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Abstract

Abutments play a crucial role in dental prostheses, acting as intermediaries between the crown and the implant
screw while interfacing with the surrounding gingival tissue. Dental prostheses provide a long-term solution
for tooth loss, offering comfort and restoring both function and aesthetics, thereby improving the quality of
life. Typically made from titanium or zirconia, abutments made of titanium can pose challenges related to
allergic reactions and aesthetic issues, despite being more cost-effective than zirconia. However, poor
integration with soft tissuescan lead to complications such as peri-implantitis, which can ultimately result in
implant failure, a phenomenon that currently affects approximately 12% of implants.

The objectives of this thesis were to address the issues associated with titanium, minimizing aesthetic and
allergic concerns, and to enhance early-stage soft tissue integration to prevent implant failure.

To achieve this, a bilayer coating was proposed, composed by zirconia and biopolymeric layers.

The zirconia coating was obtained employed reactive sputtering deposition adopting a PVD-PECVD system.
Thus, yttria-stabilized zirconia (YSZ) coatings were deposited onto grade 5 titanium plates. A yellow-coloured
coating was obtained to minimize gingival tissue discoloration. Morphological analyses (SEM, FEG-SEM,
and FIB) confirmed the defect-free, well-adherent nature of the coating, with a thickness of a few hundred
nanometres. X-ray diffraction (XRD) analysis revealed a stable cubic phase, even after low-temperature
degradation testing simulating up to 75 years of in vivo exposure. Mechanical characterization, scratch and
wear tests, demonstrated satisfactory performance, considering the maximum clinical force on an abutment is
approximately 1N, when exposed to the oral cavity environment.

The biopolymeric layer was composed of type | collagen and Laponite RDS. Various formulations were
developed and characterized with the focus of improve cell activity. Their processability and mechanical
properties were evaluated through rheometric characterization, showing promising results in terms of
mechanical properties. These formulations were homogeneously deposited onto alkaline-treated biomedical-
grade zirconia, followed by in situ gelation at 37°C. The alkaline treatment was introduced to improve adhesion
between the biopolymeric layer and the zirconia surface. SEM observations revealed a fibrillar structure and
confirmed the presence of the D-pattern in the gelled layers. XRD analysis further confirmed the crystalline
structure of collagen after processing, showing a pattern like its natural form. Differential Scanning
Calorimetry (DSC) revealed an improvement in the thermal stability of the collagen-based layer when UV
cross-linked and combined with Laponite RD

The results confirmed the successful deposition of a durable and resistant YSZ coating, which effectively
addressed both aesthetic and allergic concerns associated with titanium abutments. Furthermore, the
biopolymeric layers were thoroughly characterized, identifying the optimal formulation and deposition
strategies to enhance cell adhesion and proliferation. Future studies will focus on in vitro and in vivo

cytotoxicity and viability tests to validate the effectiveness of the developed materials in clinical applications.



Sommario

I monconi svolgono un ruolo cruciale nelle protesi dentali, fungendo da intermediari tra la corona e la vite
dell’impianto e interfacciandosi con il tessuto gengivale circostante. Le protesi dentali rappresentano una
soluzione a lungo termine per la perdita dei denti, offrendo comfort e ripristinando sia la funzionalita che
I'estetica, migliorando cosi la qualita della vita. Generalmente realizzati in titanio o zirconia, i monconi in
titanio possono presentare problemi legati a reazioni allergiche e ad estetica, sebbene siano pit economici
rispetto a quelli in zirconia. Tuttavia, una scarsa integrazione con i tessuti molli puo portare a complicazioni
come la perimplantite, che puo causare il fallimento dell’impianto, un fenomeno che attualmente interessa
circa il 12% degli impianti.

Gli obiettivi di questa tesi sono stati affrontare le problematiche associate al titanio, riducendo le
preoccupazioni estetiche e allergiche, e promuovere I’immediata integrazione con i tessuti molli per prevenire
il fallimento dell'impianto.

Per raggiungere questi obiettivi, & stato proposto un rivestimento bi-strato composto da uno strato di zirconia
ed uno biopolimerico.

Il rivestimento in zirconia & stato ottenuto mediante deposizione per sputtering reattivo tramite un sistema
PVD-PECVD. In particolare, sono stati depositati rivestimenti di zirconia stabilizzata con ittria (YSZ) su
piastre in titanio di grado 5. E stato ottenuto un rivestimento di colore giallo per minimizzare la decolorazione
del tessuto gengivale. Le analisi morfologiche (SEM, FEG-SEM e FIB) hanno confermato la natura priva di
difetti ed una buona adesione del rivestimento, con uno spessore di poche centinaia di nanometri. L'analisi
mediante diffrazione a raggi X (XRD) ha rivelato la presenza di una fase cubica stabile, anche dopo test di
degradazione a bassa temperatura simulanti esposizione in vivo finoa 75 anni. La caratterizzazione meccanica
ha previsto prove di resistenza ai graffi e di usura dimostrando prestazioni soddisfacenti, considerando che la
forza clinica massima su un moncone ¢ di circa 1N, quando esposto all’ambiente del cavo orale.

Lo strato biopolimerico era composto da collagene di tipo | e Laponite RDS. Sono state sviluppate e
caratterizzate diverse formulazioni, con 1’obiettivo di migliorare 1’attivita cellulare. La loro processabilita e
proprieta meccaniche sono state valutate tramite caratterizzazione reometrica, mostrando risultati promettenti
in termini di proprieta meccaniche. Queste formulazioni sono state depositate in modo omogeneo su zirconia
biomedicale trattata con un processo alcalino, seguito da gelificazione a 37°C. Il trattamento alcalino é stato
introdotto per migliorare 1’adesione tra lo strato biopolimerico e la superficie della zirconia. Le osservazioni
SEM hanno rivelato una struttura fibrillare e confermato la presenza del D-pattern nei rivestimenti post-
gelificazione. L’analisi XRD ha inoltre confermato la struttura cristallina del collagene dopo il processo,
mostrando un pattern simile alla sua forma naturale. La Calorimetria a Scansione Differenziale (DSC) ha
evidenziato un miglioramento della stabilita termicadello strato a base di collagene quando reticolato con UV
e combinato con Laponite RDS.

I risultati hanno confermato il successo della deposizione di un rivestimento YSZ resistente e durevole, in
grado di affrontare efficacemente sia le problematiche estetiche che quelle allergiche associate ai monconi in

titanio. Inoltre, gli strati biopolimerici sono stati caratterizzati in dettaglio, identificando la formulazione e le
iii



strategie di deposizione ottimali per migliorare I'adesione e la proliferazione cellulare. Studi futuri si
concentreranno su test di citotossicita e vitalita in vitro e in vivo, per validare I’efficacia dei materiali sviluppati

nelle applicazioni cliniche.



Introduction

The objective of this thesis is to functionalize the surface of the abutment, a component of dental prostheses
positioned between the crown and the implant screw. Dental prostheses replace missing teeth, providing a
permanent solution that restores both masticatory function and aesthetic appearance leading to high patient

satisfaction. When implanted, the abutment directly interfaces with the gingival tissue.

Figure 1.1-1 - Components of restored implant. A) Implant crown; B) Abutment and C) Implant screw [1].

Typically, abutments are made of grade 5 titanium or zirconia [2]. Both materials are biocompatible; however,
titanium can induce allergic reactions in some patients and may also cause gingival discoloration, which affects
the aesthetic outcome of the implant. Dueto its higher cost, zirconia abutments are often less commonly used,
despite offering better aesthetic and biocompatibility properties.

This research addresses two primary challenges:
» The aesthetic impact and potential allergic reactions caused by titanium.
= The integration of soft tissue post-implantation to prevent bacterial colonization and peri-implant

complications.



The main issue related to the implantation of a dental prosthesis is the degradation of the soft tissue around the
implant that becomes weak (Figure 1.1-2) leading to the formation of a micro-gaps between the abutmentand
the screw, as well as between the abutment and the gingiva [3]. This gap facilitates bacterial infiltration,
increasing the risk of peri-implantitis and, ultimately, implant failure [4]-[8]. Data from systematic reviews
and meta-analyses indicate that peri-implantitis accounts for approximately 20% of implant-related
complications in patients with dental prostheses and around 12% of implants being rejected [9]-[12].

Figure 1.1-2 - Comparison of tissues around a healthy natural tooth (A) versus a healthy dental implant (B) [1].

Typically, coatings are applied to abutment surface to mitigate the bacterial adhesion occurring post-
implantation. Several coating materials, such as diamond-like carbon (DLC), silver-doped DLC (Ag-DLC),
nano-silver (nano-Ag), titanium nitride (TiN), zirconium nitride (ZrN), and nanostructured yttria-stabilized
zirconia (Y-TZP), have been explored for their antimicrobial property. Among these, TiN, ZrN, and Y-TZP
demonstrated the most promising results, whereas other coatings shown inconsistent performance [4]-[8],
[13]-[17].

A Kkey strategy to prevent implant rejection is to enhance early-stage soft tissue integration, which reduces
bacterial adhesion and accelerates healing [18]-[21]. Recent studies have focused on developing coatings
inspired by materials used in tissue engineering and regenerative medicine (TERM) to promote soft tissue
regeneration by promoting adhesion and proliferation of fibroblasts. Particularly, fibroblasts are cells of the
connective tissue and are fundamental in driving wound healing of soft tissue by producing and organizing the

extracellular matrix (ECM) [22], [23]. These materials can be classified into synthetic and natural biomaterials.



