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SUMMARY 

Musculoskeletal disorders (MSDs) are conditions that can impair the body’s movement 

through injury or pain in tissues of the musculoskeletal system, such as muscles, bones, and 

joints. Among the most common MSDs are osteoarthritis (OA), rheumatoid arthritis (RA), 

tendinitis, carpal tunnel syndrome, fibromyalgia, low back pain and bone fractures. Risk factors 

for MSDs include occupation, lifestyle and family history. However, considering that the risk to 

develop MSDs greatly increases with age, its prevalence is increasing along with the average life 

expectancy. Therefore, its burden on the patients and healthcare systems worldwide is expected 

to rise continuously in the following decades. 

Nowadays, the treatment of MSDs heavily relies both on drug administration that proves 

ineffective in most cases and on surgery procedures including biomaterial implantation, which 

can represent a short-term solution since it does not attempt to treat the disease as a whole, 

instead only replacing the most affected tissue at the moment. Considering this, the need for 

new therapies is evident and the approach of PREMUROSA (Precision medicine for 

musculoskeletal regeneration, prosthetics, and active ageing) focuses on personalized medicine 

to overcome the current drawbacks in MSD treatment. In the case of this thesis, I worked with 

two types of optimized biomaterials: metallic-ion doped bioactive glasses and titanium-based 

discs. 

Biomaterial implantation generally has two major risks, namely the development of 

implant-associated infections and hostile immune response. One possible approach to 

counteract this could be incorporating metallic ions with known antimicrobial properties into the 

surface of bioactive glasses, which can not only prevent infection, but should also modulate the 

immune response and enhance other biological processes. Silver, copper and tellurium were 

selected for their therapeutic effect; specifically, Ag, Cu and Te exhibit antibacterial properties, 

Ag and Cu have also a pro-angiogenic role and Te exerts an antioxidant effect. 

Regarding the titanium-based discs, a patented chemical treatment was applied, which 

has been previously shown to enhance the deposition of hydroxyapatite upon soaking in 

simulated body fluid (SBF), while also succeeding in impeding bacterial colonization, whilst not 
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affecting osteoblast adhesion. The protocol we used consisted in surface acid etching using 

hydrofluoric acid, which removes the native oxide layer, and then submerging the discs in 

hydrogen peroxide to confer a controlled oxidized layer with free hydroxyl radicals, promoting 

protein adsorption. 

Currently, almost half of early implant failures are due to inflammation. With that, it is 

essential to ensure that novel and optimized implants do not exacerbate the natural 

inflammatory response. In this thesis, the impact of culturing immune cells in contact with 

metallic-ion doped bioactive glasses and chemically treated titanium-based discs has been 

evaluated, focusing on their cytokine profile and T-cell phenotype.  

Our results regarding the silver doping revealed high toxicity in PBMCs, while tellurium 

did not impact cell viability but led to highly variable inter-donor T-cell response, particularly in 

the Tregs subset. Interestingly, copper influenced T effector differentiation, causing a switch from 

Th17 to Th1 cells, while its undoped control was shown to impact other immune cells like 

macrophages and eosinophils through overexpression of cytokines (IL-5, IL-13) and chemokines 

(MCP-1/CCL2, MIP-1β/CCL4). 

On the other hand, titanium-based discs did not impact PBMC viability. However, the 

polished untreated control showed an increased percentage of Th2 cells, while decreasing the 

Th17 one. The same condition also led to dysregulation of PBMCs’ cytokine profile, while treating 

the discs through acid etching restored T-cell phenotype and cytokine secretion to values similar 

to the basal condition. 

Once assessed the immunobiocompatibility of the tested biomaterials, the next task 

evaluated the impact of copper-doped bioactive glasses and chemically treated discs on the bone 

microenvironment, focusing on mesenchymal stromal/stem cells (MSCs) that are fibroblast-like 

adult multipotent progenitor cells that possess the ability to self-renew and differentiate into 

several cell types, including into osteoblasts and chondrocytes. Many authors have shown the 

potential of MSCs to resolve impaired bone regeneration conditions, mainly resorting to in vivo 

animal models. In an attempt to increase treatment efficacy, scientists have also opted for 

combining MSCs with biomaterials. This coupling ideally promotes MSCs’ local delivery and 
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viability, while stimulating osteogenesis. Among the most used biomaterials there are the 

ceramics, polymers, composites, nanoparticles, graphene and metals, such as titanium. However, 

several drawbacks such as ethical issues, immunological rejection, costs, low quantity of cells 

harvested, among others, still need to be overcome in order to apply MSC transplantation 

approaches as a therapy. Therefore, our focus shifted towards the byproducts of MSCs, namely 

Extracellular Vesicles (EVs), since they can mimic the effect of their parental cells, refraining from 

some of the adverse effects of MSCs. 

Our results underline the importance of surface topography and composition in shaping 

MSC behaviour. Chemically treated titanium discs were able to increase the metabolic activity of 

MSCs, potentially promoting osteointegration in vivo, while bioactive glasses require pre-

treatment, to remove the initial ion burst release, and a protein-rich coating, to enhance cell 

adhesion. Proteomic studies revealed that MSC, cultured in contact with these optimized 

biomaterials, release EVs with different cargos. In particular, copper-doped bioactive glasses 

secrete EVs more enriched in pro-angiogenic factors, compared with its undoped control. 

However, our findings suggest minimal impact of biomaterials on MSC paracrine signalling 

through EVs, as supplementation with physiological MSC-EV doses had little effect on immune 

and endothelial cells. 
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SOMMARIO 

I disturbi muscoloscheletrici (DSM) comprendono tutte le condizioni in cui il movimento 

viene compromesso a causa del danno o del dolore dei tessuti del sistema muscoloscheletrico, 

comprendenti muscoli, ossa e articolazioni. Tra i DSM più comuni ci sono l’osteoartrite (AO), 

l’artrite reumatoide (AR), le tendiniti, la sindrome del tunnel carpale, la fibromialgia, la lombalgia 

e le fratture ossee. I fattori di rischio per lo sviluppo di DSM includono il lavoro, lo stile di vita e 

la familiarità. Considerando che il rischio di sviluppare un DSM aumenta considerevolmente con 

l’età, la sua prevalenza aumenta di pari passo con l’aspettativa di vita media. Pertanto, nei 

prossimi decenni si prevede un impatto socio-economico crescente sui pazienti e sui sistemi 

sanitari a livello mondiale.  

Al giorno d'oggi, il trattamento dei DSM si basa sulla somministrazione di farmaci, che 

nella maggior parte dei casi si rivelano inefficaci. La seconda linea è rappresentata da procedure 

chirurgiche, tra le quali l'impianto di biomateriali. Essi rappresentano una soluzione a breve 

termine poiché non trattano le cause della malattia, ma si limitano a sostituire il tessuto più 

colpito al momento. Considerando ciò, vi è la necessità di nuove terapie e l’approccio del 

progetto PREMUROSA (Precision medicine for musculoskeletal regeneration, prosthetics, and 

active ageing), per superare gli attuali inconvenienti nel trattamento dei DSM, fonda il suo 

approccio sulla medicina personalizzata.  

L’impianto di biomateriali presenta generalmente due rischi principali: da un lato lo 

sviluppo di infezioni dell’impianto e dall’altra una risposta immunitaria avversa. Un possibile 

approccio per contrastare questo fenomeno potrebbe essere quello di incorporare ioni metallici 

con note proprietà antimicrobiche nella superficie dei vetri bioattivi, che non solo possono 

prevenire l’infezione, ma potrebbero anche modulare la risposta immunitaria e migliorare altri 

processi biologici. Argento (Ag), rame (Cu) e tellurio (Te) sono stati selezionati per il loro effetto 

terapeutico; nello specifico, Ag, Cu e Te presentano proprietà antibatteriche, Ag e Cu hanno 

anche un ruolo pro-angiogenico e Te esercita un effetto antiossidante. 

In questa tesi ho lavorato con due tipi di biomateriali ottimizzati: vetri bioattivi 

supplementati con ioni metallici e dischi a base di titanio. 
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Per quanto riguarda i dischi a base di titanio è stato applicato un trattamento chimico 

brevettato, che migliora la deposizione di idrossiapatite dopo l'immersione in simulated body 

fluid (SBF), riuscendo anche a impedire la colonizzazione batterica, pur non influenzando 

l'adesione degli osteoblasti. Il protocollo che abbiamo utilizzato consisteva nell'uso superficiale 

dell’acido fluoridrico, che rimuove lo strato di ossido nativo, e successivamente nell'immersione 

dei dischi in perossido di idrogeno per conferire uno strato ossidato sotto controllo con radicali 

idrossilici liberi, promuovendo l'adsorbimento delle proteine. 

Circa il 50% dei fallimenti precoci degli impianti è dovuta a infiammazione. Perciò, è 

essenziale garantire che i nuovi e ottimizzati impianti non aggravino la naturale risposta 

infiammatoria. In questa tesi, è stato valutato l'impatto della coltura di leucociti (PBMC) a 

contatto con vetri bioattivi supplementati con ioni metallici e dischi a base di titanio trattati 

chimicamente, concentrandosi sul loro profilo di citochine e sul fenotipo dei linfociti T. 

I nostri risultati riguardanti la funzionalizzazione con ioni Ag hanno rivelato un’elevata 

tossicità per i PBMC, mentre il tellurio (Te) non ha avuto alcun impatto sulla vitalità cellulare, ma 

ha portato ad una variabilità nella risposta dei linfociti T fra donatori molto variabile, in 

particolare nel sottogruppo dei linfociti T regolatori. È interessante notare che il rame (Cu) ha 

causato uno switch dai linfociti Th17 a linfociti Th1, mentre il materiale di controllo, non 

supplementato, ha un impatto su altri leucociti come macrofagi ed eosinofili attraverso la 

sovraespressione di citochine (IL-5, IL-13) e chemochine (MCP-1/CCL2, MIP -1β/CCL4). 

I dischi a base di titanio non hanno influito sulla vitalità dei PBMC. Tuttavia, il controllo 

non trattato ha aumentato la percentuale dei linfociti Th2, diminuendo quella dei Th17. La stessa 

condizione ha portato anche alla deregolazione delle citochine prodotte dai PBMC, mentre il 

trattamento dei dischi mediante “acid etching” ha ripristinato il fenotipo dei linfociti T e la 

secrezione delle citochine a valori simili alla condizione basale. 

Una volta valutata l'immunobiocompatibilità dei biomateriali testati, è stato testato 

l'impatto dei vetri bioattivi supplementati con rame e dei dischi trattati chimicamente, sulle 

cellule mesenchimali stromali/staminali (MSC) del microambiente osseo. Esse sono cellule 

progenitrici adulte multipotenti simili ai fibroblasti che possiedono la capacità di autorinnovarsi 
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e differenziarsi in diversi tipi cellulari, inclusi osteoblasti e condrociti. Molti autori hanno 

dimostrato il potenziale delle MSC nel risolvere condizioni di ridotta rigenerazione ossea, 

ricorrendo principalmente a modelli animali in vivo. Nel tentativo di aumentare l’efficacia del 

trattamento, gli scienziati hanno anche optato per la combinazione contenente cellule MSC e 

biomateriali. Questo accoppiamento promuove idealmente la vitalità e il rilascio locale delle 

MSC, stimolando al contempo l’osteogenesi. Tra i biomateriali più utilizzati ci sono le ceramiche, 

i polimeri, i compositi, le nanoparticelle, il grafene e i metalli, come il titanio. Tuttavia, diversi 

inconvenienti che includono questioni etiche, rigetto immunologico, costi, bassa quantità di 

cellule raccolte, devono ancora essere superati per poter utilizzare il trapianto di MSC a fini 

terapeutici. Pertanto, la nostra attenzione si è spostata verso i sottoprodotti delle MSC, vale a 

dire le vescicole extracellulari (EV), poiché possono stimolare l'effetto prodotto dalle loro cellule 

parentali, senza però avere alcuni degli effetti avversi delle MSC. 

