l., Padova, Italy).  

Each sample was treated with 5 mL of the functionalization solution and left 

to functionalize for 24 hours at room temperature within sealed containers. 

Subsequently, the samples underwent two washes with ultrapure water and were 

air-dried. Following this process, the nisin-functionalized samples were denoted 

as MP/CT NISIN pH = 3/5/6/7. Additionally, control samples (MP/CT CTRL pH 

= 5/6/7) were prepared by immersing the MP/CT samples in 5 mL of ultrapure 

water, pre-adjusted to the corresponding pH values. 

 

3.3.3 Physical-Chemical Characterization 

Contact profiler and confocal microscopy 

The surface roughness of the MP and CT samples was quantified using a 

contact profiler (Talysurf Intra Touch, Taylor Hobson) and a confocal laser 

scanning microscope (LSM 900, Zeiss). Both sets of samples were analyzed for 

comparison. The contact profiler collected data from (5x5) mm² areas, while the 
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confocal microscope examined areas of (250x250) µm². Each experiment was 

performed in triplicate. 

Subsequently, acquired data from both instruments underwent identical 

processing. Using the AnalysisTool software, images were untilted and underwent 

filtering through a series of processes. This involved the application of a high-pass 

filter with a cut-off wavelength of 8 µm for waviness, and a low-pass filter with a 

cut-off wavelength of 250 µm for roughness. Parameters of interest, such as 

superficial roughness (Sa), root mean square height (Sq), skewness (Ssk), and 

kurtosis (Sku), were then extracted in nanometers, in concordance with standards 

DIN EN ISO 4287 and DIN EN ISO 4288. 

Field Emission Scanning Electron Microscopy / Energy-Dispersive X-ray 

Spectroscopy (FESEM/EDS) 

FESEM/EDS (FESEM - SUPRATM 40, Zeiss) was used to observe the surface of 

both MP and CT samples. The images were acquired at two different 

magnifications, respectively 60kx and 150kx. The electron high tension (EHT) 

voltage was set at 10 kV. The observations were made in triplicate. The EDS 

analysis was carried on to quantify the amount (expressed as an atomic 

percentage, atomic %) of titanium (Ti), aluminum (Al), vanadium (V) and oxygen 

(O). The electron high tension (EHT) voltage was set at 15 kV for the EDS 

analysis. Three areas per each image were randomly selected and the atomic 

content of the elements of interest was measured. 

 

UV–Vis Spectroscopy and Reflectance 

Reflectance measurement was performed for both bare and nisin-

functionalized samples by means of a UV–Vis spectrophotometer (UV-2600 

https://www.sciencedirect.com/topics/chemistry/aluminum
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Shimadzu, Kyoto, Japan, equipped with ISR-2600Plus integration sphere). The 

spectrum of 190–750 nm was evaluated in the measurements. 

Surface Wettability and Surface free energy calculation 

The evaluation of sample surface wettability was conducted using the sessile 

drop method for static contact angle measurement via the Krüss DSA 100 

instrument (KRÜSS GmbH, Hamburg, Germany). Ultrapure water served as the 

wetting fluid, where a 5 µL water droplet was deposited on the surface using a 

pipette. Contact angles were subsequently measured with the instrument's 

accompanying software (DSA-100, Dropshape Analysis, KRÜSS GmbH, 

Hamburg, Germany). 

Furthermore, static contact angle measurements were performed employing 

the FTA 1000C instrument, which integrated a video camera and image analyzer, 

maintaining a room temperature setting. This involved the use of three probe 

liquids: ultrapure water, hexadecane, and ethylene glycol (all sourced from Sigma 

Aldrich, St. Louis, USA), possessing surface tensions of 72.1 mN/m, 28.1 mN/m, 

and 48.8 mN/m, respectively. For each sample, three measurements were 

conducted, with liquid drops placed in different areas of the sample surface to 

derive a mean value and calculate the corresponding error. The overall surface 

energy, as well as its polar and dispersive components, were determined using the 

Owens-Wendt geometric mean method (171), in which contact angle values 

obtained with water and hexadecane were employed for computation. 

Zeta Potential 

The zeta potential measurements were conducted using an electrokinetic 

analyzer (SurPASS 2, Anton Paar, Graz, Austria), equipped with an adjustable 

gap cell. The surface zeta potential was assessed in a 0.001 M KCl electrolyte 

solution, measuring it as a function of pH. To avoid any potential surface 
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reactions during the measurements, separate couples of TI64ELI discs were 

utilized for both acidic and basic titrations. Specifically, the acidic titration was 

executed by introducing 0.05 M HCl, followed by the basic titration involving 

0.05 M NaOH. Each pH point was measured in four parallel measurements. 

In addition to solid sample zeta potential measurements, the zeta potential of a 

1 mg/mL nisin solution was assessed utilizing a dynamic light scattering (DLS) 

particle size and zeta potential analyzer (Nanosizer Nano Z, Malvern Instruments 

Ltd., Malvern, Worcestershire, UK). The zeta potential curve of the 

functionalizing solution was obtained by measuring the electrophoretic mobility, 

progressively altering the pH from 2.5 to 9 using increments of 0.05 M HCl or 

NaOH. 

Kelvin Probe Force Microscopy (KPFM) 

A solution of 1 mg/mL nisin at pH 6 was dispensed onto the polished sample 

surface as a droplet, where it was allowed to functionalize overnight. The 

intention was to establish an interface between untreated areas and those treated 

with nisin on the same sample surface. Surface potential measurements for both 

the untreated and nisin-functionalized Ti64ELI samples were conducted using 

Kelvin Probe Force Microscopy (KPFM) in tapping mode, employing a Bruker 

Innova AFM located in Billerica, MA, United States. Subsequently, the acquired 

data was processed using the Gwyddion software (Gwyddion Version 2.62, Brno, 

Czech Republic) for analysis. 

X-ray Photoelectron Spectroscopy (XPS) 

XPS (Kratos Axis UltraDLD, Kratos Analytical Co., Ltd., Manchester, UK) 

measurements were performed (survey spectra and high-resolution analyses of 

elemental regions) on the bare and nisin-functionalized samples to investigate the 

chemical composition of the outermost layer and, in addition, the presence of 
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characteristic chemical groups for nisin. The hydrocarbon C 1s peak (284.80 eV) 

was used for the calibration of the binding energy scale. 

Release Test 

The release tests were conducted in accordance with the procedure outlined in 

(170). Specifically, the examinations were carried out using PBS (pH 7.4, Sigma 

Aldrich, Milan, Italy) and in a hydrogen peroxide solution (50 mM H2O2, 30% 

w/v, PanReac Applichem, Monza, Italy; in PBS) with a pH adjustment to 4.50—

simulating physiological and inflammatory conditions, respectively. Each nisin-

functionalized sample was immersed in a 5 mL solution for 7 days at 37 °C, with 

evaluations performed on both days 1 and 7. Following the immersion period, the 

samples underwent a single wash with ultrapure water and were allowed to air 

dry. Additionally, the contact angles of the samples were measured after soaking. 

 

3.3.4 Biological characterization  

Antibacterial activity evaluation 

Strain Growth Condition 

Bacteria were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). Specimens’ antibacterial properties were assayed towards 

the methicillin/oxacillin (MRSA) resistant Staphylococcus aureus strain (Gram-

positive, ATCC 43300). Bacteria were cultivated in trypticase soy agar plates 

(TSA, Sigma-Aldrich, Milan, Italy) and incubated at 37 °C until round single 

colonies were formed; then, 2–3 colonies were collected and spotted into 15 mL 

of Luria Bertani broth (LB, Sigma-Aldrich, Milan, Italy) and incubated overnight 

at 37 °C under agitation (120 rpm). The day after, a fresh broth culture was 

prepared before the experiments by diluting bacteria into a fresh medium to a final 



58 Chapter 3: Biological surface functionalization by antimicrobial 
peptides 

 
concentration of 1 × 103 bacteria/mL, corresponding to an optical density of 

0.00001 at 600 nm wavelength using a spectrophotometer (Spark, from Tecan 

Trading AG, Mannedorf, Switzerland) (172). 

Bacterial Metabolism, Number of Viable Colonies, and Morphology 

Evaluation 

The International Standard ISO 22196 was applied to evaluate specimens’ 

antibacterial properties (173). Accordingly, the specimens) were located into a 24-

multiwell plate; then, 50 μL of the bacterial suspension was adjusted at a final 

concentration of 1 × 103 bacteria and it was directly dropped onto the specimens’ 

surfaces. To confirm the nisin bioactivity at pH = 6, the samples prepared with the 

pH = 3 nisin stock solution from the manufacturer were also evaluated for their 

ability to prevent bacterial colonization. 

The inoculated specimens were placed in an incubator at 37 °C for 24 h. 

Afterwards, the colorimetric Alamar blue assay (AlamarBlue™, Life 

Technologies, Milan, Italy) was applied to test viable bacteria metabolic activity 

by spectrophotometry following the manufacturer’s instructions. Briefly, the 

ready-to-use Alamar solution at concentration 0.0015% in PBS was added to each 

well containing the test specimen (1 mL per specimen), and the plate was 

incubated in the dark for 4 h at 37 °C allowing resazurin dye reduction into 

fluorescent resorufin upon entering living cells. Then, 100 μL were spotted into a 

black-bottom 96-well plate to minimize the background signal. The metabolic 

activity of bacteria was measured via spectrophotometer (λex = 570 nm and λem 

= 590 nm), and the results were presented as relative fluorescent units (RFU). 

Then, to investigate the number of viable bacteria adhered to the samples’ 

surface the colony forming unit (CFU) count was performed. Briefly, after 

washing 2 times with PBS to remove non-attached bacterial cells, the samples 
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were submerged into 1 mL of PBS, sonicated, and vortexed for 5 min and 30 s, 

respectively (three times each). Next, an aliquot of 200 µL of the bacteria 

suspension was collected and transferred to a new 96 wells plate; here, 6 serials 

1:10 dilutions were performed by mixing progressively 20 µL of the bacterial 

suspension with 180 µL of PBS. Then, 20 µL of each serial dilution were spotted 

into an LB agar plate and incubated for 24 h until round colonies were visually 

checked; the final number of CFU was calculated by using the following formula 

(174): 

CFU = [(number of colonies × dilution factor) (serial dilution)]. 

Finally, scanning electron microscopy (SEM, JSM-IT500, JEOL, Tokyo, 

Japan) imaging was used to investigate the bacterial microcolonies formed on the 

samples’ surfaces; briefly, specimens were dehydrated by the alcohol scale (70–

90–100% ethanol, 1 h each), swelled with hexamethyldisilazane, mounted onto 

stubs with conductive carbon tape and covered with a gold layer. Images were 

collected at different magnifications (2000× and 5000×) using secondary 

electrons. Additionally, the presence of single microcolonies or 3D biofilm-like 

aggregates on the samples’ surfaces as well as their distribution were analyzed 

through 3D reconstructed images extracted from SEM images using the SMILE 

VIEWTM map software (JEOL, Tokyo, Japan). 

Statistical Analysis of Data 

Experiments were performed in triplicate. Results were statistically analyzed 

using the SPSS software (v.20.0, IBM, New York, NY, USA). Groups were 

compared by the one-way ANOVA using Tukey’s test as a post hoc analysis. 

Significant differences were established at p < 0.05. 

3.4 Results and discussion  
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3.4.1.  Physicochemical characterization of MP and CT samples 

Roughness and topography assessments of CT and MP were conducted using 

both a contact profiler and a confocal laser scanning microscope. The results are 

combined in Figure 14 and Table 3.  

 

Figure 14:Roughness and topography analysis by confocal microscope of the surface of (A) MP 
and (B) CT. 
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Table 3: Roughness of MP and CT evaluated through contact profiler and confocal microscope 

SAMPLE Ti64-ELI  

 Contact profiler Confocal microscopy 

Sa (nm) 

MP 39.6 38.4 

CT 56.2 74.7 

 

Both methodologies confirmed a substantial increase in the CT substrate’s 

roughness following the chemical treatment. 

While the optical measurements (confocal microscope) offer superior 

accuracy at the nanoscale, the contact profiler excels at the microscale, leading to 

the complementary nature of these techniques as they unveil distinct features. The 

observed increase in surface roughness found in the CT samples, as indicated by 

both the profilometer and confocal microscope (Sa values, Table 3), can be 

ascribed to the micro- and nanostructuring induced by etching, thus validating the 

efficacy of the surface treatment (85). The presence of this specific topography on 

the CT surface is promising for enhancing the physical entrapment of the nisin 

polypeptide during the adsorption process and has already been shown to enhance 

osteoblast differentiation. 

FESEM was conducted on the CT samples to observe the micro- and 

nanoscale morphology of the substrate, using MP samples as a control. In Figure 

15, the FESEM images of MP and CT surfaces are depicted, at two different 

magnifications (60kx, 150kx). 
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Figure 15: FESEM images of the surface of the MP samples with (A.1) magnification 60kx, (A.2) 
magnification 150kx, and of the surface of the CT samples with (B.1) magnification 60kx, (B.2) 
magnification 150kx. The scalebar corresponds to 200 nm on all the panels. 

 

The MP samples exhibited a generally smooth surface, displaying some 

irregularities attributable to the mechanical polishing process. In contrast, the CT 

samples featured a consistently textured surface apparent at both micro- and 

nanoscales. Notably, the microscale roughness (evident in Figure B.1, as smooth 

ridges and valleys spaced approximately 1 µm apart) arises from the chemical 

etching in HF. Additionally, the surface revealed nanoscale porosity stemming 

from oxidation in hydrogen peroxide, covering the entire sample surface. These 

findings aligned with the roughness analysis and affirmed the beneficial influence 

of micro- and nano-roughness on osseointegration (85). In addition, this 
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multiscale roughness could be conducive to successful nisin polypeptide 

adsorption.  

EDS analysis revealed a substantial alteration in the chemical composition of 

Ti64ELI following etching. The atomic percentage of titanium (Ti) underwent a 

notable reduction from 63% to 40%, while the oxygen (O) content approximately 

doubled, ascending from 27% to 54%. This outcome underscored the augmented 

thickness of the titanium oxide layer on CT in contrast to the native oxide on MP, 

reflecting the efficacy of the chemical treatment in producing a thicker layer. 

Notably, the features of the resulting surface oxide layer on CT were congruent 

with those previously published by the authors on a Ti6Al4V alloy grade 5 (85) in 

terms of chemistry, roughness, and topography. The presence of a thicker and 

continuous oxide layer on the CT surface is crucial as it augments corrosion 

resistance during the adsorption process and the lifespan of the implant, while 

further enhancing the polypeptide grafting potential.  

 

Figure 16: EDS analysis of Ti64ELI samples before (MP) and after (CT) the chemical treatment. 
The chemical composition is expressed as atomic percentage (Atomic %). 
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3.4.2 Characterization of the nisin functionalization solution 

Through DLS, the zeta potential and hydrodynamic diameter of nisin in 

aqueous suspensions (1 mg/mL) at different pH were measured (Figure 17).  

 

Figure 17: Characterization of 1 mg/ml nisin solutions by A) zeta potential analysis, and B) The 
hydrodynamic diameter of nisin, measured by DLS analysis, in aqueous suspension (1mM KCl) as a 
function of pH. 

 

The isoelectric point (IEP) was detected at pH 7.5, dividing the curve into two 

distinct sections. At alkaline pH (above 7.5) the prevalent negative charge of 

amino acids primarily results from the deprotonation of carboxylic groups. 

Conversely, in the acidic pH range, amino acids reveal a net positive charge. The 

absolute value of the zeta potential does not surpass 12 mV for both the basic and 

acidic ranges, indicating that the net charge of nisin under these conditions is 

relatively weak. This aligns with similar findings reported in (175). The 

theoretical calculation for the IEP of nisin stands at 8.8 (176); the disparity can be 

rationalized by considering the low absolute value of the registered zeta potential 

and the high sensitivity of the zeta potential to the ionic strength of the solution. 

As seen in Figure 17, the hydrodynamic diameter measured approximately 

400–600 nm within a pH range of 3 to 7. The diameter notably expands to 1.2 
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microns beyond pH 8, signifying decreased solubility and stability of the colloidal 

suspension at alkaline pH levels. These findings indicated that the 

functionalization process should not be conducted at a pH of 8 or higher, 

particularly if the formation of agglomerates needs to be averted. This aligns with 

existing literature underscoring the decline in nisin solubility with escalating pH 

values (177). 

Based on the zeta potential titration curve results, the decision was made to 

conduct the nisin adsorption processes at pH 5, 6, and 7. Within this range, nisin 

exhibits an overall positive charge, progressively increasing due to the 

augmentation of deprotonated carboxylic groups and the zwitterionic form as the 

pH approaches 7. Avoiding any alkaline pH levels was crucial due to the observed 

instability of the colloidal suspension, revealed by the measured hydrodynamic 

diameter of nisin in aqueous media. Additionally, pH values below 5 were 

avoided to prevent any potential corrosion of the metal substrate. 

 

3.4.3 Physicochemical characterization of nisin-functionalized 

samples 

The EDS analysis of the bare and nisin-functionalized samples (Figure 18) 

evidenced the presence of all the elements characteristic of the surface of the 

titanium alloy: Ti, Al, V, and O. A slight increase in nitrogen (N) was noticed 

comparing the bare and functionalized surfaces, suggesting the presence of the 

nisin polypeptide on the sample surface; this enhancement was much more 

significant for the sample functionalized at pH 6, where an increase in carbon (C) 

was also detectable. Considering the high penetration depth of EDS (higher than 1 

micron) and the expected low thickness of the functionalized surface layer, the 

high standard deviation obtained by this analysis was not surprising. The surface 

chemical analysis was confirmed through XPS quantitative analysis, which is 
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much more suitable for the chemical characterization of the outermost surface 

layer thanks to its nanoscale sampling depth, which makes it a more sensitive 

surface analysis technique. 

 

Figure 18:EDS analysis of MP samples, both bare and functionalized surfaces with processes at 
different pH values (pH = 5/6/7). 

 

The UV–Vis spectra of the bare and functionalized samples (Figure 19) have 

been measured in reflectance. These data evidence an attenuation, after 

functionalization, of the surface reflectance along all the measured ranges of 

wavelength. This agrees with the presence of a surface adsorbed layer able to 

reduce the high reflectance of the metal surface. No significant difference among 

the surfaces functionalized at different pH values can be detected by this 

technique. 
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Figure 19: UV–Vis reflectance spectra of the MP samples both bare and surfaces functionalized 
with processes at different pH values. 

 

In addition, KPFM has been used for imaging the functionalized surface (Figure 

20). A sample functionalized at pH 6 has been chosen for this experiment due to 

its highest amount of the adsorbed nisin evidenced by EDS and XPS (see below) 

measurements. An internal control surface was needed for this analysis. For this 

purpose, a sample functionalized only on the half surface and with a sharp border 

between the functionalized and un-functionalized area was prepared. 

 



68 Chapter 3: Biological surface functionalization by antimicrobial 
peptides 

 

 

Figure 20: KPFM surface potential as a function of the distance across the interface between a 
bare (light area) and nisin-functionalized (darker area) region (functionalization at pH 6). 

 

When comparing the bare (lighter area) and functionalized (darker) areas of 

this sample, a clear difference in the surface electrical potential was detected 

across the interface (Figure 20). This was a further confirmation of the presence of 

the functionalized surface layer. No evident formation of nisin micrometric 

aggregates on the surface could be evidenced while the covering seemed not 

homogeneous. 

 

Figure 21: The contact angles measured on the bare MP sample (grey), samples functionalized 
with processes at different pH values (orange), and control samples soaked in solutions at different pH 

without nisin (blue). 



3.4 Results and discussion 69 

 
Surface free energy was calculated on the surface of Ti64ELI before (MP), 

after the chemical treatment (CT), and after nisin adsorption at pH 6 (CT Nisin6). 

For this characterization, the CT surface coated with nisin at pH 6 was selected 

according to the previous results and considering the expected relevant role of 

polar functional groups on this substrate. The values of the total surface energy 

(γ), together with its dispersive γd and polar γp components, are reported in Table 

4. 

Table 4: Surface energy γ, and its dispersive γd and polar γp components, of the surface of 

chemically treated Ti64ELI before (CT) and after nisin adsorption (CT Nisin6). MP is reported as a 
control. 

 Surface energy (mN/m) 

 γ γd γp 

MP 55.7 ± 1.3 27.4 ± 0.1 28.3 ± 1.3 

CT 73.0 ± 0.1 27.4 ± 0.0 45.6 ± 0.1 

CT Nisin 
pH6 72.7 ± 0.3 27.4 ± 0.0 45.3 ± 0.3 

 

Comparing MP and CT, it was clear that the chemical treatment was inducing 

an increase in the total surface free energy of the substrate, which was mainly due 

to the higher polar component characterizing CT, while the dispersive component 

remained constant. This was in accordance with the zeta potential and XPS 

analysis, which highlighted the presence of hydroxyl groups on the CT surface, 

the main cause of a more hydrophilic surface and, consequently, a higher polar 

component. After nisin adsorption, no significant difference was detected, since 

comparable values of γ, γp, and γd were observed on the substrate both before 

(CT) and after (CT Nisin6) nisin adsorption. This was of relevance because a 
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threshold of 40 mN/m is reported as a general rule for cell adhesion on surfaces 

and tissue integration: hydrophobic surfaces with lower surface energy are usually 

cytotoxic, while hydrophilic surfaces with higher surface energy are usually 

suitable for tissue integration, and surfaces with surface energy just at the 

threshold value are nor cytotoxic neither adhesive for the cells (e.g. osteoblasts). 

CT substrate both before (CT) and after (CT Nisin6) nisin adsorption has 

proven to show a super-hydrophilic behavior (contact angle with water of (4.5 ± 

0.9)° and (7.1 ± 1.6)° for CT and CT Nisin6, respectively). Interestingly, the same 

behavior was observed also towards organic solvents (e.g., hexadecane and 

ethylene glycol), characterized by different polarities and surface tensions. The 

contact angles of CT and CT Nisin6 were in fact (3.7 ± 0.4)° and (4.6 ± 0.3)° for 

hexadecane, (4.2 ± 0.7)° and (5.4 ± 0.5)° for ethylene glycol, respectively. This 

was of relevance considering that the simulated and real physiological fluids have 

lower surface tension than water (as low as 55 mN/m) and that good wettability 

by physiological liquids is required for tissue integration. In conclusion, the nisin-

coated surface here developed can be supposed to be suitable for integration with 

the biological tissues. 

In Figures 22 and 23 the zeta potential titration curves of MP and CT before 

and after nisin adsorption are reported. In Table 5, the IEP values of each surface 

of interest and nisin solution are shown. 
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Figure 22: Zeta potential titration curves of the bare MP sample, surfaces functionalized with 
processes at different pH values, and a solution of nisin. 
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Figure 23: Zeta potential titration curves of Ti64ELI before (CT) and after (CT Nisin5, CT 
Nisin6, CT Nisin7) nisin adsorption; the zeta potential titration curve characterizing the nisin solution 

(1 mg/ml) is also reported. 

 

Table 5: IEP of MP and CT before and after nisin functionalization in pH 5,6, and 7. IEP of nisin 
solution (1mg/mL) is also reported. 

 MP 
MP 
NISIN 
5 

MP 
NISIN 
6 

MP 
NISIN 
7 

CT 
CT 
NISIN 
5 

CT 
NISIN 
6 

CT 
NISIN 
7 

NISIN 
1MG/
ML 

IEP 4.4 5.3 5.4 5.4 2.2 4.5 4.5 4.6 7.5 
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The impact of chemical treatment on the surface characteristics was evident 

through the examination of titration curves, specifically in relation to the shape 

and isoelectric points (IEPs). The IEP identified in the untreated MP samples (pH 

= 4.4) aligned with established literature values for the standard titanium alloy 

Ti6Al4V, signifying a surface with minimal functional groups with a strong acid-

base reactivity (93,178). Upon chemical treatment, a notable shift of the 

isoelectric point was observed, lowering it to 2.2 in the treated CT samples. This 

alteration was attributed to the introduction of functional groups exhibiting strong 

acidic characteristics. Both CT and MP samples displayed chemical stability 

across a broad pH spectrum, as evidenced by consistently low standard deviations 

in zeta potential at each data point. This stability was particularly significant given 

the dynamic pH variations in vivo during inflammatory conditions, where the pH 

can range from 7.4 to 4.5 (179). Furthermore, in the case of CT, the chemical 

treatment resulted in the formation of a thicker oxide layer, a critical factor in 

impeding corrosion phenomena. This corrosion resistance is pivotal, especially in 

the context of functionalization processes, where maintaining structural integrity 

is paramount. 

The titration curve for the CT exhibited a distinct characteristic—a lower 

slope around the isoelectric point (IEP) when compared to the MP curve. This 

phenomenon was linked to higher hydrophilicity, indicative of strong water 

molecule adsorption on the CT surface. The strong adhesion of water molecules 

prevents their displacement by ions in the solution, whether they be hydroniums 

or hydroxyls, upon alterations in pH. The CT curve showed a plateau at 

approximately −45 mV within the pH range of 5–6 and maintained near-constant 

values throughout the entire basic region. These observed characteristics (IEP 

shift, high hydrophilicity, and the plateau in the alkaline range) can be rationalized 

by the presence of a substantial quantity of hydroxyl groups on the surface, 

displaying strong acidic tendencies. These hydroxyl groups underwent 

progressive deprotonation within the pH range of 2–6 and achieved complete 
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deprotonation at higher pH levels (93,170). The abundance of such functional 

groups enhanced the potential for nisin grafting, a topic that will be further 

explored in the subsequent discussion. 

Following the adsorption of nisin, an altered shape emerged in the titration 

curves for both MP and CT samples. Notably, the IEP of the nisin-functionalized 

samples in both cases shifted towards more basic pH values compared to the 

unmodified samples, aligning with the IEP of nisin itself. This shift was indicative 

of a successful and consistent functionalization with nisin across all tested 

surfaces. Crucially, the IEP of the nisin-functionalized samples differed from that 

of the nisin solution, implying that a uniform coating was not formed on the 

surface. Instead, it suggested the presence of a layer comprising adsorbed nisin 

molecules, allowing the substrate to remain exposed to the surrounding solution. 

Moreover, distinctions were apparent among the functionalized samples 

prepared at different pH values within the CT series. 

Both MP Nisin6 and CT Nisin6 exhibited a unique curve, particularly in the 

acidic range with lower zeta potential values, potentially owing to a different 

orientation (or lower quantity) of the grafted polypeptide compared to other 

samples. CT Nisin5 and CT Nisin7, instead, shower a stronger and comparable 

zeta potential with no statistical difference in the basic range, while MP Nisin 7 

showed some slight difference in the acidic range. The curves of CT Nisin5 and 

CT Nisin7 both exhibited an unstable behavior in the acidic range, as indicated by 

the high standard deviations of zeta potential. Meanwhile, MP Nisin 5-7, and CT 

Nisin 6 demonstrated low standard deviations, suggesting greater stability. This 

difference may be attributed to variations in the stability of the bond between the 

surface and the grafted polypeptide. A tentative explanation states that –OH 

groups on the CT surface were not entirely deprotonated at pH 5, and the 

zwitterionic form of the polypeptide was dominant at pH 7, resulting in a lower 
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net charge on the molecule. In both cases, weaker electrostatic attraction between 

the substrate and biomolecule was anticipated. In contrast, the maximized 

electrostatic interaction at pH 6 suggested a more stable grafting through 

electrostatic attraction, leading to the selection of CT Nisin6 for further release 

and antibacterial analyses. 

In the case of MP, physisorption involving electrostatic attraction between the 

negatively charged metal surface and the overall positively charged polypeptide 

was anticipated during functionalization processes. Given that MP nisin at pH 7 is 

close to its IEP (with almost no net charge on the biomolecule), and the absolute 

value of the zeta potential of bare MP was the lowest at pH 5 (indicating the 

minimum surface charge of the substrate within the explored pH range for 

functionalization), the highest electrostatic interaction between the MP substrate 

and the physisorbed biomolecule was expected to occur at pH 6. 

To compare the presence of nisin on the different surfaces and quantify the 

elements of interest on each surface, XPS analysis was performed on MP, MP 

Nisin5-7, CT, and CT Nisin5-7. In Table 6, the composition of the considered 

surfaces is reported. 
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Table 6: Composition of the surface of each sample by XPS. The results are expressed as atomic 

percentages (at%). 