Among synthetic options, polydopamine has been widely studied for its ability to enhance fibroblast adhesion
and proliferation, thereby stimulating collagen secretion and tissue regeneration [21], [24].
However, natural biomaterials are preferred because they better mimic the extracellular matrix (ECM),
providing an optimal biochemical and structural environment for cellular activation. Natural polymers such as
collagen, hyaluronic acid, gelatine, and chitosan have been extensively investigated for their efficacy in
improving soft tissue integration [25]-[28]. Collagen, in particular, is a fundamental structural protein found
in various tissues, with type | collagen being the most abundant in the soft tissues of the human body. It is
characterized by a porous and fibrillar structure that allows for cell adhesion and proliferation and, ultimately,
promotes most effective gingival tissue regeneration [29].
Thisresearch proposes a synergistic approach by developing a bilayer coating on abutment surface. The bilayer
consists of:
= A zirconia layer, which addresses aesthetic and allergic issues by minimizing gingival tissue
discoloration allowing for a specific coating colour, such as pink or yellow hues [30]-[32]. Zirconia
is also highly resistant, biocompatible and has non-allergenic properties.
= A biopolymeric layer, designed to promote immediate soft tissue integration upon implantation. The
primary component of this layer is type I collagen, chosen for its ability to mimic the gingival ECM,

promoting cell adhesion and the deposition of new ECM, leading to gingival tissue regeneration [29].

Figure 1.1-3 - gingival tissue appearance with (a) a titanium abutment and (b) an anodized pink abutment [32].

The zirconia layer is created through reactive sputtering deposition using a PVD-PECVD system with a

Zirconium-Yttrium target containing 7 mol% Yttrium. This specific composition is chosen to achieve a stable



phase of zirconia [63]-[65]. This method allows for the production of precise and controlled coatings, free of
pores and contamination, making them suitable for biomedical applications.

The biopolymeric layer is formulated with the addition of Laponite RDS for improving shear-thinning
behaviour of the solution and, consequently, enhancing its processability, while not inducing cytotoxic effects
[33], [34]. The biopolymeric solution is deposited by drop casting at 4°C to prevent premature gelation,
allowing full gel formation at 37°C. Then, all the biopolymeric layers are gelled at 37°C and further UV cross-
linking is conducted to improve stiffness, promoting cell signalling which ultimately can lead to improved cell
diffusion [35]-[37].

To ensure the quality and performance of the zirconia coating, various characterization techniques were
employed. Aesthetic consistency was evaluated through visual inspection and colorimetric tests, while
structural and compositional analyses were conducted adopting Scanning Electron Microscopy (SEM), X-ray
diffraction (XRD) and Raman spectroscopy. Mechanical properties were assessed through hardness
measurements, scratch tests, and wear tests. Additionally, the stability and durability of the zirconia coating
was evaluated using low-temperature degradation tests, in accordance with ISO 13356, typically conducted on
Y-TZP-based ceramic implants used in surgical applications [38]-[40].

For the biopolymeric layer, optical observations and SEM analysis were conducted to verify the homogeneity
of the deposition and to examine the morphological structure, respectively. The crystalline structure of the
collagen was analysed using XRD to evaluate the presence and extent of fibrillogenesis, which indicates the
formation of well-organized collagen fibrils. Finally, Differential Scanning Calorimetry (DSC) was performed
to assess the thermal properties of the biopolymeric layer, specifically to evaluate the effects of the various
post-deposition treatments and the addition of Laponite RDS.

By combining these two layers, this study aims to enhance both the aesthetic and biological performance of
dental abutments, ultimately improving implant success rates and patient outcomes. Specifically, the research
proposes applying both layers to titanium abutments, while limiting the biopolymeric coating to abutments
with zirconia surface, as zirconia already meetsaesthetic and hypoallergenic requirements. The zirconia layer
is expected to reduce gingival tissue discoloration, minimize allergic reactions, and provide superior
mechanical properties and biocompatibility, thereby enhancing the integration of the abutment with the
surrounding gingival tissue. Meanwhile, the biopolymeric layer, primarily composed of type I collagen, is
designed to promote rapid soft tissue integration, accelerating healing and preventing bacterial colonization.
These advancements are anticipated to improve implant stability, reducing the incidence of peri-implantitis
and, consequently, leading to better long-term outcomes enhancing overall patient satisfaction. Furthermore,
this research may contribute to the development of biomaterial-based coatings for dental implants, with

potential applications extending to other biomedical fields requiring soft tissue integration.



1. Chapter 1 — State of the Art

1.1.Abutment component

Dental prostheses provide a long-term solution for replacing missing teeth, playing a crucial role in maintaining
both oral function and aesthetic appearance. As life expectancy increase, the demand for reliable and durable
dental replacements is increasing, driving several investigation resulting in enhancements in materials and
techniques to enhance their performance and lifetime [1], [41].

Global Market Insights (GMI) has published a forecast study using data collected up to 2023 and has projected
an increase in demand for dental implants, reaching $9.6 billion by 2034, with an annual growth rate of 6.9%.
According to GMI, this growth is driven by increased life expectancy as well as therising prevalence of dental
diseases worldwide [42].

Besides oral health, tooth loss can lead to other significant consequences such as nutritional deficiencies,
digestive issues, and even speech difficulties. In addition, missing teeth can alter facial structure which,
combined with psychological aspect of an altered appearance, can diminish self-confidence and overall quality
of life. Consequently, the use of dental prostheses not only restores essential functions such as mastication and
speech but also preserves facial aesthetics [1], [41].

Dental prostheses are composed by implant screw, abutment and crown. The abutment serves as an
intermediary structure between the other two parts and is designed to create a natural emergence profile,
facilitating good oral hygiene and ensuring a natural appearance of the dental prosthesis [1], [41].
Moreover, the abutment plays a fundamental role in evenly distributing mechanical loads, ensuring a stable
and functional connection between the implant and the surrounding bone tissue. This is a crucial factor in the
long-term success of dental prostheses, as highlighted by Per-Ingvar Branemark, a Swedish physician and
researcher, in 1957. Now recognized as the "father of modern dental implantology,” he pioneered the concept
of osseointegration, which remains a crucial point of implant success today [1], [41].

But the abutmentis also crucial for another key aspect which is the support of soft tissue integration preventing
complications such as peri-implantitis, which could ultimately lead to implant failure.

Peri-implantitis develops in two stages. The initial phase, peri-implant mucositis, resembles gingivitis and
involves gum redness, swelling, and bleeding due to bacterial biofilm buildup, but without bone loss. If
untreated, it progresses to peri-implantitis, leading to significant bone loss and implant instability, similar to
periodontitis but progressing faster [43]-[45]. A thorough analysis of systematic reviews and meta-analyses
reveals that approximately 20% of implant patients experience peri-implantitis, affecting about 10% of
implants. Early diagnosis and intervention are crucial to prevent implant failure and ensure long-term success
[9]-[12]. Given the projected increase in dental implant placements and the persistent incidence of failures
caused by peri-implantitis diseases, addressing factors related to soft tissue integration is becoming
increasingly crucial.

There are several types of abutments, each designed to address specific needs in dental prosthetics. Overall,

abutments are classified into permanent and temporary types [46].



Permanent abutments can be fabricated, customized or customizable from pre-fabricated abutment.

Stock abutments are fabricated component that offer a broad range of options and are distinguished
basing on the height of the collar, the geometry that can be straight or angled and the material that
typically is titanium or zirconia. They are the most adopted due to their ease of use, cost-effectiveness,
and versatility.

Customized abutments are tailored to meet the specific anatomical requirements of the patient,
optimizing the fit and overall prosthetic outcome. Thus, it guarantees high patient satisfactory but
consequently are more expensive.

Customizable from pre-fabricated abutment, such as Variobase ® designed by Straumann. Itis a pre-
fabricated component that can be further customized after purchase through CAD/CAE software,

allowing for personalized adjustments to meet the specific needs of the patient.

Temporary abutments can be categorized as healing and temporary.

healing abutments which are installed immediately after the implant procedure to help shape and
support the gingival tissue during the healing phase. They guide the growth of soft tissue around the
implant, ensuring proper tissue contouring.

temporary abutments are used to provide both functional and aesthetic support for a provisional
prosthesis during the healing period or until a permanent solution is implemented.

The available materials for abutments include [2]:

Titanium: Awidely used material, ideal for posterior implants due to its strength and durability, though
it may cause aesthetic concerns or allergic reactions. In particular, a titanium abutment leads to
discoloration of gingival tissue around the grey implant leading to a no natural appearance of the tissue
[30]-[32].

Stainless Steel: Typically used for temporary abutments due to the potential immune response from
nickel.

Zirconia: Highly biocompatible, it is referred for aesthetic cases and patients with thin gingiva.

PEEK: Mainly used for temporary restorations, offering a tissue response similar tothat of titanium.

Considering the growing demand for lifetime, comfort, and aesthetics associated with dental prostheses, as

well as the issues related to the abutment component, many research efforts are focused on developing new,

more versatile abutment geometries, as well as advanced coatings and surface treatments. These innovations

aim not only to enhance the aesthetic appearance of the abutment but also to improve its functionality by

modifying the surface to promote immediate soft tissue integration, prevent bacterial adhesion, and ensure

long-term durability.

1.2.Surface Engineering

Surface Engineering emerged in the 20th century and was further developed and solidified in the 1960s to

respond at the requirements of the modern industrialization. This development required an improvement in



terms of functionality, efficiency, and lifetime of finite products to save energy and raw materials and to
improve safety. This new branch has undergone significant development due two factors [47]:

= thedevelopment of novel coatings and treatment methods, enabling the achievement of properties that
were previously unachievable.

= engineers and scientists recognize the critical impact of surfaces on performance, lifespan, and costs
of components.