I nostri risultati mostrano l’importanza della topografia e della composizione della 

superficie del biomateriale utilizzato, nel comportamento delle MSC. I dischi di titanio trattati 

chimicamente sono stati in grado di aumentare l’attività metabolica delle MSC, quindi ciò 

promuoverebbe l’osteointegrazione in vivo. I vetri bioattivi, invece, richiedono un 

pretrattamento per rimuovere il rilascio iniziale di ioni e un rivestimento ricco di proteine per 

migliorare l’adesione cellulare. Studi proteomici hanno rivelato che le colture di MSC a contatto 

con questi biomateriali ottimizzati rilasciano EV con molecole diverse. In particolare, i vetri 

bioattivi supplementati con rame secernono EV maggiormente arricchite in fattori pro-

angiogenici, se confrontate al controllo non supplementato. I nostri risultati tuttavia, 

suggeriscono un impatto minimo dei biomateriali sulla segnalazione paracrina delle MSC 

attraverso gli EV, poiché l’integrazione con dosi fisiologiche di MSC-EV ha avuto scarso effetto 

sulle cellule immunitarie ed endoteliali. 
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INTRODUCTION – PART 1 

GENERAL OVERVIEW OF THE PREMUROSA PROJECT AND KEY CONCEPTS 

 This thesis was developed within the scope of the PREMUROSA project (Marie 

Skłodowska-Curie Actions Innovative Training Networks (MSCA ITN) funded by the European 

Union’s Horizon 2020 research and innovation programme – grant agreement number 860462). 

The PREMUROSA project, as its full name indicates, is focused on “Precision medicine for 

musculoskeletal regeneration, prosthetics and active ageing”. Although its main goal as an ITN is 

to train young researchers, providing the necessary training in interdisciplinary fields and 

acquiring both scientific and soft skills, PREMUROSA also declares four main scientific objectives, 

depicted in figure 1. 

 More specifically, within this project the aims were to: 

⮚ Study the role and interactions between materials, extracellular matrix, 

cells and tissues involved in musculoskeletal regeneration, considering 

patients’ specific characteristics; 

⮚ Generate novel in vitro strategies to test medical devices mimicking 

clinical-pathological conditions, such as osteoarthritis, leading to a more 

personalized clinical approach; 

⮚ Create next-generation in silico models and decision support systems 

through machine learning and artificial intelligence techniques; 

⮚ Develop a multiparametric “omic” profiling able to categorize patients and 

predict healing and regeneration responses. 

Naturally, the tasks within this project were divided into thirteen early stage researchers 

(ESRs), each one in charge with more specific duties. Therefore, the content of this thesis 

represents the study of ESR9 about the role of extracellular vesicles (EVs) as biomarkers or 

mediators of stem cells differentiation, wound healing and tissue regeneration around 

biomaterials. 
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The goal of my PhD program has been to explore the combined therapeutic potential of 

modified biomaterials, mesenchymal stem/stromal cells (MSCs) and MSC-derived EVs to enhance 

wound healing and tissue regeneration in the context of MSDs, considering the interaction of the 

immune response to the biomaterials. We used titanium-based alloys (Ti-6Al-4V with extra low 

interstitials), treated with a patented surface treatment protocol developed by Politecnico of 

Turin (POLITO) (EP2214732B1) [1] and bioactive glasses supplemented with silver, copper or 

tellurium ions, to improve the material osteogenic properties and confer an antibacterial effect. 

In particular, we aimed at: 

● Defining a literature overview on topics such as EVs, MSCs, biomaterials, 

musculoskeletal diseases (MSDs) and approaches to tackle them, focusing on the 

promising role of EVs, I made a revision of the literature and I published a review 

article (paper 1) [2]. 

 

 

 

Figure 1. General overview of PREMUROSA’s scientific objectives. The project proposed to use musculoskeletal 
disorder patient-derived cells to test optimized biomaterials, with the goal of integrating the obtained omic data for 
the development of novel in silico models and decision support systems. This will aid the establishment of a patient 
fingerprint, which can aid the diagnosis and response to implantation in a personalized manner. Adapted from 
PREMUROSA’s website.  
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● Evaluating the immunobiocompatibility of the different Titanium-based and 

bioactive glass discs, focusing on T-cell response through immunophenotyping 

and evaluation of the cytokine secretion (paper 2 and manuscript 3 in 

preparation); 

● Assessing and optimising the osteogenic properties of the tested biomaterials, 

focusing on the behaviour of MSCs in terms of adhesion, proliferation and 

differentiation (manuscript 4 in preparation); 

● Exploring the impact of selected biomaterials on MSCs’ paracrine effects, 

specifically in regards to the EVs content and modulatory role in processes 

associated with biomaterials implantation in MSC patients, such as immune 

reaction and angiogenesis (manuscript 4 in preparation) 
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INTRODUCTION – PART 2 

BIOMATERIALS AND IMMUNE RESPONSE 

Biomaterials are designed and engineered to interact with biological systems for medical 

applications, where they can be used to substitute or enhance biological tissues or support 

specific bodily functions [3]. It is crucial that these biomaterials are biocompatible and neither 

evocate a substantial immune response nor induce cytotoxicity upon implantation. Furthermore, 

these must keep their function, either just as structural support, as promoters of tissue healing 

or drug delivery tools.  

Importantly, it has to be considered that biomaterial implantation will lead to an 

inflammatory response from the host. This response is physiological, but it can evolve into a state 

of excessive extracellular matrix (ECM) deposition [4] leading to fibrosis which induces the tissue 

around the biomaterial to harden or scar, impairing its proper repair and perpetuating chronic 

inflammation [5,6]. Several cell types are involved in fibrosis, and depending on alterations of the 

immune system the outcome will vary. The innate immune system acts primarily, through the 

recruitment of cells belonging to the myeloid lineage such as granulocytes and 

monocytes/macrophages, but also natural killer (NK) and lymphocytes, from lymphoid one [6]. 

In a physiologically balanced context, the seemingly opposite effects exerted by the different 

subsets of the immune system guarantee an effective tissue healing; however, excessive 

secretion of proinflammatory cytokines such as tumour necrosis factor-α (TNF-α) and interleukin-

1 (IL-1) by macrophages [7,8] can exacerbate collagen production in fibroblasts, leading to 

increased ECM deposition [6]. On the other hand, NK cells produce interferon-γ (IFN-γ) which is 

an important inhibitor of the transforming growth factor-β (TGF-β), both pro-fibrotic and anti-

inflammatory cytokine mostly produced by monocytes/macrophages, but also eosinophils [4,6].  

Interestingly, macrophages are known for their duality: they can polarize towards a more 

proinflammatory profile, named M1, or instead exert an anti-inflammatory effect, in the case of 

M2 [9]. Naturally, the effector cytokines released by these subsets will differ and therefore lead 

to contrasting outcomes. TGF-β is typically associated with the M2 phenotype, together with IL-

4, IL-10 and IL-13, while M1 macrophages are linked with TNF-α and IFN-γ. Furthermore, 

macrophages are also responsible for the production of matrix metalloproteinases (MMPs), 
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which cleave collagen, but also of the tissue inhibitors of MMPs, i.e. TIMPs. Considering this, it is 

believed that the presence of M1 macrophages favours ECM degradation while M2 cells promote 

ECM deposition and stabilization, thus exacerbating fibrosis [6]. 

Despite the usual focus on fibroblasts and macrophages for evaluating biomaterial 

compatibility, the role of T cells in tissue regeneration has been increasingly explored [10,11]. 

Naïve CD4+ T cells leave the thymus into the circulatory system until they interact with their 

specific target antigen, bound to major histocompatibility complex (MHC) class II molecules on 

the surface of an antigen-presenting cell (APC), through their T-cell receptor (TCR) After this first 

signal, the second step is initiated with the interaction of CD28 molecule, a receptor present on 

T cells, with costimulatory molecules on APCs, specifically CD80 or CD86. Consequently, the 

binding of the inducible T-cell costimulator (ICOS) present on activated T cells with ICOS-ligand 

(ICOSL) contributes to their maintenance. On the opposite, co-inhibitory receptors such as CD152 

(CTLA-4) negatively regulate the immune response upon binding to the same ligands as CD28. 

The third necessary signal is mediated by cytokines and guides the polarization of differentiated 

T helper (Th) cells towards several subsets, in which the most common are Th1, Th2, and to a 

lesser extent Th17 [12]. 

Within the context of fibrosis, it is important to consider the intricate role of T cell subsets 

in managing the resolution of inflammation. Similarly to the above mentioned contrasting effects 

of macrophages, an imbalance in T cell homeostasis can severely affect the process of fibrosis 

upon biomaterial implantation. On the one hand, Th1 cells commonly secrete IFN-γ and TNF-α, 

exerting a type 1 pro-inflammatory response, as M1 macrophages do; on the other hand, Th2 

secrete several cytokines belonging to the type 2 anti-inflammatory response, such as IL-4 and 

IL-13, previously mentioned in association with M2 macrophages [6]. Additionally, Th17 cells are 

known for the expression of IL-17, but also IL-21 which leads to an overexpression of IL-4 and IL-

13 cytokines in macrophages [4,6]. Lastly, regulatory T cells (Tregs), derived from CD4+ naïve T 

cells, release TGF-β and IL-10, which are anti-inflammatory cytokines [6,12]. With this, it becomes 

apparent the pressing need to broaden the biomaterials’ immunobiocompatibility studies to also 

include T-cell phenotyping. 



35 
 

Among the several types of biomaterials used on the orthopaedic field, the most 

commonly used are as following: metals – mainly titanium and stainless steel; bioactive glasses; 

polymers – synthetically developed such as polyethylene and polyurethane or natural 

alternatives as collagen and hyaluronic acid; ceramics – most commonly hydroxyapatite; and 

composites, representing a combination of multiple different materials [13]. 

Metals are widely used as load bearing implants and some internal fixation devices. Their 

high yield, fatigue and shear strength as well as plentiful hardness, ductility and fracture 

toughness along with biocompatibility advocate in favour of metal implants as an appropriate 

option for dental and orthopaedic devices. On the other hand, there can be some drawbacks due 

to reaction of body enzymes and acids on the implant surface that leads to the release of ions 

from the metallic surface. These ions can cause toxicity and bone resorption that may lead to 

implant failure and surrounding tissue damage [14,15]. The most common types of metallic 

biomaterials in use are Stainless-steel (SS), Titanium-based alloys, Cobalt-based alloys, Shape 

memory alloys (SMAs), and Magnesium-based alloys [16].  

Because of the excellent biocompatibility, titanium and its alloys are widely used in 

different biomedical applications as per the scope of this project. Implant rejection is minimal 

when titanium and its alloys are used due to their high capability for osseointegration induction, 

tissue adhesion and growth [17]. A possible explanation for its biocompatibility is the production 

of an oxide layer that can provide chemical bonding through various electron interactions. This 

passive oxide coating formed on the surface provides titanium an excellent resistance to 

corrosion [18]. Furthermore, studies have shown that titanium surface wettability highly favours 

the adhesion and proliferation of osteoblasts [18,19]. In general, several other physical 

properties such as the low electronic conductivity, high corrosion resistance, high mechanical 

resistance, hemodynamic at physiological pH and low ion formation tendency in aqueous 

environment can contribute to its high biocompatibility [20].  

In addition, ceramics are also commonly used for musculoskeletal regeneration. Damaged 

or diseased parts of the musculoskeletal system as well as dental abnormalities can be replaced 

by using bioceramics since they have been modified for load-bearing purposes like bone grafts 
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and cement, hip acetabular cups and dental implants [21,22]. Bioceramics have exceptional 

biocompatibility, corrosion resistance, hard crisp surface and osteoconductivity – i.e. the ability 

of bone-forming cells in the grafting area to move across a scaffold and slowly replace it with new 

bone over time – but they are less flexible and extremely rigid, making them less useful for clinical 

application in tissue engineering [21,22].  