Elements 
(at-%) 

MP MP 
Nisin 
pH5 

MP 
Nisin 
pH6 

MP 
Nisin 
pH7 

CT CT 
Nisin 
pH5 

CT 
Nisin 
pH6 

CT 
Nisin 
pH7 

C 35.9 64.3 60.2 56.2 20.7 49.9 46.5 51.0 

O 43.3 24.4 25.3 28.4 53.1 32.4 33.5 30.5 

N 0.5 4.7 4.5 4.2 2.0 7.8 8.4 7.3 

Ti 11.1 4.3 5.4 6.0 21.6 8.4 9.7 8.2 

Al 3.4 0.6 2.0 1.6 2.6 0.9 1.0 1.3 

S 0.3 0.2 0.2 0.3 0.0 0.4 0.8 0.9 

Others 5.5 1.4 2.6 3.2 0.0 0.3 0.2 0.7 

 

When comparing MP and CT samples, distinctive differences emerged in the 

elemental composition. The CT samples exhibited a notably higher presence of Ti 

and O, the constituents of the oxide layer. In the context of all nisin-functionalized 

samples, regarding both MP and CT, a substantial increase in C and N is observed 

in comparison to the control samples (MP or CT). This aligned coherently with 

the anticipated formation of a polypeptide surface layer. In the case of CT, there 

was a more pronounced increase in C and N, indicating potentially more effective 

nisin adsorption. Conversely, there was a noticeable decrease in Ti, O, and Al on 

the surfaces functionalized with nisin. This reduction was rationalized by the 

coverage of the titanium oxide layer and metal alloy by the adsorbed nisin layer. 

The persistence of a detectable Ti signal after nisin adsorption suggested either 

partial surface coverage or the presence of a uniformly thin nisin layer, with a 
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thickness below 5–10 nm (180). The detected amount of S was too low in 

comparison to the control samples to be considered significant.  

The successful adsorption of nisin was also appreciable by the significant 

modifications of the high-resolution spectra acquired on the surfaces before (MP 

and CT) and after nisin adsorption at the three considered pH conditions. 

 

 

Figure 24: High-resolution spectra of (A) C 1s, (B) N 1s, (C) O 1s, and (D) S 2p regions of the bare 
MP sample and surfaces functionalized with processes at different pH values. Black line (-): spectrum 
line, red dashed line (- - -): composite line. 
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Figure 25: High-resolution spectra of (A) C 1 s, (B) N 1 s, (C) O 1 s, and (D) S 2p acquired on CT, 
CT Nisin5, CT Nisin6, CT Nisin7 by XPS analysis. The binding energy (B.E.) is expressed in eV and the 

relative area in arbitrary units. 

 

After nisin adsorption, an intense C 1 s peak at (286.2 ± 0.2) eV appeared for 

both MP and CT samples, which was attributed to the presence of C-O/C-N and C 

= O bonds (166). Furthermore, the presence of the component at (288.2 ± 0.2) eV, 

characteristic of carbon in peptide bonds (O=C-N), ulteriorly confirmed the 

presence of nisin on the surfaces and the effective adsorption (181). 
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In the case of the MP functionalized samples, the N 1s peak exhibited a 

significant elevation in the functionalized samples, corroborating the presence of 

an adsorbed layer of the polypeptide, as previously observed. Notably, the peak 

attributed to charged/protonated amino groups (NH3
+) at 401.9 ± 0.2 eV 

consistently remained at a lower intensity compared to the peak of neutral aminic 

groups (NH2) at 400.1 ± 0.2 eV, as discerned through profile fitting. This disparity 

aligned with the assumed physisorption mechanism for the functionalization, 

which was consistent with the absence of any functional group possessing a net 

charge or high chemical reactivity on the substrate. An exception to this pattern 

was evident in the CT Nisin 6 sample, where the relative proportion of NH3
+ 

groups was higher. This suggested a distinctive bonding mechanism of the 

polypeptide at this particular pH, potentially involving charged amino groups. The 

presence of these positively charged functional groups was particularly 

noteworthy, given that nisin exerted its antimicrobial activity by electrostatically 

interacting through these groups with the cell wall precursor lipid II, which is 

tethered to the cytoplasmic membrane of the target bacteria. This interaction can 

disrupt the membrane equilibrium, inducing the formation of pores and ultimately 

leading to the death of the microorganism (182). 

The confirmation of the adsorbed layer's non-covering nature on the 

functionalized samples was evident through profile fitting of the oxygen region. 

The Ti-O bond peak (~530 eV), characteristic of the titanium oxide layer, 

consistently exhibited reduced intensity on all coated samples, aligning with 

expectations, but was visible in any case. A distinct peak at approximately 531.5 

eV was detected, attributed to OH-functional groups exposed by both the 

substrates (CT and MP). This analysis underscored that the MP substrate did 

possess functional groups, specifically hydroxyl groups. However, these groups 

lacked strong acidic or basic behavior and resisted facile protonation or 

deprotonation when in contact with liquid media, as indicated by information 

derived from the zeta potential titration curve. Consequently, they remained 
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unavailable for a chemisorption mechanism. Notably, a shift in this peak, 

attributed to the presence of the peptide bond, was observed in the functionalized 

samples. This shift was particularly pronounced in the sample functionalized at 

pH 5, aligning with the higher detected levels of C and N in the survey chemical 

analysis (Table 6). 

Concerning S 2p, this element was not detectable on unfunctionalized MP or 

CT, while the spectra acquired after nisin adsorption can be interpreted assuming 

the presence of three different sulphur states. Each S chemical state was fitted 

with a doublet of peaks, separated by 1.2 eV and with a ratio of 2:1 between the 

so-called 3/2 (component at lower binding energy) and 1/2 (component at higher 

binding energy) components. The main one, with S 2p3/2 centered at (163.6 ± 

0.2) eV, was attributed to the thiol -SH groups which are present in the molecular 

structure of amino acids constituting nisin (181). The others were characterized by 

S 2p3/2 centered at (166.1 ± 0.2) eV and (168.2 ± 0.2) eV; both are symptomatic 

of oxidation of the thiol groups to sulphonyl and sulphonate groups, respectively 

(183). However, as shown in the XPS survey scan (Table 6), no sound conclusion 

about the S contribution, especially in the case of MP samples, could be made due 

to the low detected amount similar to control samples without nisin. 

3.4.4 Characterization after the release tests 

The eventual release of nisin from the coated surfaces during soaking in two 

solutions, respectively mimicking the physiological and pro-inflammatory 

conditions, was tested. A surface nisin-coated at pH6 has been selected according 

to the previous results. The eventual presence of nisin on the surface after the 

release tests was tested through the contact angle analysis. Control samples (with 

no nisin adsorption) soaked in the same conditions have been also tested as a 

reference. 
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Figure 26: (A) The contact angles measured from non-soaked (0 d) and PBS- soaked (1 d, 7 d) 
samples. (B) The contact angles measured from non-soaked (0 d) and H2O2- soaked (1 d, 7 d) samples. 

Functionalization has been performed at pH 6. 

 

In a general trend observed for both MP and CT, soaking in the solutions 

resulted in increased wettability on all surfaces, evidenced by a reduction of the 

contact angles after soaking. Notably, in the case of CT, the nisin-coated samples 

exhibited a less pronounced decrease of the contact angle compared to the control, 

after one day of soaking in both solutions, indicating the continued presence of 

nisin on the surface at this time point. This behavior contrasted significantly with 

that of MP, where the change in contact angle after the release test was 

consistently lower in all cases. This suggests that the CT surface was capable of 

releasing a greater amount of grafted nisin compared to the polished surface, 

hinting at a potential role of physisorption rather than chemisorption in the 

differential release mechanism. 

The release of nisin holds significance in combatting the heightened risk of 

infection in the initial days after surgery (184). Based on these findings, a dual 

mechanism of action is anticipated from the functionalized surface in a biological 

environment: firstly, a release into the surrounding fluids that can counteract 
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floating planktonic bacteria, and secondly, direct inhibitory contact with biofilm 

bacteria attempting to adhere and colonize the device's surface. This dual 

functionality is particularly noteworthy considering that antimicrobial peptides 

(AMPs), like nisin, possess both direct and indirect activities against bacteria. 

AMPs grafted on the surface can bind directly to negatively charged membrane 

phospholipids, inducing bacteria death through irreversible pore formation and 

inhibition of ATPase activity (185). Simultaneously, released AMPs in 

physiological fluids can recruit neutrophils to the infection site, activating the 

immunological cascade and indirectly countering infection (186). In the specific 

case of nisin, even at concentrations lower than the minimum inhibitory 

concentration (MIC), this molecule exhibits regulatory effects on bacterial toxicity 

by downregulating the expression of toxin-encoding genes (186,187). 

 

3.4.5 Biological characterization 

According to the previous physicochemical characterization, the CT and MP 

Nisin6 specimens were selected for the antibacterial evaluation due to their 

superior ability in terms of nisin adsorption in comparison to the Nisin 5 and 7, 

besides the non-functionalized control ( MP and CT ctrl). Moreover, considering 

that the bioactivity of nisin is known to be pH-dependent, specimens obtained by 

using the pH3 nisin stock solution from the manufacturer (here named as CT/MP 

Nisin3) were exploited, even if pH 3 was not promising in terms of the 

chemisorption mechanism (see above), and compared to the Nisin6 specimens’ 

results to confirm that the grafted nisin at pH 6 did not reduce its biological 

activity due to the pH variation.  

The pathogen Staphylococcus aureus was used to directly infect the surface of 

the materials. S. aureus was selected because it is frequently involved in bone 
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infections after clinical revisions, as well as the inoculum concentration (1x103 

bacteria) was applied as it is reported by literature being the minimum number of 

bacteria potentially leading to septic condition after surgery (188). 

The results of the colorimetric metabolic assay Alamar blue and SEM images 

are reported in Figure 27, respectively, whereas Table 7 shows the viable bacterial 

colonies number (at serial dilution 105) from the CFU assay. 

 

Figure 27: Antibacterial activity evaluation of MP functionalized with nisin at pH 3 and pH 6 
after 24 h; (A) metabolic activity of bacterial cells normalized towards bare substrate MP; (B) SEM 

images at two magnifications: 2000× (scale bar 10 µm) and 5000x (scale bar 5µm). 

 

 

 

 



84 Chapter 3: Biological surface functionalization by antimicrobial 
peptides 

 
Table 7: Viable bacterial colonies number (CFU count, means ±dev.st) after 24 h specimens’ 

direct infection. 

Specimen Viable Colonies Count (CFU, 

×105) 

MP 11 (±1) 

MP nisin pH 3 9 (±0.5) 

MP nisin pH 6 6.5 (±0.5) 

 

In the case of MP, according to the metabolic activity assay, the samples 

functionalized with nisin at both pH 3 and pH 6 did not seem to show any 

statistically significant differences concerning bare MP substrates (Figure 27A, p 

> 0.05). However, viable bacterial colonies counting at serial dilution 105 (Table 

7) showed a reduction of about 40% and 28% in colonies number for MP nisin pH 

6 in comparison to bare MP and MP nisin pH 3 samples’ surfaces, respectively; 

this reduction was clearly noticed in SEM images collected from sample surfaces 

after 24 h of direct infection with bacteria (Figure 27B). In fact, mostly single-

round colonies were detected on the nisin-functionalized surfaces at pH 6 (MP 

nisin pH 6) whereas on the control (MP) and nisin-functionalized surfaces at pH 3 

(MP nisin pH 3) the formation of many 3D microcolonies (biofilm-like 

aggregates) was observed. Therefore, a promising anti-microfouling activity 

preventing the formation and maturation of microcolonies (biofilm-like 

aggregates) seemed to be obtained by the functionalization with nisin, and the 

efficacy of the protocol at pH 6 was confirmed.  

In the case of CT, according to bacterial metabolic activity (Fig. 28(B)) 

detected after 24 h of direct contact with the specimens’ surfaces, the viability of 
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bacteria adhered to the CT Nisin6 significantly decreased up to 80% (±11%, ≈6-

folds reduction) in comparison with non-functionalized CT controls (Fig. 28(B), p 

< 0.05 indicated by the §); moreover, the CT Nisin6 resulted as significant 

towards the CT Nisin3 specimens too (Fig. 28(B), p < 0.05 indicated by the #), 

thus confirming the surface absorption of bioactive nisin at pH6 as previously 

suggested by the physical–chemical characterization. 

 

Figure 28: Antibacterial activity of Ti-functionalized with nisin at pH3 and pH6. A) Metabolic 
activity of bacterial cells normalized towards non-functionalized CT (ctrl); B) Viable bacterial colonies 
count (CFU). C) SEM images at two magnifications: 2000X (scalebar = 10 mm) and 5000X (scalebar = 

5 mm). § and # indicates p < 0.05. Replicates n = 3. 

 

The metabolic evaluation was then confirmed by the CFU count (Fig. 28(A); 

in fact, a significant reduction of the number of viable colonies (between 1 and 1.5 

logs) colonizing specimens’ surface was detected by comparing CT Nisin6 with 

the CT controls (Fig. 28(A), p < 0.05 indicated by the §) and the CT Nisin3 as 

well (Fig. 28(A), p < 0.05 indicated by the #); therefore, it can be hypothesized 

that the reduction of the metabolic activity detected onto the specimens’ surface 
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was due to the significant reduction of the viable colonies adhered onto the CT 

Nisin6 specimens. Therefore, the antibacterial effect of the nisin grafted onto the 

CT surface resulted as much more evident in comparison to the MP specimens 

where only an inhibition of 3D colonies and biofilm formation was observed 

whereas the CFU number resulted as not significantly decreased with respect to 

the untreated controls. Such improvement can be probably ascribed to the higher 

affinity of the nisin towards the negatively charged CT surface as well as to a 

synergistic effect of the nanotexture preventing adhesion and nisin counteracting 

proliferation and biofilm formation. 

Finally, as further confirmation of the nisin bioactivity, SEM images were 

collected to check the colonization degree of the specimens as well as the 

morphology of the bacteria (Fig. 28(C)). In line with previous results, the surface 

of the CT Nisin6 specimens showed a lower degree of contamination in 

comparison to the CT control and CT Nisin6. Moreover, higher magnification 

images revealed that bacteria adhering to the CT Nisin6 surfaces were mostly 

growing as single colonies whereas, in the CT control and CT Nisin3, some 3D 

biofilm-like aggregates were found, thus suggesting anti-microfouling activity due 

to the nisin higher bioactivity onto the CT Nisin6 specimens as previously 

observed for the MP specimens, too. 

To investigate the microfouling activity of MP samples in detail, 3D 

reconstructed images were prepared from SEM images at magnification 2000× 

and shown in Figure 29. As reported in the cross-section of 3D reconstructed 

images of MP (Figure 29C,D extracted from SEM image of MP shown in Figure 

29A) and MP nisin pH 3 (Figure 29G,H; extracted from SEM image of MP nisin 

pH 3 shown in Figure 29E), almost all S. aureus formed 3D microcolonies 

aggregates on the samples’ surfaces; in fact, Figure 29B,F show that the size of 

such microcolonies range between 4–5 µm for both MP and MP nisin pH 3 
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samples in comparison to the size of S. aureus of about 1–1.5 µm indicating that 

these 3D microcolonies are made up of about 3–4 layers of bacterial cells. The 

calculation of occupied surfaces with biofilm-like aggregates revealed 19.1% and 

16.39% on the MP and MP nisin pH 3 were colonized by S. aureus, respectively 

(these data were extracted from the field of view of Figure 27B,F as 

representatives of whole samples’ surfaces). Surface analysis of 3D reconstructed 

images of MP nisin pH 6 (Figure 29K,L; extracted from SEM image of MP nisin 

pH 6 shown in Figure 29I) indicated that few bacterial colonies were able to form 

aggregates of more than 4 µm and most S. aureus remained as single cells (Figure 

29J,K,L); additionally, only 6.8% of the sample surface was occupied by bacterial 

microcolonies (these data were extracted from the field of view of Figure 29J as a 

representative of whole samples’ surfaces) in comparison to 19.1% for MP and 

16.39% for MP nisin pH 3.  
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Figure 29: Three-dimensional reconstructed images of bacterial microcolonies on samples’ 

surfaces extracted from SEM images with SMILE VIEWTM software. MP: (A) SEM image at 
magnification 2000× (scale bar= 5 µm); (B) reconstructed 3D image extracted from (A); (C) cross-
section image of the bacterial microcolonies on the sample surface; (D) whole view of bacterial 
microcolonies from the selected section; MP nisin pH 3: (E) SEM image at magnification 2000× (scale 
bar= 5 µm); (F) reconstructed 3D image extracted from (E); (G) cross-section of the bacterial 
microcolonies on the sample surface; (H) whole view of bacterial microcolonies from the selected 
section; MP nisin pH 6: (I) SEM image at magnification 2000× (scale bar= 5 µm); (J) reconstructed 3D 
image extracted from (I); (K) cross-section of the bacterial microcolonies on the sample surface; (L) 
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whole view of bacterial microcolonies from the selected section. Bars indicate the height of 
microcolonies (µm). 

From the results obtained from the metabolic activity, viable bacterial 

colonies count (at serial dilution 105), SEM, and 3D reconstructed images analysis 

it can be concluded that MP functionalized with nisin at pH 6 have no bactericidal 

activity; however, it successfully prevented the bacterial aggregation into 3D 

biofilm-like aggregates thus reporting a promising antifouling activity. Similar 

results were found in another study where the synergistic antifouling properties of 

nisin and dopamine adsorbed to microstructured glasses with different sizes of 

grooves were reported against Bacillus sp. with respect to the control sample after 

16 h (166). Additionally, this similar effect was previously obtained by the 

authors introducing a controlled nano-topography onto Ti alloys by electron beam 

technology that prevented aggregates formation through a physical hindrance 

(189); here, the nisin seemed to play a similar role but via biochemical induction 

acting as an anti-aggregation signal for adhered bacteria. Few comparable works 

can be found in the literature, but the presence of nisin was previously shown by 

Blackman et al. (190) to reduce the surface contamination from bacterial 

aggregates in combination with a specific patterning as well as Kim et al. (191) 

demonstrated that the presence of nisin conferred outstanding fouling resistance to 

ultrafiltration PDMA membranes when infected. 

One possible explanation for the observed ability of the nisin layer to prevent 

bacterial aggregates is the impact on biofilm maturation. In general, the formation 

of biofilm is known to consist of several steps including bacteria adhesion, 

irreversible attachment, biofilm maturation, bacteria dispersal, and bacterial 

migration. In addition, materials can behave as either anti-microfouling with 

bacteriostatic action, or as bactericides, acting with different mechanisms and on 

different stages of biofilm formation (192). It can be speculated that the nisin-

functionalized surface influences the maturation of the biofilm, therefore 

preventing the aggregation of bacteria. In the literature, nisin is also found to 
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affect the composition and structure of the biofilm. Andre et al. evidenced the 

presence of nisin to result in a reduction of S. aureus biofilm polysaccharides and 

extracellular DNA, which can be associated with disrupted or decreased biofilm 

formation (193). 

Summarizing these results, it can be hypothesized that the chemical treatment 

applied to the Ti surface was successful in increasing or stabilizing the nisin 

adsorption probably due to the negatively charged nanotextured layer and a 

chemisorption mechanism. However, it seemed evident that in the case of MP, 

even though adsorbed nisin at pH 6 could prevent the formation of bacterial 

aggregates on the surface to some extent, the well-known antibacterial potential of 

nisin was not here fully maintained after surface functionalization. Similar results 

were found in another study where the antibacterial properties of nisin adsorbed to 

stainless steel against Listeria monocytogenes were similar with respect to control 

after 24 h (164). The results obtained from the functionalization by using the nisin 

solutions at pH 3 and pH 6 excluded the hypothesis that the low antibacterial 

activity was due to the molecule’s sensitivity to pH variation: the 

functionalization at pH6 was revealed to be more effective in surface grafting and 

against microfouling and biofilm maturation. The contact-killing activity of nisin 

was mainly due to its binding with the bacterial membrane causing irreversible 

deadly pores (186). So, further studies are still needed to improve the antibacterial 

efficacy of nisin, as well as other functionalization mechanisms, which could also 

be investigated to improve either the exposure of nisin’s antibacterial groups or 

the release of the peptide to the solution. 

3.5 Conclusion 

The primary objective of this work was to optimize the surface 

functionalization process, achieving the immobilization of the antimicrobial 

peptide nisin onto titanium alloy surfaces without resorting to toxic linkers. 
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Through adjustments of process parameters, such as the pH level of the nisin 

solution during functionalization, efforts were made to enhance the degree of nisin 

immobilization systematically. The efficacy of surface functionalization was 

validated through multiple methodologies, followed by release assessments 

conducted under conditions mimicking physiological and inflammatory 

environments to elucidate the anticipated antibacterial mechanism. 

Subsequently, the antimicrobial performance of the adsorbed nisin coating 

was scrutinized against the Staphylococcus aureus (S. aureus) strain, contrasting 

samples with and without nisin. Nisin functionalization was executed under two 

distinct conditions: on polished titanium (MP) and on chemically treated titanium 

(CT). Notably, effective surface adsorption of nisin was achieved at pH 6 for both 

conditions, alongside the initial evidence of gradual nisin release observed under 

physiological and inflammatory conditions. 

MP condition exhibited anti-microfouling activity against bacteria and showed 

promising signs regarding its potential impact on biofilm maturation. In contrast, 

the CT condition, in addition to these attributes, demonstrated a moderate 

antibacterial effect against S. aureus. The confluence of CT nanotextured surfaces 

preventing bacteria adhesion and the active antibacterial properties of nisin 

suggests a synergistic mechanism in avoiding biofilm formation, underscoring the 

possible applications of these coatings in bone-related applications. However, 

further optimization and biological characterization, such as the effect of nisin 

coating to cytocompatibility and immunological systems remain imperative to 

fully harness their potential. 
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doping of bioactive glasses  

 

4.1 Introduction 

The prevalence of bone defects is expected to become more pronounced in the 

future due to the aging population (194). While a considerable number of 

surgeries are successful, the attachment of various microorganisms, including 

bacteria, viruses, or fungi, to the implantation site remains a significant factor 

leading to implant failure (195). The increase in orthopedic surgeries, coupled 

with the challenging bacterial resistance phenomenon and the diminishing 

availability of novel antibiotics, has created an urgent need for non-antibiotic 

alternatives beyond traditional methods for addressing orthopedic infections 

(196). 

The treatment options for bacterial infections are becoming increasingly 

limited, posing a substantial global healthcare threat (136). Typically, systemic 

administration of antibiotics is employed to combat bone infections (197). 

However, the effectiveness of conventional antibiotic treatments is compromised 

by the formation of biofilms, defined as clusters of bacteria enclosed within their 

self-produced biopolymeric structures. Biofilms not only impede antibiotic 

penetration but also enhance bacterial survival through the provision of nutrient 

and waste transport channels (48). Gram-positive staphylococci, particularly 
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Staphylococcus aureus and its methicillin-resistant variant (MRSA), are the 

primary culprits behind orthopedic infections (198). 

Given the challenges associated with bacterial resistance and biofilm 

formation, there is a pressing need to explore alternative approaches to treat 

orthopedic infections outside the realm of conventional antibiotics. 

The focus of this chapter is to cover the work regarding the surface doping of 

bulk bioactive glass discs with inherently antimicrobial metals silver and copper. 

First, role of silver and copper as antimicrobial agents is discussed, followed by 

the literature review regarding silver and copper doped bioactive glasses. The 

physicochemical characterization of the glasses is the focus of the experimental 

part of this chapter, in addition to the biological characterization regarding the 

glasses´  cytocompatibility and antibacterial activity.  

4.2  Inherently antimicrobial metals 

Metal ions play an essential role in the biological processes of all living 

organisms. In bacteria, many essential enzymes that catalyze crucial biochemical 

reactions contain metal ions, such as nickel, copper, iron, zinc, cobalt, and 

manganese (199).  

Interestingly, certain metals, when administered in sufficient quantities, can 

lead to bacterial death, making them potential candidates for antimicrobial 

applications. 
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Figure 30: Summary of the bactericidal effect of metal ions 

 

Silver ions are well-established for their broad-spectrum antibacterial efficacy 

and low bacterial resistance. Silver, historically and in modern times, serves as a 

prominent antimicrobial agent (200,201). Its antibacterial activity can be 

harnessed through various forms such as nanocrystalline silver, nanoparticles, 

colloidal silver, or silver nitrate, with silver ions being the presumed antibacterial 

component (199). The precise mechanism by which silver induces bacterial death 

is yet to be fully elucidated, likely involving effects on the cell wall or membrane, 

DNA interactions, enzyme and membrane protein inhibition, and the generation of 

reactive oxygen species (ROS) (202). ROS, resulting from incomplete oxygen 

reduction, lead to oxidative stress and subsequent protein and DNA damage (203). 

Copper, another commonly studied antibacterial metal, generally exhibits low 

toxicity to humans and plays a crucial role in bone formation and healing. It has 

dual functionality as an antibacterial particle, such as nanoparticles, and a surface 
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agent effective against various bacterial strains (204). Copper's ability to eliminate 

bacteria involves well-defined mechanisms, including damage to the outer plasma 

membrane, leading to subsequent disruption of membrane integrity, transport 

protein activity, and ion permeability (205). Additionally, copper induces 

oxidative stress, generating reactive oxygen species (ROS), and contributes to 

DNA degradation, causing damage to lipids, proteins, and nucleic acids (206). 

Various factors, including size, shape, concentration, and the type of 

microorganisms, can influence the antibacterial properties of copper (207). 

In addition to silver and copper, also other metals have been exploited as 

antibacterial agents, such as zinc, cerium, and gallium (208). Zinc, also important 

in the development, formation and metabolism of bone cells (209,210), provides 

antibacterial activity by inhibiting glycolysis, transmembrane proton translocation 

and acid tolerance in bacterial cells (210,211). There are also research about its 

role in would healing and angiogenesis (212,213). In the case of cerium, its 

antibacterial properties are hypothesized to arise from its ability to dissociate the 

outer membrane of bacterial cells (214,215). Gallium instead, has found use also 

in treatments for bone resorption (216), autoimmune diseases and cancer 

treatments (217), while also preventing bacterial infections (218). Poorly explored 

elements such as tellurium, can have antioxidant and antibacterial properties 

(219).  

 

4.3  Metal-ion doped bioactive glasses 

Silver and copper are both extensively studied in combination with bioactive 

glass (220,221). It is done usually by adding the metal as an oxide during glass 

synthesis, either melt-quenching or sol-gel synthesis. Less common strategies 

include incorporation of metal ions by ion-exchange or coatings. Table 9 below 

summarizes some examples. 
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Table 8: Examples of Cu and/or Ag-doped bioactive glasses for antibacterial activity 

Material Composition Synthesis 

method Ref 

Cu or Ag-
silicate BGs 

SiO2-P2O5-CaO-
CuO/Ag2O Sol-gel route (222) 

Cu or Ag-
silicate BGs 

SiO2-P2O5-CaO-
CuO/Ag2O Sol-gel route (223) 

Cu-Borate 

and borosilicate 

BGs 

Na2O-K2O-
MgO-CaO-B2O3-
P2O5-SiO2-ZnO-

CuO 

Melt-
quenching route (224) 

Ag 

phosphate BG 
P2O5–CaO–

Na2O-Ag2O 
Melt-

quenching route (225) 

Cu MBGs 

NPs SiO2-CaO-CuO Sol-gel route (226) 

Ag silicate 

BG 
SiO2-P2O5-CaO-

Ag2O Sol-gel route (227) 

Ag MBGS 

microspheres 
SiO2-P2O5-CaO-

Ag2O Sol-gel route (228) 

 

However, the challenge lies in releasing metal ions at concentrations effective 

for bactericidal action without causing harm to other cells. Some concerns are 

raised due to silver toxicity, especially in the case of silver nanoparticles (AgNPs) 

(220). For instance, Xie and co-workers found AgNPs to compromise the viability 

of osteoblast-like MG-63 cells when exposed to AgNPs, with the effect 

continuing even after the removal of AgNPs from the culture medium (229). 
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Copper, however, is known to be less cytotoxic to human cells, and it also plays 

an important role in the metabolism of bone regeneration and angiogenesis (221). 

In general, for both ions, the antibacterial performance is known to be dose-

dependent, with bacteria commonly being more sensitive toward silver ions (230). 