The term “Surface Engineering” was coined for the first time in England when the Surface Engineering
Society was inaugurated [48].
There is no universally standardized definition for this new term. The most common are the following:

=  “is a discipline of science, encompassing:

o manufacturing processes of surface layers, thus, in accordance with the accepted terminology
— superficial layers and coatings, produced for both technological and end use purposes;

o connected phenomena;

o performance effects obtained by them” [48];

"  “s a treatment of the surface and near-surface regions of a material to allow the surface to perform
functions that are distinct from those functions demanded from the bulk of the material” [49], [50];

=  “is the design and modification of the surface and substrate of an engineering material together as
system, to give cost effective performance of which neither is capable alone” [51];

= “is an informed selection of the appropriate coating or surface modification technology and its
effective application to prevent or delay one or more forms of materials degradation thereby improving
the performance of components and device” [52].

Surface Engineering focuses on modifying surface properties to optimize their behaviour and functionality
during interaction with the environment. It involves the study and development of innovative solutions to
enhance material characteristics, including physical, chemical, electrical, mechanical, and thermal properties,
as well as improving wear and corrosion resistance, adhesion, and biocompatibility. Surface optimization is
typically achieved through the application of a coating, which is selected to impart specific properties toa bulk
material that, instead, provides toughness and strength. These coatings can be of various types, enabling the
optimization of substrates through the application of metallic, ceramic, polymeric, or composite coatings,
whether the substrates are similar or dissimilar.

However, Surface Engineering involves two fundamental aspects:

e Coating technology, which encompasses traditional methods such as galvanization, heat treatments,
and electrochemical processes, as well as more recent techniques like chemical and physical vapor
deposition and ion implantation.

e Coating characterization, which focuses on the evaluation of surface properties and interfaces.

Due to these characteristics, Surface Engineering is widely applied in the automotive, aerospace, defence,
energy generation, electronics, biomedical, textile, petrochemical, chemical, steel, cement, machinery, and

construction sectors.



Figure 1.2-1 illustrates the two main branches of Surface Engineering: Surface Texturing and Surface

Finishing.
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Figure 1.2-1 - Classification of Surface Engineering Techniques [53].

Surface Texturing refers to a set of technologies employed for the modification of surface topography aiming
to the enhance of the performance in multiple aspects. Surface modifications are achieved by creating specific
pattern defined by micro — relief features with regularly shaped asperities and depressions.

Surface Finishing involves all industrial processes aiming on the modify of a manufactured article, coating its
surface and changing its chemical composition or varying its sub — surface microstructure. This modification
is achievable altering the chemistry and removing or adding material. Among Surface Finishing techniques,
coating deposition technologies are particularly noteworthy. Thistechnology involves adding new material to
an existing surface to create an interface that provides physical separation between the vulnerable substrate
and external sources of damage. More specifically, thin film category includes many other processes besides
PVD and CVD, as detailed in Figure 1.2-2. For instance, drop casting is a technique used to obtain a thin
coating by depositing drops of a specific solution using a pipette, followed by post-treatment to evaporate the

excess solvent [54].
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Figure 1.2-2 - Thin film processes [55].
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1.3.Bioceramics for Medical Application

1.3.1. Bioceramics: Types and Production

The term "biomaterial” originates from the early symposia of Clemson University in the late 1960s and early
1970s. The scientific accomplishments of these symposia paved the way for the establishment of the Society
for Biomaterials in 1975. Researchers and engineers developed materials tailored to meet specific
requirements, while scientists investigated the nature of biocompatibility. This term "biomaterial" became the
focal point of a distinct scientific field. The evolution of this discipline and the establishment of the Society
for Biomaterials were closely linked [56].

“A biomaterial is a substance that has been engineered to take form, which, alone or as a part of a complex
system, is used to direct, by control of interactions with components of living systems, the course of any
therapeutic or diagnostic procedure, in human or veterinary medicine.’’ [57]. Biomaterials, whether in the form
of implants (like dental implants and heart valves) or medical devices (such as artificial heartsand biosensors),
aim to replace or enhance damaged tissues and organs, thereby enhancing the life quality of patients. In
regenerative medicine, their properties are largely dictated by the materials used (polymers, ceramics, metals,
carbon), their structure (solid or porous), and their physical and chemical attributes [58].

Particularly, bioceramics are materials characterized by high strength and stiffness, great hardness, insulating
behaviour and resistance to high temperature, wear, and chemical degradation. The major disadvantages are
the great fragility and the low toughness [59], [60]. Also, bioceramics can assume a structural function as joint
or tissue replacement, can be used as coating to improve the biocompatibility of metal implants and can

function as resorbable lattices providing a temporary structure that is dissolved and replaced as the body rebuild
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tissue [60]. Thanks to these characteristics, bioceramics are available as microspheres, thin layers or coating
on a metallic implant, porous network, composites with a polymer component and more [60].

A possible classification of bioceramic materials is about their response to the biological environment. In this
way, it is possible to distinguish bioinert, bioactive and bioresorbable bioceramics. Typical bioinert ceramic
materials, such as alumina (Al-Os) and zirconia (ZrO-), are non-toxic and do not promote tissue integration.
When implanted, they are encapsulated by fibrous connective tissue, and thanks to their excellent mechanical
properties and biocompatibility, they are suitable for applications requiring high strength, such as permanent
implants [59], [60].

Alumina (Al203) and zirconia (ZrO2) are two of the most adopted bioinert ceramics for biomedical purposes
thanks to their high biocompatibility and wear resistance. It is possible to coat a bioinert ceramic if the
integration of the implants with the living tissue is required [59], [61].

1.3.2. Zirconia

During the 1990s a necessity to replace aluminaas a ceramic material in the fabrication of certain prostheses
due to its fragility emerged. Consequently, biomedical zirconia was introduced [62]. The use of zirconia has
enabled the development of new implant designs, like 22 mm femoral heads, which were not feasible with
alumina [62], [63].

3Y-TZP zirconia exhibits higher values of toughness, Kic, and threshold, Kio, than the alumina ones (Figure

1.3-1) leading to consequently higher variation of strength: higher values than 2 GPaand 800 MPa characterize
respectively zirconia and alumina [63].
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Figure 1.3-1 - Crack propagation behaviour of alumina and 3Y-TZP [63].

Zirconia-based ceramics are characterized by high strength, toughness and chemical resistance making them

applicable in harsh environments under severe loading conditions [62]. Therefore, it’s possible applied them
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under critical chemical and mechanical stresses. An example is their suitability in the industrial field, such as
the seals in slurry pump, and in the medical field, designing hip or knee to replace damaged joints [62].
Pure zirconia is a polymorphic ceramic exhibiting three crystal phases: monoclinic, tetragonal and cubic from
low to high temperature [61]-[64]. The monoclinic phase is stable at temperature below 1170 °C, the tetragonal
one exists in therange [1170+2360] °C and the cubic phase is stable above 2360 and up to the melting point
(2680°C) [63].
It’s possible to stabilize the tetragonal and the cubic phases at room temperature adding oxides such as CaO,
MgO, Y203 and CeO: [62]-[65]. For example, adding an amount of yttria (Y203) over 8 mol%, the cubic phase
is stable at room temperature, which is called cubic-stabilized zirconia (CSZ). When yttria is 3 to 8 mol%,
tetragonal and cubic phases are mixed at room temperature, and it is called partially stabilized zirconia (PSZ).
When yttria is around 3 mol%, the tetragonal phase is close to 100% at room temperature, and it is called
tetragonal zirconia polycrystal (TZP), also called toughened zirconia [64].
Zirconia is naturally found in nature as the free oxide baddeleyite, typically contaminated by hafnium oxide,
or as zircon (ZrO2-SiO2) from which it was extracted for the first time by the Swedish chemist J6ns Jacob
Berzelius in the year 1829 [65],[66].

1.3.2.1.  Toughening
Zirconia is well-known for the concept of “transformation toughening”. The toughening is given by the
reversible transformation t - m (from the tetragonal to the monoclinic form) making zirconia a unique
ceramic. When a crack propagates in a ceramic material, it can quickly lead to the fracture and the consequent
failure of the piece. Instead, the presence of metastable tetragonal phase in the zirconia structure, can stop the
propagation of the crack: the crack tip is characterized by high tensile stress that is used to transform the
particles of the tetragonal phase in particles of monoclinic phase with consequent increment of the volume
(3+4 %) and shear stress leading to a compression stress field that stop the propagation (Figure 1.3-2). This
phenomenon is also known as “microcracking” where the microcracks in the surrounding matrix are subcritical
in term of the Griffith-Orowan fracture mechanics [61]-[63], [65].
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Figure 1.3-2 - Stress-induced tetragonal-monoclinic transformations at the crack tip in zirconia. leading to crack shielding [63].

The grain size strongly affects this phenomenon, in fact above a critical dimension the transformation is
spontaneous and lead to an improvement of the toughness [62].

Another important benefit is the possibility to improve the toughness and to reduce the sensitivity to slow crack
growth grinding the surface and creating a surface layer in a compressive state (Figure 1.3-3). It is not possible

with other ceramic, such as alumina, that can fail during the machining process [63].

< m-Zr02

///// Layer under

Compressive stress
(a) (b) ()
Figure 1.3-3 - Free surface of stabilised zirconia at sintering temperature (A). During cooling the t-ZrO2 particles near the surface

transform to m-ZrO2 and thus induce a compressive stress in the matrix (B). The thickness of the compressive layer can be increased
by abrading/polishing the surface (C) (D).