Bioceramics can be bioinert, bioactive or bioresorbable [23]. When implanted, bioinert 

materials like alumina and zirconia do not show much interaction with the tissue. They are usually 

used as structural support implants like bone devices and femoral heads because they are quite 

resistant to corrosion and are resistant to cracking. On the other hand, bioactive ceramics can 

directly interact with the living surrounding tissue and show convincing effects on wound healing 

after implantation as in case of bioactive glasses and hydroxyapatite (HA). Due to their low 

friability, they are usually used in dental abnormalities and small bone fillings [22].  Bioresorbable 

ceramics gradually degrade and resorb in the host tissue after implantation, leaving the new 

tissue free of fabricated material. Tricalcium phosphate (TCP) is an example of bioresorbable 

ceramics which is used to repair bone defects. It has high surface area, high porosity with low 

grain size and low crystallinity which help to enhance the resorption rate [24]. Bioceramics of 

different properties like crystal size and morphology can be prepared by different methods 

including hydrolysis, sol-gel synthesis, wet precipitation, hydrothermal synthesis, 

mechanochemical synthesis, microwave processing and spray drying methods. For the synthesis 

of homogeneous material and for better control of parameters like pH, presence of additives and 

temperature, wet precipitation method is preferred [25].  

Even though there are many types of bioceramics being used in different biomedical 

applications, bioactive glasses represent an interesting option due to their excellent 

biocompatibility and bioactivity. They are able to form a bond with mineralized bone tissue in 

the physiological body environment. Over fifty years ago, Larry Hench introduced the bioactive 

glasses more specifically Bioglass® 45S5, the first commercially available glass for medical use 

[26,27]. The composition of most of the bioactive glasses is based on sodium dioxide, calcium 

oxide, phosphorous and silica. It means that by altering or combining these basic elements, 
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different types of bioactive glasses can be prepared possessing specific properties such as bone 

forming efficiency, degradability, antibacterial properties and even soft tissue regeneration and 

wound healing [28–30]. Osteoconductivity is another feature shown by bioactive glasses along 

with some crystalline ceramics like HA and tricalcium phosphate (TCP). They make a bond with 

the bone without any fibrous connective tissue interface [26,31].  

When the bioactive glass is implanted, it releases its main ions (calcium, sodium, 

phosphate and silica) forming carbonated hydroxyapatite (HCA), a bone-like mineral coating 

through an ion exchange reaction between the glass surface and the surrounding tissue and fluids 

[30]. This apatite layer improves cellular adhesion and proliferation of osteogenic cells and it is 

gradually replaced by bone over time [31,32]. 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 in contact with cells, namely by incubating the material in cell culture medium 

or buffer [33]. 

Overall, biomaterial engineering is rapidly developing alternative materials with custom-

designed properties, with the goal of improving patients’ health and well-being. Considering the 

immune response generated upon material implantation, biomaterial design is nowadays aiming 

at controlling and modulating the inflammation, which is required to promote tissue healing. This 

contributes to a better implant integration and prevents chronic inflammation and rejection 

reactions, which can cause implants to fail [34,35]. 
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AIM 

The AIM of this part of my thesis was to evaluate the T-cell (immunophenotyping) and 

cytokine release of PBMCs cultured on different ion doped glasses, as described in the published 

paper 2 [36].  

PAPER 2 – Human T-Cell Responses to Metallic Ion-Doped Bioactive Glasses 

 

As previously introduced, biomaterials have been commonly used to replace damaged 

tissues. In particular, bioactive glasses represent the promising bone substitutes due to their 

intrinsic osteogenic properties. Importantly, biomaterial implantation frequently leads to the 

development of implant-associated infections and adverse immune responses. For those 

reasons, incorporating metallic ions with known antimicrobial properties can be a valid 

alternative to counteract infection, while also modulating the immune response.  

In this paper, we evaluated the viability, phenotypical changes and cytokine expression of 

peripheral blood mononuclear cells (PBMCs) cultured in contact with metallic ion-doped 

bioactive glasses for 48 hours. Due to their reported therapeutic effect, silver, copper and 

tellurium were chosen as supplements to the silica-based bioactive glasses, previously developed 

by POLITO [37–41]. In particular, all three elements exhibit antibacterial properties [37,42,43]. 

Moreover, both silver and copper can promote angiogenesis [44,45], while tellurium might be 

used as an antioxidizing agent [38]. In summary, our results demonstrated that the presence of 

silver severely decreased cell viability; copper increased the Th1 cell percentage while decreasing 

that of the Th17 subset; lastly, tellurium had no effect in either cell viability or immune response, 

assessed by multiparametric flow cytometry. To evaluate more deeply the effect of immune 

response on the ion-doped bioactive glasses, a multiplex cytokines assay was performed. Results 

showed that IL-5 levels were lowered upon culture with the copper-doped discs, compared with 

its undoped control; IL-10 levels tended to be diminished in the same doped glass, compared 

with the basal condition without biomaterial, while in the undoped condition a lower expression 

of IL-13 and increased MCP-1 and MIP-1β secretions were detected. Overall, we speculated that 

the Th1/Th17 shift, together with the specific cytokine expression suggested that T-cells could 
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cross-activate other cell types, more specifically macrophages and eosinophils, in response to the 

copper-doped bioactive glasses.  

PAPER 2 
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AIM 

The AIM of this part of my thesis was to evaluate T-cell phenotype and cytokine release 

of PBMCs cultured on different Titanium-based discs, as described in the manuscript 3 (in 

preparation).  

Manuscript in preparation 3 – Evaluation of the immune response of peripheral 

blood mononuclear cells cultured on titanium-based discs 

 

Introduction 

With the increased incidence and burden of musculoskeletal disorders, the development 

of improved biomaterials to be used as implants is of paramount importance [36,46]. Currently, 

ceramics or polymers cannot replace metallic biomaterials in all applications, due to the 

importance of mechanical strength and toughness in ensuring safety. Features such as high yield, 

fatigue and shear strength as well as plentiful hardness, ductility and fracture toughness along 

with biocompatibility advocate in favour of metal implants as an appropriate option for dental 

and orthopaedic devices. On the other hand, there can be some drawbacks due to reaction of 

body enzymes and acids on the implant surface that leads to the release of ions from the metallic 

surface. These ions can cause toxicity and bone resorption that may lead to implant failure and 

surrounding tissue damage [14,15].  

The most common types of metallic biomaterials in use are Stainless-steel (SS), Titanium-

based alloys, Cobalt-based alloys, Shape memory alloys (SMAs), and Magnesium-based alloys 

[16]. In particular, titanium and its alloys are widely used in different biomedical applications [1]. 

The choice for titanium generally implies low implant rejection due to their high osseointegration 

induction, tissue adhesion and growth [17]. The natural production of an oxide layer on the 

surface of titanium implants confers resistance to corrosion and is able to reduce ion release, 

contributing to its biocompatibility [1,19]. However, due to being generally inert, the oxidized 

surface can lead to the formation of fibrotic tissue, which can impair osteointegration [1,47]. 

Upon implantation, biomaterials swiftly become coated with proteins such as fibronectin, 

vitronectin, albumin, complement, etc., which adhere to the surface [48]. This prompts activated 

platelets to release chemoattractants that guide the migration of macrophages to the wound 

site, where they adhere to the biomaterial surface through integrin-mediated interactions with 
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the adsorbed proteins [49]. Lymphocytes also appear at the implant site [50], and they can also 

adhere to the surface and interact with macrophages. Consequently, the subsequent activation 

and modulation of lymphocyte function play a crucial role as an early element in the overall 

wound healing process following biomaterial implantation. 

To complement the excellent mechanical properties of titanium with a more bioactive 

effect, surface modifications have been attempted, through techniques such as acid-etching, grit-

blasting, particle sintering, plasma spray coating and micro-patterning [1,51]. In fact, the creation 

of a rough structure instead of a polished surface, greatly favours protein adsorption, osteoblast 

adhesion and implant stability [52]. Many options are already available in the market, but their 

manufacturing methods may leave traces of harmful metal ions and other contaminants, which 

elicit immune reactions and impair osteointegration [52,53]. 

A recently optimized alternative to the currently used titanium-based implants has been 

developed through surface etching in diluted hydrofluoric acid, used to remove the native oxide 

layer, and then submerged in hydrogen peroxide to generate controlled oxidation [35]. This 

creates a nanoporous titanium oxide layer with free hydroxyl radicals, ideal for protein 

adsorption, which also possesses a high resistance to scratching [1,54]. This treatment has shown 

to be effective in the deposition of hydroxyapatite upon soaking in simulated body fluid (SBF), 

but also in impeding bacterial colonization, whilst not affecting osteoblast adhesion [40,55]. 

Considering that around half of early implant failures are due to inflammation [56,57], it 

is essential to guarantee that any novel implant does not elicit an exacerbated inflammatory 

response. Therefore, we evaluated immune cell viability and cytokine production, as well as T-

cell phenotype changes, induced by culture of peripheral blood mononuclear cells (PBMCs) in 

contact with titanium-based discs treated by acid etching and comparing with its respective 

untreated control. We found that although cell viability remains high in both conditions, 

untreated discs cause an increase in the percentage of Th2 cells, accompanied by a decrease in 

Th17 ones. Furthermore, several pro- and anti-inflammatory cytokines were increased in the 

supernatant of PBMCs cultured on top of the untreated discs, compared with both CT and basal 

conditions, while only a slight increasing trend was observed between CT and the basal condition. 
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These findings show that polishing may affect the immune response to untreated titanium, while 

CT could mitigate inflammation by improving its biocompatibility. 
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Material and methods 

Titanium-based discs (Ti-6Al-4V ELI) 

Titanium-based biomaterials, specifically the Ti-6Al-4V alloy with extra low interstitial 

(ELI) content, were used. These materials were prepared in the Department of Applied Science 

and Technology, Institute of Materials Physics and Engineering, POLITO. Ti6Al4V–ELI discs have 2 

mm of thickness and 1 cm2 area. The samples were polished with papers of 320, 600 and 800 grit 

attached to a sample holder and then polished manually with papers of 1000, 2500 and 4000 grit. 

The samples were then washed with acetone in the ultrasonication bath for 10 min at 40 oC. 

Then, they were rinsed with distilled water twice in the same condition and put to dry. Lastly, the 

sterilization was performed through autoclaving at 120 oC for 20 minutes. These samples were 

subsequently referred to as “Polished”. 

Chemical treatment (CT) – mimeTi 

Attempting to improve osteointegration, we applied a patented surface treatment 

developed by POLITO (EP2214732B1) to the titanium alloys, that consists in a thermochemical 

process that combines acid attack with surface oxidation [1]. The samples were briefly soaked in 

0,5 M hydrofluoric acid (HF) to remove the native oxide layer, followed by a control oxidation 

step in H2O2 with agitation for 2 hours at 60 °C. Lastly, the samples were rinsed with water, and 

then air dried and sterilized using UV for 1 hour. This treatment confers a hydroxyl-enriched 

micro- and nanotextured oxide layer, intended to enhance apatite deposition and reduce 

bacterial adhesion [1,58]. These samples will be subsequently referred to as “Chemically Treated” 

or simply “CT”. 

Blood specimen collection 

Peripheral blood was obtained from seven 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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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 1X) and were 

carefully overlaid on top of a density gradient isolation solution – Lympholyte-H (Cedarlane®, 

Ontario, Canada). After centrifugation, the cell ring at the interface was collected, washed with 

PBS 1X, and cells were counted. 