In addition, one interesting option to introduce metallic ions to bioactive glass 

is surface doping via the ion exchange method in an aqueous solution or in molten 

salts (231). In this process, the monovalent ions from the surface of the glass are 

released and replaced by the ions of interest present in the ion exchange aqueous 

solution, such as silver or copper ions. This method is beneficial due to its 

simplicity and possibility to introduce ions of interest on the surface without 

unwanted crystallization phenomena. The ion-exchange process for SBA2 to 

obtain Ag-doped glass Ag-SBA2 (232), and for SBA3 to obtain Cu-doped glass 

Cu-SBA3 has been previously optimized by Miola et al. (233,234).  

The glass Ag-SBA2, also in focus for this work, has been previously studied 

in a co-culture with human osteoblast progenitor cells (hFOBs) and a pathogenic 

drug-resistant (Methicillin-Oxacillin) certified strain of Staphylococcus aureus, 

evidenced its antibacterial performance and cytocompatibility (173). In addition, 

initial evaluation of the antibacterial performance of Cu-SBA3 powder has 

performed with satisfactory results against S. aureus (234). 

4.4 Materials and Methods 

4.4.1 Synthesis of the glasses and ion-exchange process 

Two different silica-based bioactive glasses, SBA2 (232), and SBA3 (234) 

(that belong to SiO2–Na2O–CaO–P2O5–B2O3–Al2O3 system) were prepared in the 

bar form using the melt-quenching technique. The oxide compositions are 

summarized in Table 10. 
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Table 9: Nominal compositions of SBA2 and SBA3 glasses 

mol-% SiO2 Na2O  CaO P2O5 B2O3 Al2O3 

SBA2 48.00 18.00 30.00 3.00 0.43 0.57 

SBA3 48.00 26.00 22.00 3.00 0.43 0.57 

       

Shortly, the glass precursors were mixed and then melted in a platinum 

crucible at 1450 °C for 1 h, poured into a pre-heated cylindrical brass mold (Ø = 

10 mm) to obtain bars, and then annealed at 500 °C for 13 h. All the cylindrical 

glass bars were cut into 2 mm thick discs (Buehler IsoMet High Speed Pro), 

which were then polished (Struers LaboPol-2) with SiC abrasive papers ranging 

from 320 to 1200 grid to level the disc surfaces. 

Then, the sample discs went through a previously optimized and published 

ion-exchange process in an aqueous solution in order to incorporate therapeutic 

ions on the samples’ surface (232,234). As shown in these previous works, the 

ion-exchange solution concentrations were chosen based on their ability to cause 

an antibacterial effect without modifying the phase composition of the glass with 

nucleation of unwanted crystalline peaks of silver/copper salts. Ag-SBA2 and Cu-

SBA3 were produced by soaking the discs in a 0.03 M AgNO3 and 0.001 M 

copper acetate (Cu(CH3COO)2·H2O) solution, respectively, for 1 h at 37 °C. After 

the process, the samples were rinsed with bi-distilled water and dried at room 

temperature overnight. 
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Figure 31: Ion exchange protocol 

4.4.2 Sample physicochemical characterization  

Field emission scanning electron microscopy (FESEM)   
Field emission scanning electron microscopy (FESEM) equipped with 

Energy-dispersive X-ray spectroscopy (EDS) (SupraTM 40, Zeiss) was performed 

on all the samples in triplicates to assess their morphology and composition. 

Samples were mounted on double-sided carbon tape and coated with platinum.    

 

X-ray diffraction (XRD)   

The SBA3 and Cu-SBA3 sample discs were characterized in terms of their 

phase composition by X-ray diffraction (XRD, Malvern PANalytical X'Pert PRO 

diffractometer), using the Bragg-Brentano camera geometry and the Cu Kα 

incident radiation. The 2θ range used for sample measurements was from 10° to 

70°. The data from the obtained spectra were further analyzed by using the X-Pert 

HighScore Software and PCPDF database. 

 

In-vitro bioactivity testing and Cu2+-ion release in Simulated Body Fluid 

(SBF) and pH5 sodium acetate buffer 

The glass samples of SBA3 and Cu-SBA3 were subjected to in 

vitro bioactivity tests by soaking them in simulated body fluid (SBF). The SBF 
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was prepared using the protocol developed by Kokubo et al. (235). In addition to 

soaking samples in SBF, a sodium acetate/acetic acid (HAc/NaAc) buffer was 

implemented as a second soaking solution to mimic Cu2+-release in inflammatory-

mimicking low pH conditions, occurring in infections (236,237). The HAc/NaAc 

buffer was prepared at the concentration of 0.1 M and pH was adjusted to 5 by 

adding 1 M NaOH.   

Polished glass discs were immersed in 50 mL of SBF for fixed periods (1, 3, 

7, 14, and 28 days), with five replicate samples of each glass per time point. 

Samples were maintained at 37 °C in an incubating shaker with an orbital speed of 

120 rpm to simulate the physiological fluid flow.    

The change in the solution pH was recorded for each immersion time by pH 

meter (Hanna Edge HI2020, accuracy ± 0.01) and compared to a blank sample 

containing only SBF. Then samples were rinsed carefully with bi-distilled water 

and let dry at room temperature.   

Both solutions at each time point were collected and the cumulative ion 

release for each sample was calculated by adding the ion release value at the 

selected time point to the previous ones. The cumulative curves were obtained by 

using the average of each sample. The Cu2+ion release was determined by an 

inductively coupled plasma mass spectrometer (ICP-MS, iCAPTM Q, Thermo 

Fisher Scientific). 

 

Zeta potential titration   

The measurements were performed both on as-prepared glasses and SBF-

soaked ones to measure the surface zeta potential as a function of pH and the 

isoelectric point utilizing the streaming potential technique. The used instrument 

was an electrokinetic analyzer for solid surfaces (SurPASS, Anton Paar, 

Austria). An aqueous solution of KCl (0.001 M) was used as an electrolyte.    
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Both acidic and basic titrations were performed starting from a pH of 5.5 for 

all the samples, with instrument washing with ultrapure water in between each 

step. Two different couples of samples per glass were used respectively for the 

acidic and basic titration. An adjustable gap cell was used for the 

measurements. The gap between a couple of samples was adjusted to 

approximately 100 µm and the electrolyte flow to 100 mL/min, as suggested by 

the instrument provider (32).    

 

Glasses immersion and ion release analysis 

The Ag-SBA2 and Cu-SBA3 samples along with their undoped controls 

SBA2 and SBA3 were immersed in 1 mL of α-Minimum Essential Medium pure 

culture medium (α-MEM, Gibco, Thermo Fisher Scientific, without serum and 

antibiotics) for 7 days. To analyze the Ag- and Cu-ion release, the glass 

dissolution products were collected and analyzed using inductively coupled 

plasma-optical emission spectrometry (ICP-OES; Agilent 5100 ICP-OES). The 

analyzed elements included Ag (λ = 328.068 nm), and Cu (λ = 223.009 nm). The 

measurements were conducted in three separate samples at each time point for 

each composition and the results are presented as mean ± standard deviation. 

 

Contact angle 

The wettability of the doped glasses compared to the undoped ones was 

assessed by static contact angle measurement by the sessile drop method (Krüss 

DSA 100, KRÜSS GmbH). Ultrapure water was used as a wetting fluid. A drop of 

water (5 μL) was deposited on the surface with a pipette and the contact angles 

were measured through the instrument software (DSA-100, Dropshape Analysis, 

KRÜSS GmbH).  
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EDS analysis 

In addition, before and after three days of soaking in the α-MEM pure culture 

medium, the sample surfaces were analyzed by energy-dispersive X-ray 

spectroscopy (0 day results: JCM-6000 Plus Benchtop SEM, Jeol, equipped with 

EDS; 3 day results: EDS, Oxford Instruments X-MaxN 80) to study the effect of 

soaking to the ion-exchanged surface layer of Ag- or Cu-ions. 

 

4.4.3 Biological characterization 

4.4.3.1 Sample cytocompatibility 

Before cell culture experiments, the sample discs were heat sterilized for 3 h 

at 100 °C and stored at room temperature until use. 

Ethics statement 

Human adipose stem cells (hASCs) were isolated from a subcutaneous 

abdominal tissue sample obtained from a female donor (age 49 years, BMI 21.4) 

at the Tampere University Hospital Department of Plastic Surgery with the 

donor's written informed consent and processed under ethical approval of the 

Ethics Committee of the Expert Responsibility area of Tampere University 

Hospital (R15161). 

Adipose stem cell isolation and expansion 

The cells were isolated as described previously (238). The mesenchymal 

origin of hASCs was confirmed by surface marker expression analysis with flow 

cytometry (239)  and the ability of adipogenic and osteogenic differentiation (240) 

by Oil Red O and Alizarin Red staining, respectively. The cells were 

characterized as MSCs due to positive expression of CD73 (97%), CD90 (99%), 

and CD105 (99%), and low or negative expression of CD14 (1%), CD19 (0.6%), 

CD45 (2.6%), CD34 (8%) and HLA-DR (0.9%) (241,242) as well as 
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accumulation of lipid droplets by Oil Red O and mineralized matrix deposition by 

Alizarin Red staining. 

The isolated hASCs were maintained in T-75 polystyrene flasks (BioLite, 

Thermo Fisher Scientific) in α-Minimum Essential Medium (α-MEM, Gibco, 

Thermo Fisher Scientific) supplemented with 5% Human Serum (HS, Serana 

Europe GmbH), and 1% antibiotics (100 U/ml penicillin and 0.1 mg/ml 

streptomycin; Gibco, Thermo Fisher Scientific). The cells were cultured in an 

atmosphere of 5% CO2 at 37 °C. When 80–100% confluence was reached, hASCs 

were cryo-preserved in gas-phase nitrogen in a freezing solution (HS 

supplemented with 10% dimethyl sulfoxide; DMSO Hybri-Max®, Sigma–

Aldrich) and thawed when needed for the experiments. 

For all experiments, confluent cells between passages 3–5 were used. All the 

experiments were conducted in 48 well plates (Nunc, Roskilde, Denmark), with α-

MEM culture medium supplemented with 5% HS and 1% antibiotics (basic 

culture medium). A cell amount of 10 000 cells/well was used. Cells controls 

were seeded in tissue culture polystyrene (TCPS) 48 well plate (Nunc). 

Direct and indirect cell culture 

Experiments done in direct culture: Glass discs of 1 cm in diameter were 

placed in 48 well plate and hASCs were seeded on the discs (10 000 cells/well). 

The culture medium was changed every 72 h and the experiment was carried out 

for up to 7 days. 

Experiments done in indirect culture: Glass discs were immersed in 1 mL of 

basic culture medium for 24 h at 37 °C. In parallel, the hASCs were seeded in 48 

well plates (10 000 cells/well), in a basic culture medium. After one day of 

culture, the basic culture medium was replaced by the conditioned medium 

coming from the glass discs’ incubation (Fig. 32). A fresh basic culture medium 

was added to the glass discs and every 48 h, the dissolution products were used as 

a culture medium for the cells (conditioned medium), to investigate the effect of 
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the ion release during the time on cells without having any contact between the 

cells and the glass discs. Finally, this test was done for up to 7 days of culture. 

Both Ag-SBA2 and Cu-SBA3 were tested, and cells cultured in TCPS 48 well 

plate only with basic culture medium were used as a control. One day after each 

time the dissolution products were put in contact with cells, the cells were 

observed by imaging with the microscope Nikon Eclipse Ts2-FL combined with a 

camera DFK 33UX174 from The Imaging Source. 

 

 
Figure 32: Protocol of indirect culture. CM = basic culture medium (alpha-MEM, 5% HS, 1% 

P/S), glass disc incubation medium (Medium A, B, C) includes glass disc dissolution products 

(conditioned medium). 
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Fibronectin coating 

Fibronectin coating on the glass discs was tested to see if it can improve cell 

attachment and viability. The surfaces of the discs were Fibronectin-coated before 

cell culture. A solution of Fibronectin was prepared in PBS (69 mM NaCl, 

1.3 mM KCl, 19.6 mM Na2HPO4·2H2O, 3.3 mM KH2PO4, pH 7.4) at a 

concentration of 15 μg/mL. The whole surface of each sample (a drop of 200 μL) 

was covered with Fibronectin solution for 1 h at 37 °C. 

Before cell culture, the grafting of Fibronectin on the glasses was ensured by 

using fluorescently labeled fibronectin (Alexa Fluor 488 NHS Ester, AAT 

Bioquest, Inc., CA). The labeling was done by fluorescent tag, and it was 

performed according to instructions of the manufacturer and confirmed by laser 

scanning confocal microscope observations (Zeiss LSM 800). 

 

Pre-incubation step 

A pre-incubation step was tested for cell culture. The samples were pre-

incubated for 24 h in 1 mL of basic culture medium before cell culture to 

investigate if cell viability could be improved. 

The different methods used to investigate the behavior of hASCs with the 

glass discs are summarized in Figure 33:  

 

 

https://www.sciencedirect.com/topics/materials-science/confocal-microscopy
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Figure 33: Methods used to study the cytocompatibility of the ion-doped specimens. 1) Indirect 

cell culture with adherent cells in contact with specimen dissolution products as presented in Fig. 1, 

Fig. 2) Direct cell culture on top of the specimen discs, 3) Direct cell culture on top of fibronectin-

coated specimen discs, and 4) Direct cell culture on top of pre-incubated specimen discs. 

 

Cell viability and proliferation 

Cell viability on BAG discs after 1, 3, and 7 days were analyzed with 

Live/Dead staining (Invitrogen, Thermo Fisher Scientific). Briefly, cells were 

incubated in a working solution containing 0.25 μM EthD-1 and 0.5 μM Calcein-

AM for 40 min at room temperature. This was followed by immediate imaging 

(IX51, Olympus, Tokyo, Japan, equipped with a fluorescence unit and 

Hamamatsu Orca Flash 4.0LT + sCMOS camera). 

Cell proliferation on BAG discs was assessed after 1, 3, and 7 days of culture 

using CyQUANT Cell Proliferation Assay (Invitrogen, Thermo Fisher Scientific), 

according to the manufacturer's protocol. Shortly, samples were lysed in 0.1% 

TritonX-100 lysis buffer (Sigma-Aldrich) and stored at −80°. Three parallel 20 μl 

replicates of each lysate were pipetted to a 96-well plate (Nunc) and mixed with 
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180 μl working solution containing CyQUANT GR dye and cell lysis buffer. The 

fluorescence at 480/520 nm was measured using a plate reader (Victor 1420 

Multilabel counter, Wallac, Turku, Finland). 

 

Cytochemical staining 

The morphology of the cells seeded on pre-incubated samples was observed 

after 1, 7, and 14 days of culture. At each time point, the cells were fixed with 4% 

(w/v) para-formaldehyde solution for 15 min, then permeabilized with 0.1% (v/v) 

Triton X-100 for 10 min. Non-specific binding sites were blocked by incubating 

the samples in PBS with 1% Bovine Serum Albumin (BSA) for 1 h. The actin 

cytoskeleton was stained with 1:500 FITC-labeled phalloidin and the nuclei with 

1:1000 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) in PBS-BSA 

0.5% for 1 h. The incubation of antibodies was performed in a moist chamber 

covering them from light. After incubation, the samples were washed with PBS-

BSA 0.5% and pure water and observed using a fluorescence microscope (IX51, 

Olympus, Tokyo, Japan, equipped with a fluorescence unit and a camera 

DP30BW, Olympus). 

Culture medium analysis 

The ion release of the samples in the culture medium during the pre-

incubation step and/or the cell culture were analyzed as presented above (2.2) by 

ICP-OES. To analyze the ion release, the glass dissolution products during pre-

incubation and cell culture were collected and the elements Ag (λ = 328.068 nm), 

B (λ = 208.956 nm), Ca (λ = 396.847 nm), Cu (λ = 223.009 nm), Na 

(λ = 589.592 nm), P (λ = 213.618 nm), Si (λ = 251.611 nm) were analyzed. The 

measurements were conducted in three separate samples at each time point for 

each composition and the results are presented as mean ± standard deviation. 
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Statistical analysis 

Data were analyzed using GraphPad Prism Software. Statistical significance 

between groups is assessed by one-way analysis of variance (ANOVA). 

Experimental results are expressed as means ± standard deviation. Statistical 

significance is taken for values of p < 0.05. 

 

4.4.3.2 Sample antibacterial activity evaluation  

Bacterial strains growth conditions  

Bacteria were purchased from the American Type Culture Collection (ATCC, 

Manassas, Virginia, USA). To test SBA3 specimens’ antibacterial and antibiofilm 

activity, the Gram-positive Staphylococcus aureus Multi-Drug resistance (S. 

aureus MDR, ATCC 43300) was used as representative of the pathogens affecting 

bone implants after surgery and in the case of severe infection, extra surgeries are 

required to remove the infected implants (188). Bacteria were cultivated on 

Trypticase Soy Agar (TSA, Merck, Milan, Italy) and incubated at 37 °C until 

round single colonies were formed; afterward, some colonies were collected and 

diluted into 20 mL of Luria Bertani broth (LB, Merck, Milan, Italy). Broth 

cultures were incubated overnight at 37 °C under agitation (120 rpm in an orbital 

shaker). A fresh broth culture was prepared before each experiment to test 

bacteria in their exponential growth phase; accordingly, bacteria concentration 

was further diluted into fresh LB broth to a final concentration of 1 × 103 cells 

mL−1, corresponding to an optical density (OD) of 0.00001 at wavelength 600 nm 

determined by spectrophotometer (Spark, Tecan, Switzerland). Fresh LB medium 

was used as a blank to normalize the OD values.  

Antibacterial activity evaluation  
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Prior to biological assays, the samples were sterilized at high temperature (at 100 

°C for 1 hour). Two different protocols, the ISO 22196 standard and the one that 

has been published by the authors (243) considered here as UPO protocol were 

used to investigate antibacterial, antiadhesive, and antibiofilm properties of 

specimens towards S. aureus MDR. The international standard ISO 22196 

protocol is designed to analyze the antibacterial behaviour of samples’ surfaces by 

exposing them directly to a bacterial suspension (173). Instead, the UPO protocol 

aims to investigate bacterial adhesion to the specimens’ surfaces and then evaluate 

the antibiofilm properties of samples by forcing bacterial strains to create 

microcolonies or biofilm onto their surfaces. 

To perform ISO22196 standard protocol, the sterile specimens were located 

into a 24-multiwell plate, and then, 50 μL of the bacterial suspension was directly 

dropped onto the specimens’ surface and covered with a sterile polyethylene film. 

The inoculated specimens were placed in an incubator at 37 °C for 24 hours. 

Afterward, the colorimetric metabolic assay (AlamarBlue™, Life Technologies, 

Milan, Italy) was applied to test viable bacteria metabolic activity by 

spectrophotometry following the manufacturer’s instructions. Briefly, the ready-

to-use Alamar blue solution at concentration 0.0015% was added to each well 

containing the test specimen (1 mL per specimen), and the plate was incubated in 

the dark for 4 h at 37 °C allowing resazurin dye reduction into fluorescent 

resorufin upon entering living cells. Then, 100 μL were spotted into a black-

bottom 96-multiwell plate to minimize the background signal. The metabolic 

activity of bacteria was measured via fluorimetric analysis (λex = 570 nm and 

λem = 590 nm), and results were presented as Relative Fluorescent Units (RFU); 

Alamar blue solution (intended as cells-free) fluorescence was considered blank. 

Then, each specimen was washed with phosphate buffer solution (PBS, 1 mL) 

sonicated (5 min, 3 times), and vortexed (30 s, 3 times) to recover the bacteria. 

The colony- forming units (CFU) were counted by mixing 20 µL of bacteria with 

180 µL of PBS and performing six-serial 10-fold dilutions as previously described 
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by the Authors (243,244); the total CFU count was done applying the following 

formula:  

CFU = [(number of colonies × dilution factor) (serial dilution)] 

Then, scanning electron microscopy (SEM, JSM-IT500, JEOL, Tokyo, Japan) 

imaging was used to investigate the bacterial microcolonies or biofilm formed on 

the samples’ surfaces; briefly, specimens were dehydrated by the alcohol scale 

(70–90–100% ethanol, 1 hour each), swelled with hexamethyldisilazane, mounted 

onto stubs with conductive carbon tape and covered with a gold layer. Images 

were collected at different magnifications using secondary electrons detector.  

In the UPO protocol, the sterile samples were transferred in a 24-multiwell 

plate and submerged fully into 500 µL of LB broth including 1 × 103 cells mL-1 of 

S. aureus MDR (as explained in detail in section 2.3.1). The multiwell plate was 

incubated at 37 °C and agitated on a small bench shaker (BenchRockerTM 3D, 

Sayreville, USA) at 100 rpm; afterward, the metabolic activity of adherent 

bacterial strains, viable CFU count, and SEM analysis were performed after two 

different time points: early time point (6 hours) and late time point (24 hours) to 

evaluate antiadhesive and antibiofilm properties of Cu doped SBA3 in comparison 

to undoped SBA3, respectively. To create a bacterial biofilm on specimens’ 

surfaces, after 6 hours of agitation at 100 rpm, the surplus of LB broth containing 

planktonic bacteria were removed from the wells and replaced with 1 mL of fresh 

LB broth to allow surface-adherent bacterial microcolonies to grow and form a 

layer of biofilm; after 24 hours of incubation, antibiofilm properties of the Cu 

doped SBA3 were compared to undoped SBA3 as a control sample. After each 

time point (6 and 24 hours), the specimens were washed with sterile PBS to 

remove non-adherent bacterial cells and bacterial metabolic activity and bacterial 

viable colonies were analyzed as mentioned above by colorimetric metabolic 

assay and CFU; the obtained results were visually confirmed by SEM . 
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Finally, the results of CFU count were expressed by means of antibacterial 

activity (R) indicating the effectiveness of an antibacterial agent, which was 

calculated according to the ISO 22196 protocols as follows (245): 

R = (Ut – U0) – (At – U0) = Ut - At 

Where  

R      is the antibacterial activity; 

U0   is the average logarithm of the number of viable bacterial colonies 

recovered from the untreated test specimens immediately after inoculation; 

Ut   is the average logarithm of the number of viable bacterial colonies 

recovered from the untreated test specimens after 24 hours; 

At    is the average logarithm of the number of viable bacterial colonies 

recovered from the treated test specimens after 24 hours. 

Statistical analysis 

Experiments were performed in triplicate. Results were statistically analyzed 

using the SPSS software (v.20.0, IBM, USA). First, data normal distribution and 

homogeneity of variance were confirmed by Shapiro-Wilk's and Levene's test, 

respectively; then, groups were compared by the one-way ANOVA using Tukey's 

test as post-hoc analysis. Significant differences were established at p < 0.05. 
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4.5 Results and discussion 

4.5.1 Physicochemical characterization  

Some data from physicochemical surface characterization of Ag-SBA2 and 

Cu-SBA3 were previously reported by the authors (173,232,234). To summarize, 

the surface composition of Ag-SBA2 has been analyzed with XPS and EDS, 

showing the uniform distribution of Ag-ions on the glass surface replacing the Na-

ions. In addition, the transmission electron microscopy (TEM-EDS) on the glass 

cross-sections showed the presence of silver as a very thin layer on the glass 

surface For Cu-SBA3 the physicochemical characterization has been performed to 

the glass in a powder form, as reported by the authors (234). In the study, a layer 

of copper was found on a glass surface as ionic Cu(II) replacing Ca- and Na-ions, 

as evidenced by EDS and XPS. In this work the Cu-SBA3 is thoroughly 

characterized as a bulk form. Similar work regarding Ag-SBA2 has been 

previously performed and published, and therefore not shown here. 

The ion exchange in Cu(II)acetate solution was performed in three different 

concentrations 0.05 M, 0.01 M, and 0.001 M. Fig. 34 shows the surface 

morphology of SBA3 discs before and after ion exchange. 
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Figure 34: FESEM images on the surface of SBA3 before and after ion exchange in Cu(II) acetate 
solution with different concentrations. Scale bars 10 μm. 

 

For all ion-exchanged samples (Fig. 34), some precipitation layers were 

observed on the surfaces compared to the undoped SBA3 surface. With a higher 

concentration of the ion exchange solution, a more evident surface layer was 

detected compared to the pristine SBA3 surface. The 0.001 M ion-exchanged 

surface was found to have only a few precipitates compared to higher 

concentrations. When further analyzing the elemental composition of the detected 

crystals by EDS analysis (Fig. 35, Fig. 36), it was evident that they contained a 

large amount of Cu, also a higher amount of Cu was detected on the surface 

precipitation by using a greater concentration of Cu in the ion-exchange solution. 
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Figure 35: EDS analysis of the surface of ion-exchanged samples, using A) Undoped SBA3, B)0.05 

M solution (Cu-SBA3 0.05 M), C) 0.01 M solution (Cu-SBA3 0.01 M), and D) 0.001 M solution (Cu-

SBA3 0.001 M) of Cu(II) acetate. 

As can be observed in Fig. 35, the compositional EDS analysis from the 

surface of sample discs before and after ion exchange confirmed the presence of 

all the elements characteristic of the SBA3 and Cu-doped SBA3 glasses. 

However, boron is excluded from EDS analysis due to its low atomic weight and 

hence low detectability. When comparing glasses before and after ion exchange, 

Cu2+ seems to replace the sodium (Na+) and calcium (Ca2+) on the surface, which 

is seen as a reduction of those elements within ion-exchanged surfaces. It is also 

evident that the more concentrated ion exchange solution leads to greater 

replacement of Na+ and Ca2+ by Cu2+ on sample surfaces. For both the highest 

concentrations, the atomic percentage of Cu was found to be very high: for 0.05 

M around 50 at-%, and 0.01 M 20 at-%. This information, combined with the high 

number of precipitates on the surfaces of 0.05 M and 0.01 M Cu-SBA3, the 

lowest concentration (0.001 M) seems the most suitable for biomedical 

applications and it is chosen to be further analyzed. 
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Figure 36: EDS analysis of SBA3 and Cu-SBA3. 

However, even though in the FESEM images (Fig. 34) some precipitates were 

present on the ion-exchanged surfaces, the XRD analyses of the surfaces (Fig. 37) 

did not detect any additional crystalline phases, except for the highest 

concentration tested. However, this result was expected as XRD analysis has a 

high penetration depth, and the phase detection has its limitations with phases 

present in very small amounts (246). For Cu-SBA3 0.05 M, two peaks were 

detected approximately at 19°, and 28°, corresponding to copper acetate 

hydroxide hydrate C2H6Cu2O5·H2O (ref 00-050-0407), which was expected 

considering the Cu(II)acetate solution used for the ion-exchange process. These 

results are in agreement with the previous analysis where no crystalline phases 

were detected when using similar ion-exchange process parameters (234). 
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Figure 37: Optimization of the ion-exchange process: XRD patterns of undoped SBA3 and Cu-

SBA3 ion-exchanged in different concentrations. *) C2H6Cu2O5·H2O. 

Based on the morphological and phase analysis, the lowest ion-exchange 

concentration (0.001 M) was chosen to be further studied. The pristine SBA3 and 

the chosen ion-exchange concentration Cu-SBA3 0.001 M were also subjected to 

in vitro bioactivity test in SBF. The goal was to evaluate whether the introduction 

of Cu2+ through ion exchange would impact the hydroxyapatite formation, and 

hence, bioactivity. 

The SEM/EDS analysis of SBF-soaked samples is shown in Fig. 38. 
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Figure 38: SEM/EDS analysis of SBF-soaked A) control specimens (SBA3), and B) Cu-doped 

specimens (Cu-SBA3 0.001 M). Scale bars 20 μm. 

The samples soaked for 28 days are not shown because the results were very 

similar to the 14 days ones. The typical morphology of in vitro grown 

hydroxyapatite was detected for both undoped and doped discs after 7 days of 

soaking in SBF. Before that (1–3 days), silica gel formation occurred (cracks are 
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due to the drying step before SEM observation). Regarding the EDS analysis, only 

a qualitative analysis of the Ca and phosphorus (P) peaks was possible instead of a 

quantitative one. This is due to the use of platinum (Pt) coating on the specimens, 

and the Pt peak is known to overlap with the P peak. However, the Ca and P 

content increases after 7 days for both undoped and doped specimens, also 

evidencing the presence of a Ca and P rich layer. 