1.3.2.2. Hydrothermal Instability
Zirconia suffers the hydrothermal instability, a phenomenon also known as ageing of the metastable zirconia
that affects especially the Y-TZP structure. It occurs in water presence and at room temperature, but it is
accelerated at 250°C [60]-[63], [65]. Thetransformation t->m is a great advantage when it is localised around

a propagating crack but if it occurs in correspondence of the surface, it can be a disastrous phenomenon [63].
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This phenomenon is due by the presence of water radicals (es. body fluids) that, penetrating the lattice through
the oxygen voids, causes its contraction generating a tensile field stress in the surface grains and leading to a
stress corrosion-type mechanism [62], [63]. In the year 2001, around 400 implanted zirconia femoral heads
failed within a very short period [61]-[63]. This is accentuated in Y-TZP because the water diffusion is
facilitated by the presence of many vacancies due to the trivalent character of yttrium. After the nucleation
phase, the phenomenon continues like a cascade of events, grain after grain, causing the volume increase of
the lattice leading to microcracking and creating a pathway which helps further penetration of water. It is

possible to observe also roughening if this phenomenon is associated with surface uplift (Figure 1.3-4).

HZO\ [— H;O
b

Avedse
Shear
iny

HZO\ (— Ho0

"""} surface uplift

Micro-cracking

Figure 1.3-4 - Schematic representation of ageing at the surface of zirconia [63].

The roughening strongly impacts the application in medical field when wear resistance is required [63]. The
ageing phenomenon is strongly influenced by the microstructure: grain size, homogeneity, surface state and,
above all, density. High density results in less access to water in the structure strongly limiting the ageing
effect of the zirconia. Also, the ageing is limited reducing grain size dimension; but consequently, the
toughening effect is less effective, and giving a surface compressive stress field blocking the cascade reaction
[63]. The chemical modification of the zirconia is another potential solution to limit the ageing phenomenon:
addition of silica, adoption of yttria-coated rather than coprecipitated powders and the use of Ce-doped zirconia
[62].

The aging phenomenon is not yet well known in the dental field but no issue has been reported for Y-TZP for

dental application during the 20 years of research and optimization [62], [63].
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Alumina-toughened zirconia (ATZ) and zirconia-toughened alumina (ZTA) are developed to overcome the
hydrothermal instability of metastable zirconia. Mathys European Orthopaedics, Bettlach, Switzerland,
developed Ceramys®, that is an alumina-toughened zirconia consisting of a nanocrystalline dispersion
(average grain size 0.4 um) of 80 mass% Y-TZP and 20 mass% alumina ensuring a biaxial flexural strength
up to 1.2 GPa [65]. Also, zirconia-toughened alumina is first developed by Claussen, and it is composed by
particles of tetragonal zirconia immersed in an alumina matrix [62]. The behaviour of ATZ, ZTA, 3Y-TZP,
and 8Y-CSZ ceramics are evaluated in the as-is condition and after a Low Temperature aging or Degradation
(LTD) in asolution of artificial saliva (Table 1-1). Cubic stabilized zirconia with 8 mol.% of Yttria (8Y-CSZ)
seems to not be affected by the LTD in fact the mechanical properties did not change in as-is condition and
after the treatment. The other samples suffered a change in the crystalline phases with a consequent decrease

of the mechanical properties after the LTD.

Table 1-1 - Mechanical properties of the ceramics samples evaluated by nanoindentation [61].

Ceramies Compositions % Molar fraction Average Grain Size Elastic modulus [GPa] Nano-Hardness Stiffness K
(t—m) [nm] [GPa] [N/m] MPa /T
ATZ 20 wtRALOg+ 80 wiRTZ=3Y 11 576 + 165 3357 21x12 157471 £ 12 4.2 0.1
ATZ With LTD 23511 12+1.5 91159 + 34 3.7+0.2
ZTA B0 witBAlLOL+20 wtRTZ-3Y 7 495 £ 285 3e0x6 351 161190 £ 12 35002
ZTA with LTD 298 = 10 30.2+2 151150 + 14 3.1x04
3Y-TZP 97% mol Zr0: + 3% mol Y205 18 387 +95 3547 2508 B3BBG 9 51x02
JY-TZP with LTD 260+ 7 18+1.5 76262 +11 41+0.3
BY-CSZ 92%mol Zr0; + 8% mol Y204 0 2303 £ 450 38412 313202 153423 £12 3772002
BY-CSZ with LTD 3832 31.2+0.3 153414 + 10 3.78+0.03

Around 20% of the prosthetic femoral heads produced globally are ceramic, and up until the year 2000, roughly
40% of these ceramic heads, were made of zirconia. Zirconia was recognized as the second generation of
ceramic hip joint heads, offering both low wear rates and enhanced safety [63]. Thanks to the mechanical and
aesthetic properties that characterize zirconia, this ceramic material is also widely used in the dental field for
the fabrication of dental crowns and multiple-unit bridge frameworks [63].

In the past few decades, Zellwerk GmbH has introduced Sponceram®, a porous material primarily composed
of zirconia and partially or completely stabilized with Ca, Mg, or Y (Figure 1.3-5). This material aims to

promote tissue regeneration by enhancing cellular transport through it [65].
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Figure 1.3-5 - Highly porous 3D-scaffold matrix of Sponceram®. (Image courtesy of Zellwer GmbH, Eichstadt, Germany) [65].

1.4. Yttria-Stabilized Zirconia Thin Films
1.4.1. Thin Films Deposition Technologies

Traditional coating techniques are being replaced by advanced methods designed for the production of thin
films. These innovations leverage highly versatile and sophisticated vacuum — based technologies. Vacuum —
based deposition processes can be distinguished in two main categories:

= Chemical Vapour Deposition (CVD), adopted to produce coatings by condensation of gaseous
reactants, which are used as the source of coatings species.

= Physical Vapour Deposition (PVD), employed to deposit thin coatings by evaporating or atomizing at
least one component from a solid target.

CVD and PVD techniques are in common the following steps:

1. synthesis or creation of the depositing species. The vapour phase can be achieved through methods
such as evaporation, sputtering, laser ablation, etc.

2. transport from source to substrate. The species may undergo collisions between atoms and molecules
or be ionized to create a plasma during the transport.

3. deposition on the substrate and consequent film growth. This step involves the condensation of the
vaporized species on the substrate, followed by nucleation and growth of the film. These two
phenomena can be significantly influenced by ionic bombardment leading to changes in
microstructure, composition, residual stresses and properties [67], [68].

The degree of independent control of these three steps determines the flexibility and versatility of the
deposition process.

Surface engineering focuses on modifying material surfaces by adding and removing material, as well as
altering its chemistry, to enhance their properties. Coating process and surface modification are

distinguishable. The substrate is covered with a layer of a different material in the first case, in contrast, the
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second case involves altering the surface properties without adding material. It is possible to combine these
two processes to achieve an optimal solution [69].

1.4.2. Zirconia-based Ceramic Thin Film
Typically, zirconia-based ceramic coatings are realized through Chemical Vapour Deposition or Physical
Vapour Deposition, and, recently, many realizations through sol-gel adopting, for instance, spin coating, are
founded in literature [70], [71]. Plasma spraying is a widely used technique for zirconia-based ceramics, but it
is specifically employed for the deposition of thick coatings.
Chemical Vapour Deposition employs precursor of zirconium and reactive gases to react and forming a thin
zirconia film on the surface of the substrate forming [72]-[74].
Physical Vapour Deposition realizes the coating through sputtering of the zirconium target and subsequent
condensation of the vaporized material on the substrate [75]-[77]. Electron Beam Physical VVapor Deposition
(EB-PVD) is a specific application widely adopted in this field for the deposition of thick films.
Sol-gel leads to the formation of a sol (zirconia colloidal suspension) that is converted into a gel through a
gelation process, where the colloidal particles aggregate to form a three-dimensional network. The gel is

subsequently dried and sintered to form a thin zirconia film [78], [79].

1.5. Physical VVapour Deposition (PVD)

Physical Vapour Deposition (PVD) is a technique adopted for thin films production of metallic, ceramic,
polymeric and composite nature. The thin film thickness varies typically from few to thousands of nanometres.
The film is obtained from the vaporization of liquid or solid source, therefore, atoms or molecules, in vapour
form, are conducted in vacuum or low pressure to the substrate for the coating formation. Dimension and shape
of the substrate vary in a wide range. The vaporization of the source material can occur through various
methods, including thermal heating (vacuum evaporation), physical sputtering (sputter deposition), cathodic
arc (Arc-PVD), laser ablation (PLD), and electron beam irradiation (EB-PVD), among others [51], [69].
Atoms and molecules are physically ejected from the target with a non-thermal vaporization process in the
sputtering deposition. The ejection takes place from the momentum transfer of the energetic bombarding
particles, typically plasma accelerated gas ions, of a solid source, target. The sputtering can take place in high
vacuum (< 5 mTorr), where the sputtered particles suffer few or no gas phase collision in the space between
the target and the substrate, or in low vacuum (5-30 mTorr), where, instead, the sputtered particles are
thermolyzed by gas phase collision before reaching the substrate [69].
The plasma consists of electrons, ions and neutral species and it is the conductor of the particles in the
deposition chamber. It is sustained in the space between the target (cathode) and the substrate (anode) and its
properties vary near these two electrodes, where it is generated by the application of a voltage. [51].
The sputtering deposition is distinguishable as:

= DC diode sputtering where high negative DC voltage is applied to a conductive surface in a gas and

positive ions are accelerated to the anode. The sputtering of the target causes the ejection of secondary

electronsthat, in equilibrium condition, lead to a constant discharge. However, this technique is largely
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replaced by more modern sputtering methods, such as Radio Frequency (RF) and Mid Frequency (MF)
sputtering, which are used to deposit materials also on non-conducting surfaces.
= Magnetron sputtering adopts a magnetic field (= 200 gauss) to force the plasma electrons close tothe

target surface with a spiral path around the magnetic field lines. This solution permits to sustain the

DC gas discharge also at low pressures where collision and charge-exchange collision probabilities

are low, leading to high sputtering yield and high sputtering rates. The drawback of magnetron

sputtering is the unavailability of plasma for the activation of reactive gases. Possible solutionsinclude

applying a radio frequency (RF) potential to the sputtering target, establishing an auxiliary discharge

near the substrate, or adopting an ‘unbalanced’ magnetron configuration. This configuration allows

some ejected electrons to escape from the target surface due to a portion of the magnetic field being

normal to the target surface [1].