Apoptosis assay 

To assess the effect of the Titanium-based discs on cell apoptosis, the Annexin V 

Apoptosis Detection Kit was used, substituting propidium iodide (PI) with 7-Aminoactinomycin D 

for its higher stability and specificity for DNA [59]. For this, PBMCs from three 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, CA, USA), at 37 °C 

and 5 % CO2. 1x106 fresh cells/mL were seeded onto chemically treated or untreated Ti6Al4V–ELI 

discs for 48 h. Cells were harvested, washed with PBS, and stained in accordance with 

manufacturer’s protocol. The stained samples were then acquired on FACSymphony™ A5 Cell 

Analyzer (Becton and Dickinson, NJ, USA) and analyzed using BD FACSDiva software (Version 9.0., 

Becton and Dickinson, NJ, USA). 

Immunobiocompatibility assay 

PBMCs from seven healthy adult donors were cultured as previously described. After 

media removal, cells were washed with PBS-EDTA 2mM 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 anti-CD3 BUV496 monoclonal antibody (mAb) (clone: UCHT1), 

anti-CD4 BUV737 mAb (clone: SK3), anti-CD8 BUV805 mAb (clone: SK1), anti-CD25 APC-R700 

mAb (clone: 2A3), anti-CD45 BUV395 mAb (clone: HI30), anti-CD127 BV786 mAb (clone: HIL-7R-

M21), anti-CD45RA BUV563 mAb (clone: HI100), anti-CD183 APC mAb (clone: IC6), anti-CD194 

PE-CF594 mAb (clone: 1G1), anti-CD196 BV480 mAb (clone: 11A9) and anti-CD197 BV711 mAb 

(clone: 150503) in BD Horizon™ Brilliant Stain Buffer for 20 min, at 4 °C,. Lastly, the cells were 
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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., Becton and 

Dickinson, NJ, USA). All reagents were purchased from Becton and Dickinson (NJ, USA). 

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, 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, CA, USA). The reported concentrations and 

detection limits were obtained through the standard curves generated by the kit’s standards, 

using the weighted 5PL curve fitting procedure in Bio-Plex Software Manager ™. Values under 

the lower limit of quantification (LLOQ) were extrapolated based on the 5PL logistic curve, as 

previously reported [60]. 

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 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). 
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Results 

Polished untreated and CT treated titanium-based discs do not affect viability of human 

PBMC 

PBMCs were cultured in contact with treated and untreated Ti6Al4V-ELI discs, and their 

cell viability was evaluated by flow cytometry. Firstly, we observed changes in the physical 

parameters when culturing PBMCs on titanium-based discs. Considering the size and complexity 

(FSC vs SSC) parameters, we found a population with smaller size (highlighted in red in figure 1A) 

in Ti6Al4V–ELI polished samples, that does not exist in the control (no biomaterial) or CT 

conditions. This effect was already observed at 24h (data not shown) but it was exacerbated at 

48h. This could be because ions released from biomaterials upon contact with cell culture media 

might have a toxic effect on immune cells. As shown in Figure 1B, we adapted a specific kit that 

allows for the distinction between live, early apoptotic and late apoptotic cells.  Specifically, 

Annexin V binds phosphatidylserine (PS), the main component of cell membranes which is 

typically not exposed in live cells, with complete integer cell membranes. Once apoptosis is 

induced, PS is translocated towards the external of the cell, thus being able to bind Annexin V, 

which due to being conjugated with FITC, becomes detectable through flow cytometry. Instead, 

the inclusion of 7-AAD, a non-permeable DNA intercalator, can only be present in late apoptotic 

cells. This is because only when the membrane loses its integrity later on the apoptotic phase, 7-

AAD can penetrate the intracellular compartment and bind DNA in the nucleus [61]. Altogether, 

the viability of the immune cells was not significantly affected upon culture with titanium-based 

discs up to 48 h, evidencing that although some cells become smaller, they are not undergoing 

apoptosis. 
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Figure 1. A) Comparison between size (Forward scatter – FSC) and complexity (side scatter – SSC) of PBMCs cultured 
in contact with either untreated (polished) or acid etched (CT), compared with the control (Plastic – no biomaterial); 
B) Apoptosis assay of PBMCs cultured in contact with Ti6Al4V-ELI discs, through Annexin V / 7-AAD assay. Bar graphs 
represent the percentages of live cells, identified as AnnV−/7-AAD−, cells in early apoptosis, as AnnV+/7-AAD−, and 
cells in late apoptosis, as AnnV+/7-AAD+. 

 

Multiparametric flow cytometry reveals a Th2/Th17 shift on polished untreated 

Titanium-based discs 

The immunophenoptying of PBMCs was performed upon their culture with polished or 

CT Ti6Al4V-ELI discs, allowing for the distinction of several subsets of CD4+ T helper and CD8+ 

cytotoxic T cells. Although the tested biomaterials did not impact cell viability, we found a 

significant increase in the frequencies of Th2 cells, accompanied by the downregulation of Th17 

cells, in the Ti6Al4V–ELI polished condition, when compared to the control (plastic, no 

biomaterial) or the CT discs, as shown in Figure 2.  
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Figure 2.  Immunophenotype of T cells cultured in contact with Ti6Al4V-ELI discs assessed through multiparametric 
flow cytometry. Scatter bar with plot graphs represent the percentages of immune cells after 48 h culture without 
biomaterial (cell culture plate plastic – control), in culture with Ti6Al4V-ELI discs treated with acid etching (chemical 
treatment – CT) and its respective untreated discs (polished). Data are shown as average ± SEM, (n=7). 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 

 Interestingly, we observed that the chemical treatment employed on the Ti6Al4V-ELI discs 

appears to revert the T-cell phenotype to a profile resembling the basal condition, where no 

biomaterial is present. 

Polished untreated Ti6Al4V-ELI exacerbates PBMC cytokine-based responses 

Due to these phenotypic differences found upon PBMC culture in contact with the 

different conditions, we questioned if polishing could also influence the secretion of both pro- 

and anti-inflammatory cytokines, evaluated by ELISA on the supernatants of PBMCs cultured in 

contact with the titanium-based discs. Overall, among the conditions, the expression of GM-CSF, 

IL-4 and IL-7 cytokines were below the limit of detection of the kit. Although there were no 
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detectable differences between CT and the polished discs, several cytokines were upregulated 

upon PBMC culture in contact with the polished discs in comparison with the basal control, more 

specifically G-CSF, IL-1β, IFN-γ, MIP-1β, IL-2, IL-6, and TNF-α. Particularly, in the polished 

condition the expression of IL-8 was over the upper limit of quantification, which may indicate a 

significant increase in the secretion of this cytokine, compared to the control and CT conditions 

(Figure 3).  

Figure 3. Cytokine expression levels of supernatants of PBMC after 48 h culture without biomaterial (cell culture 
plate plastic – control), in culture with Ti6Al4V-ELI discs treated with acid etching (chemical treatment – CT) and its 
respective untreated discs (ploished). 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 Friedman test (with Dunn’s post-
hoc correction) were used. *p<0.05, **p<0.01. 
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Discussion 

Several studies have investigated the biocompatibility of titanium and its alloys in the 

context of orthopedic and dental implants [62]. Research has shown that titanium implants 

promote favourable biological responses, including minimal inflammatory reactions and the 

formation of a stable interface with the surrounding tissues [63]. 

In orthopedic applications, titanium and its alloys are used to produce joint replacements, 

bone plates, and screws among the others. The mechanical properties of titanium, including its 

high strength and fatigue resistance, make it an ideal material for withstanding the load-bearing 

requirements of orthopedic implants [64]. Furthermore, the biocompatibility of titanium allows 

for long-term implant stability and reduces the risk of adverse reactions within the body. 

Similarly, in dental implantology, these biomaterials are widely used for the fabrication of dental 

implants. The osseointegration capability of titanium allows for the direct structural and 

functional connection between the dental implant and the surrounding bone, providing stability 

and support for dental prostheses [65]. Additionally, the corrosion resistance of titanium ensures 

the longevity of dental implants within the oral environment [66].  

Polishing plays a crucial role during the finalization and refinement of titanium-based 

products, since it removes surface irregularities and contaminants [67], resulting in a smoother 

surface and corrosion resistance, as well as promoting osseointegration and minimizing the risk 

of bacterial adhesion [66]. Several studies have investigated the impact of polishing on human 

epithelial cells [68], adipose stromal cells [69], and bone marrow-derived cells [70]. Okubo et al 

showed that the number of attached cells after 24h of incubation exhibited a 60% decrease on 

polished surfaces, by compromising not only the attachment but also the retention of human 

epithelial cells [68]. Jung et al reported that the polished-titanium discs may alter the expression 

of cellular matrix and focal adhesion genes [69]. Silva et al showed that adherent cells 

differentiate into osteogenic lineage on polished surfaces, though exhibiting a low proliferation 

activity [70]. 

In the present work we aimed at investigating the influence of Ti6Al4V-ELI polished and 

CT discs on the initial cell responses and behaviour of human PBMCs, by evaluating any effects 

on cell viability, T-cell immunophenotype and cytokine release.  
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Our findings showed that both polished and CT Ti6Al4V-ELI discs did not affect cell viability 

of lymphocytes, while polishing altered the size of the cells that became smaller compared to the 

control and CT titanium discs. Our results align with those of Okubo et al. who reported that the 

size and perimeter of human epithelial cells were significantly reduced on titanium polished 

surfaces [68], and they were restored upon ultraviolet light treatment. These authors concluded 

that this phenomenon is attributed to the adverse effects of the silicon polishing of titanium 

surfaces.  We hypothesize that the smaller cells observed on polished discs could correspond to 

monocytes, natural killer cells, and dendritic cells, which typically exhibit greater Forward Scatter 

(FSC) than lymphocytes (gating P2, blue, Figure 1). These cells were possibly more sensitive to 

ionic stress or entering apoptosis upon contact with the Ti6Al4V–ELI discs without the chemical 

treatment. The polishing of titanium surfaces can significantly impact the release of ions in 

addition to the surface roughness. The release of ions from polished titanium surfaces is a critical 

consideration, as it can have implications for biocompatibility and the clinical performance of 

titanium implants [71]. While polishing reduces surface roughness, it can also induce the release 

of nanoparticles [72]. Wang et al reported that titanium particles in vitro may induce apoptosis 

of human mesenchymal stem cells [73]. 

Both polished and CT titanium discs did not affect cell viability or induce apoptosis of 

lymphocytes. Nevertheless, we observed that polished titanium discs increased the percentage 

of Th2 cells while reducing Th17 cells, compared to both CT discs and plastic. However, both 

immune subsets were restored to levels like plastic when cultured with CT discs. In our recent 

work we also observed a decreased in the percentage of Th17 cells in copper-doped bioactive 

glasses [36], which was balanced by the increase of Th1 cells, together with the alteration in 

cytokines such as IL-5 and IL-13 and the chemokines MCP-1/CCL2 and MIP-1β/CCL4. We 

concluded that bioactive glasses may possibly modulate the immune response through cross-

activation of cell types other than T lymphocytes, such as macrophages and possibly eosinophils 

[36]. Th1 cells are associated with cell-mediated immunity and the production of pro-

inflammatory cytokines, while Th2 cells are involved in humoral immunity and the secretion of 

anti-inflammatory cytokines [74]. Th17 cells are characterized by the production of IL-17 cytokine 

and provide host protection against microbes that Th1 or Th2 immunity are not well suited for, 
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such as extracellular bacteria and some fungi [75]. The finding that polishing titanium discs may 

decrease the percentage of Th17 cells could, in part, explain the failure of titanium implants due 

to the development of bacterial infection [76]. Among the cytokines that we have evaluated in 

the supernatant of cultured PBMCs, we did not observe any differences in IL-17 levels between 

polished and CT Ti6Al4V-ELI discs.  However, there was a trend towards an increase of IL-17 levels 

in both polished and CT titanium discs compared to plastic, though the percentage of Th17 cell 

was reduced, this finding would suggest that other cell types may be responsible for IL-17 

secretion. In fact, IL-17 can be also secreted by γδ T cells or NKT cells: among PBMCs, the former 

generally account for 1 to 5% [77], while the latter between 5-15% [78]. 