XRD analysis was carried out to confirm the presence of hydroxyapatite on 

glasses surface. Fig. 39 shows the XRD spectra from the two specimens before 

and after SBF immersion for up to 28 days. 
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Figure 39: XRD patterns of pristine and SBF-soaked SBA3 and Cu-SBA3 0.001 M. (-- -) silica gel, 

*) hydroxyapatite. 
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For the undoped SBA3 specimen, a broad halo between 2 theta 20° and 25°, 

which is attributed to silica gel formation, was noticed approximately after 3 days 

of soaking in SBF. Regarding the Cu-SBA3 0.001 M, a peak corresponding to 

hydroxyapatite was already detected after the 3-day soaking. Moreover, 

hydroxyapatite precipitation seems more evident also on the later time points for 

Cu-SBA3, suggesting that the Cu2+ addition by ion exchange could enhance the 

hydroxyapatite formation. However, as demonstrated in the EDS compositional 

analysis (Fig. 36), Cu was found to partially substitute Na and Ca on the glass, 

which could be hypothesized to lead to decelerated dissolution rate of the glass. 

Still, it should be noted that the Cu is introduced only into a very thin layer of the 

surface of the glass , where it unlikely has a great impact on the glass bulk 

properties. In the literature, there is no consensus on the effect of Cu inclusion on 

the BAG hydroxyapatite-forming ability, and hence, bioactivity (221). In some 

studies, the bioactivity mechanism was found to be improved by adding a Cu 

precursor to bioactive glass nanoparticles (247), while, according to other studies, 

Cu addition as an oxide to melt-derived borosilicate glass foam scaffolds lead to a 

more stable glass network and lower degradation ability (248). However, in both 

mentioned experiments Cu was introduced using different approaches and the 

used BAG was not used as a bulk, which makes comparison difficult. 

Considering the Cu2+-ion release from the BAG surface, a leaching test was 

performed both in physiological (SBF, pH 7.4) and inflammatory pH (HAc/NaAc 

buffer, pH 5.0). The experiment was performed only for the lowest ion exchange 

concentration of 0.001 M (Cu-SBA3 0.001 M). The pH evolution and the release 

of Cu2+ in both soaking solutions are demonstrated in Fig. 40. 
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Figure 40: A) pH evolution of SBF solution as a function of time of Cu-SBA3 soaking, B) pH 

evolution of pH5 acetate buffer as a function of time of Cu-SBA3 soaking, and C) Release of Cu2+-ions 

from glass surface as a function of soaking time in SBF (orange)or pH5 

Regarding the pH value of SBF during the soaking of Cu-SBA3 (Fig. 40A), 

there were no significant differences observed. It is noteworthy that pH 5 acetate 

buffer exhibited a lower buffering capacity and displayed a consistent increase in 

pH over the 28-day soaking period without reaching any plateau (Fig. 40B). The 

pH increased from a slightly acidic level to a neutral pH of around 7. These 

phenomena can likely be attributed to the different acid-base characteristics of the 

two buffer solutions. The sodium acetate buffer is based on a weak acid (acetic 

acid) with a buffering range of approximately 3.6–5.6 and a pKa value of 4.76 

(249)). On the other hand, the SBF is buffered with TRIS-buffer, based on a 

stronger acid (HCl) with a buffering range of pH 7.0 to 9.0. During the soaking 

process, bioactive glasses tend to rapidly exchange cations with H3O+ ions into the 

aqueous environment, leading to an increase in pH towards more alkaline values. 

Consequently, the buffering capacity of the acetate buffer in our particular case 

was comparatively more limited due to its weaker acid-base characteristics. 
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As seen in Fig. 40, the major amount of Cu2+ seems to be released from the 

glass during the first three days of soaking, independent of the soaking solution. A 

similar trend was found in the previous work where Miola et al. found the 

majority of Cu2+ release from Cu-doped glass/PMMA composites during the first 

days of the soaking, but on the contrary, they did not detect a plateau similar to 

what was found in present work after around 3 days of soaking in both conditions 

(233). It must be underlined that in the mentioned study the Cu-doped glass was 

uniformly dispersed into a PMMA matrix, while in the present paper, low 

amounts of Cu2+ ions are concentrated on the glass surface and can be fast 

released.  

The decrease of the Cu concentration in solution at 7 days can be related to 

the precipitation of hydroxyapatite, which occurs mainly from day 7, as detected 

by SEM observations (Fig. 38, Fig. 39), and could involve the re-precipitation of 

Cu2+ ions that can partially replace Ca2+ ions in the hydroxyapatite lattice, as 

reported in the literature (250,251). This hypothesis could be strengthened by 

further phase analysis, for example by estimating the average crystallite size and 

lattice parameters, but this is out of the aim of this thesis. A further release can be 

observed from day 7 on, which can be explained by the Cu2+ confinement on the 

very outer glass surface, that reasonably does not negatively affect the ion release 

involved in the bioactivity mechanism, as already observed by authors in a 

previous paper (234).  

When comparing the Cu2+-release in SBF and inflammatory condition-

mimicking buffer solution, no notable differences were detected. The HAc/NaAc 

buffer-soaked specimens initially showed a slightly higher release of Cu2+ ions 

than the SBF solution. This phenomenon is also reported in other studies, for 

example, Bingel et al. reported that in general lower pH of the used immersion, 

the solution increases ion release due to more protons being available for ion 

exchange reactions between glass modifier ions and protons from the dissolution 
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medium (236,252). However, the effect of solution pH on Cu2+ ion release 

specifically has not been previously reported. In addition, the more aggressive 

initial ion release during the first 3 days of soaking could also explain the more 

prevalent Cu2+ re-precipitation after 14 soaking in HAc/NaAc compared to SBF. 

Zeta potential titration measurements were performed both on pristine SBA3 

and ion-exchanged Cu-SBA3 (Fig. 41, Fig. 42) before (0 day) and after different 

times of soaking in SBF (1-7-28 days). 
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Figure 41: Zeta potential titration curves (A) and gap variation (B, measured gap – initial gap) of 

SBA3 before and after soaking in SBF. 
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Figure 42:  Zeta potential titration curves (A) and gap variation (B, measured gap – initial gap) of 

Cu-SBA3 0.001 M before and after soaking in SBF. 
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The isoelectric point (IEP) gives information on the balance between the 

charged surface functional groups with either acidic (deprotonation) or basic 

(protonation) behavior in contact with the solution (253). The IEP value of both 

unsoaked SBA3 (SBA3 0d) and ion-exchanged unsoaked Cu-SBA3 (Cu-SBA3 

0d) is around 3.4, which indicates that both surfaces have a small prevalence of 

acidic functional groups (supposedly OH groups) since an IEP of 4 is expected for 

a surface without the prevalence of any charged functional groups (32). Both 

curves have a plateau starting from pH 5.5. This agrees with the presence of acidic 

functional groups and demonstrates they are completely deprotonated at any pH 

higher than 5.5 on both glasses (253). The ion-exchange process, at least in the 

tested concentration of 0.001 M, does not impact the surface zeta potential and 

acidic behavior of the hydroxyl groups.  

A different slope of the curves is noticed on SBA3 and Cu-SBA3 at a pH 

lower than the plateau. The slope of the titration curve around the IEP, before 

reaching any eventual plateau, is related to surface hydrophilicity: if the material 

is hydrophobic, the water molecules are weakly adsorbed, and they are easily 

replaced by the hydroxyl (in the basic range) or hydronium ions (in the acidic 

range). The surface acquires a progressively higher absolute value of the zeta 

potential (high slope of the curve) by changing the pH. On the contrary, the 

absolute value of the zeta potential slowly changes with the pH of the solution if 

the surface is hydrophilic (slow slope of the curve). The observed slopes of the 

curves can be related to a larger hydrophilicity on Cu-SBA3. Hydrophilicity can 

be related to a larger amount of total hydroxyl groups on the surface. 

The standard deviation of the zeta potential values refers to the chemical 

stability (reactivity) of the surface during the measurement. An evident increase in 

the standard deviation occurs around the IEP and below it evidencing a strong 

reactivity of both surfaces in a very acidic environment(254).  
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Looking at the gap variation during the pH titration, a reduction of the gap is 

observed on SBA3 both in the acidic and in the basic range attributable to the 

formation of a silica gel layer and a small expansion of the sample; this expansion 

is limited to few micrometers and slightly higher than the lowest significant 

variation of the gap that is about 5 micrometers. Almost no gap variation has been 

registered on Cu-SBA3 during the pH titrations evidencing a different type of 

silica gel layer with a reduced expansion. 

Considering the SBF-soaked samples, the zeta potential titration 

measurements can give some information on the formed hydroxyapatite layer. As 

a reference, the IEP of synthetic hydroxyapatite has been reported to be around 

5.5 and it has a zeta potential of about -30 mV at any pH higher than 6 (255). 

Dissolution of hydroxyapatite formed on bioactive materials is reported at a pH 

lower than 4, as it occurs in inflammatory conditions (254). None of the soaked 

samples has an IEP close to the value of synthetic hydroxyapatite. The measured 

IEPs are close to those of the glasses before soaking or not detectable (as in the 

case of SBA3 and Cu-SBA3 soaked for 1 day and SBA3 soaked for 7 days). The 

standard deviations of the curves of the soaked samples have an evident increase 

at a pH lower than 4. The deviation of the gap is negative, and it is evident below 

pH 4 on the samples soaked for 7-28 days. Considering the shapes of the titration 

curves, all of them have a plateau in the basic pH range with an onset around pH 6 

and a value of about -30 mV.  

All obtained data can be interpreted considering that the formed 

hydroxyapatite is dissolved and detached from the substrates when pH goes down 

below pH 4. The detachment leaves exposed the glass surface, and the IEP of 

hydroxyapatite is not measured. On the other side, hydroxyapatite is almost stable 

in the basic range (no gap variation detected, low standard deviation of zeta 

potential, and a plateau at a zeta potential value close to that of hydroxyapatite). 

The thickness of the detached surface layer is higher in the case of Cu-SBA3 (10 
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micrometers and 30 micrometers on the sample soaked for 7 and 28 days, 

respectively) than on SBA3 (5 micrometers and 15 micrometers on the sample 

soaked for 7 and 28 days, respectively). This result agrees with the larger amount 

of hydroxyapatite registered through XRD on Cu-SBA3 after soaking. The 

samples soaked for 1 day did not have a detectable detachment of hydroxyapatite 

because of its low thickness, in agreement with XRD, but their curves are clearly 

different from those of the as-prepared glasses according to their surface reaction 

in SBF.  

These data can be compared with a similar work performed on SBA2, a 

composition that differs from SBA3 very slightly with its lower Na2O amount (18 

mol% vs. 26 mol%) (253,254). The behavior of the two glasses is similar, both as-

prepared and after soaking, the main difference is that the as-prepared SBA2 is 

reactive in the basic range (pH>8) and not in the acidic range as SBA3 is. Cu-

SBA3 soaked for 28 days shows a larger detachment and thicker layer of 

hydroxyapatite than both SBA2 and SBA3. The curve of SBA3 soaked for 7 days 

is a bit different from the others registered in this work, but it is similar to what 

was detected on SBA2 soaked for 7 days: it has a low zeta potential value along 

the whole titration curve. It can be explained by the evolution of hydroxyapatite 

during its maturation (254). The shape of the curve of SBA3 soaked for 7 days is 

not far from that of SBA3 soaked for 1 day, according to the lower bioactivity of 

this glass. 

Due to the expected lower toxicity of copper ions compared to silver ions 

(221), the comparison between Ag-SBA2 and Cu-SBA3 cytocompatibility is of 

interest in the current study. In the present research the surface characterization 

was performed through wettability analysis by static contact angle measurement, 

followed by the EDS analysis of the glass surfaces before and after soaking in cell 

culture medium, and the quantification of released Ag/Cu-ions by ICP-OES to 

further understand the cytocompatibility results obtained in the same research. 
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The results from EDS, ICP-OES, and contact angle measurement are reported in 

Fig. 43, Fig. 44, Fig. 45. 

 

Figure 43: Release of ion-exchanged Ag-ions from Ag-SBA2 (A) and Cu-ions from Cu-SBA3 (B) 

up to 7 days in pure α-MEM culture medium analyzed by ICP-OES. 

Soaking of doped glasses, Ag-SBA2 and Cu-SBA3, in pure α-MEM culture 

medium without added serum and antibiotics for up to 7 days was performed to 

evaluate the kinetics of silver and copper release in conditions close to cell 

culture. The concentrations of released Ag+ (A) and Cu2+ (B) in pure α-MEM are 

reported in Fig. 43. 

According to Fig. 43A, both surface-doped glasses release most of the doped 

ionic Ag/Cu during the first day of soaking. In the case of Ag-SBA2, the release 

of Ag+ from the surface occurs in a slightly more controlled manner over multiple 

days, the maximum value being about 7400 μg/L after seven days of soaking. 

However, in terms of Cu-SBA3, the maximum value of released Cu2+ ions (about 

10 000 μg/L) is reached already on the first day. For both glasses, the standard 

deviation for the ion release was found to be high, which raises questions about 

whether the amount of doped ions varies between ion-exchanged samples. In 

addition, some concerns about the accuracy of the measured amount of silver 
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release by the ICP-OES technique can be raised, since it could be affected by the 

high affinity of silver with proteins present in serum (256). In this measurement, 

the ion release was performed only in α-MEM without added serum, which 

minimizes the issue. 

 

Figure 44: EDS results in weight percentages of the surfaces of A) SBA2 and Ag-SBA2 before (0d) 

and after [3d] soaking in α-MEM, and B) SBA3 and Cu-SBA3 before (0d) and after [3d] soaking in α-

MEM. 

EDS results (Fig. 44) were found to be well in agreement with the ICP-OES 

results. After three days of soaking in α-MEM, a very low amount (<1 wt-%) of 

Cu-ions seems to be present on the Cu-SBA3 sample surfaces, compared to the 

initial amount of around 16 wt-%. This suggests that the Cu-ion layer is 

completely released in only a couple of days of soaking. In the case of Ag-SBA2, 

it seems that after soaking for 3 days, there is still a remaining layer of silver ions 

on the samples, since the EDS results both before and 3 days after soaking show 

around 1 wt-% of silver. The remaining silver on the soaked discs can also be seen 

with naked eye as a brown color on the disc surface. This is also shown in the 

ICP-OES analysis with more controlled silver ion release over multiple days. 

However, it should be noted that the penetration depth of EDS analysis is known 

to be higher than one micron, which might undermine the usability of this method 
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for evaluating thin surface layers (257). The thickness of the Ag-ion layer of Ag-

SBA2 has been previously estimated to be a few nanometers through transmission 

electron microscopy (TEM) by the authors (173), and therefore, other methods, 

such as X-ray photoelectron spectroscopy (XPS) or secondary ion mass 

spectroscopy (SIMS) with lower penetration depth could further clarify the 

chemical composition of the ion-exchanged surfaces (258). In the case of Ag-

SBA2 the XPS results are already reported previously by the authors (173), even 

more confirming the presence of ionic silver as an outermost layer on the glass 

surface. 

ICP-OES and EDS results show an initial burst release of the doped ions from 

the glass surface. This release could be detrimental to cell viability. To investigate 

that, the behavior of hASCs in presence of these glasses has been studied with 

different methods. Also, the ion release from these glasses during cell culture 

experiments has been investigated. 

In addition, the effect of ion exchange to the surface wettability 

(hydrophobicity/hydrophilicity) of the glasses was investigated. In Fig. 45 the 

contact angles of the undoped and Ag/Cu-doped glasses are reported. 

 

Figure 45: Wettability of the Ag-SBA2 and Cu-SBA3 compared to their undoped controls SBA2 

and SBA3, respectively. 
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In general, both bioactive glass composition SBA2 and SBA3 are found to be 

hydrophilic with a contact angle around 20–30°. The ion-exchange process is seen 

to increase the contact angle in both cases of Ag- and Cu-doping. Especially the 

Cu-doping by ion exchange is seen to increase the contact angle up to 50°. 

According to the literature cells are known to better attach to hydrophilic surfaces 

(259). Ensuring the cell attachment is essential for the further cell spreading and 

proliferation, and therefore the survival of anchorage-dependent cells, such as 

mesenchymal stem cells also of interest of the present research. 

4.5.2  Biological characterization  

4.5.2.1 Cytocompatibility evaluation  

First, to study the cytocompatibility of the different glasses doped with Ag- 

and Cu-ions (Ag-SBA2 0.03M, and Cu-SBA3 0.001M, respectively), the effect of 

the extracts coming from the glasses immersed in a culture medium was 

investigated by doing an indirect cytotoxicity test. Adherent cells were exposed to 

the extracts in the conditioned medium for up to 7 days. Fig. 46 shows the images 

of the cells cultured in the conditioned medium for 1 day, 3 days, and 7 days (on 

the left) and Ag- and Cu-ion concentrations in the conditioned medium used for 

the cell culture (on the right). For the dissolution products of both doped glasses, 

no inhibitory effect on hASCs spreading and growing was detected at any time 

point, when compared to the control images (cell grown on TCPS with normal 

medium without glass dissolution products). In addition, no changes in cell 

morphology were detected. These results show that the glass extracts containing 

the released ions are probably not toxic to the cells. 
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Figure 46: Light microscopy images of hASCs cultured with the glass dissolution products (left) 
and graphs showing the corresponding released concentration of doped ions (Ag or Cu) by ICP-OES 
analysis (right). Scale bars 200 μm. 

 

The result for Ag-SBA2 is in line with previously published cytocompatibility 

analysis with human progenitor osteoblasts (hFOBs) (173), where Ag-SBA2 

samples were found cytocompatible. In the case of Cu-SBA3, no previous cell 

studies have been published. In the literature, there are different concentrations of 

Cu-ions stated to be toxic for hASCs. For example, Thyparambil et al. found a 

decrease in hASCs viability with Cu-doped (0.4 wt-%) bioactive glass 13–93B 

(260), while Mishra et al. reported cytotoxicity of undiluted Cu-doped 

borophosphate glass extract, Cu ion concentration being around 2 ppm, towards 

hASCs (261). Dose-dependent toxicity of Cu has also been evidenced in mouse 

fibroblasts, where the median lethal dose of Cu-ions was found to be around 46 

ppm (262). The values seem to vary depending on the sample, culturing 

conditions and used cell line, and therefore, it is challenging to compare with 

concentrations detected in this work. In our indirect culture experiment, the 
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concentration of Cu-ions in the medium does not appear to be cytotoxic to the 

cells. 

After confirming the cytocompatibility of the glass extracts, hASCs viability 

was studied upon direct culture on glass discs by live/dead staining after 1, 3, and 

7 days of culture. 

As seen in Fig. 47, the undoped glasses (SBA2 and SBA3) supported the cell 

viability, similarly to the positive control, thus demonstrating that the glass 

composition is suitable for cell culture. Ag-SBA2 seems to inhibit cell viability 

after 1 day of culture, however, the cell number appears to increase slightly after 3 

days. Therefore, one can hypothesize that the fast release of Ag-ions over the first 

day of culture is toxic to cells, but the toxicity decreases for a longer immersion 

time, with the changes of the medium, showing the cells trying to recover. In the 

case of the Cu-SBA3, it appears to be highly toxic in 1 day, killing all the cells. 

No living cells can be seen on day 1 and therefore they cannot recover later. This 

agrees with the high Cu-ion release occurring on day 1 evidenced by ICP-OES 

analysis (Fig. 3). However, as shown in the indirect cell culture (Fig. 46), the 

cytotoxicity of doped glasses does not seem to arise from the concentration of the 

released ions in the medium, but rather from the fast release and the direct contact 

of the hASCs to the sample surface. This type of contact-killing phenomenon 

could arise due to factors such as local burst release of ions, redox or catalytic 

activities of the ions, or the formation of reactive oxygen species (263,264). 
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Figure 47: Cell viability on bioactive glass discs at 1, 3, and 7d. Viability was analyzed with 

Live/dead staining. Scale bars 200 μm. 

 

To promote cell adhesion, viability, and proliferation (265), while maintaining 

the release of ions from the glasses, each material was coated with fibronectin, as 

shown in Fig. 48. 

 

Figure 48: Confocal microscopy images of the glasses surface with adsorbed 488-Alexa labeled 

fluorescent fibronectin. Scale bars 30 μm. 

Before cell culture, all samples were coated with fluorescently labeled 

fibronectin and imaged by confocal fluorescence microscopy to confirm protein 
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adsorption. The green fluorescence in the images can be assigned to the 

fluorescently labeled fibronectin because no autofluorescence was observed on 

any of the sample surfaces. As reported previously by Azizi et al. (266), 

adsorption of fibronectin on the silicate-based bioactive glass can promote cell 

adhesion and spreading. The confocal images (Fig. 48) confirm that the 

fibronectin was adsorbed and homogeneously covering the sample discs for each 

condition, which is expected to improve the cell adhesion. 

After checking the uniform adsorption of fibronectin on the glass discs, cell 

culture was performed on the materials with the adsorbed fibronectin, and the 

live/dead images are presented in Fig. 49. 

 

 

Figure 49: Cell viability on fibronectin-coated bioactive glass discs at 1, 3, and 7d. Viability was 

analyzed with Live/dead staining. Scale bars 200 μm. 
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The fibronectin-coating can be seen to enhance hASC viability and 

proliferation, especially in the case of Ag-SBA2. More viable cells are observed at 

all time points compared to Ag-SBA2 without added fibronectin (Fig. 49). In the 

case of Cu-SBA3, fibronectin adsorption does not seem to improve cell viability, 

as seen in Fig. 49 with red cells indicating cell death. However, the fibronectin 

may delay the release of Cu-ions, as some cells appear to be alive on day 1, but 

their death is evident only after 3 days of culture. 

This observation is also supported by the quantitative CyQUANT cell 

proliferation assay (Fig. 50). Without fibronectin coating (Fig. 50A), the cell 

number of hASCs is significantly decreased with the doped Ag and Cu glasses 

compared to SBA2 and SBA3 respectively. Fig. 50B shows that even with the 

fibronectin coating, the same significant decrease is still observed. However, 

when the doped glasses are compared with and without fibronectin (Fig. 50C), it 

is observed that the fibronectin allows a significantly higher cell proliferation on 

day 1 for Cu-SBA3 glass and days 1 and 7 for Ag-SBA2. Differences in values 

between the different conditions on day 1 could be due to differences in viability, 

different attachment efficiencies as well as differences in proliferation rates. 

However, these results show that even if the fibronectin allows an improvement of 

cell proliferation on the doped glasses, it is still not enough to reach the ability to 

support the proliferation of the SBA2 and SBA3 glasses. 
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Figure 50: Proliferation of hASCs cultured on TCPS (control), SBA2, Ag-SBA2, SBA3, and Cu-

SBA3 discs for 7 days, A) without, or B) with fibronectin (Fn) coating, analyzed by CyQUANT Cell 

Proliferation Assay kit. C) Comparison of Ag-SBA2 and Cu-SBA3 with and without fibronectin (Fn) 

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

To verify that the coating of adsorbed fibronectin does not prevent the release 

of Ag/Cu-ions from the glass surfaces, ICP-OES analysis was performed for the 

cell culture medium from both the direct culture with and without fibronectin. The 

release kinetics of these ions in the cell cultures are displayed in Fig. 51. 
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Figure 51: Release of Ag and Cu ions from uncoated Ag-SBA2 and Cu-SBA3, compared to 

fibronectin (fn) -coated samples (Ag-SBA2-fn and Cu-SBA3-fn) measured by ICP-OES. 

 

When comparing the release kinetics of Ag- and Cu-ions of the cell culture 

experiments with and without fibronectin (Fig. 51), in both cases the doped ions 

are seen to be released. However, some differences between the bare samples and 

the ones with adsorbed fibronectin were detected. In general, release kinetics 

follow the same pattern in both cases, where the ion leaching is most evident in 

the beginning of soaking in cell culture. In the case of Ag-SBA2, the release of 

Ag-ions continues until 7 days of cell culture, especially with the added 

fibronectin, where measured maximum Ag-ion concentration is seen to be higher. 

With the high standard deviations especially in the case of the 1-day timepoint, 

these differences could be simply due to the differences in the ion-exchange 

process. Regarding Cu-SBA3, the concentration of released Cu-ions was slightly 

lower with the presence of adsorbed fibronectin, but in both cases the Cu-ion 

release continues only until 3 days of soaking in the cell culture. 

In addition, when comparing the Ag- and Cu-release of Fig. 51 to the one 

displayed in Fig. 46 with similar cell culture conditions, the overall release 

kinetics are found to follow a similar pattern. For Ag-SBA2 the release is seen to 

continue for 7 days in all measured conditions, also when soaked in pure α-MEM 

culture medium without added serum or cells (Fig. 43). However, in the case of 
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Cu-SBA3, all the ICP measurements performed in cell culture conditions show 

Cu-ion release during 3 days of soaking (Fig. 43, Fig. 51), while the Cu-ion 

release without added serum or cells (Fig. 43) occurs only until 1 day of soaking. 

It seems that the presence of cells delays the release of ion-exchanged Cu-ions 

from the Cu-SBA3 surface. In general, some differences in the maximum released 

concentrations of both Ag- and Cu-ions are detected between the different 

measurements, possibly due to inconsistencies in the ion exchange process. 

Especially in the case of Cu-SBA3 the differences in maximum release are found 

to be more evident, suggesting that the ion-exchange process of Cu-ions may lead 

to less uniform ion coating compared to Ag-doped SBA2. 

Another way to prevent the negative effect of the initial ion release burst on 

the cells, glass discs were pre-incubated in the basic α-MEM culturing medium 

before cell culture. Especially in the in vitro static cell cultures, pre-treatment of 

BAG samples is recommended due to their high initial reactivity (267). When 

BAGs get in contact with an aqueous environment, the fast ion-exchange 

phenomenon on their surface leads to a burst release of alkaline ions and their 

exchange with H3O+ ions from the solution, so the following local pH increase 

(267,268). The alkalinization of the surrounding medium to some extent is known 

to benefit alkaline phosphatase (ALP) activity and osteogenesis (269), but too 

high pH value, especially together with burst release of ions from the BAG can be 

detrimental to cell viability. 

The assessment of cell viability, proliferation, and morphology was carried 

out after pre-incubating glass discs for 24 h in a basic α-MEM culture medium 

before cell seeding. As displayed in Fig. 52, in the case of all the tested glasses, 

hASCs stayed viable in direct contact with glass surfaces for up to 14 days. When 

comparing the undoped and Ag-/Cu -ion doped glasses, no difference in hASCs 

viability was detected. It seems that the 24 h pre-incubation is enough to limit the 

excessive surface reactivity of the studied BAGs. 
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Figure 52: Cell viability on pre-incubated bioactive glass discs at 1, 3, 7, and 14 days. Viability was 

analyzed with Live/dead staining. Scale bars 200 μm. 

 

In addition to the Live/Dead images, the cell proliferation during the 14 days 

of culture was assessed with CyQuant proliferation assay (Fig. 53). As 

demonstrated in Fig. 53, the cell proliferation followed a similar trend for all the 

compositions. Initially, during the first three days of culture, proliferation 

decreased for all compositions compared to the control, and the cell number is 
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significantly lower on the doped glasses compared to the undoped ones. But after 

14 days, the cell amount was approximately similar for all glasses and the control. 

 

Figure 53: Proliferation of hASCs cultured on TCPS (control), and on pre-incubated SBA2, Ag-

SBA2, SBA3, and Cu-SBA3 discs for 14 days, analyzed by CyQUANT Cell Proliferation Assay kit 

(***p < 0.001, ****p < 0.0001). 

 

The ability of the hASCs to spread on the 24-h pre-incubated BAG discs was 

evaluated by staining the actin cytoskeleton and the nuclei. As evidenced in 4, the 

cell spreading was not affected by the glasses. All the cells grew in tight contact 

with each other forming a confluent cell layer, except in the case of Ag-SBA2, 

where individual cells are more evident due to lower cell growth. However, when 

observing the cell shape, all cells appeared spindle-shaped, which is known to be 

typical for MSCs (270). 

 

 

https://www.sciencedirect.com/science/article/pii/S0272884223025518?via%3Dihub#fig14
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Figure 54: Morphology of hASCs on TCPS (control), SBA2, Ag-SBA2, SBA3, and Cu-SBA3 discs 

in α-MEM complete medium analyzed by Nuclei (DAPI - yellow) and Actin (Phalloidin - magenta) 

immunostaining after 7 days and 14 days of culture. Scale bar 50 μm. 

 

In addition, the release of surface-doped ions is evaluated (Table 11) by ICP-

OES analysis to assess whether using the standard pre-incubation time for 

bioactive glasses will eliminate the ion-exchanged layer of ions on the samples 

needed for the antibacterial effect (267). 

Table 10: Ag- and Cu-ion release, from Ag-SBA2 and Cu-SBA3, during pre-incubation and in 

between cell culture time points (0-1d, 1d-3d, 3d-7d), measured by ICP-OES. *) UDL = under the 

detection limit of the instrument. 