1.5.1. Reactive Sputtering
Reactive sputtering is a Physical Vapor Deposition (PVD) technique used to produce oxide and nitride thin
films. The coating results from the reaction between atoms sputtered from a metal target and reactive gas
molecules injected into the deposition chamber. Common reactive gases, such as oxygen and nitrogen, are
plasma-activated to enhance the chemical reactivity of the deposition process. Typically, reactive gases have
a low atomic mass, so using an inert gas with a higher atomic mass aids the sputtering phase. Consequently, a
mixture of reactive and inert gases is commonly used, with their ratio significantly affecting the film properties,
ranging from almost metallic to semiconductor, insulator, or resistor. The pressure of the reactive gas during
reactive sputtering deposition is crucial: excessive pressure leads to target poisoning and a consequent low
deposition rate, while too low pressure results in inadequate reactions for coating formation, leading to
improper chemical composition. DC magnetron sputtering is the typical equipment used to produce these
coatings. This technique provides more control of the stoichiometry of the deposited coating by adjusting the
gas flow [69], [80]-[82].
On the otherhand, it is important to consider the hysteresis behaviour of the process [69], [80], [82]-[84]. An
example of this behaviour is shown for the discharge voltage (Figure 1.5-2) and the deposition rate (Figure
1.5-3). Starting from point A (0 sccm of oxygen gas flow) and moving to point B, the discharge voltage and
deposition rate are at their maximum because the metallic surfaces adsorb the oxygen present in the chamber,
leading to oxygen-rich films. This is known as the metallic deposition mode. Further increasing the oxygen
gas flow leads to a collapse in the deposition rate (from point B to point C) because the target is no longer
purely metallic. Consequently, both the discharge voltage and deposition rate values decrease to that
characteristic of the poisoning mode.
The decrease of the discharge voltage is explained by the following formula:

Wo

VSEEEeSi

v _
"discharge

In a magnetron discharge, the effective ionisation energy (Wo) is approximately 30 eV for argon. The ion

collection efficiency (&i) and the fraction of ions generated by electrons (ge) are values nearly unity dueto the
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trapping of the electrons near the target. The gas ionization probability (E) depends on gas pressure, while the
multiplication factor (m) is influenced by the sheath thickness. The ion-induced electron emission coefficient
(yisee) indicates the number of electrons emitted per ion impacting the target and varies with target conditions.
Under experimental conditions, the magnetic field strength remains constant, thus not significantly affecting
the sheath thickness. Consequently, the factors that significantly influence the discharge voltage are gas
composition, gas pressure, and target condition [85].

The discharge voltage experiences a significant reduction during the formation of the oxide layer. This
phenomenon occurs because the ion-induced electron emission coefficient (yisee) increases when the oxide
layer forms [85]-[87].

This observation is applicable to many metals. Deviations from this behaviour can be noted when the number
of secondary electrons emitted during oxide layer bombardment is relatively low. For instance, aluminium
oxide (Al203) emitted significantly more secondary electrons during bombardment compared to titanium
oxide. This difference accounts for the higher (yisee) of aluminium oxide relative to its metallic form, unlike

the behaviour observed with titanium [87].
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Figure 1.5-1 - Secondary electronyields of Al and Al,O4 (a); of Ti and TiO, (b) as a function of the ion energy. Oxygen flow rate is
0.3 sccm (jop; =2.85 X 1016 cm2s7) [87].

The interaction between the adsorbent and the metal affects ion-induced secondary electron (SE) emission in
several ways. In oxides, energy dissipation is more efficient, resulting in fewer but more energetic electrons.
This leads to higher SE emission coefficients (SEEC) for oxidized surfaces compared to bare metals. Electron

transport is also more efficient in oxides due to fewer electron-electron collisions, further increasing SEEC.
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However, the escape probability of electrons is lower in oxides because the work function (®) increases with
oxygen adsorption, reducing SEEC compared to metallic surfaces [86].

The oxide layer creates a dipole and an electric field, acting like an electron gun and enhancing electron
emission. This field, combined with the effective ionization energy (W), reduces the energy needed to sustain
the plasma, lowering the discharge voltage. Conversely, ion emission decreases because the metal is covered
by the oxide layer, preventing deposition. This condition is known as poisoning, and upon reaching point C,
additional oxygen gas does not cause a further decrease; instead, the system enters a plateau, indicating the
poisoning mode. Moreover, the deposition rate and discharge voltage values do not immediately revert to the
metallic behaviour if the oxygen gas flow is reduced (from point C to point D). Instead, the known hysteresis
behaviour is observed. The return to the metallic mode is only observable when the target surface has been
sputtered clean of the oxide film, causing the discharge voltage and deposition rate values to return to their

initial levels almost instantly (from point D to point E).
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Figure 1.5-2 - Variations of the discharge voltage [82].
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Figure 1.5-3 - Variations of the deposition rates with O2 flow rates [82].

Different solutions are implemented to reduce or eliminate the hysteresis effect. One possible solution is the
injection of the inert gas and the reactive gas around the sputtering target and near the substrate surface,
respectively, to avoid target poisoning [69].

The shape and dimensions of the substrate surface significantly impact the process outcome. Since the reaction
involves the metallic film deposited on the substrate surface and the reactive gas flow near the substrate,
changes in the shape and/or dimension of the surface directly affect the reaction of the metallic film and,
consequently, the quality of the coating. Therefore, it is crucial to set the deposition parameters according to
the final shape and dimension of the piece to ensure a reproducible reactive sputter deposition process.
Evaluating the reaction rate is essential to ensure that the deposited metal film reacts immediately with reactive
gases. Otherwise, part of the deposited metal film will remain buried by subsequent layers [69]. The reactivity
of the process is influenced by multiple variables, including the likelihood of reaction between metallic and
reactive gas species. The chemical reactivity of the process can be improved by concurrent bombardment of
the depositing/reacting species by energetic ions accelerated from the plasma (bias sputtering) [69].
Effectively, several studies investigated the deposition of zirconia coatings by implementing reactive
sputtering deposition. For example, cubic yttria-stabilized zirconia thin films were deposited via reactive
magnetron sputtering on Si(100) substratesand (NiO-YSZ) fuel cell anodes. The target used was Zr-Y (82:18
wt%) with a purity of 99.9%, and the gases used were Ar (99.997%) at a partial pressure of 660 MPa as the
sputtering gas, and Oz (99.9995%) at a partial pressure of approximately 40 MPa as the reactive gas [88].
Additionally, cubic zirconia thin filmswere obtained through reactive sputtering using Argon and Krypton as
sputtering gases, and O: as the reactive gas, on Si (001) substrates, employing a Zr-Y target (86:14 at%) with
a purity of 99.5% [89].

Reactive sputteringwas also employed to produce oxide zirconia coatings with varying percentages of oxide
stabilizers. This study utilized a Zr-Y target (91:9 wt%) with a purity of 99.95% on Ti6AIl4V substrates, using

a mixture of Argon as the sputtering gas and O: as the reactive gas. Different coatings were achieved by
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applying various voltage values, resulting in metallic coatings in metallic mode and oxide coatings

characterized by different zirconia phases [90].

1.6.Hydrogels for TERM

Hydrogels are three-dimensional networks composed of polymer chains and water, with the water content
ranging from 90% to 99%. The water molecules occupy the interstitial spaces between the polymer chains,
rendering these structures highly hydrophilic. Additionally, biological components can be encapsulate in the
hydrogel such as proteins and cells [91]-[94].
Hydrogels can be derived from both natural and synthetic materials. Natural hydrogels include substances like
gelatine and collagen, while synthetic hydrogels can be made from polyethylene glycol (PEG) and
polyacrylamide (PAA). In the context of tissue engineering and regenerative medicine (TERM), natural
hydrogels are particularly valued due to their unique properties [92]:
= High biocompatibility: Natural hydrogels are generally well-tolerated by the body, minimizing adverse
immune responses.
= Presence of cell-binding motifs: These motifs facilitate cell adhesion and diffusion, which are crucial
for tissue regeneration.
= Fibrillar structure: The fibrillar architecture of natural hydrogels mimics the extracellular matrix
(ECM), providing a supportive scaffold for cell growth.
= Metabolic recognition and processing: Natural hydrogels can be metabolically recognized and
remodelled by the body, promoting cellular reorganization and the deposition of newly synthesized
ECM.
Due to these advantageous properties, hydrogels are extensively utilized in TERM. Tissue engineering aims
to replace damaged tissues and organs by using hydrogels or scaffolds that can support cell growth and tissue
formation. These hydrogels can also be seeded with cells that are cultured specifically for integration into the
host tissue. Regenerative medicine leverages the principles of tissue engineering to restore function to damaged
areas of the body by promoting the regeneration of tissues and organs [94].
Hydrogels can be classified as ECM-like hydrogels, which mimic the extracellular matrix (ECM). The ECM
serves as a physical support to maintain tissue integrity, an adhesive substrate for cell adhesion and
reorganization, and a reservoir of biochemical signals that support cell survival and differentiation. The ECM's
properties vary depending on the tissue or organ type; for example, it can be more rigid and mineralized in
bone tissue or rich in elastic fibres in tendons. ECM-like hydrogels are categorized as follows [92]:
= Protein-based hydrogels: These are derived from purified ECM components and can include:
o Collagen: The most abundant protein in the ECM, collagen is highly available in nature,
biocompatible, biodegradable, and recognizable by cells.
o Gelatine: A partially hydrolysed form of collagen, gelatine is easy to work with and modify.