We observed that IL-2 was upregulated in polished discs compared to plastic and it 

showed a slight increase compared to CT discs as well. IL-2 possesses dual and contrasting 

functions, i.e. it plays a role in both the initiation and resolution of inflammatory immune 

responses. IL-2 inhibits the development of Th17 cells [79] by also signalling via STAT5 [80]. We 

speculate that the decrease of Th17 cells, seen in polished discs, could be ascribed to IL-2 resulted 

then increased. 

 Furthermore, we observed that polishing may also influence the release of other 

cytokines/chemokines. Regarding macrophages, G-CSF, IL-1β, and MIP-1β, were significantly 

upregulated in polished and with a trend in CT discs in comparison with plastic. G-CSF is a key 

regulator of neutrophils and it contributes to protecting the host against infection. Conversely, 

G-CSF can play a deleterious role in inflammatory diseases [81]. IL-1β is a pro-inflammatory 

cytokine involved in several biologic processes, such as immune regulation, connective tissue 

metabolism, and inflammation among the others [82]. As well as G-CSF, IL-1β also plays a 

protective role against the formation of bacterial biofilms, primarily by directly influencing the 

immune response to infections [83]. MIP-1β/CCL4 is a chemokine which plays a crucial role in the 

recruitment of immune cells: our findings would suggest that both polished and CT titanium discs 

may promote the attachment of cells onto the surface, favouring the osseointegration [84]. 

 On the T cells side, we found an increase of IL-5 levels in polished discs in comparison to 

plastic. These results align with the increase of Th2 cells, since  IL-5 is produced by Th2 cells as 
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well as innate immune ones with its main effects targeting eosinophil proliferation and 

promoting B-cell growth [85].  

 Lastly, we found that both polished and CT discs induced the secretion of IFN- and TNF-

 cytokines. IFN- levels were increased in both polished and CT titanium discs, while TNF-

 levels were increased only in polished discs in comparison with plastic. Both cytokines have a 

role in the fibrotic process, leading to the polarization of M1 macrophage (pro-inflammatory)  

and to the migration of fibroblasts to the biomaterial generating fibrosis [86], which would 

ensure implant integration around the surrounding tissue.  

 In conclusion, it is important to consider that the polishing process may not only alter the 

surface topography of biomaterial, but also impact the initial response of immune cells, which 

refers to the immediate reaction of the body's immune system upon contact with it. This includes 

processes such as inflammation, immune cell recruitment, and cytokine release among the 

others, which are pivotal in determining the biocompatibility and suitability of the biomaterial 

for its intended application. Understanding this initial response is essential for assessing the 

potential immunogenicity and overall compatibility of the biomaterial within the biological 

environment. CT of titanium discs may offer a solution to mitigate the effects observed with 

polished titanium discs, thus holding significant relevance in the context of biomedical 

applications.  
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AIM 

The last part of my thesis, that are part of manuscript 4 in preparation was aimed at: 

i) assessing and optimising the osteogenic properties of the tested biomaterials, 

focusing on the behaviour of MSCs in terms of adhesion, proliferation and 

differentiation; 

ii) exploring the impact of selected biomaterials on MSCs’ paracrine effects, specifically 

in regards to the EVs content and modulatory role in processes associated with 

biomaterials implantation in MSC patients, such as immune reaction and 

angiogenesis. 

Manuscript in preparation 4 – Evaluation of the impact of biomaterials for 

musculoskeletal regeneration on Mesenchymal Stem Cells and its paracrine 

effects 
 

Introduction 
Regenerative medicine represents a multidisciplinary route able to combine biomaterial 

engineering, through the optimization of biocompatible materials that reproduce the properties 

of the extracellular matrix (ECM), with cell engineering, which by using autologous cells can lead 

to a personalized therapy approach [2]. The most used cells for regeneration of the 

musculoskeletal system are mesenchymal stem cells (MSCs), that are adult multipotent 

progenitor cells with fibroblast-like shape that can self-renew as well as differentiate in vitro into 

osteoblasts and chondrocytes, among other cell types [87]. Unfortunately, several drawbacks are 

associated with direct MSC administration in patients, such as ethical issues, high cost of 

production, immunological reaction (in the case of non-autologous transplantation) and the low 

quantity of cells harvested, along with the reported undesirable secondary effects. Therefore, 

the alternative, currently being explored, regards MSCs’ secretome, more specifically, 

extracellular vesicles (EVs) released by MSCs [88].  

Despite all the reported evidence of the effectiveness of using MSC-EVs as potential 

treatment options for curing musculoskeletal disorders, the lack of standardized protocols in the 

EV isolation and MSC culture still impairs the translation of this field of research to the clinic [2]. 

However, once able to overcome this obstacle, the strategy to combine biomaterials, MSCs and 
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EVs in regenerative medicine would positively impact the future of musculoskeletal regeneration, 

since the two technologies may enhance each other’s properties and represent an ideal approach 

for tissue healing. 

 Several studies evaluated the direct effects of implants on bone-related cells, such as 

MSCs or osteoblasts [89,90]. However, very few assessed the impact of these biomaterials in cell 

preconditioning, which will affect the communication and recruitment of other cell types to the 

implant site. With that, we sought to investigate if culturing MSCs in contact with metal-ion 

doped bioactive glasses or acid-etched titanium-based discs could be modulated to the extent of 

producing EVs with different protein cargo. These EVs could possibly serve as 

immunomodulatory agents or promoters of several biological processes involved with tissue 

healing, such as angiogenesis.  

While the CT titanium-based discs seem to immediately promote MSC adhesion, bioactive 

glasses required a previous incubation with cell culture media, to provoke the initial burst ion 

release, as well as a coating with FBS, to create a protein layer facilitating cell adhesion. After 

ensuring the presence of MSCs on top of the discs, EVs were isolated and their effects were tested 

by using two different approaches. First, due to the possibility of the titanium-based discs altering 

immune cells’ phenotype, we evaluated if that effect could also be modulated in a paracrine 

manner by EVs derived from MSCs.  

Secondly, considering the well documented pro-angiogenic effect of copper, we aimed to 

investigate if MSCs cultured in contact with Cu-doped bioactive glass discs could modulate the 

network formation process of endothelial cells in vitro through EVs.  
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Material and methods 

Mesenchymal Stem/Stromal Cells (MSCs) isolation 

Mesenchymal stem/stromal cells (MSCs) were isolated from bone marrow samples of six 

donors affected by osteoarthritis. The samples were thoroughly mixed with 5-10 mL of 

Dulbecco’s Modified Essential Medium (DMEM) and passed through a 100 μm cell strainer into 

a 50 mL Falcon tube to remove any debris. Then, the cell mix was carefully overlaid in 

Lympholyte® and centrifuged at 1100 x g, for 30 minutes, with minimum acceleration and no 

brake. Then, the ring present in the interface was collected and washed with DMEM, centrifuging 

at 900 x g, for 10 minutes. Then, cells were counted and plated at a concentration of 180 000 

cells/cm2 in MSC growth medium (DMEM with low glucose supplemented with 10% heat-

inactivated FBS, 1% P/S and 0,5% G) using T75 flasks. The cells were incubated at 37oC and 

medium was changed twice per week until the cells reached approximately 80 % confluence. For 

expansion, cells were treated with trypsin, counted and transferred to T75 tissue culture flask at 

a concentration of 2000 cells/cm2. Isolated cells were characterized according to the guidelines 

provided by the International Society for Cell & Gene Therapy (ISCT) [87]. MSCs between 

passages 3-6 were used for the following experiments. 

MSCs surface markers’ characterization by flow cytometry 

MSCs were trypsinized, harvested and washed with PBS 1X before being resuspended in 

BD Horizon™ Fixable Viability Stain 780 in PBS 1X (1:5000 dilution) and incubated for 15 minutes. 

Then, after washing with PBS-EDTA 2 mM, the cells were incubated with a monoclonal antibody 

(mAb) anti-CD14-BV650, mAb anti-CD19-BUV615, mAb anti-CD34-BB700, mAb anti-CD45-

BUV395, mAb anti-CD73-BV421, mAb anti-CD90-APC, mAb anti-CD105-PE, and mAb anti-HLA-

DR-BV605 (all from BD Biosciences), for 20 min, at 4°C and protected from light. Lastly, the 

samples were washed and resuspended in PBS-EDTA 2 mM, promptly acquired in a BD 

FACSymphony™ A5 flow cytometer and later analysed with BD FACSDIVA™ software (Version 

9.0., Becton and Dickinson, NJ, USA), using unstained cells as negative controls. 

MSCs osteogenic differentiation 

Osteogenesis was induced for 28 days by culturing 10 000 cells/well for 28 days in 6-well 

plates in the presence of DMEM with 10% heat-inactivated FBS, 1% P/S, and 0,5% G (basal media), 
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supplemented with ascorbic acid 5x10-5, dexamethasone 10-7 M and β-glycerophosphate 10-2 M 

(all supplements from Sigma-Aldrich) (osteogenic differentiation induction media). At the end 

point of culture, Alizarin Red S staining was performed, after fixation of the cells overnight with 

4% (w/v) paraformaldehyde (PFA), to assess the progression of osteogenesis. 

Alizarin Red S staining 

Deposition of calcium deposits and matrix mineralization (stained red) was assessed 

through the Alizarin Red S staining. Briefly, the freshly Alizarin Red S solution was prepared 

through mixing 0,1 g of Alizarin Red S powder (Sigma-Aldrich) with 10 mL of ethanol 2% (v/v). 

Fixed cells were washed once with ddH2O and incubated with the staining solution for 10 min, 

at RT, protected from light. Then, the solution was removed, and the cells washed with ddH2O 

until the water ran clear. Calcium deposits were visualized under an inverted microscope (Leica).  

MSCs adipogenic differentiation 

Differentiation of MSCs into adipocytes was achieved throughout a 28-days culturing of 

10 000 cells/well in 6-well plates, either in basal conditions, only with DMEM supplemented with 

10% heat-inactivated FBS, 1% P/S, and 0,5% G, or with the addition of dexamethasone 10-4 M, 

insulin 10 μg/mL, 3-isobutyl-1-methylxanthine 5x10-4 M (IBMX) and indomethacin 10-4 M (all 

from Sigma-Aldrich). To confirm that the adipogenic differentiation successfully occurred, the 

cells were fixed with 4% (v/v) PFA for further staining with Oil Red O (Sigma-Aldrich) solution at 

days 21 and 28. 

Oil Red O staining 

Oil Red O staining was performed in order to qualitatively analyse adipocytic 

differentiation and to distinguish preadipocytes from adipocytes (where the lipid droplets were 

stained red). The lipid staining solution was prepared through the addition of 30 mg of Oil Red O 

powder to 10 mL of 99% (v/v) isopropanol and later diluted in ddH2O in a 3:2 proportion. Fixed 

cells are washed once with ddH2O and then incubated with 60% (v/v) isopropanol, for 5 min. 

Subsequently, isopropanol was discarded, and the freshly prepared Oil Red O solution was added 

to each well, followed by a 5 min incubation, at RT, protected from light. Afterwards, the solution 
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was discarded, and the cells washed twice with ddH2O, for better visualization of the stained 

lipids under an inverted microscope (Leica).  

MSC viability assays 

MSCs were tested for cell viability and proliferation using MTT (3-[4,5-dimethylthiazol-2-

yl]-2,5 diphenyl tetrazolium bromide) assay and Calcein AM/Propidium Iodide (PI) staining.  