Immersion interval Ag-ion release [ppb] 

from Ag-SBA2 

Cu-ion release [ppb] 

from Cu-SBA3 

Pre-incubation 24h 300.0 ± 141.4 21 433.3 ± 4921.7 

In contact with 

hASCs 0-1d 

5500 ± 707.1 150.0 ± 70.7 
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In contact with 

hASCs 1-3d 

566.7 ± 152.8 UDL* 

In contact with 

hASCs 3-7d 

UDL* UDL* 

 

As displayed in Tables 11 and in the case of Ag-SBA2, Ag-ions are being 

released from the surface already during the pre-incubation, but only partially. 

The majority of Ag-ions are released after one day in cell culture, and as seen in 

Fig. 50, Fig. 51, Fig. 52, this concentration does not seem to compromise hASCs 

viability in direct cell culture. The antibacterial effect of Ag-SBA2 has been 

previously proved for samples without pre-incubation (173), and therefore, further 

antibacterial evaluations would be needed to confirm that the pre-incubation does 

not prevent this effect. In the case of Cu-SBA3, a great majority of surface-doped 

Cu ions are released during the 24-h pre-incubation. Therefore, in the following 

cell culture, Cu-SBA3 resembles more its reference glass SBA3 without the ion-

exchanged layer of Cu ions. It is also probable that the possible antibacterial effect 

of Cu-SBA3 will be lost if pre-conditioning is used prior contact with the 

biological environment. 

Balancing between the critical concentration for antibacterial performance 

and cytocompatibility is a challenge when optimizing multifunctional biomaterials 

for biomedical use. Above certain concentrations, both Ag+ and Cu2+ are known 

to be toxic to cells. However, it is difficult to state an exact toxic concentration 

due to the static in vitro culture conditions, where the lack of fluid flow and 

replenishment magnifies local concentrations and pH value changes. Therefore, 

instead of using preconditioning, which might compromise the release of 

antibacterial ions, the use of more dynamic culturing conditions could diminish 
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the problem and prevent steep local ion concentration gradients toxic to cells 

(271,272). It is also to be noted that rapid initial release of antibacterial ions, such 

silver or copper ions, could be necessary to treat early infection, even if it would 

also cause initial cell toxicity. In vivo conditions, new cells will be available, and 

once the first antimicrobial effect is implemented through burst release of 

antibacterial ions, the material surfaces are no longer found toxic and enable 

further cell adhesion and proliferation. 

4.5.2.2 Antibacterial activity evaluation  

In addition, both doped glasses have been shown to have antibacterial 

properties against S. aureus, as reported by the authors (173,234). However, the 

previous analysis of antibacterial activity was performed on Cu-SBA3 glass 

powder with different ion exchange conditions than the one optimized and 

described in this Thesis. Therefore, the antibacterial activity of 0.001 M Cu-SBA3 

was here studied. 

According to the results obtained from the morphological and glass surface 

phase analyses (detailed in previous sections) of Cu2+-doped samples in ion-

exchanged solution with different concentrations of Cu2+ (0.001, 0.01, and 0.05 

M), SBA3 in the lowest concentration of the ion-exchanged solution (Cu-SBA3 

0.001 M) was chosen for in vitro biological assessments. To differentiate between 

the antibacterial and antibiofilm properties of specimens towards S. aureus MDR, 

two different protocols were used: ISO 22196 standard protocol for antibacterial 

evaluation and UPO protocol for antiadhesive and antibiofilm evaluation (detailed 

in section 2.3.2) (173). Fig. 55 (A-C) shows the results of metabolic activity, 

bacterial colonies count (CFU), and SEM that were obtained from ISO22196 

standard protocol. After 24 h of direct inoculation of S. aureus on the samples’ 

surfaces, metabolic activity analysis of bacterial strains showed a statistically 

significant difference of ∼52% between Cu doped SBA3 and undoped SBA3 (Fig. 

55 A; p < 0.01 represented by **). Additionally, surface-adherent viable bacterial 
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colonies count (CFU) revealed that the number of bacterial cells attached to Cu-

SBA3 surfaces was approximately 1 log less than the ones attached to the control 

samples (Fig. 55 B; p < 0.01 indicated by **). This difference in metabolic 

activity and the number of surface-attached bacterial cells between CU-SBA3 and 

undoped SBA3 was visually confirmed by means of SEM images that were taken 

in two different magnifications (1500X and 4000X, Fig. 55 C). As shown in the 

SEM image of undoped SBA3, most part of the control sample surfaces was 

covered by a layer of bacterial biofilm; while few aggregations of bacterial cells 

were observed on the surface of Cu-SBA3, in agreement with ∼52% and ∼1 log 

reduction of metabolic activity and viable bacterial colonies count, respectively. 

 

Figure 55: Antibacterial test according to ISO 22196 standard after 24 h incubation at 37 °C: A) 
Metabolic activity of S. aureus MDR on the specimens' surfaces; B) Viable surface-attached bacterial 
colonies count (CFU), C) SEM images taken in two different magnifications (1500X in the image and 

4000X in the left corner inset with scale bars 10 and 5 μm respectively). ** indicates p value < 0.01 and 
bars represent standard deviations. 
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To evaluate the specific behavior of the doped samples (Cu-SBA3) 

concerning bacterial adhesion and biofilm formation, the UPO protocol was 

utilized. In this case, the sterile samples were fully submerged into 500 μL of S. 

aureus MDR suspension and the impact of Cu-SBA3 on bacterial attachment and 

biofilm formation was evaluated by measuring bacterial metabolic activity, 

surface-adherent CFU and SEM at two different time points: i) early time point (6 

h) that it was selected based on the results obtained from ion release evaluation 

(Fig. 40); as shown in Fig. 40, Cu2+ released from the samples' surfaces during the 

first 3 days of soaking in the SBF and inflammatory solution (acetate buffer at pH 

5). Therefore, 6 h was chosen to evaluate whether Cu-doped SBA3 was able to 

decline bacterial adhesion on the samples' surfaces or not; ii) late time point (24 h) 

to investigate the effect of Cu-SBA3 on bacterial biofilm formation onto the 

samples' surfaces. The results of bacterial metabolic activity, adherent viable 

colonies count, and SEM are presented in Fig. 56 A-C. According to the results of 

metabolic activity and CFU, after 6 h of bacterial inoculation onto the specimens' 

surfaces and incubation, no statistically significant difference in adherent bacteria 

was observed between Cu-SBA3 and undoped SBA3 (control sample) surfaces. 

However, after 24 h, the metabolic activity of S. aureus MDR showed a reduction 

of approximately 52% on the Cu-SBA3 surfaces in comparison to undoped SBA3 

(p-value <0.01 indicated by **; Fig. 56 A); in addition, CFU count results 

demonstrated that adherent bacterial colonies onto the Cu doped samples' surfaces 

decreased about 0.6 log in comparison to attached colonies onto the control 

samples (p-value <0.05 indicated by *; Fig. 56 B). These results were in line with 

SEM images that were taken at two different magnifications (1500X and 4000X 

with scale bars 10 μm and 5 μm, respectively; Fig. 56 C). After 6 h, few bacterial 

colonies adhered to the samples' surfaces and no difference in colony number was 

observed between Cu-doped SBA3 and undoped SBA3 samples. After 24 h of 

inoculation and incubation, attached bacterial cells on the SBA3 samples’ surfaces 

grew and bacterial microcolonies (biofilm) formed on the surfaces of control 
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samples. While some single colonies detected on Cu-SBA3 surfaces indicating 

that released Cu2+ ions from the doped samples during 24 h in contact with 

bacterial suspension showed antibiofilm properties (Fig. 56 C) as the same results 

that were obtained from ISO protocol. 

 

 

Figure 56: Antiadhesive and antibiofilm test according to the UPO protocol after 6 and 24 h 
incubation at 37 °C, respectively: A) Metabolic activity of S. aureus MDR on the specimens' surfaces; 

B) Viable surface-attached bacterial colonies count (CFU), C) SEM images taken in two different 
magnifications (1500X in the image and 4000X in the left corner inset with scale bars 10 and 5 μm 

respectively). * and** indicate p < 0.05 and p < 0.01, respectively; bars represent standard deviations. 
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For both protocols (ISO 22196 standard and UPO protocol), antibacterial activity 

(R score) was calculated by the difference between the average of the common 

logarithm of the number of viable bacteria recovered from the undoped control 

samples (Ut) and doped ones (At) after 24 h; indeed, R score reveals the 

effectiveness of an antibacterial agent (173,245). The results are presented 

in Table 12 as well as the count of the initial inoculum (U0 = 3.7) that was 

confirmed in the magnitude of 5E3. 

Table 11: R score values calculated by the colony‐forming unit (CFU) count immediately after 

inoculation (U0) and after 24 h of culture in direct contact with the specimens’ surface (Ut for 

untreated and At for treated samples). 

Sample Protocol Log10 CFU 
Count (U0) 

Log10 CFU 
Count (Ut, At) 

(R) score 

SBA3 ISO 22196 3.7 4.7 Control sample 

Cu-SBA3 ISO 22196 3.7 3.7 1 

SBA3 UPO 3.7 5.1 Control sample 

Cu-SBA3 UPO 3.7 4.5 0.6 

 

The results obtained from in vitro evaluation of antibacterial and antibiofilm 

properties for Cu2+ doped SBA3 in comparison to undoped SBA3 revealed that 

doped specimens in lower ion-exchange solution (0.001 M) had no impact on the 

attachment of S. aureus MDR on to samples’ surfaces (after 6 h); while during 24 

h, antibacterial and antibiofilm properties of Cu-SBA3 has initiated due to release 

of Cu2+ ions into the LB broth and both used protocols (ISO 22196 standard and 

UPO protocol) showed more or less the same results, a 50% reduction for 

metabolic activity and between 0.6 and 1 log decrease for surface-adherent 

https://www.sciencedirect.com/science/article/pii/S027288422303715X?via%3Dihub#tbl1
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bacterial colonies. Moreover, from the result of the R score obtained from two 

investigated protocols (0.6 and 1 for UPO and ISO 22196 protocols, respectively), 

it was concluded that the effectiveness of Cu-SBA3 samples by using these two 

protocols was more or less the same. 

These results are in agreement with previous literature. Pierre et al. 

investigated the biological properties of homogeneous calcium phosphate coating 

on titanium dental implants that were doped with Cu exchange post-treatment at 

different concentrations (0.001, 0.05, and 0.01 M) towards Gram-positive and 

Gram-negative bacterial strains at two time points (4 and 24 h). They reported that 

after 4 h, there was a low reduction of adherent Gram-negative onto the samples 

doped with Cu in comparison to undoped specimens, while for Gram-positive 

bacterial strains, no noticeable difference was observed. However, after 24 h of 

inoculation, a significant reduction of CFU of about 2 log for both Gram-positive 

and Gram-negative bacterial strains was observed (273). Regarding Cu-doped 

bioactive glasses, Popescu et al. conducted a study on the antibacterial activity of 

Cu-containing bioactive glass-ceramics against S. aureus. They found that the 

glass with 0.5 mol% CuO exhibited the lowest minimum inhibitory concentration 

and bactericidal concentration against S. aureus. Additionally, they observed that 

the release of Cu2+ ions from this glass after 24-h soaking in deionized water was 

similar to the values measured in our study (Fig. 40C) (274). In another 

investigation, which examined the effect of Cu2+-ion release from a calcium-

phosphate glass with varying Cu content on S. aureus, a strong correlation was 

found between the concentration of released Cu2+ and the bactericidal properties 

(275). Nevertheless, while it is generally observed that higher copper content 

correlates with improved antibacterial performance, it is crucial to consider that 

elevated concentrations of copper can potentially generate an excessive quantity 

of free radicals, which may induce cytotoxicity (276). Therefore, it is crucial to 

carefully control the release kinetics of copper to ensure an optimal balance 

between antibacterial efficacy and potential cytotoxic effects. 
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Even though the here studied glass shows potential to be used as an 

antibacterial material it is pivotal to further assess its cytocompatibility and Cu2+ 

leaching in the used culturing conditions. Cu-SBA3 discs have been found to 

decrease human adipose stem cell viability in direct culture, possibly due to the 

rapid release of Cu2+ from glass surface in the cell culture (277). Instead, when 

employing an indirect culture the cells stayed viable with healthy morphology, 

suggesting only contact killing phenomenon. However, these preliminary tests 

made with one cell line were only a starting point for deeper understanding of the 

cytocompatibility and possible osteogenic potential or angiogenic properties of 

the Cu-SBA3 glass. 

 

4.6 Conclusion 

In this comprehensive study, bioactive glass surfaces, were successfully 

doped with either ionic Cu2+ or Ag+ through an ion exchange process in aqueous 

solution. The concentration of the Cu(II)acetate ion exchange solution was 

optimized, with 0.001 M being chosen for further analyses. The Cu-doping of 

SBA3 surfaces was found to maintain their amorphous nature and enhance 

bioactivity, evidenced by increased hydroxyapatite formation compared to 

undoped surfaces. It is worth noting that physicochemical characterization and 

antibacterial analyses for Ag-SBA2 have been previously studied and published 

by the authors and therefore not the focus in this chapter. 

Moreover, the antibacterial properties of Cu-doped SBA3 against Gram-

positive Staphylococcus aureus MDR were extensively evaluated, revealing a 

significant reduction in bacterial metabolic activity and surface-adherent bacterial 

cells count. SEM images confirmed the antibacterial efficacy with minimal viable 

colonies observed on Cu-SBA3 surfaces.  
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In evaluating the cytocompatibility of both Cu-SBA3 and Ag-SBA2 bioactive 

glasses towards hASCs, contrasting results were observed. Direct contact with 

Cu-SBA3 compromised hASCs viability, suggesting cytotoxicity. However, a 

significant improvement in cytocompatibility was noted after 24 hours of pre-

incubation, or with using an indirect culture. Nonetheless, the abrupt release of 

Cu-ions within the initial 24 hours underscores the necessity for refining the ion-

exchange process to maintain sustained antibacterial efficacy without 

compromising cell survival. Conversely, Ag-SBA2 exhibited a different 

cytocompatibility profile. Direct contact compromised hASCs viability, indicating 

cytotoxic effects. However, direct culture with fibronectin adsorption to the glass 

surfaces revealed enhanced cell attachment, viability, and proliferation. In 

addition, indirect culture with glass dissolution products didn’t negatively affect 

cell response. The rapid release of Ag-ions from Ag-SBA2 could provide early 

infection prevention benefits, while a more gradual release supports 

cytocompatibility. Nevertheless, further investigations are essential to assess long-

term cytocompatibility and antibacterial performance, affirming Ag-SBA2's 

suitability for bone infection treatment.  
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Chapter 5: Bioactive glass-ceramic 
hierarchical 3D scaffolds for bone 
substitution 

 

5.1 Introduction 

Over the past couple of decades, tissue engineering has emerged as a 

promising avenue for restoring and regenerating tissues and organs affected by 

trauma, diseases, or aging (278). Various tissues have seen successful 

regeneration through these methods, offering a potential solution to the scarcity of 

transplantable tissues and organs. While autografts remain the gold standard for 

bone defect treatment, issues like limited supply and donor site complications 

present significant challenges (279). Alternatives like bone allografts, while 

available, come with their own set of drawbacks such as high cost and risks of 

disease transmission and immune rejection. Synthetic biomaterials have shown 

promise as bone substitutes, yet their clinical success still lags behind autologous 

bone procedures (280). 

Given the limitations of current treatments and their impact on healthcare 

expenses, there's a growing interest in developing new bone substitutes. At the 

heart of bone tissue engineering lies the scaffold—a porous structure designed to 

facilitate new tissue formation by providing a matrix with interconnected porosity 

and tailored surface chemistry to support cell growth, nutrient exchange, and 

waste removal (281).  
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This chapter presents a literature review covering the essential properties and 

considerations of an ideal ceramic scaffold for bone regeneration applications, 

followed by an overview of different scaffold fabrication methods. Given the 

emphasis of this study on scaffolds realized via the foam replica method, 

particular attention is paid to the current state of the art in scaffold preparation 

using this method. Additionally, the potential for incorporating antimicrobial Ag-

ions into the scaffold is discussed. 

 

5.2 Key properties of a scaffold for bone regeneration  

Designing a scaffold involves a balance, requiring interconnected pores for 

tissue ingrowth, nutrient transport, and angiogenesis, while also managing 

resorption rates and mechanical properties like stiffness, strength, and fracture 

resistance. These characteristics are often interdependent, making the design, 

characterization, and translation of synthetic implants into clinical applications 

quite challenging (282). Figure 57 provides a summary of the key properties 

essential for an ideal scaffold. 
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Figure 57: Summary of key properties for a scaffold for bone regeneration 

  

A primary role of bone tissue engineering scaffolds lies in serving as a 

template for cells to adhere, proliferate, differentiate, and organize into healthy 

bone tissue as the scaffold gradually degrades (281). This function is closely 

associated with osteoconductivity, crucial not only for preventing the formation of 

fibrous encapsulation of the scaffold but also for fostering a strong bond between 

the scaffold and the host bone.  
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The in vivo biodegradation rate serves as another pivotal criterion for 

biomaterial selection in scaffold fabrication, tailored to align with the pace of 

tissue regeneration. When utilizing biodegradable materials, understanding the 

time-dependent variation in their mechanical properties and structural integrity is 

crucial, as scaffold strength must be adequate to provide mechanical stability 

during the period of new tissue formation in load-bearing sites. Additionally, 

disposal and removal of degradation by-products in biodegradable scaffolds 

necessitate careful consideration, as accumulation of ionic dissolution species 

could incite local inflammatory responses due to poor metabolic activity and 

vascularization in surrounding tissues, impeding by-product elimination 

(283,284). 

Achieving a proper balance between scaffold strength and stiffness is 

essential to ensure mechanical integrity during physiological activities and 

appropriate load transfer to surrounding tissue while avoiding excessive 

resorption. Customization of scaffold mechanical properties is challenging due to 

the diverse stimuli encountered at different bone sites in the human body, 

necessitating adaptability based on specific applications, implantation sites, 

patient age, lifestyle, and health. Ceramics, despite their intrinsic fragility, are 

utilized in bone tissue engineering, with composite scaffolds combining 

bioceramics and biocompatible polymers to mitigate brittleness and enhance 

suitability for clinical applications (285). 

One of the most essential requirements is the porosity of the scaffold. Human 

bone exhibits a hierarchical structure across various dimensional levels, ranging 

from the nanoscale to the macroscale (286). Mimicking this complexity, an ideal 

bone tissue scaffold should feature an interconnected porous structure with high 

permeability, characterized by open porosity exceeding 50% and pore diameters 

ranging from 10 to 500 μm to facilitate cell seeding, tissue ingrowth, 
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vascularization, nutrient delivery, and waste removal. Microporosity 

(approximately 2–10 μm) is vital for immediate protein and cell adhesion, 

migration, and osteointegration, while larger pore sizes (>300 μm) promote 

enhanced new bone formation, increased ingrowth, and capillary formation. 

However, excessively high scaffold porosity compromises mechanical properties, 

necessitating a balanced approach based on repair needs, remodeling rates, and 

scaffold degradation rates (281). 

Moreover, scaffolds should be customizable to match specific defect 

morphologies in individual patients, allowing fabrication into complex or irregular 

shapes. Scaffold material synthesis and fabrication processes should also 

accommodate sterilization and commercialization requirements, ensuring 

scalability, cost-effectiveness, and preservation of original characteristics post-

sterilization (287). 

However, the criteria of surgeons and engineers may not always align 

perfectly. From an engineering perspective, an ideal scaffold is a tough bioactive 

material that could be made into an openly porous structure resembling cancellous 

bone. Surgeons typically prefer porous materials with mechanical properties akin 

to cortical bone, amenable to on-the-spot shaping in the operating theater, and 

capable of either expanding to fill bone defects or being injectable into them 

(129). 

5.3 Overview of scaffold manufacturing methods 

The first attempt to produce a bioactive glass-based scaffold dates back to 

2002 when Sepulveda et al. pioneered this effort (288). They employed a sol-gel 

process combined with in situ foaming to achieve a macroporous structure. Since 

then, numerous research groups have aimed to identify the optimal manufacturing 

process for producing an "ideal" scaffold. This ideal process should yield 

scaffolds possessing bone-like mechanical properties, controlled porosity, 



158 Chapter 5: Bioactive glass-ceramic hierarchical 3D scaffolds for bone 
substitution 

 
appropriate surface topography, and without any harmful substances such as 

solvents or additives required during production. Moreover, an ideal scaffold 

should be reproducible and consistent to enable mass production with uniform 

characteristics. Additionally, customization may offer significant value in meeting 

individual patient needs. Importantly, scaffold manufacturing should be 

economically viable, efficient, and safe for both workers and the environment. A 

summary of the most common manufacturing techniques to produce ceramic-

based bone tissue engineering scaffolds is provided in Table 14. 

 

Table 12: Summary of the most common ceramic-based scaffold manufacturing techniques in 
bone applications(283) 

Major group Technological class Specific methods 

Conventional 
(top-down 
approach) 

Foaming technologies Gel-casting foaming (289), sol-
gel foaming (288,290), H2O2 foaming 
(291) 

 

 Thermal consolidation 
of particles 

Without use of porogens 
(292,293); Organic phase burning-out: 
polymeric porogens (294,295), starch 
consolidation (296), rice husk method 
(297,298) 

 Porous polymer 
replication 

Coating methods (299–301), foam 
replication (302,303) 

 Freeze-drying Freeze-casting of suspensions 
(304,305), ice-segregation-induced 
self-assembly combined with sol-gel 
(306) 

 Thermally induced 
phase separation 

(307) 

 Solvent casting and 
particulate leaching 

(308) 
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Additive 
manufacturing 
(bottom-up 
approach) 

Selective laser 
sintering 

(309) 

 Stereolithography (310) 

 Direct ink writing 3D printing (311), ink-jet printing 
(312), robocasting (313,314) 

 

The “conventional” technologies include the traditional top-down 

manufacturing methods, which entail removing specific sections from a bulk 

material to achieve the desired shape and porosity (283). Typically, all these 

methods enable the production of glass, glass-ceramic, and polymer/glass 

composite scaffolds. 

Foaming technologies involve utilizing a foaming agent in conjunction with 

melt-derived or sol-gel bioactive glasses. Typically, a slurry or colloidal 

suspension (sol) is prepared, and the foaming agent is introduced to generate air 

bubbles, thus creating porosity within the material. Methods for pore formation in 

the scaffold include direct gas injection, vigorous agitation, gas generation via 

chemical reactions, or thermal decomposition of peroxides (315). However, 

common drawbacks of foaming techniques include the presence of closed pores, 

limited interconnectivity within the porous network, formation of a nonporous 

outer layer, and scaffolds with mechanical properties that are merely acceptable 

due to their high brittleness. 

Thermal consolidation methods involve incorporating sacrificial particles or 

templates into the green body, which is then typically subjected to sintering. 

These pore-forming agents are commonly natural polymers (such as starch or rice 

husk) or synthetic polymers (like PE particles). These techniques offer relatively 

low costs and enable the production of bioceramic and glass products with 

complex shapes, facilitated by advanced forming technologies for the green 
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bodies. The degree of porosity can be adjusted by controlling the progression of 

densification, and structures with varying porosity gradients can be achieved by 

combining sacrificial templates/particles with different characteristics. However, 

achieving high levels of porosity (>70 vol.%) and optimal pore interconnectivity 

is often challenging (283). 

To achieve a higher level of porosity and create a structure more alike to 

natural bone with interconnected macropores, researchers have turned to utilizing 

polymeric foams as templates for producing biomedical scaffolds. The capacity to 

fabricate polymeric foams with precise 3D pore/strut architectures has been well 

established, allowing for structures with fully open porosity and void volumes 

exceeding 90%. The fundamental approach involves replicating the foam's 

structure by coating the struts and walls with a glass (or ceramic) slurry, followed 

by consolidation. Depending on whether a burning-out treatment is conducted, 

composite, glass, and glass-ceramic scaffolds can be produced (316). 

Freeze-drying offers an alternative approach to utilizing organic templates for 

porosity generation, leveraging the formation of ice crystals to create the 

scaffold's porous structure. Initially, a suspension containing ceramic (or glass) 

particles undergoes rapid and directional freezing, leading to the formation of 

elongated ice crystals from the solvent(s). Following solvent removal, scaffold 

consolidation takes place. This method's versatility is significant and highly 

attractive, allowing for the production of porous scaffolds using polymers, 

ceramics, and glasses, manufactured through both melting and sol-gel techniques. 

Additionally, there are alternative methods such as thermally induced phase 

separation (TIPS) and solvent-casting and particulate leaching, primarily 

employed for producing polymeric scaffolds. However, these techniques can also 

yield resorbable polymer/glass porous composites (282).  
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Additive Manufacturing (AM) methods represent a bottom-up approach 

wherein the scaffold is constructed layer by layer, providing the capability to 

fabricate intricate shapes and details unattainable through conventional 

technologies. These methods typically involve the integration of sacrificial 

particles or templates into the green body, which is subsequently subjected to 

sintering. The process begins with a CAD model or even a computed tomography 

(CT) scan of the intended object. This model is then sliced into layers along one 

of its axes, and the AM constructs the object by sequentially adding each layer 

according to a layer-wise strategy. Ideally, AM methods can process a wide range 

of materials, including metals, polymers, ceramics, glasses, and even biological 

matter for biofabrication purposes (317). 

AM technologies concerning ceramic materials can be categorized into two 

groups: direct and indirect fabrication techniques. With direct AM methods, it is 

possible to produce a finished artifact without requiring additional post-

processing. In direct AM, ceramic particles are melted (on the surface) and 

consolidated during the object's formation, achieved either through a laser beam in 

selective laser sintering (SLS) or via electron beam melting. If post-treatments 

like de-binding and sintering are necessary, the AM technologies are considered 

indirect methods. Examples of indirect methods include extrusion-based 

techniques like robocasting, stereolithography-based methods, or the fusion of bed 

powders (3D printing) (283). 

Although AM methods offer superior control over scaffold geometry and 

pore/strut characteristics, along with scalability to industrial levels, challenges 

persist in producing highly porous scaffolds with porosity exceeding 70 vol.%, 

particularly bone-like structures with thin struts ranging from a few micrometers 

to tens of micrometers (318). Despite advancements, AM methods still encounter 

limitations, often resulting in scaffolds comprising large rods or struts/walls with 
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sizes exceeding 40-50 μm due to inherent resolution constraints, even with state-

of-the-art equipment (317). 

 

5.3.1 State of the art of the foam replica method 

The foam replica method refers to replicating the porous structure of a 

sacrificial template to obtain its replicas from ceramic or glass particles, which are 

then sintered around the organic sacrificial template that is simultaneously burnt-

off (302). This method was first applied in 2006 by Chen et al. and Park et al. 

(303,319) in the field of bone tissue engineering with a slurry containing bioactive 

glass particles, but the process concept was developed as early as the 1960s for 

other industrial applications, e.g. making filtering products (320). Briefly, the 

method generally consists of the steps of template immersion in the glass 

(ceramic) particle-containing slurry, drying, burning out of the foam, and sintering 

of the material, which, like the choice of template, can be tuned to achieve the 

desired structural properties of the final product (Fig. 58) (302).  

 

Figure 58: Schematic of the foam replica method (316) 

The advantages of the foam replica method include its simplicity, 

affordability, and effectiveness in developing highly porous and interconnected 

three-dimensional scaffolds (302). For example, synthetic (e.g., polyurethane 
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(PU) sponge (303,319)) or natural templates (e.g., marine sponges (321), 

demineralized bone matrix (322)) with different pore sizes and distributions can 

be selected for the foam replica method, and there is also the possibility of using 

either melt-derived (303,319) or sol-gel glasses (323,324) as well as glass-

ceramics (325,326) in the slurry, which also makes the method very versatile.  