o Elastin: Known for its high elasticity, elastin allows tissues to stretch and contract repeatedly.
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= Polysaccharide-based hydrogels: These typically consist of glycosaminoglycans (GAGs), which are
the most common polysaccharides in the ECM. GAGs are negatively charged and play a crucial role
in cellular signalling, impacting tissue growth and development. Common GAGs include chondroitin
sulphate and hyaluronic acid.
= Decellularized tissues and organs: These allow to produce 3D hydrogels with a native organic
structure. Cells specifically cultured for integration can repopulate structure. The most common
decellularized tissue in the decellularized ECM (dECM).
In addition to ECM-inspired hydrogels, other types include:
= Nucleic acid-based hydrogels: Composed of nucleic acids such as DNA, these hydrogels can
encapsulate cells and biomolecules. They exhibit self-healing properties and respond to various
stimuli, including temperature, pH, and light.
= Blood-derived hydrogels: Designed to regenerate damaged tissues, these hydrogels utilize components
derived from blood [92].
Hydrogels can also be classified based on their applications [92], [93], [95]:
= Dynamic hydrogels: These are designed for self-healing purposes due to their reversible cross-linking
capabilities, which can involve covalent dynamic and hydrogen bonds. This allows the hydrogels to
break down and rebuild reversibly in a physiological environment. They are particularly useful when
maintaining structural integrity under mechanical stress is crucial, such as in the self-healing of
cartilage tissue.
= Reinforced hydrogels: These hydrogels are engineered to enhance or introduce specific properties.
Typically, mechanical properties are improved using two main approaches. The first approach
involves the creation of double-network (DN) hydrogels, which consist of a rigid network that provides
mechanical strength and a flexible network that offers toughness and prevents rupture. The second
approach involves the incorporation of nanoparticles, often inorganic, which significantly enhance
mechanical properties. Additionally, nanoparticles can be used to alter cellular processes. For example,
magnetic or electroconductive nanoparticles can be incorporated to create reactive hydrogels that
respond to magnetic or electrical fields.
= Smart hydrogels: These hydrogels are designed to respond to specific stimuli such as pH changes,
temperature variations, or light exposure. They are often used in drug delivery systems, where they
can swell or shrink in response to a stimulus, thereby controlling the release of the drug.
= Hybrid hydrogels: These combine the biocompatibility and bioactivity of natural polymers with the
mechanical properties of synthetic ones. This approach allows for the creation of hydrogels with a
diverse range of chemical, mechanical, and biological properties, making them suitable for various
biomedical applications.
Various properties characterize hydrogels, including [94], [95]:
= Degradation: This property is influenced by the formulation of the hydrogel, cross-linking rate, and

environmental factors. In TERM, degradation is typically desired because the hydrogel needs to be
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replaced by regenerated tissue. Degradation can occur through hydrolytic processes, where water
molecules interact with polymer chains, or through enzymatic processes, involving enzymes such as
collagenase.

= Wettability: This surface property is affected by the chemical composition of the hydrogel, surface
roughness, and functional groups. Hydrophilic hydrogels, which have high wettability, are particularly
suitable for applications such as wound dressings and drug delivery.

= Swelling: The swelling behaviour of hydrogels is influenced by their chemical composition, cross-
linking rate, and environmental factors. This property is highly exploited in drug delivery systems.
The swelling ratio is defined as:

M water M swallen — M dried

SW = =
M dried M dried

Where M water is the mass of absorbed water by the gel, M dried is the mass of the polymeric matrix,
before the swelling, and M swollen is the mass of the polymeric gel in equilibrium after the swelling.
The swelling process is highly exploited for drug delivery.

= Mechanical properties: These are influenced by the cross-linking rate, the length of the polymeric
chains, and chemical reinforcement. Enhancing mechanical properties is crucial for applications that
require structural integrity under stress.

= Rheology: This property helps understand the flow behaviour of the hydrogel solution. Rheology is
fundamental in the design phase, particularly for the injection of the hydrogel solution, ensuring it
responds correctly to stress during application.

= Porosity: Porosity is the ratio between the volume of voids and the total volume. Pores can be open or
closed to the environment, and their size is critical for the access of biological fluids essential for cell
activities. Porous structures can be achieved through templating with porogens, lyophilization,
electrospinning, 3D bioprinting, etc.

= Cell activities: These include adhesion, migration, proliferation, differentiation, and cell viability.
Ensuring cell adhesion is the first crucial step, influenced by surface topography and the number of
active adhesion sites. Cell viability depends on pore size, structure type, and the presence of oxygen
and nutrients. Subsequent proliferation and migration are influenced by adhesion and viability, which
can be enhanced by growth factors in the hydrogel.

= Angiogenesis and vascularization: These processes are influenced by the porosity of the hydrogels,
affecting the exchange of waste products and the supply of oxygen and nutrients.

= Antibacterial and antiviral activities: These properties can be enhanced by functionalizing hydrogels
with antibacterial elements such as antimicrobial peptides or silver nanoparticles.

Hydrogels can be crosslinked either physically or chemically [92].

= Physical crosslinking involves ionic bonds, which provide greater biocompatibility but result in lower

mechanical properties and more significant stress relaxation. Physical crosslinking can be further

categorized into:
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o Thermal condensation: This occurs due to the physical entanglement of polymer chains caused by
thermal changes during the gelation process.

o Self-assembly: This relies on the formation of weak non-covalent bonds between polymer chains,
such as hydrogen bonds and van der Waals forces. For example, in collagen, self-assembly is
driven by the formation of a triple helix by amino acids, which organize themselves into a well-
defined structure.

= Chemical crosslinking involves covalent bonds, which offer better mechanical properties and less
stress relaxation but often compromise biocompatibility.

A rigid hydrogel provides good cellular signalling, while a hydrogel with greater stress relaxation allows for

better cell diffusion [91]. Therefore, it is important to clearly define the objective, specifically the type of tissue

to be integrated, and determine whether a more rigid or less rigid hydrogel is preferable.

1.7.Collagen-based Hydrogels

Collagen is a widely used protein for creating hydrogels across various fields. For example, in bone tissue
regeneration, collagen must be combined with hydroxyapatite (HA) as they are both principal components of
bone tissue [96], [97]. Often, additional elements are incorporated to induce osteoinduction, which would
otherwise not be favoured. Another significant application of collagen hydrogels is in the cornea [98], [99]. In
this case, collagen hydrogels ensure the maintenance of water content and transparency, preventing gelation
or aligning fibres in a single direction. Furthermore, collagen-based biomaterials have been developed for
cardiac and neural applications by incorporating nanoparticles to closely mimic the natural specific tissue
[100]-[102].

Another promising application of collagen biomaterials is in the field of dentistry, particularly in addressing
peri-implantitis, a common post-operative complication. Peri-implantitis progresses through two distinct
phases. The initial phase, known as peri-implant mucositis, is akin to gingivitis in natural teeth and is
characterized by redness, swelling, and bleeding of the gums surrounding the dental implant. This
inflammatory response is primarily caused by the accumulation and maturation of bacterial biofilm around the
dental implant. Importantly, no bone loss occurs during this phase. If peri-implant mucositis is not effectively
managed, it can progress to the more severe phase known as peri-implantitis. This phase is marked by the loss
of supporting bone, which can be several millimetres in extent. The bone loss associated with peri-implantitis
can compromise the stability of the implant and may ultimately lead to implant failure. This condition is
analogous to periodontitis in natural teeth but tends to occur more rapidly around implants. Epidemiological
studies have shown that peri-implantitis is a prevalent issue, affecting approximately 20% of patients who
receive dental implants. This corresponds to about 10% of the implants themselves being affected by this
condition. These statistics underscore the importance of early detection and intervention to prevent the
progression from peri-implant mucositis to peri-implantitisand to ensure the long-term success of dental [43]-
[45].
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Studies have demonstrated that maintaining healthy soft tissue is essential for preventing implant rejection and
ensuring the long-term success of surgical procedures [23], [103]. There are two primary approaches to
achieving this: surgical techniques and the administration of cells and/or scaffolds through atissue engineering
approach.

The wound healing process, which is critical after surgical procedures such as dental implant installation,
involves several distinct phases [22], [23]:

1. Hemostasis: This initial phase occurs immediately after injury, where the body works to stop bleeding
through the process of coagulation.

2. Inflammation: During this phase, the immune system responds by sending white blood cells
(leukocytes) to the wound site. These cells help to clean the wound by removing debris and pathogens,
thereby preventing infection. This phase is characterized by redness, heat, swelling, and pain as the
body works to protect and repair the damaged tissue.

3. Proliferation: In this phase, new tissue begins to form. Angiogenesis, the formation of new blood
vessels, occurs to supply the wound with necessary nutrients and oxygen. Granulation tissue, rich in
type Il collagen, forms to provide a temporary matrix that supports cell migration and tissue repair.
This granulation tissue is essential for rapid repair and protection of the damaged area.