For the MTT assay, sterile bioactive glass and titanium discs were placed in a 48-well plate 

keeping the polished side upwards. Cells were seeded onto each biomaterial surface at a 

concentration of 5000 cells/well. After 3 and 7 days, the cell viability was assessed. At each time 

point, the media was removed carefully and 450 μL of fresh media without FBS was added. 50 μL 

of freshly prepared MTT solution were added and the plates were incubated for 4 hours. In this 

assay, the yellow tetrazolium salt is reduced to purple insoluble formazan crystals by metabolic 

activity of viable cells containing NAD(P)H-depending oxidoreductase enzyme. 200 μL dimethyl 

sulfoxide (DMSO) was added to dissolve the formazan crystals. All the media was collected from 

the wells and transferred to another 96-wells plate. Optical density (OD) was measured at 570 

nm by spectrometer (Tecan Spark Multimode Microplate Reader).  

Calcein/PI staining was another technique used to analyse cell viability. Calcein-AM, an 

acetoxymethyl ester of calcein, is highly lipophilic and cell membrane permeable. The calcein 

generated from Calcein-AM by esterase in a viable cell emits a strong green fluorescence. 

Therefore, Calcein-AM only stains viable cells. On the other hand, PI, a nucleus staining dye, 

cannot pass through a viable cell membrane. It reaches the nucleus by passing through 

disordered areas of dead cell membrane and intercalates with the DNA double helix of the cell 

to emit red fluorescence. Sterile biomaterial discs of bioactive glasses and titanium were placed 

in a 48-well plate keeping the polished side upwards. MSCs were seeded onto each biomaterial 

surface at a concentration of 5000 cells/well and incubated for 24 hours at 37 oC. Media was 

discarded and the discs were washed with PBS carefully. 1 mL of calcein/PI staining solution was 

added at a concentration of 1,5 μL calcein/mL of PI and incubated. After incubation, the 

biomaterial discs were washed with PBS without disturbing the adhered cells and were 
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transferred upside down to a 6-well plate. The discs were covered with PBS and observed under 

a fluorescent microscope (Leica THUNDER Imager 3D Live Cell). 

EVs production, isolation and characterization 

For EV production, cells were cultured in DMEM (for MSCs) or RPMI (for PBMCs). In both 

cases, the media was supplemented with 1% (v/v) P/S, 0,5 % (v/v) gentamicin, and with EV-free 

FBS 10% (v/v), to avoid contamination of the sample with bovine EVs. Then, EVs were isolated by 

differential centrifugation: firstly, the supernatant was collected into a 15 mL Falcon tube and 

centrifuged at 300 x g, for 5 min, at RT, to allow complete cell removal; then, the supernatant 

was sequentially centrifuged at 2 000 x g, for 10 min, to remove cell debris. Afterward, the 

supernatant was recovered and centrifuged at 100 000 x g, for 2 h, at 4 °C in a MED Sorvall WX+ 

ultracentrifuge. Lastly, the pellet was resuspended in PBS 1x and analysed by Nanoparticle 

Tracking Analysis (NTA). 

NTA analysis was performed using a Nanosight NS300 (Malvern Panalytical) and samples 

were diluted up to 10X in PBS 1X, according to the concentration of particles. For quality control, 

only samples containing between 20-120 particles/frame and a ratio of valid particles/total 

particles greater than 0,2 were considered. 

MSC-derived EVs’ effect on T-cell activation 

Briefly, MSCs from 3 healthy donors and 3 patients with MSD were seeded on top of 

Titanium-based discs, either polished (control) or chemically treated (mimeTi) through a 

patented acid etching protocol (EP2214732B1), previously described [1]. After 7 days, the 

supernatants were collected and pooled together and EVs were isolated and quantified through 

ultracentrifugation and NTA, respectively. Then, 5x108 particles of either condition (healthy vs 

MSD) were used to supplement 5x105 PBMC (as Del Fattore et al. [91]) and supplemented with 

phytohaemagglutinin (PHA) at a concentration of 2 µg/mL. The use of a suboptimal concentration 

was required since the overstimulation with the typical maximum quantity impedes the 

appreciation of the immunomodulatory effects of MSC-EVs [91]. After 48 hours, their immune 

profile was analyzed through flow cytometry, focusing on the activation of T cells, using the 

immunophenotyping panel previously described in this thesis. 
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Proteomic analysis 

EVs were lysed with RIPA buffer and sonicated. Proteins were then precipitated with cold 

acetone and resuspended. Proteins were then reduced in 25 µL of 100 mM NH4HCO3 with 2.5 

μL of 200 mM DTT (Merck) at 60°C for 45 minutes and next alkylated with 10 μL 200 mM 

iodoacetamide (Merck) for 1 hour at RT in dark conditions. Iodoacetamide excess was removed 

by the addition of 200 mM DTT. The digests were dried by Speed Vacuum and then desalted [92]. 

Digested peptides were analyzed on an Ultimate 3000 RSLC nano coupled directly to an Orbitrap 

Exploris 480 with a High-Field Asymmetric Waveform Ion Mobility Spectrometry System 

(FAIMSpro) (all Thermo Fisher Scientific). Samples were injected onto a reversed-phase C18 

column (15 cm × 75 µm i.d., Thermo Fisher Scientific) and eluted with a gradient of 6% to 95% 

mobile phase B over 80 min by applying a flow rate of 300 nL/min, followed by an equilibration 

with 6% mobile phase B for 8 min. MS scans were performed in the range of m/z 375–1200 at a 

resolution of 120,000 (at m/z = 200). MS/MS scans were performed choosing a resolution of 

15,000; normalized collision energy of 30%; isolation window of 2 m/z; and dynamic exclusion of 

45 s. Two different FAIMS compensation voltages were applied (−45 V and −60 V), with a cycle 

time of 1.5 s per voltage. FAIMS was operated in standard resolution mode with a static carrier 

gas flow of 4.6 L/min. The acquired raw MS data files were processed and analyzed using 

Proteome Discoverer with Chimerys (v3.0.0.757, Thermo Fisher Scientific). SequestHT was used 

as a search engine and the following parameters were chosen. Database: Homo sapiens (Uniprot, 

downloaded on 01-02-2018) enzyme: trypsin; max. missed cleavage sites: 2; static modifications: 

carbamidomethyl (C); dynamic modifications: oxidation (M); precursor mass tolerance: 10 ppm; 

fragment mass tolerance: 0.02 Da. Only peptides and proteins with FDR value < 0.01 were 

reported. Abundance of identified peptides was determined by label-free quantification (LFQ) 

using match between runs. Statistical analyses and t-test were performed on protein abundances 

using MetaboAnalyst software (https://www.metaboanalyst.ca/). Modulated proteins were 

analyzed through Database for Annotation, Visualization and Integrated Discovery (DAVID) 

(version 6.8) (http://david.abcc.ncifcrf.gov/) and IPA (Ingenuity Pathway Analysis, QIAGEN). 

https://www.metaboanalyst.ca/
http://david.abcc.ncifcrf.gov/
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Angiogenic effect of MSCs-derived EVs cultured in contact with bioactive glasses 

The effects of MSC-EVs on angiogenesis was evaluated through a tube formation assay 

using a μ-Slide Angiogenesis system (ibidi®). Commercially available Human Umbilical Vein 

Endothelial Cells (HUVEC) were used for this assay. Briefly, each well was coated with 10 μL of 

Matrigel and left to polymerize at 37 oC, for 1 h, in a humidity chamber. Meanwhile, HUVEC 

previously cultured in M199 medium with 10% FBS, 1% P/S, 90 pg/mL Heparin and 450 μg/mL 

Endothelial Cell Growth Supplement cocktail (ECGS) were detached using Trypsin (0,25%); then 

the cells were counted and resuspended in Endothelial Growth Medium (EGM-2, Promocell) at 

the density of 2,5x105 cells/mL. After polymerization, 1x104 cells (40 μL) were seeded per each 

well and the slide was incubated for 15 minutes to allow the cells to attach to the Matrigel. Lastly, 

10 μL of EVs derived from a pool of MSCs isolated from healthy donors or patients affected by 

musculoskeletal disorders, cultured in contact with CuSBA3 and the respective controls (SBA3 

and plastic) were added to each well. This amount corresponds to double the concentration 

obtained from the isolation step. Brightfield images were acquired every 30 min using a Leica 

DMI6000 Timelapse motorized inverted epifluorescence microscope, for a total of 7 h. Network 

formation was evaluated through FIJI software [93], using the Angiogenesis Analyzer plugin [94], 

specific for the identification of typical features of the pseudo vascular organization.  
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Results 

Establishment of the protocol for isolation of MSCs 

In order to isolate MSCs we optimized the protocol as described in the materials and 

methods section. Through density gradient isolation, MSCs were isolated from bone marrow 

samples of patients affected by musculoskeletal diseases and later characterized according to the 

guidelines of the International Society for Cell & Gene Therapy (ISCT) [87]. As seen in figure 1, 

these cells adhere to plastic, display the surface markers CD73, CD90 and CD105 and are negative 

for the expression of CD14, CD19, CD34, CD45 and HLA-DR markers.  

Figure 1. Mesenchymal Stem/Stromal Cell characterization. A – Cells adherent to plastic 3 days post-isolation; B – 

Cells adherent to plastic 10 days after isolation; C – Alizarin Red S staining to confirm mineralization (red) typical of 

osteogenic differentiation; D – Oil Red O staining to confirm lipid droplet formation (red) typical of adipogenic 

differentiation; E – Characterization of MSC surface markers by flow cytometry – cells were stained with CD73-

BV421, CD90-APC, CD105-PE (positive markers), CD14-BV650, CD19-BUV615, CD34-BB700, CD45-BUV395, and HLA-

DR-BV605. 

Additionally, they also differentiate into the osteogenic and adipogenic lineage, and 

despite not being yet characterized according to their chondrogenic potential. 
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CT discs and pre-coated bioactive glasses increase metabolic activity of MSCs 

We evaluated how the different biomaterials affected MSCs, more specifically in terms of 

their metabolic activity. MTT assay was performed at both 3- and 7-days during culture on top of 

the biomaterials, for a broader indirect view on the possible proliferation enhancement of the 

discs. In fact, focusing on the titanium-based discs it is possible to see that the polished samples 

show less metabolic activity compared with the control (no biomaterial) at both timepoints 

(Figure 2).  

Regarding the discs that underwent the chemical treatment, we found that at 3 days 

Ti6AI4V polished discs have a significantly reduced metabolic activity compared to the control 

(plastic), and a trend in their decrease in comparison with polished ones. These findings were 

later confirmed at day 7.   

Figure 2. MTT assay at days 3 and 7 of MSC culture in contact with the titanium-based discs. Data are shown as 

average ± SEM. (n=3). According to the samples’ 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. 

In what concerns the bioactive glasses, the results were substantially different. All the 

tested formulations showed low metabolic activity at both timepoints compared to the plastic 

(Figure 3A). We then asked if the low metabolic activity could be ascribed to a reduced cell 

viability. Thus, we stained these cells with Calcein/PI and as shown in Figure 3B plastic (control) 

revealed the highest percentage of live cells (green), while among the tested bioactive glasses, 

the STe0 was the one allowing for more cell viability. The other formulations showed especially 

low number of cells attached, together with high cell death (red), represented in the figure by 
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the AgSBA2 panel. These findings suggested the need to optimize the culture conditions when 

using the bioactive glass discs to favour their attachment.  