Silver (Ag) could be incorporated into bioceramic-based scaffolds to add 

antibacterial properties using various processes such as coating, doping, and 

mixing in different forms (327), for example, particles (328,329), and oxides 

(330–332). Silver was incorporated for the first time into a porous bioactive glass 

scaffold in 2006 by the sol-gel foaming method (333). Other examples of Ag-

doped sol-gel glass-ceramic scaffolds by foam replica (PU sponge) are also 

reported in (332,334). However, the sol-gel foaming process is complex and time-

consuming, and porous products obtained from it are typically weaker from a 

mechanical viewpoint. On the other hand, scaffolds prepared from melt-derived 

bioactive glass-ceramic powder have been Ag-doped by including AgNO3 in the 

slurry (335). Scaffolds prepared by the foam replica method can exhibit a 

multiscale porosity if they combine melt-derived and sol-gel mesoporous 

bioactive glasses (MBGs). For instance, Ag-doped MBG-coated 45S5 melt-

derived scaffolds were fabricated by using a natural marine sponge as a template 

(336). Silver can also be added by a post-processing treatment: in this regard, 

45S5 glass powder was used with PU foam to prepare scaffolds, which were then 

coated with Ag nanoparticles by immersing the scaffolds into the nanoparticle 

suspension (328).   

To incorporate antibacterial silver only on the surface of the scaffold without 

affecting the material bulk properties, an ion exchange method has been 

implemented. In the process, the surface of the glass replaces its monovalent ions 

with the desired ions present in the ion exchange solution.  For instance, the 

authors have prepared Ag-doping in an aqueous solution of AgNO3 for glass-
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ceramic scaffolds based on different glass composition and ion-exchange process 

parameters (337) than the here-studied SBA2. In addition to using aqueous 

solution, Newby et al. have implemented a molten AgNO3 salt bath  to coat 45S5 

foam-replicated scaffold with Ag ions by ion exchange (338). 

This work aimed to prepare 3D macroporous bioactive glass-ceramic foams, 

which were then characterized in terms of thermal, morphological, and 

mechanical properties. In addition, a possibility to dope the scaffold surface with 

antibacterial Ag ions via ion-exchange process in aqueous solution has been 

investigated. The effect of Ag-doping on the scaffold structure, composition and 

in vitro bioactivity has been assessed, followed by the analysis of Ag-leaching in 

Simulated Body Fluid (SBF). Finally, the antibacterial effect of Ag-doped 

scaffold was confirmed towards Staphylococcus epidermidis. 

5.4   Materials and methods 

5.4.1 Starting glass synthesis 

A melt-derived silicate bioactive glass, referred to as SBA2 (48SiO2-18Na2O-

30CaO-3P2O5-0.43B2O3-0.57Al2O3, in mol.%) was used as a starting material for 

scaffold fabrication. The SBA2 glass was synthesized by melting high-purity raw 

precursors (SiO2, Na2CO3, CaCO3, Ca3(PO4)2, H3BO3, Al2O3, Sigma Aldrich) in a 

platinum crucible in the air at 1450 °C for one hour. The melt was then quenched 

into distilled water to obtain a frit, which was dried at room temperature and 

further ground by zirconia ball milling (Pulverisette 0, Fritsch, Germany). The 

obtained glass powder was sieved with a stainless-steel sieve (Giuliani 

Technologies Srl, Italy) to obtain particles with a grain size below 32 µm for 

scaffold fabrication.  
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5.4.2.  Glass characterization by thermal analyses 

The glass transition temperature (Tg) and the peak crystallization temperature 

(Tc) of the SBA2 glass were determined by differential thermal analysis (DTA; 

DTA404PC, Netzsch, Germany). The heating rate used was 5 C°/min. 50 mg of 

SBA2 powder was heated to 1300 °C in a platinum crucible using Al2O3 powder 

as a reference. Tg was determined at the inflection point of the DTA curve, as 

obtained from the first derivative of the thermal plot. Tc was determined at the 

maximum of the exothermic peak.  

Hot stage microscopy (HSM; Hesse Instruments EM 301, Hesse Instruments, 

Germany) was performed to quantify the shrinkage due to sintering by measuring 

the variation of specimen size during a controlled heating process. HSM was 

performed in the air, and the heating rate used was 5 C°/min. The pellet of SBA2 

was prepared by manually pressing SBA2 powder using a small cylindrical mold.  

5.4.3  Scaffolds fabrication 

The scaffolds were fabricated by following a modified version of the protocol 

described elsewhere (339). Shortly, a commercially available PU foam in the form 

of cubic blocks (10 x 10 x 10 mm3) was used as the scaffold template. The cubes 

were immersed in a water-based slurry with a weight composition of 30% SBA2 

glass, 64% distilled water, and 6% of poly(vinyl alcohol) (PVA) as a binder. 

Briefly, the PVA granules were dissolved in water under continuous stirring at 80 

°C. The water evaporated during PVA dissolution was added back to the slurry to 

achieve the desired weight composition. Then the SBA2 powder was dispersed in 

the solution and stirred until a homogeneous mixture was obtained. The PU foam 

cubes were immersed into the slurry for 60 seconds, extracted, and compressed 

along the three spatial directions to 60% of thickness to uniformly remove the 

excess slurry. The impregnation/compression cycle was repeated three times, and 

finally, the fourth cycle was repeated without compression. The cubes were dried 
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at room temperature for 6 hours and thermally treated to remove the organic 

template and sinter the inorganic phase. The SBA2-derived scaffolds were 

sintered for 3 h at 620 °C to obtain an amorphous material (SBA-620), or at 850 

°C for producing a glass-ceramic (SBA2-850).  

5.4.4 Ion exchange  

The Ag-doping by ion exchange was performed only for the scaffolds sintered 

at 850 °C (SBA2-850), being the most promising according to the results from 

mechanical tests. The ion exchange was performed by following the original 

protocol optimized for bulk glass discs (340). Briefly, the porous SBA-derived 

cubes were immersed in an aqueous solution of 0.03 M AgNO3 (Sigma Aldrich) 

and soaked at 37 °C for 1 hour. Then, the cubes were rinsed with bi-distilled water 

and left to dry in ambient conditions. The Ag-doped glass-derived scaffolds will 

be referred to as Ag-SBA2 from now on.  

5.4.5  Scaffold characterization 

Scaffold morphology, porosity, and crystalline structure 

The morphology and architecture of the scaffolds were studied using both 

Scanning Electron Microscopy, (SEM, JCM-6000Plus, JEOL) and Field Emission 

Scanning Electron Microscopy, (FESEM, Merlin electron microscope, ZEISS, 

Germany). A thin layer of platinum was used as a coating on scaffolds to make 

them conductive prior to the analysis. FESEM equipped with Energy-dispersive 

X-ray Spectroscopy Energy Dispersive X-ray spectrometry (EDS) was utilized for 

morphological and elemental analyses. 

The total porosity of scaffold was estimated by density measurements. The 

density of the scaffolds was determined from the mass and volume of the sintered 
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cubes. Then, the volumetric porosity (vol.%) of the scaffolds was calculated by 

applying the following formula: 

1 −  
ρs

ρo
 𝑥 100% 

where ρs is the density of sintered scaffold, and ρo is the typical density of 

solid (non-porous) bioactive glass (2.7 g/cm3) (341). 

X-ray diffraction (XRD, Malvern PANalytical X'Pert PRO diffractometer), 

using the Bragg-Brentano camera geometry and the Cu Kα incident radiation, was 

performed on both types of scaffolds (SBA2-620 and SBA2-850) to study their 

crystalline structure and phase composition. The 2θ range used for sample 

measurements was  from 10° to 70°. The data from the obtained spectra were 

further analyzed by using the X-Pert HighScore Software and PCPDF database.  

Mechanical properties 

To evaluate the mechanical strength of the scaffolds, a crushing test (MTS 

Criterion Model 43, cross-head speed = 0.5 mm/min) was performed to obtain the 

stress-strain curves and maximum compressive strength. Samples with parallel 

surfaces were used for the test. The compressive strength was calculated as the 

ratio between the maximal load registered during the test and the cross-sectional 

resistant area.  

A mechanical crushing test was also performed for Ag-doped scaffolds to 

compare the mechanical properties of undoped and Ag-doped scaffolds.  

In vitro bioactivity and ion leaching test 

The in vitro bioactivity of scaffolds was evaluated by immersing the samples 

in Simulated Body Fluid (SBF) according to the protocol developed by Kokubo 

and Takadama (235). The mass-to-volume ratio between the scaffolds and SBF 
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was 1.5 mg/mL, according to the recommendation of the TC04 glass Committee 

(342). The SBF-immersed cubes were kept in an orbital shaker (37 °C, 120 RPM) 

for 1 day, 3 days, 7 days, 14 days, and 28 days. The pH of the solutions was 

monitored at every timepoint.  

To characterize the bioactivity and following hydroxyapatite nucleation, the 

SBF-soaked cubes were then analyzed by FESEM-EDS. Prior to the FESEM-EDS 

analysis, the scaffolds were coated with a thin layer of chromium. In addition, 

Fourier-transform infrared spectroscopy with an attenuated total reflectance 

(ATR) equipment (FTIR-ATR, Nicolet, iS50 FTIR Spectrometers, Thermo 

Scientific), using software OMNIC, was utilized to identify the formation of 

reaction phases during the immersion of the scaffolds in SBF. The FTIR 

measurement was performed on the powder carefully removed from the surface of 

the SBF-immersed scaffolds in the frequency range of 400-4000 cm-1, 

accumulating 16 scans with a resolution of 4 cm-1.   

In addition, Ag leaching was quantified from the SBF solution by Inductively 

coupled plasma mass spectrometry (ICP-MS; iCAP Q ICP-MS, Thermo Fischer 

Scientific). 

Antibacterial properties 

The antibacterial evaluation was performed by an inhibition halo test (Kirby-

Bauer test) according to the  NCCLS standard (343), using a standard strain of 

Staphylococcus aureus (ATCC 29213). The reason for choosing S. aureus is its 

common involvement in bone infections (344). Briefly, a 0.5 McFarland solution, 

which contains approximately 1 x 108 colony forming units (CFU)/ mL, was 

prepared by dissolving some S. aureus colonies, grown on a blood agar plate, in 

physiological solution; the turbidity of the solution was determined with an 

optical instrument—Phoenix Spec BD McFarland (Becton, Dickinson and 
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Company, Franklin Lakes, NJ, USA). This bacterial suspension was evenly 

distributed on a Mueller Hinton agar plate (Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA), and the scaffolds were placed in contact with the agar 

and incubated overnight at 37 °C. At the end of incubation, the inhibition zone 

was observed and measured. 

Statistical analysis 

Results of porosity calculation, mechanical tests, antibacterial experiments 

were expressed as mean ± standard deviation. Statistical differences between the 

groups were analysed by Student’s t-test (p < 0.05) and properly indicated, if 

relevant. 

5.5  Results and discussion 

In order to decide the sintering temperatures for scaffolds, DTA and HSM 

analyses were performed on the cylindrical pellets compacted from the SBA2 

glass powder. Combined DTA and HSM graphs are shown in Figure 59. 
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Figure 59: Thermal analyses on SBA2: A) DTA plot with Tg = glass transition temperature, Tx = 
onset crystallization temperature, and Tc = peak crystallization temperature; and B) HSM plot, 

shrinkage variation as a function of temperature, ΔSTOT= maximum shrinkage 

 

As shown in Figure 59, the glass transition temperature was detected around 

570 °C.  

The HSM curve (Figure 59) reveals that SBA2 exhibits a one-step 

densification behavior (ΔSTOT around 30%). The glass starts to shrink around the 

glass transition temperature detected by the DTA analysis. This is also the very 

beginning of viscous flow sintering. The pellet continues to shrink and reaches the 
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maximum shrinkage at Tx (around 670 °C). If the temperature keeps increasing, 

glass expansion is detected, which is seen as increasing AT /A0. Around the 

melting onset at 1150 °C the glass is seen shrinking rapidly again in the HSM 

curve. Similar expansion is seen in other papers dealing with bioactive glasses 

(345) or non-biomedical glass compositions (346).   

From the viewpoint of glass stability against crystallization, the difference 

between Tx and Tg (TX –Tg = 670 – 570 = 100 °C) can be examined. In general, 

the greater this difference, the lower the tendency for the glass to crystallize upon 

heating.   

Another way to assess the glass stability relies on assessing the Hruby 

parameter KH (347): 

KH = 
TX –Tg

TM –Tx

 

As a rule of thumb, the greater the KH, also the greater the glass stability 

against crystallization upon heating. In the case of SBA2 glass, we found KH = 

0.192, which is higher – for example – than the Hruby parameter assessed for 

45S5 glass, in which sintering and crystallization are competing phenomena 

(345). 

Sinterability can also be quantified by using the parameter SC= TX-TMS, where 

TMS is the temperature at maximum shrinkage detected by HSM measurement 

(346). In our case SC = 670 – 650 = 20 °C > 0, which would suggest full sintering 

before crystallization (346); in other words, we could theoretically obtain a totally 

amorphous product after sintering. On the other hand, achieving adequate 

densification – and hence satisfactory mechanical properties – may require long 

time if sintering is performed below Tx. 
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Therefore, based on the thermal analyses, the glass SBA2 seems to exhibit a 

high sinterability and is suitable for being used for scaffold fabrication. However, 

because the DTA and HSM analyses were performed on the cylindrical pellets 

compacted from the glass powder instead of the scaffold cubes with polymeric PU 

foam inside, these results are only a starting point to find optimal sintering 

temperature. 

Based on thermal analyses, two different sintering temperatures, Ts1 and Ts2, 

were chosen for further characterization:  

1) Ts1 = Tg+ 50 °C, to obtain an amorphous glass scaffold (sintering at 620 

°C), and  

2) Ts2 well after the detected TC peak, to obtain a glass-ceramic scaffold with 

full densification and expected higher mechanical strength (sintering at 850 °C). 

Next, the morphology and architecture of sintered scaffolds were evaluated by 

SEM (Figure 60).  
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Figure 60: SBA2-derived scaffold architecture and morphology: A) SBA2-620 scaffold (magn. 
22x); B) SBA2-850 scaffold (magn. X22); C) SBA2-620 scaffold (magn. X1000); D) SBA2-850 scaffold 

(magn. X1000). 

 

As shown in Fig 60, for both scaffolds PU sponge architecture was faithfully 

replicated, successfully mimicking the structure of natural cancellous bone. 

Smoother and more densified struts as well as less distinguishable single glass 

particles were seen in the scaffold sintered at higher temperature (Fig. 63B and D, 

850 °C).  

Next, both scaffolds were characterized by XRD to evidence any formation of 

crystalline phases. (Figure 61) 
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Figure 61: XRD patterns of SBA2 scaffolds sintered at 620 °C and 850 °C. ^ = combeite, # = 
silicorhenanite 

 

The XRD pattern of SBA2 glass without any heat treatment is reported 

elsewhere (232). As regards SBA2-620 (Figure 61), a broad halo was detected 

along with some very minor diffraction peaks due to the initial nucleation of 

combeite (Na2Ca2Si3O9, ref 00-002-0961); however, the XRD pattern reveals a 

predominantly amorphous material.  

The SBA2-850 scaffold was found glass-ceramic with many evident 

crystalline peaks. The two main phases identified were combeite (Na2Ca2Si3O9, 

ref 00-002-0961), and silicorhenanite (Na2Ca4(PO4)2SiO4, ref 00-032-1053).  

Similar peaks have been reported by other authors regarding thermally treated 
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45S5 (319,348,349), thus suggesting the high bioactivity of SBA2-derived 

materials.  

In general, the mechanical properties of a 3D scaffold can be determined by 

using stress-strain curves and the maximum compressive strength can be derived 

from these plots. Figure 62 displays some examples of the typical stress-strain 

curves of the scaffolds produced.  

 

 

Figure 62: Examples of stress-strain curves of scaffolds sintered at 620 °C and 850 °C, and Ag-
doped scaffold sintered at 850 °C. 

 

For all scaffolds, multiple peaks (“jagging”) are detected on the stress-strain 

curve. The reason for that is typical of brittle porous ceramics: when a load is 

applied to the scaffold, the thinnest struts crack at stress-concentrating sites which 

causes a temporary decline of the stress. On the other hand, the overall structure 

can still bear increasing loads, thus determining the new increase in stress values. 
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First, a positive slope is noted until the maximum temporary stress is reached. 

Then, thicker struts of the scaffold start to fracture, which leads to a negative 

slope. The repetition of this behaviour yields the irregular profile of the stress-

strain curve. 

Table 15 summarizes the porosity and compressive strength values of all 

scaffold types.  

 

 

Table 13: Comparison of the scaffold features. 

Scaffold Total porosity (vol.%) Peak stress 

(compressive strength) 

(MPa) 

SBA2-620 74.6 ± 2.8 0.9 ± 0.2 

SBA2-850 75.1 ± 1.4 1.5 ± 0.3 

Ag-SBA2 (850 °C) 77.4 ± 4.9 1.4 ± 0.3 

 

As reported in Table 15 and Figure 62, the glass-ceramic scaffold possesses 

superior compressive strength compared to the amorphous one. This phenomenon 

was expected as it is generally known that the crystalline phases embedded in the 

amorphous matrix can enhance the strength and fracture toughness of the glass 

(350). Indeed, also higher sintering temperature will lead to more densified and 

stronger struts of the scaffold, hence achieving greater compressive strength.  
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The compressive strength of glass-ceramic scaffold was found comparable to 

that of cancellous bone. The compressive strength of spongy bone (not the single 

strut) is around 0.2-4 MPa (319). Since the scaffolds are intended for use in 

contact with bone tissue, it is important to match the mechanical properties with 

the ones of hard tissue. A lower mechanical strength can lead to failure of the 

material and, on the other hand, a strength higher than that of the bone can lead to 

stress shielding phenomenon. 

The compressive strength is directly related to the porosity level and the 

organization of the struts in the three-dimensional space. As seen in Table 1, 

SBA2-620 and SBA2-850 scaffolds have a high degree of porosity (~75 vol%) 

with no statistically significant difference. In general, highly interconnected 

porosity of a scaffold is essential to promote bone and vascular ingrowth (351). 

However, the strength and stiffness progressively decrease when the volume 

fraction of porosity increases and, therefore, it is important to balance porosity 

and mechanical integrity. Other factors affecting the mechanical properties 

include the composition of the initial glass and the slurry, and parameters of the 

foam replica method, such as the number of consecutive dipping cycles, and the 

duration of every single immersion. Indeed, also sintering temperature and the 

heating rate used play an important role in the process.  

Due to the unsatisfactory mechanical properties of the amorphous scaffold, 

further experiments and characterization are performed only for the glass-ceramic 

scaffolds (i.e., SBA2-850). By using ion exchange in aqueous solution of silver 

nitrate the glass-ceramic scaffolds were doped with Ag-ions (Ag-SBA2) on their 

surface to add antibacterial properties. 

The morphology and compositional analyses by EDS of Ag-doped scaffold 

are shown in Figure 63. 
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Figure 63: A) and B) FESEM of Ag-doped SBA2-850 scaffold, scale bars 1 µm. C) EDS analysis of 
the Ag-doped SBA2-850 scaffold surface. 

 

Compositional analysis confirmed the presence of Ag on the scaffold surface, 

as revealed by EDS spectrum. Small particles with size around 100-200 nm – 

probably attributable to silver carbonate – were also observed on the walls of the 

struts by FESEM analysis. This finding is consistent with previous work with 

same glass after the ion-exchange process in silver nitrate (232). However, 

quantification is not possible due to the very small amount of silver (which is 

close to the detection limit for this technique) and the curvature of the surface 

analyzed. 

Next, the mechanical crushing test was repeated for the Ag-doped SBA2-850 

scaffolds to see whether the ion-doping on the scaffold surface affects its 

compressive strength (Figure 62). As displayed in Figure 62 and Table 15, no 
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statistically significant difference was found between undoped and Ag-doped 

scaffolds in terms of total porosity and maximum compressive strength. 

Therefore, the process of Ag-doping does not seem to affect the mechanical 

strength of the scaffolds. 

The characterization of Ag-doped SBA2-850 scaffold was continued with 

analyzing its in vitro bioactivity by immersing the scaffold cubes in SBF up to 28 

days. The results of the test (FESEM images, EDS analysis) are reported in Figure 

64 and Table 16.  

 

Figure 64: FESEM images of the morphology of SBF-soaked SBA2-850 scaffolds, undoped and 
doped with Ag, up to 14 days, scale bar 20 µm with 1000x magnification. 

 

Table 14: Ca/P ratio of SBF-soaked SBA2-850 scaffolds derived from the EDS analysis. 

 Time point (day) 

Ca/P ratio 0d 1d 3d 7d 14d 

SBA2 5.68 1.89 1.89 2.32 1.58 

Ag-SBA2 5.28 1.79 1.88 1.75 1.89 
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As shown in Figure 64, for both undoped and the Ag-doped SBA2-850 

scaffold the typical globular “cauliflower” morphology of hydroxyapatite is 

visible already after 3 days of immersion in SBF. After 14 days, the struts of 

scaffolds are continuously coated by hydroxyapatite. The compositional analysis 

by EDS (Table 16) further confirms the fast bioactivity kinetics because the 

calculated Ca/P ratio suggests the surface to be coated with a hydroxyapatite-like 

layer. The Ca/P ratio of natural hydroxyapatite is known to be 1.67 (352), which 

is very close to the value registered here, already after one day of soaking in SBF. 

In general, the glass-ceramic nature of the scaffold seems not to suppress the 

bioactivity mechanism.  In previous works, amorphous SBA2 glass discs have 

been found to show some hydroxyapatite precipitation already after one day of 

soaking in SBF, and a clear layer of hydroxyapatite was observed after 3 days in 

SBF (353). In a porous scaffold, the reactive surface is larger as compared to bulk 

samples, which can indeed accelerate the bioactivity kinetics. This is seen also in 

our case with fast hydroxyapatite nucleation and a fast increase in the pH of the 

soaking solution during the immersion. 

The bioactivity of the glass-ceramic scaffolds was further investigated by 

FTIR analysis. Figure 65 displays the FTIR-ATR spectra of both undoped and 

Ag-doped scaffolds prior (0d) and after (1-28d) SBF immersion.   
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Figure 65: FTIR-ATR spectra of SBF-soaked SBA2-850 scaffolds up to 28 days. 0d is the control 
without SBF immersion. On the left: undoped SBA2-850, and on the right: Ag-doped SBA2-850 

scaffold. 

 

When comparing the FTIR spectra of 1-28d soaked scaffolds to the 0d 

unsoaked one, there are clear differences in terms of peak intensities. However, 

spectra of undoped and Ag-doped scaffolds exhibit similar characteristic bands 

without any significant differences regarding to their peak positions.  

For the 0d control samples, the main band corresponds to the Vasym (Si-O-Si) 

intense broad band at 1020 cm-1, with an overlapping to phosphate group as both 

PO and SiO groups absorb in this region.  

For 1-day soaked scaffolds, a band around 560-610 cm-1 can be detected, 

which is characteristic for amorphous calcium phosphate formation (354,355). In 

addition, the presence of a broad band at ~1450 cm-1 corresponds to ν3(CO3 2−) 

band of carbonates adsorbed on the surface (355,356), which suggests B-type 

substitution, e.g., a carbonate replacing a phosphate group (357). This peak also 

gets more evident after 3 days of soaking in SBF.   
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A sharpened phosphate band at ~1015 cm-1 (357) is already visible in 

scaffolds immersed for 1 day. The peak intensity increases, and the peak sharpens 

starting from 3 days of SBF immersion.   

From 3 days of SBF soaking, at ~570 and ~600 cm-1 a sharp double band is 

detected. This indicates the presence of V4(P-O-P), the bending mode of P-O-P 

bond in hydroxyapatite, or possibly other calcium orthophosphates, including 

octacalcium phosphate (355,357). This is in line with our observations from 

FESEM and EDS (Figure 7A and B), where hydroxyapatite can be detected after 

3 days of immersion for both SBA2 and Ag-SBA2 scaffolds.  

Another characteristic band seen after 3 days of soaking is V2(CO3
2) sharp 

peak at ~871 cm-1, for CO3
2– group, which indicates carbonate substitution in the 

apatite, resulting in hydroxycarbonate apatite (357,358).  

In addition to studying the bioactivity kinetics of the glass-ceramic scaffold, 

the leaching of Ag during SBF soaking was also evaluated with ICP-MS (Figure 

66).  

 

 

Figure 66: Ag leaching from Ag-doped SBA2-850 scaffolds soaked in SBF. 
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As it can be observed in Figure 66, more than half of the total of Ag , around 

450 ppb, was released during the first 24 hours. Similar release profiles of rapid 

initial release of Ag-ions from bioactive glass scaffolds have also been observed 

in the literature (359). In general, this type of fast initial release of antibacterial 

agents is the most beneficial to prevent early infection after surgical treatment. 

However, Ag- release continues up to 28 days without any noticeable plateau 

suggesting that some amount of silver remains on the surface of the scaffold. Even 

though the first couple of days are the most critical for the development of post-

surgical infections, it would also be useful to have prolonged release to maintain 

antibacterial effect in case of late infections (360). 

Finally, an assessment of the antibacterial performance of the Ag-doped 

SBA2-850 scaffold was performed by zone of inhibition test.  

 

Figure 67: Antibacterial zone of inhibition against S. epidermidis. 

 

As shown in Figure 67, the inhibition zone test towards S. epidermidis strain 

demonstrated the antibacterial effect of Ag-doped SBA2 scaffold. A clear 
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inhibition zone around Ag-SBA2, about 4-5 mm, is detected compared to the 

control undoped scaffold. Ag-SBA2 as bulk discs has been previously shown to 

be antibacterial reducing its surface colonization from drug-resistant strain of  

Staphylococcus aureus (173). In addition, the antibacterial Ag-SBA2 discs are 

cytocompatible with both bone progenitor cells (173), and human adipose stem 

cells (277). However, in order to verify and further characterize the antibacterial 

properties of porous 3D Ag-SBA2 instead of bulk discs, more antibacterial tests 

(bacteria proliferation metabolic assay, CFU count) are planned for the future. 

Also, it is critical to balance between antibacterial capability and biocompatibility 

and, therefore, also cytocompatibility tests are needed in the future.  

5.6 Conclusions 

In this work, a porous SBA2 bioactive glass-based scaffold using the foam 

replica method was successfully prepared and characterized. Two different 

sintering temperatures were compared: one resulting in an amorphous scaffold 

(620 °C), and another one yielding a glass-ceramic one (850 °C). Both scaffolds 

closely resembled the 3D architecture of natural trabecular bone and exhibited 

high porosity of approximately 75 vol.%. However, due to its superior mechanical 

properties, only the glass-ceramic scaffold was the focus of further analysis. 

The selected glass-ceramic scaffold SBA2-850 was then subjected to silver 

doping via ion exchange in aqueous solution, which did not alter either the 3D 

architecture or the mechanical strength of the glass-ceramic sample. Silver was 

found to be successfully introduced, covering the scaffold surface. When 

comparing the in vitro bioactivity of both Ag-doped and undoped SBA2-850 

scaffold, no significant difference was observed. Both scaffolds were highly 

bioactive, promoting the precipitation of hydroxyapatite after just three days of 

soaking in SBF, as confirmed by FESEM, EDS and FTIR analysis. Furthermore, 

the antibacterial performance of the Ag-SBA2 towards S. epidermidis was 
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successfully demonstrated, and the Ag leaching behavior in SBF was found to be 

optimal for preventing both early and late infections after surgery.  

Although the compressive strength of the obtained scaffold (around 1.5 MPa) 

was satisfactory and comparable to that of natural bone, alternative fabrication 

techniques, such as additive manufacturing, may yield even stronger scaffolds 

with higher mechanical performance and reproducibility. The foam replication 

was adopted in this study to initially validate the feasibility of the here proposed 

concepts, i.e. the study of a bone-like, bioactive and antibacterial multifunctional 

scaffold. Looking at the future, the scaffold developed in this study could find a 

possible application as a bone substitution material with antibacterial properties 

without using traditional antibiotics. This would be a significant achievement 

considering the societal and medical challenges related to the abuse of antibiotics 

and bacterial resistance issues. However, further research deserves to be carried 

out to evaluate the biocompatibility of the scaffold for potential clinical 

applications.  
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Chapter 6: Conclusion and future 
perspectives 

This thesis study explored the physicochemical surface characterization and 

optimization of PREMUROSA project reference materials with the general goal 

of crafting multifunctional materials capable of promoting both osseointegration 

and antibacterial activity for musculoskeletal regeneration. The materials under 

investigation included metallic and ceramic varieties, such as bioactive glasses 

and bioactive glass-ceramics deployed either in bulk form or as 3D scaffolds, 

along with titanium alloy discs subjected to polishing or chemical treatment. 

Following the physicochemical assessment, biological characterization was 

undertaken to determine the response of cells and bacteria to these developed 

materials.  
 