4. Remodelling: The final phase involves the maturation and reorganization of the granulation tissue into
a more resilient and structured tissue composed primarily of type I collagen. This phase can last for
several months to years, during which the newly formed tissue gains strength and functionality.

Fibroblasts play a crucial role throughout the wound healing process. These essential connective tissue cells
are involved from the inflammation phase, where they migrate to the wound site, through to the proliferation
and remodelling phases. Fibroblasts produce and organize the extracellular matrix (ECM), which is vital for
the formation of new tissues and the regeneration of damaged tissue. They are responsible for producing
collagen, a key component of the ECM, which is necessary for the development of new tissue and the
regeneration of specific tissues [22], [23].

Research has shown that the use of collagen biomaterials can significantly enhance the regeneration of soft
tissues [104], [105]. For instance, type | collagen membranes inserted into the mandibular area of pigs have
demonstrated effective soft tissue regeneration without causing inflammatory reactions, indicating optimal
integration of the device [105].

Other studies have focused on the direct role of collagen on fibroblasts. Indeed, the creation of collagen-based
scaffolds has consistently shown rapid fibroblast adhesion and subsequent proliferation over time [25], [26],
[28], [106].

Therefore, collagen-based biomaterials provide a structure that mimics the extracellular matrix, influencing
cellular activity. Specifically, in tissue regeneration and regenerative medicine, collagen offers an optimal
environment for fibroblast adhesion, promoting their subsequent migration and proliferation. This is crucial

for fibroblasts to play their role in the wound healing phases, which is essential for the formation of new tissue
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around the wound. Thus, the use of collagen-based biomaterials can be a key strategy in the field of TERM,

providing physical support and actively participating in the healing process [107].

1.8.Collagen

Collagen comes from the Greek word (kdlla), which translates to ‘glue’, and the suffix -, -gen, which means
‘producing'. Collagen is the most abundant protein in mammalian organisms. It is the main component of skin,
bone, tendon, ligament, cartilage, and other specific tissues, providing strength and durability, along with
flexibility, and a broad range of specific biological interactions. Collagen is a protein family that is crucial in
the structure of the extracellular matrix. 28 collagen types are known which are encoded by over 40 different
genes and they are linked through a common structural element, the triple-helix, as well as several shared
biochemical themes. [29], [108]-[110]
The collagen monomer consists of three polypeptide chains also called o chains. The polypeptide is an amino
acids sequence, typically glycine and proline: glycine is the smaller amino acid and creates spaces between the
polypeptide chains promoting the interaction and the formation of a compact helix, instead, the proline defines
the bulky structure thanks to the kinks formation leading to the helix formation. Therefore, the three
polypeptides interact and link with each other through hydrogen bonds. Some exposed residues of each
polypeptide remain, and they are exploited from the collagen monomer during the cross-linking phase [29].
1.8.1. Collagen Type
Since many types of amino acid sequences are possible, there are over twenty types of collagen, each of which
performs specific functions that characterize particular mammalian tissue. The most known types are:
= Type |, that is the most abundant type (90% of the existing collagen), and it is present in bone, skin,
tendon and cornea tissues;
=  Type Il exists in cartilage and vertebrae tissues;
= Type Hll is in blood vessels and granular tissue and
= Type VI characterized the basement membrane.
The type I, Il and I11 are in the fibrillar form providing specific tensile or shear strengths at the specific tissue.
The type 1V, instead, is constituted by a sheet structure giving support function of the tissue [29].
1.8.2. Collagen Fibrillogenesis
Fibrillogenesis is the process by which collagen molecules self-assemble into fibrils, the fundamental structural
units of collagen fibres. This process involves the precise alignment and subsequent cross-linking of collagen
molecules, resulting in the formation of long, thin fibrils. These fibrils provide essential mechanical strength
and structural support to various tissues, such as skin, tendons, and bones.
In vivo fibrillogenesis of the collagen begins in the fibroblast and concludes with its secretion into the
extracellular matrix. The synthesis process initiates when mRNA encounters ribosomes, leading to the
formation of polypeptide chains. The first molecule produced is the pre-pro-peptide, characterized by an N-

terminal signal sequence. This terminal directs the molecule to the rough endoplasmic reticulum (ER), where
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it is cleaved by specific enzymes to form the pro-peptide. Multiple pre-pro-peptides are synthesized
simultaneously, resulting in the creation of numerous pro-peptides within the fibroblast cell.

Hydroxylation reactions, catalysed by hydroxylase enzymes, convert amino acids into hydroxylated forms; for
example, proline is converted into hydroxyproline. These hydroxyl groups significantly influence the
properties of the collagen monomer. Co-factors such as vitamin C and oxygen are essential for effective
hydroxylation. A deficiency in either co-factor results in suboptimal collagen chain formation.
Subsequently, three of these peptides assemble into the collagen triple helix. The pro-peptide, containing N-
terminal and C-terminal sequences, maintains molecular integrity during this process. The pro-peptide is then
secreted from the cell via exocytosis. Specific enzymes, known as peptidases, cleave the terminal sequences,
activating the molecule and forming the collagen monomer, also known as a fibril.

Multiple fibrils overlap and, through the action of lysyl oxidase enzymes, undergo oxidation reactions that
establish covalent bonds between fibrils, resulting in cross-linking. This cross-linking process requires the co-
factor Cu2+. In the absence of adequate Cu2+, cross-linking is insufficient, leading to poorly structured
collagen tissue [29], [111], [112].
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Figure 1.8-1 - A schematic of the processing stages by which collagen fibres are formed in vivo, emphasizing the modifications
which occur before fibrils form [111].

In vitro fibrillogenesis involves studying the formation of collagen fibrils outside a living organism, typically
in a laboratory setting. Researchers use controlled conditions, like specific pH and temperature, to observe
how collagen molecules assemble into fibrils. This helps understand the mechanisms of fibril formation and

aids in applications like tissue engineering. The initial step in this process involves obtaining the raw material,
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which requires the dissolution of collagen tissue. This procedure results in the extraction of collagen, which
can then be processed into eithera liquid or powder form. In the case of powder, it can be dissolved as needed
toachieve thefinal formulation. In the case of liquid, the dissolving acid is already included in the formulation
and cannot be changed, but the solution can be adjusted to obtain the desired properties.

This phase is crucial as it provides the necessary collagen substrate for subsequent in vitro fibrillogenesis
experiments, ensuring that the collagen is in a suitable state for controlled study and manipulation in the
laboratory setting. It is fundamental to preserve the natural characteristics of collagen fibrils, such as the triple-
helix and the telomere regions, during dissolution to maintain its properties. Since the triple-helix is
significantly influenced by electrostatic interactions along the fibril chains, the pH and ionic strength of the
buffer solution are fundamental environmental factors that affect it. Additionally, the dissolution process
affects the formation of the D-banding, resulting in various solutions, including gelatine, which contains short
segments of the triple-helix, and collagen, which retains its fundamental properties.

In vitro fibrillogenesis occurs in two stages: nucleation of the triple-helix, leading to the aggregation of
collagen molecules, and, upon reaching a high concentration, lateral growth of the fibrils [112]. Figure 1.8-2
shows images of collagen fibril formation from 0 seconds (A) to 200 seconds (l), highlighting the evidence of
lateral growth [113].
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Figure 1.8-2 - Collagen kinetics observed at physiological pH. Collagen type | fibrillogenesis in PBS buffer (standard) with pH 7.4
and monomer concentration of 30 mg/ml [113].

1.8.3. Functional and Structural Characteristics
1.8.3.1.  Stability and Stiffness
The stability and stiffness of collagen are fundamental properties that play a crucial role in maintaining the
structural integrity and functionality of various tissues in the body. Collagen, being the primary structural
protein in the extracellular matrix (ECM), provides essential support and strength to tissues such as skin,

tendons, and bones.
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Stability of collagen refers to its ability to maintain its structural integrity under various environmental
conditions, including changes in temperature, pH, and chemical exposure. This stability is largely influenced
by factors such as the content of hydroxyproline (Hyp), cross-linking processes, and the presence of specific
environmental conditions.
Stiffness, on the other hand, refers to the mechanical resistance of collagen to deformation under applied forces.
It is a critical factor that determinesthe mechanical properties of tissues, influencing their ability to withstand
mechanical stress and maintain their shape and function. Stiffness is strictly influenced by integrins. Integrins
are proteins that mediate adhesion between cells and the extracellular matrix (ECM) through focal adhesion
points (FASs). A rigid ECM substrate supports higher traction forces, aiding the stabilization of these cell-ECM
adhesions. Focal adhesion pointsare sensitive to the mechanical properties of the ECM substrate and remodel
the actin cytoskeleton, generating forces within it. The rigidity of the substrate regulates the magnitude of these
forces. Consequently, the actin cytoskeleton produces stress fibres that activate multiple biomechanical
signalling pathways. Among these biomechanical signals, intracellular signals that propagate through cell-cell
junctions are fundamental, influencing the cellular response [114]-[116].
The melting temperature (Tm) of collagen is a critical characteristic that significantly influences its stability
and stiffness. By modifying the Tm through factors such as hydroxyproline content, cross-linking processes,
and environmental conditions, it is possible to enhance both the stability and stiffness of collagen. This is
essential for developing collagen-based materials capable of withstanding various physiological conditions
and mechanical stresses, thereby making them more suitable for biomedical applications.
Typically, collagen I, Il and Il have a single Tm value of approximately 41°C [117].
Collagen tissue with a higher content of hydroxyproline (Hyp) is more stable, as Hyp enhances the stability of
the triple helix. The quantity of Hyp can increase if the tissue is subjected to temperature variations, such as
transitioning from cold to hot temperatures [118].
Acid pH, various salts, and numerous chemical modifications can significantly compromise the stability of the
collagen tissues, reducing the melting temperature by several degrees Celsius [29], [119], [120].
Additionally, cross-linking increases the melting temperature value by tens of degrees Celsius, thereby leading
to more stable tissue. Cross-linking introduces additional covalent bonds between collagen molecules, which
enhances the thermal stability and mechanical strength of the tissue. This process is essential for applications
where collagen needs to withstand higher temperatures and maintain its functional properties [29].