Figure 3. Metabolic activity and cell viability of MSCs cultured in contact with bioactive glasses. A – MTT assay at day 

3 and 7 of MSC culture in contact with the bioactive glass discs. B – Calcein/PI staining. Green shows live cells and 

red shows dead cells. Images were acquired using Leica Thunder microscope. Magnification 200X. n=2 

Based on the findings above, we pre-incubated the bio glasses discs with the media, as 

reported in literature [33], and coated with FBS, in order to promote protein coating and facilitate 

cell adhesion. We found that without pre-incubation there was a visually higher percentage of 

cell death, considering the majority of the cells appear red by action of PI (Figure 4). This is 

counteracted with 24h pre-incubation, and it is even more improved when the disks are then 

incubated with serum for 2h (Figure 4). With regard to the FBS coating, we observed an increase 

(up to 3-fold) of the metabolic activity at both time points considered (Figure 5). 
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MSC-EVs do not affect the phenotyping of T cells 

We attempted to evaluate if a physiologically relevant amount of EVs derived from MSCs 

cultured in contact with titanium-based discs could modulate the T-cell phenotype. Attesting for 

the low immunogenicity of EVs, unmatched donors were used, and it is apparent that no 

significant immune response derived from incompatibility was noted in any of the unstimulated 

conditions (without PHA but supplemented with EVs). We found that from this experimental 

setup also there were no significant differences on the immune profile, when comparing MSC-

EVs from healthy donors and MSD patients with the control condition without EVs (Figure 6). 

Also, we did not detect changes on T cell subsets between EVs derived from MSCs cultured in 

  

Figure 4. Calcein/PI staining of MSCs cultured in contact with SBA2 (representative of the results with all disks). 
Green shows live cells and red shows dead cells. Images were acquires using Leica Thunder microscope. 
Magnification 200X. 
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contact with polished or chemically treated discs or without any biomaterial. These results would 

suggest these preconditioned MSC-EVs are not immunogenic. 

  

  

Figure 5. Metabolic activity and cell viability of MSCs cultured in contact with bioactive glasses. MTT assay at day 3 
and 7 of MSC culture in contact with the bioactive glass discs: A – Before coating B – After coating. n=3 

A 

B 
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Figure 6. T cell immunophenotyping following stimulation with MSC-EVs for 48 hours, PHA stimulation served as 

positive control.Anti-CD45 human antibody (mAb) (leucocytes), anti-CD3 mAb (T cells), anti-CD4 mAb (T helper cells), 

anti-CD8 mAb (cytotoxic T cells) anti-CD45RA and anti-CD197 mAbs (naïve, central memory (CM), effector memory 

cells (EM), and terminally differentiated EM cells), anti-CD25 and anti-CD127 mAbs (regulatory T cells, Tregs), anti-

CD183, anti-CD194 and anti-CD196 mAbs (Th1, Th2, and Th17). The samples were acquired using FACSymphonyTM 

A5 (BD Biosciences) flow cytometer and data were analyzed using FACSDIVA software (BD Biosciences). NB – No 

biomaterial; TP – Titanium Polished; mm – mimeTi HD – Healthy donors; MSD – Patients affected with 
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musculoskeletal diseases; MSC-EVs correspond to a pool of 3 HD or MSD; PBMCs were obtained from 3 unmatched 

HD. 

Copper doped glass upregulated angiogenesis, endothelial and epithelial EVs proteins  

To evaluate the effect of culturing MSCs on bioactive glasses on their modulation 

properties through paracrine signalling, we assessed the protein content of the released EVs by 

shotgun proteomics. Table 1 shows the number of proteins significantly different between each 

bioactive glass and their respective controls, both the undoped glass and the condition without 

any biomaterial. 

Table 1 - Quantification of proteins significantly altered in EVs from MSCs cultured in contact with bioactive glasses 

Doped bioactive glass Compared with 
Number of proteins 
significantly altered  

AgSBA2 
Plastic 260 

SBA2 14 

CuSBA3 
Plastic 261 

SBA3 29 

STe5 
Plastic 261 

STe0 79 

 

According to the classical approach using DAVID as a tool to associate the altered proteins 

with specific biological processes [95], we found that among the tested BGs the copper-doped 

formulation (CuSBA3) revealed a particular tendency for the upregulation of proteins related to 

angiogenesis as well as endothelial and epithelial cell development and differentiation (Figure 7). 

Therefore, a functional assay of network formation, using commercial endothelial cells was set 

up to assess the impact in vitro of the upregulated proteins carried by EVs. 

P-value shows how likely the observed differences in protein expression could have 

occurred due to random chance alone. In the case of small p-values (typically below a 

predetermined significance level, often denoted as 𝛼, such as 0.05), statistics suggest that the 

observed differences are unlikely to be due to chance and are more likely due to a natural effect. 

A small p-value does not prove a significant difference between the groups being compared; it 
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simply indicates that the observed data is unlikely under the assumption of the null hypothesis 

(no difference in protein expression between the control and treatment groups). 

Figure 7. Gene ontology representation of the proteins significantly upregulated in EVs derived from MSCs cultured 
in contact with the copper-doped glass (CuSBA3), compared with his undoped control (SBA3). 
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Additionally, p-values are subject to interpretation and can be influenced by factors such 

as sample size and experimental design.  

Therefore, more recently, other alternatives to p-value are starting to be explored. In 

collaboration with another PREMUROSA ESR, a new machine learning method has been 

developed to identify extremely changing proteins in a more accurate manner. By log-

transforming the data, clustering all values, selecting the inliers, and calculating the Euclidean 

distance, i.e. measure of how many standard deviations away a particular point is from the mean 

of a distribution after adjusting for correlation among variables, several extremely changing 

proteins were detected. This strategy has recently been published [96] but being a core part of 

the tasks to be performed by another ESR, it will not be explored further in this manuscript.  

MSC-derived EVs promote angiogenesis in vitro 

It has been reported that MSCs can exert potent paracrine modulatory effects over 

several cell types [97], including endothelial cells [98]. For that reason, and attending to the 

potential of copper ions in terms of pro-angiogenesis signalling [45], we investigated if EVs 

produced by MSCs cultured in contact with copper-doped bioactive glass discs can enhance the 

vessel network formation of HUVEC. Also, we questioned if the origin of the cells, i.e. healthy 

donors or patients affected by OA, impacted at all the outcome of the angiogenic process. 

During the 7-hour timelapse, we found that HUVEC were able to reorganize across the 

matrix and the speed and efficacy of the network formation was evaluated through ImageJ, using 

a specific plugin designed for the identification of typical structures formed during the 

angiogenesis process (Figure 8). 

Parameters like length and/or number of several structures such as extremities, nodes, 

meshes, segments, branches, junctions and pieces were evaluated, at three different timepoints: 

at the start of the timelapse upon stimulation with MSC-EVs (T0), at the end of the timelapse (T7) 

and in an intermediate timepoint (T3,5). Figure 8 shows the evident morphological differences in 

terms of cellular organization, visible through brightfield microscopy at the beginning of the 

timelapse and at the endpoint (7 hours). 
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Upon image analysis, the results obtained from the timelapse were graphically organized 

as shown in Figure 9. According to the data obtained, there is a general decrease of isolated 

structures, namely branches and segments, from the initial timepoint to the endpoint, 

accompanied by an increase in mesh size and area, which is expected in a successful network 

formation assay. However, no statistically significant differences were detected between the 

tested conditions at any time point considered.  

  

Figure 8. Angiogenesis assay. Visual representation of cell organization immediately after HUVEC attachment to Matrigel 
(left) and 7 hours after (right). Brightfield images acquired at 100X magnification using a Leica DMI6000 Timelapse 
microscope. Colour code created by Angiogenesis Analyzer plugin: green = branches; cyan = twigs; magenta = segments; 
orange = master segments; blue sky = meshes; red surrounded by blue = nodes surrounded by junctions’ symbol; 
junctions surrounded by red = master junctions; blue = isolated elements; cyan = small isolated elements; red 
surrounded by yellow = extremities.  
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Figure 9. Graphical representation of the structures automatically detected by the Angiogenesis Analyzer plugin. 
Analysed structures include extremities, nodes, meshes, branches, segments, junctions and pieces. HD – Healthy 
donors; MSD – Patients affected by musculoskeletal disorders; NB – No Biomaterial (control condition) Data are 
shown as average ± SEM. (n=3). Ordinary one-way ANOVA or Kruskal-Wallis multiple comparisons test were used. 
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Figure 9 (cont.). Graphical representation of the structures automatically detected by the Angiogenesis Analyzer 
plugin. Analysed structures include extremities, nodes, meshes, branches, segments, junctions and pieces. HD – 
Healthy donors; MSD – Patients affected by musculoskeletal disorders; NB – No Biomaterial (control condition) Data 
are shown as average ± SEM. (n=3). Ordinary one-way ANOVA or Kruskal-Wallis multiple comparisons test were 
used. 
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Discussion 
Many materials have been used over the last decades as bone substitutes with various 

outcomes, therefore the actual era of implant design focuses also on optimizing current options 

besides developing entirely novel alternatives [99]. In this sense, applying chemical treatments, 

coatings, or other types of surface modifications can greatly improve the bioactive properties of 

an existing biomaterial [1]. In our study, we employed a patented chemical treatment, consisting 

on an acid etching approach that creates micro- and nano-texture, as well as confers a negative 

charge to the surface of titanium-based discs, which is intended to facilitate cell adhesion and 

osteointegration. The physical characterization which demonstrates the effectiveness of the 

treatment in modifying the surface topology has been published previously [1].  

Our results revealed that MSCs cultured on top of titanium CT discs for 7 days have 

significantly higher metabolic activity than cells cultured on a polished surface (Figure 2). This is 

in line with several reports showing that adherent cells are able to attach and proliferate more 

in acid-etched rough surfaces. In particular, rat-derived MSCs attachment, proliferation and 

differentiation was improved upon culture in sandblasted and acid-etched (SLA) samples treated 

with H2O2 [100]. Osteoblasts also benefit from SLA treatment, attaching faster on rougher 

surfaces [101]. 

On the case of bioactive glasses, the modifications applied, i.e. the metallic-ion 

supplementation, did not significantly impact the surface roughness. In fact, due to the polished 

surface of the discs, it appears that MSCs attachment, viability and metabolic activity were 

severely impaired (Figure 3). Furthermore, the nature of bioactive glasses differs from metallic 

discs, such as Ti6Al4V-ELI here utilized, in the sense that the formers are much more bioreactive, 

meaning that they release their ions much faster into the surrounding microenvironment. A 

common method to overcome this phenomenon, proposed by Ciraldo et al, consists in pre-

soaking the bioactive glasses in cell culture media. Furthermore, considering the low cell 

attachment in polished surface, we opted also to coat the discs with FBS, creating a layer of high 

molecular weight proteins that can favour cell adhesion [102]. In fact, we could verify that the 

pre-treatment with both cell culture media and FBS greatly improved MSC metabolic activity 

(Figure 4), allowing their culture and further studies on their EVs content. 
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It has been extensively reported that MSCs exert an immunomodulatory role in a 

paracrine manner, which is linked with the release of EVs [103]. MSC-EVs can in fact reproduce 

the effects of MSCs, particularly in injury repair and tissue regeneration [104], controlling 

inflammation [105], promoting cell proliferation and migration [106], and stimulating collagen 

synthesis [107] as well as angiogenesis [106–108]. Due to their reduced immunogenicity and 

toxicity compared to MSCs, EV administration represent a promising therapeutic tool instead of 

their parent cells [109,110]. 

Noteworthy, the culture conditions to which MSCs are subjected will impact the quantity 

and the effect of the secreted EVs [111]. For example, both hypoxia [112] and 3D culture [113] 

systems have been studied as means to increase the number of EVs produced and expression of 

anti-inflammatory factors such as stanniiocalcin-1, while reducing the production of pro-

inflammatory proteins [114]. Similarly, chemical stimulation, such as LPS and thrombin, can lead 

to the release of MSC-EVs with a stronger anti-inflammatory profile [115,116]. 