The first part of the thesis work focused on surface functionalization utilizing the 

FDA-approved antimicrobial peptide, nisin, on Ti6Al4V-ELI titanium alloy discs, 

either polished or chemically treated. Nisin, renowned for its broad antibacterial 

spectrum, was physically adsorbed onto material surfaces and characterized via 

various analytical techniques. Notably, functionalization conducted at pH 6 

demonstrated heightened efficacy, positioning nisin to expose its hydrophobic tail 

outward—an essential prerequisite for antimicrobial efficacy. Evaluation under 

physiological and inflammatory conditions unveiled gradual nisin release, 

underscoring its potential to prevent biofilm formation and combat S.aureus 

colonization. Of particular interest was the chemically treated nisin-functionalized 

titanium, which exhibited a synergistic blend of anti-microfouling properties 
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alongside antibacterial action, hinting at a promising avenue for developing 

implant surfaces resilient to bacterial colonization without resorting to antibiotics. 

  

The second part of the thesis work focused to the surfaces of bioactive glasses 

doped with antibacterial metal ions, namely silver (Ag) or copper (Cu), via an ion-

exchange process. This thesis work optimized the ion exchange process for Cu-

doped glass and subjected it to comprehensive characterization encompassing 

morphology, composition, in vitro bioactivity, and ion leaching under 

physiological and inflammatory pH conditions. Cu-ion doping was found to 

increase in vitro bioactivity kinetics and subsequent hydroxyapatite precipitation, 

with zeta potential titration confirming the surface chemical stability of the glass 

across both pH ranges. Antibacterial assessments against S.aureus underscored 

significant reductions in metabolic activity and colony-forming units, 

underscoring the potential of Cu-doped glass as a bioactive and antibacterial 

surface for orthopedic applications. 

  

While offering antimicrobial properties through ion-doping, the challenge lies in 

maintaining cytocompatibility. Evaluation of Ag-doped SBA2 and Cu-doped 

SBA3 discs on human adipose stem cells (hASCs) revealed initial cytotoxicity, 

reduced through pre-treatment of glass discs or exposure to dissolution 

byproducts. Fibronectin adsorption further improved the cytocompatibility of Ag-

SBA2, whereas ongoing optimization is requisite for Cu-SBA3. This research 

underscores the potential of Ag-SBA2 in early infection treatment while ensuring 

long-term cytocompatibility and bioactivity. To harness Cu-SBA3 for biomedical 

applications, further optimization of the ion-exchange process is warranted to 

ensure sustained cell viability upon contact with the glass surface. 

  

Lastly, the third thesis topic addresses the challenge of fabricating highly porous, 

mechanically robust, and antibacterial bioactive glass-ceramic scaffolds for bone 
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substitution. Utilizing the foam replica method, scaffolds with interconnected 

macropores were crafted and sintered at varying temperatures. Scaffolds sintered 

at higher temperatures exhibited notable porosity and mechanical strength, 

prompting hydroxyapatite formation post-soaking in simulated body fluid (SBF), 

thus affirming in vitro bioactivity. To confer antibacterial efficacy, silver (Ag) 

ions were introduced via ion exchange, with subsequent compositional analysis 

confirming successful doping and sustained silver release in SBF. Antibacterial 

activity against S. epidermidis was confirmed, signaling the potential of Ag-doped 

bioactive glass-ceramic scaffolds in antibacterial bone substitution applications. 

 

Despite the diversity of materials studied, this thesis endeavors to provide insights 

into the biological responses they incite, as illustrated in Table 15 summarizing 

the biological outcomes of various multifunctional materials.  

 
Table 15: Summary of biological performance of the studied materials of the thesis 

 Cytocompatibility Antibacterial 
activity Immune response 

Ag-SBA2 

Bone progenitor 
cells: +++ 
hASCs: ++ 
PBMCs: - 

Antibacterial effect 
(S.aureus, 

S.epidermidis) 

Toxic effect towards 
PBMCs (Appendix 

A) 

Cu-SBA3 hASCs: - 
PBMCs: +++ 

Antibacterial effect  
(S.aureus) 

Early evidence on 
fibrotic tissue 

formation 
prevention (Appendix 

A) 

Ti64-ELI-MP 
NISIN Research ongoing 

Anti-microfouling, 
effect on biofilm 

maturation 
(S.aureus) 

Research ongoing 

Ti64-ELI-CT 
NISIN Research ongoing 

Anti-microfouling, 
moderate 

antibacterial effect 
(S.aureus) 

Research ongoing 
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In recent years, there has been a noticeable shift in clinical demand toward 

multifunctional surfaces capable of eliciting targeted responses from various cell 

types, including osteoblasts, fibroblasts, and macrophages, as well as combating 

infectious agents like bacteria and viruses. This intricate interplay between 

biological stimuli and surface responses has emerged as the central focus of 

contemporary biomaterial research. However, as depicted in Table 15, achieving a  

balance between antibacterial efficacy and cytocompatibility remains a 

considerable challenge. Furthermore, the complexity of biological systems is 

underscored by the varying responses exhibited by different cell lines in terms of 

cytocompatibility and immune modulation. Looking ahead, these materials may 

serve as integral components within antibacterial systems, either in conjunction 

with antibiotics or through the exploration of synergistic combinations of different 

antimicrobial agents. 

 

However, the importance of the dose effect of antibacterial agents within the 

delicate balance of medical applications cannot be overstated. Achieving an 

optimal concentration of these agents is crucial for their efficacy while ensuring 

minimal adverse effects on the surrounding biological environment. One approach 

to enhance the effectiveness of antibacterial agents involves establishing a 

covalent link to the surface, thereby providing a long-lasting effect. However, this 

strategy may not be suitable in scenarios where a controlled release of the 

antibacterial agent is necessary to exert its biological action, as is often the case 

with many antibacterial agents. Moreover, even if a chemical link is established, 

there remains uncertainty regarding the durability of the grafted molecule's 

stability or its effectiveness in the desired configuration. In such instances, 

alternative mechanisms such as physisorption, chemisorption, or ion exchange can 

be employed to achieve temporary grafting. These mechanisms offer flexibility in 

controlling the release rate of the antibacterial agent, allowing for the attainment 



190 Chapter 6: Conclusion and future perspectives 

 
of an effective antibacterial concentration while maintaining a delicate balance 

with biocompatibility requirements. 
 

The biomaterials investigated herein demonstrate promising potential for 

applications in regenerative medicine, owing to their ability to simultaneously 

exhibit antibacterial, antibiofilm, and regenerative properties. Nevertheless, to 

ensure their safe and effective use, it is imperative to comprehensively explore 

and understand the interactions and reactions between diverse cell lines and 

biomaterials within the dynamic biological milieu of the body. Additionally, 

various types of implants, such as scaffolds, grafts, and coatings, require 

adaptation to distinct anatomical sites, each presenting unique environmental 

challenges. 

Despite their multiple advantages, novel and modified biomaterials often face 

hurdles in transitioning to the market due to the lack of comprehensive clinical 

trials, data, and post-operative follow-ups. Overcoming these obstacles demands 

concerted efforts and administrative coordination. Conducting in vivo animal 

studies and refining in vitro and in silico models to more accurately replicate 

physiological conditions represent vital intermediate steps before progressing to 

human trials, furnishing more robust data for subsequent stages of development. 

Another challenge not to be underestimated is the phenomenon of bacterial 

resistance to antibacterial agents, such as antibiotics, and more recently even 

certain metal ions. Overexposure and misuse of antibacterial agents have 

historically led to the emergence of resistant bacterial strains, jeopardizing the 

efficacy of these vital treatments. This underscores the urgent need for a 

continuous evolution in the development of antibacterial drugs and biomaterials. 

As bacteria adapt and develop resistance mechanisms, there arises a critical 

imperative to innovate and refine existing strategies to stay ahead of the evolving 

microbial threat. This necessitates a proactive approach in designing antibacterial 



5.6 Conclusions 191 

 
interventions that can effectively combat resistance while minimizing adverse 

effects on patients and the environment. 

While numerous challenges remain to be addressed, the findings presented in 

this thesis offer valuable insights into the diverse biological responses elicited by 

different biomaterial surfaces. Moreover, they serve as a promising foundation for 

future research endeavors aimed at advancing the development of multifunctional 

biomaterial surfaces for musculoskeletal applications.  
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APPENDIX A: Characterization of 
nanotextured titanium alloy lattice 
structure surfaces for bone 
integration 

Introduction 

The rising interest in Additive Manufacturing (AM) of titanium alloys for 

biomedical purposes stems from its capacity to craft tailored implants in terms of 

shape, size, porosity, and even material composition and mechanical traits, 

especially beneficial for bone substitution (1). These characteristics render it an 

attractive technology for medical applications, evolving towards highly 

individualized solutions. Moreover, AM techniques offer rapid, scalable 

production with minimal post-processing, resulting in material and cost 

efficiencies. 

The most common additive manufacturing methods for fabricating titanium 

scaffolds include powder bed fusion techniques such as Selective Laser Melting 

(SLM) and Electron Beam Melting (EBM). These methods facilitate the creation 

of intricate three-dimensional porous titanium structures with interconnected 

pores, adjustable pore sizes, and suitable mechanical properties (2). Despite their 

advantages, challenges persist, including porosity regulation, surface roughness, 

and residual stresses that can compromise mechanical properties (3). Additionally, 

a significant challenge lies in removing unmelted particles from lattice structures. 

In the context of biomedical applications, and especially in orthopedic implants 

where the secure bone attachment is essential, these particles within lattice 
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structures can jeopardize structural integrity, biocompatibility, and mechanical 

strength if not effectively eliminated (4). Moreover, the knowledge about surface 

treatments for fast and stable osseointegration must be revised and applied to 3D 

lattice structures obtained through AM. 

This study aimed to apply a patented thermochemical treatment (Spriano et 

al., EP2214732) to titanium alloy lattice structures fabricated via the SLM 

technique and investigate its influence on sample morphology, 3D lattice 

structure, unmelted particles, and surface micro and nano-roughness. Prior 

research has shown that this surface treatment enhances in vitro bioactivity, 

wettability, osseointegration and osteoblast differentiation, and prevents bacterial 

adhesion (5,6). Furthermore, the viability of implementing this surface treatment 

on practical biomedical devices, such as 3D acetabular cups or dental screws, has 

been demonstrated (5). These initial assessments of both untreated and treated 

sample surfaces are anticipated to provide insights into the effects of the treatment 

on sample surface and structure, facilitating future biological assays in more 

intricate and realistic settings. 

 

Materials and Methods 

Sample preparation 

The 3D lattice samples, provided by PREMUROSA project partner BTech 

Innovation, were 8 mm x 8 mm squares with approximately 2mm thickness, 

manufactured by a powder bed fusion technique selective laser melting (SLM). 

Before the chemical treatment, samples underwent a cleaning process: they were 

sonicated in acetone for 5 minutes followed by two rounds of sonication in ultra-

pure water for 10 minutes each and dried under a laminar hood. The chemical 

treatment was then applied according to a patented protocol previously described 
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(85,366). This procedure involves an acid etching step utilizing hydrofluoric acid 

(HF) to eliminate the native oxide layer, succeeded by a controlled oxidation stage 

employing hydrogen peroxide (H2O2). The objective of this treatment is to 

generate a micro- and nanotextured titanium oxide layer rich in –OH groups. The 

resultant samples are denoted as Chemically Treated (CT), while untreated 

washed samples are labeled as control (CTRL). 

Sample characterization 

Field emission scanning electron microscopy (FESEM, SupraTM 40, Zeiss) 

was conducted on both CTRL and CT samples to evaluate their morphology. 

Furthermore, the samples underwent characterization via micro-CT scan 

(Fraunhofer IKTS). VGSTUDIO 3.5 MAX software used to analyze the images, 

while ImageJ software was employed to determine the total porosity and average 

pore size. This involved utilizing the maximum Feret diameter, representing the 

longest distance between any two points along the boundary of an object 

perpendicular to a specified direction, as well as the minimum Feret diameter, 

indicating the smallest distance between two tangents on opposite sides of a 

particle or object (8).  

 

Results and discussion 

Both the CTRL and CT samples underwent characterization via FESEM to 

analyze the impact of the chemical treatment on the lattice surface (Fig. A1). 

Furthermore, the examination aimed to assess the macrostructure's integrity post-

treatment and the presence of unmelted particles. 
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Figure A1. FESEM images of the surface of CTRL (top row, 1A-C) and CT 
(bottom row, 2A-C).  

As illustrated in Fig. A1, a noticeable distinction between the CTRL and CT 

samples was evident to the naked eye, with a discernible color change observed 

on the surface (Fig. A1A, A2A). Upon closer examination of the lattice 

macrostructure (Fig. A1B, A2B), fewer unmelted particles were apparent on the 

surface of the CT-treated lattice, while the integrity of the struts and overall 3D 

structure remained unaffected. At higher magnification, the characteristic sponge-

like nanotexture of the CT-treated sample was clearly visible, dispersed across the 

surface (Fig. A2C). Moreover, the presence of titanium oxide deposits (depicted 

as white clusters) was also observed on the CT sample. 

To ensure that the CT nanotexture adequately covered the lattice structure 

throughout its entirety, FESEM images were captured from various regions of a 

cross-section of the sample (Fig. A2). 
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Figure A2. FESEM images from the cross-section of the CT sample.  

 

Upon examination of the cross-sectional area of the CT sample, it was 

observed that the CT nanotexture uniformly covered the entire surface, including 

within the lattice structure. This observation was validated through images 

captured from multiple regions, one example of which is depicted in Figure A2. 

To further elucidate the impact of the CT etching treatment on lattice structure 

and morphology, a micro-CT scan was conducted (Fig A3-4, Table A1). Notably, 

micro-CT scanning can be utilized to evaluate pore structure and size within 

scaffolds, offering non-destructive visualization and measurement of pore 

interconnectivity (9). 
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Figure A3. The strut thickness (µm) of both CTRL and CT samples obtained 
from micro-CT scan.  

Once more, the elimination of unmelted particles is prominently evident in the 

micro-CT images. Concurrently, there was an observable increase in pore size, 

likely attributed in part to this particle removal. Notably, there appeared to be 

minimal difference in strut size before and after CT etching treatment. Previous 

studies have underscored the significance of post-processing methods, such as 

chemical or electrochemical techniques, in eliminating unmelted particles from 

the internal structure of titanium scaffolds fabricated via SLM (4). Additionally, 

the size of pores within the lattice structure can impact the ease of unmelted 

particle removal, with larger pore sizes facilitating this process (10).  

Evaluation of pore size and total porosity was conducted from the top view of 

the CT images, with the results, along with strut thickness measurements, 

compiled in Table A1. 
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Table A1. The strut thickness, total porosity and average pore size of CTRL 
and CT samples calculated by using the Feret diameter. 

 Strut thickness 

(mean ± stdev.) Pore size Total porosity (%Area) 

CTRL 284 ± 100.30 

µm 
MaxFeret 

579.14 µm 
MinFeret 

429.74 µm 13.78 % 

CT 267 ± 74.47 µm MaxFeret 

990.90 µm 
MinFeret 

687.79 µm 23.78 % 

 

The calculated values for strut thickness exhibit minimal variance between 

each other. In addition to the impact of acid etching, the observed variability in 

strut diameters within lattice structures may stem from partially entrained particles 

embedded in the struts at the interface between melted and unmelted powder (11). 

Conversely, as evidenced by the micro-CT images and summarized in Table A1, 

the CT sample demonstrated larger pore sizes ranging from 690-990 µm 

compared to the CTRL sample's range of 430-580 µm. Additionally, the total 

porosity increased from approximately 14% to nearly 24% with the CT sample.  

Pore size plays a crucial role in determining mechanical properties and 

biocompatibility. Literature presents differing viewpoints on the optimal pore size 

for bone scaffolds. Some studies suggest that pore sizes between 200 and 600 µm 

are generally suitable for tissue-engineered scaffolds, allowing ample space for 

osteoblasts and vascular tissue ingrowth (12). Conversely, others advocate for a 

broader range of mean pore sizes from 200 to 1,600 µm with porosity reaching 

nearly 60% for bone tissue engineering scaffolds (13). Consequently, it will be 

imperative to assess in future investigations whether the CT sample exhibits lower 

mechanical strength compared to the CTRL sample due to the increased pore size 
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and total porosity. A specific design of the 3D structure, including the pore size, 

can be developed taking into account the modification induce by the etching step 

to get the target lattice at the end of the overall manufacturing process. 

Conclusion 

In this investigation, Ti6Al4V alloy samples featuring a 3D lattice structure, 

produced via SLM, underwent a chemical treatment aimed at establishing a 

nanotextured titanium oxide layer on the surface, characterized by multiscale 

topography. Through analyses employing FESEM and micro-CT, it was observed 

that the lattice structure of the CT sample was effectively covered with a uniform 

nanotexture, preserving the integrity of the macrostructure. Furthermore, the CT-

treated sample surface exhibited minimal presence of unmelted particles within 

the lattice. Interestingly, pore size enlargement was noted on CT samples, while 

strut thickness remained comparable to untreated CTRL samples. Overall, these 

findings represent a promising foundation for subsequent biological investigations 

and a possible realization of multifunctional surfaces with added active 

antibacterial agents on the surface by surface functionalization techniques. 
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Abstract: Biomaterials are extensively used as replacements for damaged 

tissue with bioactive glasses standing out as bone substitutes for their intrinsic 

osteogenic properties. However, biomaterial implantation has the following risks: 

the development of implant-associated infections and adverse immune responses. 

Thus, incorporating metallic ions with known antimicrobial properties can prevent 
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infection, but should also modulate the immune response. Therefore, we selected 

silver, copper and tellurium as doping for bioactive glasses and evaluated the 

immunophenotype and cytokine profile of human T-cells cultured on top of these 

discs. Results showed that silver significantly decreased cell viability, copper 

increased the T helper (Th)-1 cell percentage while decreasing that of Th17, while 

tellurium did not affect either cell viability or immune response, as evaluated via 

multiparametric flow cytometry. Multiplex cytokines assay showed that IL-5 

levels were decreased in the copper-doped discs, compared with its undoped 

control, while IL-10 tended to be lower in the doped glass, compared with the 

control (plastic) while undoped condition showed lower expression of IL-13 and 

increased MCP-1 and MIP-1β secretion. Overall, we hypothesized that the 

Th1/Th17 shift, and specific cytokine expression indicated that T-cells might 

cross-activate other cell types, potentially macrophages and eosinophils, in 

response to the scaffolds. Keywords: bioactive glasses; multiparametric flow 

cytometry; immunobiocompatibility; metallic ion doping; tissue regeneration; 

inflammation 

1 Introduction  

Musculoskeletal disorders (MSDs) are conditions that restrict movement of 

the body, causing injury and pain in tissues belonging to the musculoskeletal 

system, including muscles, bones and joints [1,2]. Among the most prevalent 

MSDs are osteoarthritis, rheumatoid arthritis, low back pain and bone fractures, 

generally associated with osteoporosis in the elderly population [1,3]. In fact, with 

the increase in the average life expectancy observed in the last century, there has 

been a steady rise in the incidence of MSDs [2]. Individuals affected by MSDs 

experience a spectrum of pain and discomfort, which depending on the severity of 

the symptoms, can range from a slight interference with the daily activities to 

complete movement impairment. Therefore, there is a pressing need for novel 
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therapies that can alleviate symptoms and improve the quality of life of MSD 

patients [1]. Biomaterials are designed and engineered to interact with biological 

systems for medical purposes. These materials play a crucial role in various fields, 

such as medicine, biotechnology and tissue engineering, where they can be used 

to replace or enhance natural biological structures or support specific functions 

within the body [4]. Biomaterials should be immunobiocompatible, meaning that 

they do not elicit a significant immune response or cytotoxicity when interacting 

with an organism, but also functional, whether they are functioning as a structural 

support, as promotors of tissue regeneration or vehicles for drug delivery. Among 

the different types of biomaterials on the orthopedic field, the most commonly 

used include the following: metals, more specifically titanium and stainless steel; 

polymers, either synthetic like polyethylene and polyurethane or natural such as 

collagen and hyaluronic acid; ceramics, for example, hydroxyapatite; bioactive 

glasses; and composites, which are the result of the combination of at least two 

different materials. Depending on their properties, these biomaterials can be used 

as implants, drug carriers for controlled delivery, artificial tissues/organs or 

diagnostic devices [5]. Damaged or diseased parts of the musculoskeletal system 

as well as dental abnormalities can be replaced by bioceramics since they have 

been modified for load-bearing purposes like bone grafts and cement, hip 

acetabular cups and dental implants [6,7]. Bioceramics and bioactive glasses have 

exceptional biocompatibility, corrosion resistance, a hard, crisp surface and 

osteoconductivity, i.e., the ability of bone-forming cells in the grafting area to 

migrate across a scaffold and gradually replace it with new bone tissue over time. 

Furthermore, they can directly interact with the living surrounding tissue and 

show convincing effects on wound healing after implantation, as in the cases of 

bioactive glasses and hydroxyapatite (HA). Due to their low friability, they are 

usually used in dental abnormalities and small bone fillings [7]. Among the 

described materials, bioactive glasses represent an interesting option due to their 

excellent biocompatibility and bioactivity. They are able to form a bond with 



240 APPENDIX B: Human T-Cell Responses to Metallic Ion-Doped 
Bioactive Glasses 

 
mineralized bone tissue in the physiological body environment by creating a 

calcium phosphate layer on their surface [8]. Over fifty years ago, Larry Hench 

introduced bioactive glasses, more specifically Bioglass® 45S5, the first 

commercially available glass for medical use [9,10]. The composition of most 

bioactive glasses is based on silica, sodium oxide, calcium oxide and phosphorous 

pentoxide. This composition allows for the alteration or combination of these 

basic elements, enabling the creation of different types of bioactive glasses with 

specific properties such as bone forming efficiency, degradability, antibacterial 

properties and even soft tissue regeneration and wound healing [11–13]. When the 

bioactive glass is implanted, it releases its main ions (calcium, sodium, phosphate 

and silica) to form carbonated hydroxyapatite (HCA), a bone-like mineral coating, 

through an ion exchange reaction between the glass surface and the surrounding 

tissue and fluids [13]. This apatite layer improves cellular adhesion and 

proliferation of osteogenic cells and it is gradually replaced by bone over time 

[14,15]. Conversely, excessive ion release may lead to undesired toxicity, 

therefore affecting cell viability and metabolic activity, which in turn can impair 

the tissue healing process. To counteract this effect, pre-treating the bioactive 

glasses prior to entering into contact with cells by incubating the material in cell 

culture medium or buffer can be a successful strategy [16]. In summary, 

advancements in biomaterials science have led to the development of increasingly 

sophisticated materials with tailored properties, enabling innovative solutions in 

healthcare and biotechnology. Researchers continually explore new biomaterials 

and their applications to improve patient outcomes and quality of life. However, 

in a living tissue, when a material is implanted, there will always be a physiologic 

immune response which represents the first step of tissue repair. Nowadays, 

biomaterials are being designed considering this immune response and 

modulating it for improving implant integration, avoiding the chronic 

inflammatory and foreign body reactions that may lead to the loss of function 

[17,18]. Fibroblasts and macrophages have been traditionally used for evaluating 
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biomaterial compatibility, such as in the case of silicone breast implants [19]. In 

the specific case of musculoskeletal regeneration, cytotoxicity is commonly 

evaluated on mesenchymal stem/stromal cells (MSCs) and osteoblasts [20], while 

the role of T-cells in tissue regeneration has only recently been explored; as of 

today, the reliable data on the role of T-cells are scarce [19,21]. The activation of 

the immune response requires three signals. Signal 1 is mediated by the binding of 

the T-cell receptor (TCR) to major histocompatibility complex (MHC) class 

molecules on antigen-presenting cells (APC); signal 2 is mediated by the 

engagement of co-stimulatory molecules such as B7.1 (CD80) and B7.2 (CD86) 

and lastly, cytokines drive the polarization of differentiated T helper (Th) cells 

towards several subsets, such as T helper (Th)-1, Th2, and to a lesser extent Th17 

(signal 3) [22]. T-cells represent up to 70% of peripheral blood mononuclear cells 

(PBMCs) [23] and are able to modulate bone healing and osteogenesis through 

cytokine and growth factors secretion [21]. In fact, in vivo experiments showed 

that T-cell depletion directly impairs the osteoinduction process [24], particularly 

affecting the deposition of collagen and osteoblast organization [25]. In vitro, 

conditioned media of CD4+ Th lymphocytes can promote mesenchymal 

stem/stromal cell (MSC) mineralization [26]. Overall, the aim of this work was to 

elucidate how the interaction of T-cells with several metal-doped silica-based 

bioactive glasses, more specifically silver, copper and tellurium, could affect cell 

viability, T-cell immunophenotype and cytokine secretion. Silver and copper were 

introduced in the bioactive composition using the ion-exchange process, while 

tellurium was inserted together with the starting reactants during the glass 

synthesis via the melt and quenching process. These elements were selected since 

they have a therapeutic effect; Ag, Cu and Te possess antibacterial properties [27–

29], Ag and Cu also have a pro-angiogenic effect [30,31] and Te possesses 

antioxidant properties [32]. However, the amount must be carefully tailored to 

avoid cytotoxic effects.  
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2 Results  

Extensive physicochemical surface characterization of the doped glasses were 

previously reported by the authors [27,32–35]. Table 1 compares the most 

relevant properties of the glasses, regarding the content of the doped metal 

obtained via energy-dispersive X-ray spectroscopy (EDS) analysis, and the 

amount of doped metal ion leaching both in simulated body fluid (SBF) and in a 

cell medium obtained via inductively coupled plasma (ICP) spectroscopy, either 

combined via optical emission spectroscopy (OES) or mass spectrometry (MS). 
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Table 1. Summary of the properties of the doped glasses [33,35]; * α-MEM 

without added serum, 5% antibiotics, ** DMEM High Glucose, 1% L-Glutamine, 
1% antibiotics. None of the used media contained any cells. 

 AgSBA2 CuSBA3 STe5 

Doping method 

The surface of the 

glass 

(Ion exchange in 

aqueous solution 

of AgNO3) 

The surface of the 

glass 

(Ion exchange in 

aqueous solution 

of Cu (CO2CH3)2) 

The bulk of the 

glass 

(TeO2 in the glass 

network as an 

oxide 

Doped element 

content at-% 

(EDS) 
0.7 ± 0.36 8.4 ± 0.18 3.4 ± 0.08 

Doped ion 

leaching after 3 

days in cell 

medium 

7.9 ± 1.4 ppm * 

(ICP-OES) 

11.0 ± 2.4 ppm * 

(ICP-OES) 

5.6 ± 0.3 ppm ** 

(ICP-OES) 

Doped ion 

leaching after 3 

days in 

Simulated Body 

Fluid (SBF) 

0.37 ± 0.13 ppm 

(ICP-MS) 

0.14 ± 0.04 ppm 

(ICP-MS) 

0.21 ± 0.07 ppm 

(ICP-MS) 

 

2.1 Silver, but Not Copper or Tellurium Ion Doping Induces Apoptosis of 
PBMCs  

Ions released from biomaterials upon contact with cell culture media may 

exert a toxic effect on immune cells. We evaluated the viability of PBMCs via 

flow cytometry after 48 h of culture, as seen in Figure 1a, using a fixable dye that 

can only be internalized by cells with permeable membranes, indicative of dead 

cells. In fact, we observed a of approximately 50%, on average, of PBMC 

viability when in contact with the silver-doped bioactive glass (Figure 1b), 
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therefore, this formulation was excluded from the further analysis. No significant 

differences were observed between the formulations containing copper and 

tellurium, along with their corresponding controls, when compared to the basal 

condition lacking any bioactive glass disc. 

 

 
Figure 1. PBMC viability assay via flow cytometry. (a) Gating strategy: 

Viable lymphocytes were gated as negative for BD Horizon™ Fixable 

Viability Stain 780 (L/D−) and CD45+. (b) Bar graph representation of 

flow cytometry results are shown as average ± SEM. (n = 4). Ordinary 

one-way ANOVA with Tukey’s post-hoc correction test was used. *** p < 

0.001. 

 

2.2. Immunophenotyping Reveals Th1/Th17 Shift Linked with Copper but Not 

Tellurium-Doping 
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To assess the immune response to the metal ion doping, PBMCs were 

cultured on top of bioactive glasses. In particular, the immunophenotype of T 

lymphocytes was evaluated via multiparametric flow cytometry, as depicted in 

Figure 2. The employed gating strategy (Supplementary Figure S1) allowed for 

the detection of several subsets of T lymphocytes, namely CD4+ T helper (Th) 

and CD8+ cytotoxic T-cells, further specified as naïve, effector, effector memory 

(EM) or terminally differentiated EM (TEMRA), based on the expression of 

CD45RA and CD197, regulatory T-cells (Tregs), CD25+CD127−, as well as Th1, 

Th2 and Th17, identified by their differential expression of CD183, CD194 and 

CD196 markers. 