Taking this into consideration, we sought to investigate if EVs released by MSCs cultured 

in contact with titanium-based discs could exert any immunomodulatory effect on PBMCs. After 

48 hours of culture with MSC-EVs, PBMCs’ immune profile was analyzed through flow cytometry, 

focusing on the activation of T lymphocytes, in accordance to previous data obtained within the 

scope of the project on the immunobiocompatibility of the tested biomaterials. 

Results show no significant differences on the immune phenotype, when comparing the 

culture with MSC-EVs from healthy donors and MSD patients with the control condition without 

EVs (Figure 6). Also, no changes were detected between EVs derived from MSCs cultured in 

contact with polished or chemically treated discs or without any biomaterial. 

Although numerous authors report the effects of MSC-EVs in inflammatory and 

autoimmune diseases, using both in vitro and in vivo models (as reviewed by Yang et al [117], 

Dabrowska et al [118], and Harrell et al [119]), the experimental parameters such as method of 

EV isolation, number/quantity of particles used per cell, and duration of the EV stimulus vary 

immensely, which evidences the need for optimization and standardization of such protocols. 

Nevertheless, studies show that MSCs and MSC-EVs inhibit T-cell proliferation, as well as 
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inflammatory Th1, T follicular helper (Tfh) and DC differentiation, while promoting Th2 and Treg 

function, typically immunosuppressive cell types [120–126], which we were not able to detect in 

our experiment.  

Chen et al evaluated in vitro the effect of MSC-derived exosomes testing up to 20 µg of 

EVs for each 5x105 PBMCs stimulated with 5 µg/ml Concanavalin A. The authors report that the 

EVs treatment does not impact PBMC proliferation up to five days, however an increase in PBMC 

apoptosis, Th2 and Treg differentiation was detected, accompanied by a decrease in the 

frequency of Th1 and Th17 cells, in a dose dependent manner [127]. Other authors used EVs 

released by 1x105 MSCs throughout 48 hours of culture to stimulate 1x106 PBMCs and concluded 

that the addition of EVs promotes Treg proliferation and immunosuppressive ability through the 

increase of the production of the anti-inflammatory cytokines IL-10 and TGF-β1 [128]. Pachler et 

al. report that T-cell proliferation due to PHA stimulation can be inhibited by MSC-EVs in a dose-

dependent manner comparable to MSCs after 4 days, when the administered EVs are 10-fold 

greater in quantity that the parental cell number [129]. Overall, although direct culture of PBMCs 

with titanium-based discs can modulate T-cell phenotype, it appears that MSC-EVs resulting from 

preconditioning with these biomaterials do not exert a similar effect. However, exploring this 

interaction in a more physiologically relevant environment such as a dynamic bioreactor or an in 

vivo setting would help clarify over time the real impact of titanium implants in MSC behaviour 

and immune reaction. 

 Given the fact that MSC-EVs from culture with titanium-based discs did not alter PBMC 

phenotype, coupled with the promising proteomic results on the content of EVs secreted by 

MSCs cultured in contact with copper-doped bioactive glasses, a different approach was 

considered for these biomaterials. Proteomic results show an upregulation of several proteins 

involved on endothelial and epithelial cell development, indicative of an enrichment of 

angiogenesis-related proteins contained in EVs secreted by MSCs cultured in contact with 

copper-doped bioactive glasses (Figure 7). Pro-angiogenic properties of copper are already well 

documented [45]; moreover, MSCs per se contribute to the angiogenesis process, both by 

differentiating into endothelial cells, but also in a paracrine manner by secreting pro-angiogenic 
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growth factors and microRNAs [130,131]. Given that, we investigated if these EVs could promote 

a faster network formation by endothelial cells, using commercial HUVEC as a model. 

 Using a physiologically relevant EVs amount – double the concentration produced by 

MSCs in 7 days – it seems that the supplementation of the culture media with EVs form 

preconditioned MSCs does not affect the swiftness or effectiveness of HUVECs’ reorganization 

(Figure 9). Several studies have reported that MSC-EVs can enhance tube formation in HUVEC, 

using similar assays to the one presented in this manuscript. Liang et al showed that adipose-

derived stem cells (ASCs) can be internalized by endothelial cells, promoting the process of 

angiogenesis both in vivo and in vitro. In this case, the authors propose that the inherent 

mechanism in play regards the enrichment of exosomal miR-125a, which in turn downregulates 

the delta like canonical Notch ligand 4 (DLL4), leading to increased branch count and tube length 

[132]. Also, the Wnt/β-catenin pathway was shown to be involved in angiogenesis enhancement 

through EVs transfer. Exosomes from umbilical cord-derived MSCs promoted not only the 

proliferation and migration of endothelial cells, but also their tube formation capacity, in a dose 

dependant manner. Moreover, it was detected an increase in the expression and nuclear 

translocation of β-catenin in endothelial cells treated with MSC-EVs. Lastly, it was also 

demonstrated that the knock-down of Wnt blocked the nuclear translocation of β-catenin, and 

consequently the formation of longer tubes was impaired [133]. In another study, 

preconditioning ASCs with platelet-derived growth factor (PDGF) modulated the generation of 

EVs able to increase tube formation of human microvascular endothelial cells (HMEC) in vitro 

(supplementing with 1011 EVs/mL), while also stimulating angiogenesis in vivo in severe combined 

immunodeficient (SCID) mice. The authors attribute this effect to the increased amount of pro-

angiogenic factors, mainly CD117/c-KIT and stem cell factor (SCF), in PDGF-stimulated ASC-EVs 

[134]. Overall, the common point among all these studies that differs from ours is the amount of 

EVs used to promote the tube formation. The original assays hereby described in this manuscript 

were performed considering the proportional amount of EVs produced by MSCs cultured on top 

of 1cm2 discs. Although the experimental scale-up of the set up would be logistically difficult, 

which can be perceived as a limitation of our study, we believe that by stimulating PBMCs or 

endothelial cells with EVs at a similar concentration as obtained from MSC culture, we can more 
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accurately mimic the microenvironment surrounding the implant. While the concentration of EVs 

in plasma, regardless of cell origin, is estimated to be around 1010 EVs/mL, in other fluids it is 

expected to be up to 10-fold lower [135,136]. In vitro, it is expected to have less than 1 µg of EVs 

protein per mL of supernatant [137]. With that, although many studies that apply much higher 

amounts of EVs proteins can unravel scientifically relevant discoveries, they do not accurately 

represent the physiological environment. In our case, we demonstrated that, although proteomic 

analysis confirms the potential of copper to activate angiogenic-related pathways in MSCs – 

which also reflects on their secreted EVs content – the EVs amount released over 7 days might 

not be enough to significantly promote blood vessel formation. However, these results still open 

the possibility to couple the implantation of copper-doped bioactive glasses with the 

supplementation with a substantially higher concentration of MSC-EVs, albeit additional in vivo 

studies would be required to understand the required amount to be used. 

In summary, these results highlight the importance of surface topography and 

composition on MSCs adhesion, viability and metabolic activity. While increased roughness and 

a negatively charged surface on titanium-based discs is preferred for osteointegration, bioactive 

glasses essentially require the removal of excessively released ions prior to cell culture, benefiting 

also from a simple protein coating to favour cell adhesion. Furthermore, while distinct 

biomaterials can differentially modulate cells in direct contact, it can also alter the secreted EVs 

content, therefore affecting cell communication. However, results on the effect of the 

supplementation with a physiological amount of MSC-EVs on PBMCs and endothelial cells reveals 

that the impact of biomaterials on MSCs paracrine signalling is minimal. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 
 

Our study investigated the immune response to bioactive glasses doped with different 

metal ions, focusing on T cells critical for regulating inflammation during tissue regeneration. 

While previous research on bioactive glasses has primarily focused on hard tissue repair, the 

immune response is often overlooked. The evaluation of the immune response to biomaterials is 

a crucial aspect in regenerative medicine. When biomaterials are introduced into the body, they 

interact with the immune system, initiating responses that can significantly impact the outcome 

of the implant, determining its success or failure. 

Our findings revealed that metal doping can influence T cell subsets, cytokine release, and 

even cell death in vitro. In particular, silver doping displayed high toxicity similar to its known 

dose-dependent cytotoxic effects while in soluble ionic form, suggesting a need for reformulation 

before further studies. This could be achieved either by modifying the manufacturing protocol to 

lower the original concentration incorporated on the discs’ surface or by pre-incubating for a 

prolonged period to eliminate the initial ion burst. Tellurium, on the other hand, had minimal 

impact on cell viability but caused variable T-cell responses between individuals, mostly in Tregs. 

This highlights the need for a previous assessment of the immune response to tellurium on each 

patient when considering tellurium-doped bioactive glasses as a potential implant alternative. In 

the case of copper doping, it may not only promote a switch from Th17 to Th1 cells, but also 

potentially influence other immune cells like macrophages and eosinophils through changes in 

cytokine (IL-5, IL-13) and chemokine (MCP-1/CCL2, MIP-1β/CCL4) secretion. Importantly, while 

the undoped condition led to the increase of the aforementioned factors, copper doping seemed 

to normalize these cytokine levels to a healthy baseline, suggesting enhanced biocompatibility. 

Further in vivo studies are crucial to confirm these findings in a more complex environment where 

all the players involved in tissue regeneration and inflammation are present.  

Titanium is indeed a well-known biomaterial, highly regarded for its exceptional 

biocompatibility and mechanical properties. Titanium polishing aimed at refining its by removing 

of surface imperfections and improving the functional properties of titanium components. 
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This process can induce the release of nanoparticles that might induce an immune 

response. This initial response, encompassing inflammation, immune cell recruitment, and 

cytokine release, is crucial for determining the discs' biocompatibility. Here we report that even 

though there was no impact on PBMC viability, polishing increases the percentage of Th2 cells 

while simultaneously decreasing the Th17 one. The same condition also significantly unbalanced 

PBMCs’ cytokine profile toward a pro-inflammatory state, while the chemical treatment of the 

discs through acid etching reversed all the alterations, seen in T-cell phenotype and cytokine 

secretion to values similar to the basal condition. Thus, this approach emerged as a promising 

strategy to potentially mitigate the negative effects observed with polishing, paving the way for 

improved biocompatibility in biomedical applications. 

Lastly, this study also underlines the critical role of surface topography and composition 

in influencing MSC behaviour. Rougher, negatively charged titanium discs promote 

osteointegration, while bioactive glasses benefit from pre-treatment to remove excess ions and 

potentially a simple protein coating to enhance cell adhesion. Interestingly, while biomaterials 

directly affect attached cells, they can also indirectly influence communication via changes in the 

content of secreted EVs. However, our findings suggest minimal impact of biomaterials on MSC 

paracrine signaling through EVs, as supplementation with physiological MSC-EV doses had little 

effect on immune and endothelial cells. This indicates that relying on the modulatory effects of 

MSC-EVs directly produced at the implant site might not be sufficient for the improvement of 

tissue regeneration. However, the enrichment in pro-angiogenic proteins contained inside MSC-

EVs upon culture with copper-doped discs suggests that using substantially higher amounts of 

these EVs as supplemental therapy after copper-doped bioactive glass implantation might aid the 

bone healing process through enhancing blood vessel formation.   

Overall, although our results suggest that copper-doped bioactive glasses and acid etched 

Ti6Al4V-ELI discs can be more effective alternatives, able to control the immune response while 

also modulating MSCs biological processes, such as EVs content or cell metabolic activity, a more 

complete picture on the impact of these biomaterials on all cells belonging to the bone 

microenvironment is needed. In vivo studies could help understand how osteoblasts/osteoclasts 

interact with the implants, when subjected to the immune microenvironment created by not only 
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T cells but also monocytes, macrophages and granulocytes.  Additionally, while some in vitro data 

on biofilm formation have already been described elsewhere, in vivo studies would also 

contribute to understanding if these modifications also help reducing the chance of infection 

upon implantation. 
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