 

 
Figure 2. Immunophenotype of T-cells cultured in contact with bioactive 

glass discs assessed via multiparametric flow cytometry. Graphs 

represent the percentages of immune cells after 48 h culture without 

biomaterial (cell culture plate plastic—control), in contact with copper-



246 APPENDIX B: Human T-Cell Responses to Metallic Ion-Doped 
Bioactive Glasses 

 
doped (CuSBA3) and tellurium-enriched discs (STe5) and their 

respective undoped controls (SBA3 and STe0, respectively). Data are 

shown as average ± SEM, (n = 6). Each symbol represents a different 

donor. According to the data normality (Shapiro–Wilk test), ordinary 

one-way ANOVA (with Tukey’s post-hoc correction) or Kruskal–Wallis 

test (with Dunn’s post-hoc correction) were used. * p < 0.05, ** p < 0.01, 
*** p < 0.001. 

 

Results showed that T-cells cultured in contact with copper-doped bioactive 

glass discs exhibited an increased frequency of Th1 population, paralleled by a 

decrease in Th17 cells, compared with the negative control and to a lesser extent 

with its undoped counterpart. On the other hand, the tellurium-doped glass did not 

exhibit any statistically significant differences, although large standard deviations 

were verified in several subsets, more noticeably in the Treg population. 

 

2.3. Cytokine Profile Response to Ion-Doped Bioactive Glasses 

Considering the phenotypical variances observed during PBMC culture 

related exclusively to the copper-doped glass, in order to verify if the Th1/Th17 

shift was paralleled by differential cytokine secretion, a further cytokine 

quantification ELISA was performed using a commercial multiplex kit. This 

comprised seventeen cytokines released from macrophage or T-cells exclusively, 

or by both cell populations (Figure 3). Among these, levels of GM-CSF and IL-4 

were close to, or below the lower limit of quantification and thus, were not 

suitable for statistical comparison. 
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Figure 3. Cytokine expression levels of supernatants of PBMC culture in 

contact with copper-doped bioactive glass discs (CuSBA3) and its 

respective control (SBA3). Data are shown as average ± SEM, (n = 5). 

According to the data normality (Shapiro–Wilk test), RM one-way 

ANOVA (with Bonferroni post-hoc correction) or the Friedman test 

(with Dunn’s post-hoc correction) were used. * p < 0.05. 

 

We found a significantly reduced concentration of IL-5 in the supernatant of 

PBMCs cultured in contact with the copper-doped glasses condition, compared 

with its undoped counterpart. Copper-doped glasses also showed a trend in the 

decrease in IL-10 cytokine secretion in comparison with the control (plastic). 

Furthermore, IL-13 levels were significantly decreased in the undoped condition 

in comparison with plastic, while MCP-1 and MIP-1β cytokines were 

significantly increased. These findings indicated that the copper-doped bioactive 

glass exhibited a more similar cytokine profile to the plastic rather than to its 

respective undoped bioactive glass discs. 
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3  Discussion 

Bioactive glasses commonly release their ions to the surrounding 

microenvironment. This opens the possibility of incorporating biologically active 

ions into their composition or onto their surface, which upon release, may 

promote specific biological functions such as cell proliferation or angiogenesis, or 

confer novel properties to the bioactive glass, for example an antimicrobial effect 

[36]. Thus, silver, copper and tellurium have been used as doping ions on the 

surface of bioactive glass discs. For Ag- and Cu-doped glass, the ion doping was 

performed via ion exchange which introduced the ions only on to the glass 

surface, while in the case of STe5, tellurium was part of the bulk glass network. 

These ions have already been studied in the context of their antimicrobial 

[27,28,29] and pro-angiogenic effects [30,31], as well as in bone tissue 

regeneration and cancer [37,38,39]. Nevertheless, the data regarding the impact of 

these formulations on T-cells are scarce. Considering this, and to extend the 

knowledge provided by previous studies on biofilm formation [27,28,32], we 

evaluated any effects on viability, T-cell immunophenotype and cytokine release 

of PBMCs cultured in contact with ion-doped bioactive glasses. 

The ionic release test was performed using inductively coupled plasma-

optical emission spectrometry (ICP-OES) and data on doped ion-leaching in both 

cell culture medium and simulated body fluid was added to Table 1. Regarding 

the doping ions’ bio-assimilation, it was reported that blood cells like erythrocytes 

and macrophages are capable of assimilating Cu2+ through copper transporter 1 

(CTR1) [40]. Also, silver ions (Ag+) seem to be captured by immune cells, such 

as neutrophils and macrophages, and exert similar effects as silver nanoparticles, 

specifically in the formation of neutrophils extracellular traps (NETs) and 

intracellular reactive oxygen species (ROS) [41]. Lastly, tellurite (TeO32−) which 

releases Te4+ and represents the most abundant form of tellurium in nature, has 
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been shown not only to bind hemoglobin in erythrocytes but also to react with 

glutathione and to lead to ROS formation in leukocytes [42]. The cytotoxicity of 

the released ions (Ag+, Cu2+, Te4+) on different cell lines was investigated in 

previous reports [27,28,29,30,31], showing a different behavior based on the used 

method (indirect or direct). Any observed cytotoxic effects, in particular for 

copper, do not seem to arise from the dissolution products or specific ion 

concentrations in the medium, but rather from a burst release and contact toxicity 

with the doped glass surfaces. A recent publication by some of the coauthors used 

copper-doped bioactive glasses manufactured with the same methodology and 

evaluated its cytotoxicity using human adipose tissue-derived stem cells (hASCs) 

[33]. Indirect culture of hASCs with the conditioned media of CuSBA3 discs, 

soaked for 24 h in α-MEM supplemented with 5% human serum and 1% 

antibiotics (100 U/mL penicillin and 0.1 mg/mL streptomycin), did not affect cell 

viability, while direct contact with CuSBA3 led to extreme cytotoxicity. In 

accordance, when fibronectin was incorporated onto the surface of CuSBA3, 

ASCs cytocompatibility remained low, since the coating provided support for cell 

attachment but it did not prevent the direct contact between cells and bioactive 

glass disc. On the other hand, allowing the excessive burst ion release prior to the 

cell seeding through a 24 h pre-incubation in α-MEM rendered CuSBA3 

cytocompatible [33]. In our study, we tested PBMCs directly cultured on the top 

of bioactive glasses. These cells mostly comprised non-adherent cells, therefore 

they tended not to be in direct contact with the bioactive glass discs. Given that, 

our data on PBMC viability are in line with the prior report regarding the indirect 

assays performed with adherent hASCs [33], in which the concentration of ions in 

the solution, about 10,000 μg/L, did not significantly impact cell viability. 

Overall, the reported cytotoxicity of copper-doped bioactive glasses was likely 

due to the contact but not necessarily to the concentration in solution. 

In our study, we report the highly toxic effect of silver on PBMCs, as 

demonstrated by significantly reduced viability of PBMCs. Previous studies 
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showed that the elementary silver in the solution, not doped in any biomaterial, 

exhibits cytotoxicity in a dose-dependent manner [43]. While generally 

considered an element with low toxicity [44], there are some clinical data 

indicating that the exposure to silver may represent the primary cause responsible 

for damage in cornea, liver, kidney and neurological tissues [45], as well as 

causing leukopenia [46] and chronic heart inflammation [47]. Moreover, in vitro 

studies presented some drawbacks of its use, due to a notable impairment of 

fibroblast [48] and keratinocyte growth [49]. For the above reasons, we opted to 

focus our attention on the copper- and tellurium-doped formulations for further 

analyses. 

Delving into the T-cell ion-induced phenotype, the main focus of our study, 

we found that both the tellurium-doped bioactive glass and its undoped control 

exhibited no discernible impact on the immunophenotype of T-cells. However, we 

did observe interindividual variability, commonly present when using primary 

cells, particularly evident in certain subsets, as shown by the high standard 

deviations detected. In this case, PBMC culture in contact with the tellurium-

doped bioactive glass revealed that three out of six donors had a high frequency of 

Tregs (54.5–67.1%) while the other three donors exhibited a much lower 

frequency (5.8–7.1%). Also in other subsets, such as CD4+ T helper and CD8+ T 

TEMRA, albeit less noticeable, we still verified that the culture with the 

tellurium-doped bioactive glass caused a more variable effect on PBMC 

phenotype than the other conditions, which might indicate that the response to this 

element was highly subject-dependent. Although material implantation generally 

elicits a response by the host, recent biomaterial engineering approaches search to 

not only modulate it in order to minimize side effects, such as chronic 

inflammation and foreign body reaction, but also to attempt to improve desirable 

biological processes, for instance osteointegration [18,50]. Previous reports 

evidencing the protective effect of the tellurium doping against oxidative stress 
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coupled with our findings reporting no significant alterations in T-cell phenotype, 

can indicate that the tellurium-doped bioactive glass can be an interesting 

alternative to the currently used biomaterials for implantation [32]. 

On the other hand, culturing PBMCs in contact with the copper-doped 

bioactive glass led to a significant increase in Th1 cells, accompanied by a 

decrease in Th17 cells, compared with both its undoped counterpart (ordinary 

one-way ANOVA with Tukey’s post-hoc correction; Th1: SBA3 vs. CuSBA3, p-

value = 0.0332; Th17: SBA3 vs. CuSBA3, p-value = 0.0498) and plastic (ordinary 

one-way ANOVA with Tukey’s post-hoc correction; Th1: CuSBA3 vs. Plastic, p-

value = 0.0001; Th17: CuSBA3 vs. Plastic, p-value = 0.0097). Both cell subsets 

were derived from the polarization of naïve T-cells, typically exacerbated upon 

viral and bacterial infections, inducing cell-mediated immunity, mainly by 

stimulating antibody secretion from B-cells. In addition, both Th1 and Th17 cells 

are known for their pro-inflammatory phenotype due to their effector cytokine 

releases. However, their biogenesis and role in the immune system are different. 

While Th1 cells are generated in the presence of IL-12, IL-18 and IFN-γ 

cytokines, Th17 requires IL-6, IL-23 and TGF-β for its polarization. Furthermore, 

Th1 mainly produce IFN-γ and TNF-α, while Th17 cells generally release IL-

17A, IL-17F and IL-22. Consequently, their functions are also distinguishable. 

Th1 are able to enhance APC activity and CD8+ T-cells/macrophage activation, 

protect against intracellular pathogens and participate in delayed type 

hypersensitivity, while Th17 acts on fungal and extracellular bacterial infections. 

Interestingly, Th subsets can cross-regulate each other, meaning that the secreted 

products of one cell type can stimulate the polarization of CD4+ naïve cells into 

another specific subset. Finally, Th cells are known to be highly plastic; Th17 

cells are considered less stable and can for example differentiate into Th1 cells 

given the appropriate environmental setup [22]. As reviewed by Adusei et al., Th 

subsets are capable of modulating the processes of fibrosis and tissue regeneration 

through differential cytokine secretion [51]. T-cells were studied on fibrotic tissue 
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developed upon silicone implantation where an increase in CD4+ T-cells was 

detected in the capsular tissue, more notably, Tregs. Moreover, Tregs were more 

prominent in patients with milder symptoms compared to more severe cases, 

showing also a more suppressive effect in vitro. Additionally, the authors showed 

an increase secretion of IL-6, IL-8, IL-17, IFN-γ and TGF-β1 by immune cells 

present in the capsular tissue, indicative of a pro-inflammatory environment 

sustained by Th1 and Th17 cells [52]. 

The direct correlation between copper-doping in bioactive glasses and Th 

subsets is still ill-defined. However, understanding the complex interactions 

between the different constituents of the immune system can help elucidating this 

question. Professional APCs, such as dendritic cells (DCs) and macrophages, are 

responsible for T-cell activation, therefore any modulatory effect on these players 

can influence the state of Th cells [22]. Dey et al. reported that the addition of 

copper oxide nanoparticles to lymphocytes or macrophages in vitro leads to an 

increase in TNF-α, IFN-γ and IL-12 production; the latter two directly promote 

the polarization of CD4+ T-cells towards the Th1 phenotype [53]. Although we 

have not detected any significant changes regarding the aforementioned cytokines, 

it should be noted that we have evaluated the cytokine levels at 48 h instead of the 

24 h used by the authors. Additionally, the physicochemical properties of 

nanoparticles also differ from the bulk materials, which may lead to slightly 

diverse biological reactions [54]. Nevertheless, the increase in the percentage of 

Th1 cells upon culture in contact with the copper-doped bioactive glass in our 

setting might indicate a similar pro-inflammatory effect of the copper doping. 

Schuhladen et al. have evaluated the effect of increasing concentrations of 

copper-doped bioactive glass nanoparticles (Cu-BG-NPs) on murine DCs’ 

phenotype and function. The authors found that the conditioned media containing 

the ionic dissolution products of Cu-BG-NPs significantly reduced the expression 
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of CD80 and CD86, the two ligands of CD28, which are essential for T-cell 

activation. Coupling the phenotype results with the cytokine expression 

evaluation, the authors concluded that higher concentrations of copper led to a 

decrease in the secretion of various cytokines such as IL-6 [55]. As previously 

mentioned, IL-6 is one key factor for the polarization of Th17 cells, therefore its 

copper-induced reduction might lead to a lower frequency of Th17 cells, which is 

in line with our results. 

Interestingly, the cytokine evaluation of supernatants from PBMC culture 

with the copper-doped bioactive glass revealed a distinct pattern, different to what 

had been previously described. IL-5 was revealed as the only cytokine being 

significantly modulated between the copper-doped and its undoped control. 

Within the immune system, IL-5 is commonly produced by Th2, innate lymphoid 

cells type 2 (ILC2), mast cells, natural killer cells and eosinophils, acting 

particularly on eosinophil and B-cell growth [56,57]. In our setting, this cytokine 

appeared to be downmodulated in the copper-doped bioactive glass, achieving 

values similar to the negative control. Strikingly, another member of its family 

typically associated with Th2 response [58], namely IL-13, showed an inverse 

pattern, being under expressed in the undoped control in comparison with both 

other conditions. Notably, the proportion of Th2 cells did not change according to 

our immunophenotype results, even though their biological processes could be 

differentially modulated, therefore resulting in diverse secreted products. 

Although often associated, even potentially acting upon some of the same 

molecules such as the signal transducer and activator of transcription 6 (STAT6), 

IL-5 and IL-13 are markedly different. As reviewed by Wu et al., IL-5 is mostly 

responsible for eosinophils’ biological processes and survival, while IL-13 

impacts more directly the B-cells and the Th2 subset [59]. Comparing with our 

results, the overexpression of IL-5 accompanied by a downregulation of IL-13 

might lead to IL-5-mediated eosinophil activation, produced by Th2 cells. 
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Therefore, it would be relevant to clarify through in vivo testing the role of 

eosinophils in this context, considering that the tested PBMC fraction should 

contain only a residual percentage of these cells. In fact, the formation of 

eosinophilic clusters had been reported in mice after six weeks of bioactive glass 

implantation, which the authors considered a sign of a possible allergic reaction 

[60]. Overall, we consider that in the SBA3 condition, the IL-5 likely produced by 

Th2 cells will or could favor eosinophil activation instead of B-cells, due to the 

lack of IL-13. 

Conversely, two chemokines were upregulated in the undoped bioactive 

glass, more specifically MCP-1/CCL2 and MIP-1β/CCL4, which are responsible 

for immune cell recruitment. Both are mostly produced by cells from the myeloid 

lineage, i.e., monocytes, macrophages and dendritic cells, although they can also 

be released by T-cells [61,62]. These cytokines have been already linked with the 

immune response to biomaterials, being secreted by neutrophils [63], 

macrophages [64] and T-cells [65] (reviewed in [18]). The fact that these pro-

inflammatory chemoattractant molecules were significantly more present in the 

undoped condition might favor macrophage polarization into M1 phenotype, 

which can be responsible for balancing the inflammatory microenvironment [66], 

acting as a counterpart of the activated eosinophils. 

Of note, no significant differences were found at the cytokine level between 

the copper-doped condition and the basal condition, without any bioactive glass, 

although in the case of IL-10, a trend of reduced production upon PBMC culture 

with the copper-doped discs was observed. The impact of this cytokine in fibrosis 

seems a paradox. While it is commonly linked to a type 2 response [66], it may 

also play a role in preventing or reducing the effects of fibrosis [67], therefore 

further research on this topic is needed (reviewed in [68]). 
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Our study presents some limitations. Macrophages are among the first cell 

types to interact with implants, therefore being the main focus of numerous 

studies that explore the impact of implants in the immune system. The multiplex 

ELISA panel used in this study allowed for an overview of the cytokines released 

by PBMCs due to the contact with the bioactive glasses, it did not permit the 

direct association of the cytokine profile with a specific subset, such as 

macrophages. Nevertheless, among the cytokines evaluated in PBMC cultures, 

two were mainly ascribed to macrophages, such as MCP-1 and MIP-1β. Even 

though the literature already describes the modulation of cytokine release in 

macrophages by metal ion-doped bioactive glasses, including copper 

[69,70,71,72,73], it would be of interest to complete the analysis of T-cell 

immunophenotyping with their interaction with macrophages by polarizing them 

in vitro. Second, we had to take into account our sample size and the observed 

variability of donors in their response to the different biomaterial. This variability 

reflected the diverse genetic backgrounds, immune statuses, and physiological 

conditions of individual donors that may affect the response. Third, our 

experimental design investigated the effects of each biomaterial in a static way, 

though in vivo, these biomaterials are aimed at repairing and reconstructing the 

defective bone which is a dynamic tissue and subjected to mechanical stress. 

Lastly, the tissue microenvironment could also induce the release of ions from 

each biomaterial by affecting the T-cell/macrophages interaction, even by 

modulating macrophage polarization, shifting them towards an anti-inflammatory 

profile [74]. 

Overall, the fact that the cytokine profile of the copper-doped bioactive glass 

was similar to the plastic control, together with the favoring of the Th1 response 

according to the immunophenotyping assay, indicates that copper-doping might 

be a valid strategy to prevent fibrotic tissue formation.ay, indicates that copper-

doping might be a valid strategy to prevent fibrotic tissue formation. 
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4. Materials and Methods 

4.1. Bioactive Glasses Preparation 

In the present study, silica-based bioactive glasses were used as bulk discs. 

These materials were prepared and characterized as previously reported 

[27,32,33,34,35]. Briefly, the composition of SBA2 and SBA3 (undoped controls) 

are shown in Table 2. 

Table 2. Composition of SBA2 and SBA3 control bioactive glasses. 

Components SBA2 (% mol) SBA3 (% mol) 

SiO2 48 48 

Na2O 18 26 

CaO 30 22 

P2O5 3 3 

B2O3 0.43 0.43 

Al2O3 0.57 0.57 

 

SBA2 and SBA3 were prepared via the melt and quenching process. The 

reactants were melted in a platinum crucible at 1450 °C for 1 h Subsequently, the 

melt was cooled in a brass mold to obtain glass bars, which were then annealed at 

500 °C for 13 h and cut into slices of 2 mm thickness and about 1 cm in diameter. 

Then, the slices were polished with SiC abrasive papers up to 1200 grit to level 

the surfaces. Lastly, the introduction of silver (Ag+) and copper (Cu2+) ions onto 
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the surface of SBA2 and SBA3, respectively, was achieved through the ion-

exchange process. The discs were submerged in an aqueous solution of either 

AgNO3 (30 mM) or Cu(CH3COO)2 (1 mM) for 1 h, at 37 °C. 

In the case of Te-doped glass (STe5), tellurium was directly introduced into 

the composition of the bioactive glass (named STe0) as a substitute for silica, as 

reported in Table 3. 

Table 3. Composition of the STe0 control bioactive glass and STe5-doped 

bioactive glass. 

Components STe0 (% mol) Ste5 (% mol) 

SiO2 48.6 43.6 

Na2O 16.7 16.7 

CaO 34.2 34.2 

P2O5 0.5 0.5 

TeO2 0.0 5.0 

 

STe0 and STe5 were also prepared via the melt and quenching process. In this 

case, the reactants were melted in a platinum crucible at 1500 °C for 1 h, and then 

cooled in a brass mold to obtain glass bars, that were annealed at 550 °C for 13 h. 

These bars were cut into slices of similar dimensions as the previous discs and 

polished as before. All the aforementioned samples were sterilized by heating to 

100 °C for 3 h. 
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4.2. Ion Release in Simulated Body Fluid (SBF) and Cell Medium 

The ICP analyses summarized in Table 1, except for STe5, were previously 

published and reported [33,35]. The glass samples of STe5 were subjected to in 

vitro bioactivity tests by soaking them in simulated body fluid (SBF). The SBF 

was prepared using the protocol developed by Kokubo et al. [75]. Polished glass 

discs were immersed in 50 mL of SBF for fixed periods (1, 3, 7, 14, 28 days, here 

reported only 3-day timepoint) with five replicate samples of each glass per time 

point. Samples were maintained at 37 °C in an incubating shaker with an orbital 

speed of 120 rpm to simulate the physiological fluid flow. Solution at each time 

point was collected and the cumulative ion release for each sample was calculated 

by adding the ion release value at the selected time point to the previous ones. In 

the case of Te-ion release in cell medium (DMEM high glucose medium 

(Euroclone, Pero, Italy), supplemented additionally by penicillin/streptomycin and 

L-Glutamine (1% of both), STe5 specimens were soaked in the medium without 

FBS, 1.5 mL per disk in triplicates. Samples were maintained in the solution for 3 

days, at 37 °C, 5% CO2 incubation. From both SBF and cell medium collected 

samples, the Te-ion release was determined via an inductively coupled plasma 

mass spectrometer (ICP-MS, iCAPTM Q, Thermo Fisher Scientific, Waltham, 

MA, USA). 

4.3. Blood Specimen Collection 

Peripheral blood was obtained from six healthy adult donors (25–45 years 

old) in cooperation with the Hospital Maggiore della Carità, Novara, Italy. From 

each donor, 10 mL of peripheral blood was withdrawn into lithium heparin 

collection tubes and immediately processed. The study was approved by the local 

ethics committee (prot. n. 675/CE). 
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4.4. Peripheral Blood Mononuclear Cells (PBMCs) Isolation 

PBMCs were isolated from heparinized blood samples collected from healthy 

donors. The blood samples were mixed with equal amounts of phosphate buffer 

saline (PBS 1×) and were carefully overlaid on top of a density gradient isolation 

solution, Lympholyte-H (Cedarlane®, Burlington, ON, Canada). After 

centrifugation, the cell ring at the interface was collected, washed with PBS 1X, 

and cells were counted. 

4.5. Assessment of Cell Viability via Flow Cytometry 

PBMCs from four healthy adult donors were cultured in RPMI 1640, 

supplemented with 10% (v/v) heat-inactivated FBS, 100 U/mL 

penicillin/streptomycin, and 100 μg/mL gentamicin (Life technologies, Carlsbad, 

CA, USA), at 37 °C and 5% CO2. A total of 1 × 106 fresh cells/mL were seeded 

onto sterile discs of bioactive glasses (or in wells without bioactive glasses—

negative control) for 48 h, keeping the polished side upwards. Afterwards, the 

media was removed, and cells were collected and washed with PBS-EDTA 2 mM. 

The cells were stained with a viability dye (BD Horizon™ Fixable Viability Stain 

780 (Becton and Dickinson, Franklin Lakes, NJ, USA)) for 15 min, at 4 °C, to 

distinguish live and dead cells. After washing with PBS-EDTA, Human BD™ Fc 

block solution was added to block the non-specific binding of immunoglobulin to 

Fc receptors. Subsequently, cells were incubated with antiCD45 BUV395 mAb 

(clone: HI30), a pan-marker for all leukocytes. Lastly, the cells were washed and 

resuspended in PBS-EDTA for acquisition using a BD FACSymphony™ A5 flow 

cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The samples were then 

analyzed using the BD FACSDIVA™ software version 9.0. 
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4.6. Immunobiocompatibility Assay 

PBMCs from six healthy adult donors were cultured as previously described. 

After media removal, cells were washed with PBS-EDTA 2 mM and stained with 

a viability dye (BD Horizon™ Fixable Viability Stain 780) for 15 min, at 4 °C. 

Cells were then washed with PBS-EDTA and Human BD™ Fc block solution was 

added. Antigen surface staining was performed by adding an antibody mix 

containing mouse antiCD3 BUV496 monoclonal antibody (mAb) (clone: 

UCHT1), antiCD4 BUV737 mAb (clone: SK3), antiCD8 BUV805 mAb (clone: 

SK1), antiCD25 APC-R700 mAb (clone: 2A3), antiCD45 BUV395 mAb (clone: 

HI30), antiCD127 BV786 mAb (clone: HIL-7R-M21), antiCD45RA BUV563 

mAb (clone: HI100), antiCD183 APC mAb (clone: IC6), antiCD194 PE-CF594 

mAb (clone: 1G1), antiCD196 BV480 mAb (clone: 11A9) and antiCD197 BV711 

mAb (clone: 150503) in BD Horizon™ Brilliant Stain Buffer for 20 min, at 4 °C. 

Lastly, the cells were washed and resuspended in PBS-EDTA for acquisition 

using a BD FACSymphony™ A5 flow cytometer. Data were then analyzed using 

the BD FACSDIVA™ software version 9.0. All reagents were purchased from 

Becton and Dickinson (Franklin Lakes, NJ, USA). 

4.7. Enzyme-Linked Immunosorbent Assay (ELISA) 

PBMCs from five healthy adult donors were cultured as previously described. 

Cell culture supernatants were collected after 48 h and cytokine levels were 

quantified using the Bio-Plex Pro Human Cytokine 17-plex Assay according to 

manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). This assay allows for 

the detection of a wide array of cytokines, specifically: G-CSF, GM-CSF, IFN-γ, 

IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17A, MCP-1, 

MIP-1β and TNF-α. The plate was run on a Bio-Plex 200 instrument (Bio-Rad, 

Hercules, CA, USA). The reported concentrations and detection limits were 

obtained through the standard curves generated by the kit’s standards, using the 
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weighted 5PL curve fitting procedure in Bio-Plex Software Manager ™ version 

6.2. Values under the lower limit of quantification (LLOQ) were extrapolated 

based on the 5PL logistic curve, as previously reported [76]. 

4.8. Statistical Analysis 

Data were analyzed using one-way ANOVA, Friedman or Kruskal–Wallis 

test with post-hoc correction, according to the sample’s normality, calculated 

using the D’Agostino–Pearson test. p-value below 0.05 was considered 

statistically significant. Statistical analyses were performed with GraphPad Instat 

software (Prism 8 version 8.4.3) (GraphPad Software, San Diego, CA, USA). 

5 Conclusions 

Although bioactive glasses have been used especially for hard tissue 

regeneration during the last decades, the complete evaluation of immune reaction 

towards these biomaterials is often lacking. Our approach targeted T-cells that can 

be responsible for many regulatory functions in the organism including 

inflammation, which is essential for tissue regeneration. Our findings showed not 

only that metal ion doping can cause the apoptosis of immune cells and modulate 

the expression of certain subsets of T-cells in vitro, but it can also impact the 

cytokine release. Our study reported the highly toxic effect of silver-doping on 

PBMCs, comparable to the known dose-dependent cytotoxicity of this element in 

solution, indicating that this formulation required further optimization before 

being used in in vivo studies. Even though tellurium-enriched bioactive glass did 

not notably affect PBMC viability, the presence of tellurium elicited a highly 

variable T-cell response among individuals, most notably within the Treg subset. 

Additional research is necessary to investigate the distinct immune responses of 

each individual to the presence of this ion. In regards to the copper-doping, we 

postulated that the Th17 to Th1 switch, together with the alteration in cytokines 

such as IL-5 and IL-13 and the chemokines MCP-1/CCL2 and MIP-1β/CCL4, can 
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modulate the immune response to bioactive glass implantation through cross-

activation of cell types other than T lymphocytes, such as macrophages and 

possibly eosinophils. More importantly, the incorporation of copper on the surface 

of the bioactive glass greatly brought back the cytokine expression to the basal 

condition without biomaterial by improving its immunobiocompatibility. 

Further studies are also needed to evaluate the effect of copper-doped 

bioactive glass in in vivo settings, where all the relevant players in the 

inflammatory response associated with tissue regeneration are present. 
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