1.8.3.2. D-banding
The collagen chain is characterized by a distinctive D-pattern, which exhibits a periodicity ranging from 600
A to 700 A, commonly referred to as the D-period. This periodicity is a fundamental structural feature of
collagen fibrils and is crucial for their mechanical properties and biological functions.
The D-period is not uniform across all tissue types; rather, it varies depending on the specific type of tissue.
For instance, a D-period of approximately 670 A is typically observed in native wet tendon collagen and in
reconstituted fibrils of collagen types | and Ill. It indicates highly organized and tightly packed structure of

collagen in tendons, which is essential for their ability to withstand high tensile forces.
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In contrast, shorter D-period values, ranging from 652 A 0655 A, are observed in the skin and other extensible
tissues that contain both type I and type Il collagen. These tissues require a certain degree of flexibility and
extensibility, which is reflected in the slightly shorter D-period [29], [121].

The variation in the D-period among different tissues highlights the adaptability of collagen fibrils to meet the

mechanical and functional demands of various biological environments.

— 1000 A

Figure 1.8-3 — Electron micrograph of rat tail collagen fibril [121].

The aggregates in the initial nucleation phase had a length exceeding 1500 nm and a diameter up to 8 nm, as
evidenced by light scattering data. Subsequent growth led to a critical length, resulting in mature fibrils [122].
Since the implantation of a host material inducesa wound, it triggers a series of biological responses. During
the assessment of tissue growth using transmission electron microscopy (TEM), collagen secretion was
observed after 14 days. At this point, the fibrils were characterized by lengths of 9.2 um and diameters of 48
nm. As the healing process continued, these fibrils increased in length to 28.1 pum while maintaining the same
diameter of 48 nm after 28 days [123].

The D-pattern of collagen fibrils is synergistically influenced by pH, ionic strength, and the type of acid
solution used during in vitro fibrillogenesis. These factors collectively determine the structural integrity and
organization of the collagen fibrils. Figure 1.8-4 illustrates the mature D-banding pattern of acetic acid-soluble
collagen type I when mixed with phosphate and Tris-HCI buffers, achieving pH levels of 7.0 and 9.0,
respectively.

The presence of NaCl was crucial for obtaining a well-defined D-banding pattern. In the absence of NaCl,
even when Tris-HCI was added to the collagen solution, the fibrils exhibited a helical pattern that was angled
at 45° with respect to the fibril axis. This indicated that NaCl played a vital role in stabilizing the D-banding
pattern and ensuring the proper alignment of collagen molecules. Furthermore, asthe pH increased, the degree
of disorder within the fibrils also increased, suggesting that higher pH levels could disrupt the regular D-

banding pattern and led to less organized fibril structures [124].
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Figure 1.8-4 - Acetic acid-soluble collagen type I following pH adjustment to (a) 7.0 with phosphate-buffered 150 mM Nacl, (b) 9.0
with Tris-buffered 150 mM NaCl, (c) 7.0 with addition of 50 mM Tris—HCI buffer and (d) 8.0 with addition of 50 mM Tris-HCI
buffer. The scale bar indicates 200 nm [124].

D-banding pattern in collagen fibres immersed in different solutions was investigated [125]. The highest
production of long and compact D-banded collagen fibres occurred in NaCl concentrations ranging from 200
to 500 mM, buffered in 10 mM phosphate at pH 7.0.

Figure 1.8-5 illustrates the formation of pre-fibrils at low NaCl concentrations up to 50 mM. At this
concentration, the collagen fibres were not well-defined, indicating that the D-banding pattern was weak or
absent. As the NaCl concentration increased to 75 mM, weak D-bands began to appear. These bands became
more pronounced and well-defined at concentrations of 100 mM and above, with a D-periodicity of 67 nm.
The most pronounced D-banding was observed at a concentration of 500 mM, where the collagen fibres

exhibited a clear and compact D-banding pattern.
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Figure 1.8-5 - Collagen type I fibrillogenesis in the presence of increasing concentration of NaCl in 10 mM phosphate buffer, pH 7.0
at different NaCl concentration: 10mM (a), 20 mM (b), 50 mM (c), 75 mM (d), 100 mM (e) and 500 mM (f). The scale bar indicates
100 nm [125].

1.8.4. Key factors in the Production of Collagen-based Materials
1.84.1. pH

The formation of collagen fibrils, and consequently the final structure of collagen, is highly influenced by the
pH of the solution in which the synthesis occurs. Maintaining an appropriate pH is crucial for ensuring the
proper assembly and stability of collagen fibrils.

Maintaining a pH close to the isoelectric point is crucial for the correct formation of the D-banding in collagen
fibrils. Deviations from this pH result in the loss of D-banding. Turbidity measurements indicate that fibril
formation increases with rising pH (Figure 1.8-6). The morphology and D-period of the fibrils were analysed
using TEM and SEM microscopy [126]. Figure 1.8-7 highlights the size inhomogeneity of fibrils up to pH 6.9,
with smaller fibrils lacking D-banding. As the pH increases, a homogeneous fibril network characterized by
D-banding becomes evident, as observed through SEM analysis. The D-periodicity values are approximately
62 nm after three days of fibrillogenesis across all pH conditions (Table 1-2), which aligns well with the native
D-period value observed during in vivo fibrillogenesis.
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Figure 1.8-6 — Turbidity measurement of collagen fibrillogenesis at 30°C under the effect of pH [126].

Figure 1.8-7 — TEM images of self-assembled collagen fibrils after three days of fibrillogenesis (sx) and SEM images of collagen
fibrils obtained in different pH conditions (dx) [126].

Table 1-2 - D-periodicity of collagen fibrils at various pHs and fibrillogenesis times [126].

pH D-periodicity (nm)

One day Two days Three days
6.9 604+78 649438 621457
7.1 sis=sals 543191 62.3 + 6.0
73 6584176 64.0+6.7 622436
8.0 62.4+53 62.5+5.1 61.6+4.4

1.8.4.2.  lonic Strength
lons present in the buffer solution can interact with the charges of the amino acid chains of collagen. These

interactions can prevent the amino acids from participating in reactions that are crucial for collagen stability
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and fibril formation stabilizing the collagen triple helices, and, consequently, making the structure more robust.
Specifically, optimal concentrations of salts help to screen the electrostatic repulsions between collagen
molecules, facilitating their closer packing and alignment into well-defined fibrils. This leads to the formation
of a more organized and stable fibrillar network.

Different types of salts can influence this equilibrium in various ways because each salt can cause a shift in
the pH value of the solution [112]. This shift in pH can further affect the stability and formation of collagen
fibrils. For instance, the addition of 0.5 wt.% NaCl (sodium chloride) to the solution has been shown to promote
the formation of more fibrillar tissue. This results in a final tissue with a more fibre-like surface, as observed
in Figure 1.8-8.

Figure 1.8-8 - Highly fibrillar structure with 0,5 %wt NaCl addition at high magnification(A) X400 and (B) X 3300 [112].

1.8.4.3.  Acid Type for Collagen Dissolution

A specific acid is required to dissolve the collagen tissue. Acids are used to break down collagen intoa soluble
form, which is necessary for various biomedical applications. The choice of the acid type is crucial for ensuring
efficient dissolution and optimal tissue formation influencing structural and functional properties of the
resulting collagen solution and the final tissue.

Typically, hydrochloric acid (HCI) or acetic acid is used. However, hydrochloric acid led to improved
characteristics, particularly in terms of the pore size of the final tissue (Figure 1.8-9) and the proliferation of
fibroblast cells [127]. At neutral pH the collagen solution gelled when warmed to 37°C within the first hour.

Conversely, at acidic pH, the same solution became almost completely insoluble after two weeks [128].
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Figure 1.8-9 - SEM photographs of collagen scaffolds freeze-dried from (a) hydrochloric solution (C-HCI) and (b) acetic solution
(C-Acetic) [127].

1.8.4.4. Collagen Concentration

The collagen concentration of the solution impact considerably several characteristics of the final product,
above all in terms of morphology and mechanical behaviour. Collagen concentrations commonly used for
hydrogel formation typically range from 0.2% wi/v to 1% w/v [129]-[132]. The standard concentration adopted
for tissue regeneration is 0.5% wi/v [133], [134].

Collagen concentration directly affects cell proliferation [130]-[132]. This is because cell attachment is
inversely related to pore size: smaller pore sizes result in a higher exposed surface area, thereby increasing the
number of ligands. Since pore size is inversely related to collagen concentration, cell attachmentimproves as
collagen concentration increases as shown in various experiments and whose results are displayed in Figure
1.8-10 and Figure 1.8-11 [129], [130].

The attachment of MC3T3-EL1 cells was evaluated on collagen scaffolds with different collagen concentrations
[130]. Low collagen concentrations, ranging from 0.25% w/v to 0.38% w/v, caused structural collapse, leading
to reduced cell adhesion. At 0.5% wi/v, a uniform pore structure supported good cell adhesion. The optimal
cellular response was seen at 1% wi/v, which greatly enhanced adhesion by forming an elongated plates of

collagen structure (Figure 1.8-11).

35



1.4E+06
1.2E+06

Cell Number

0.0E+00

1.0E+06 1
8.0E+05 1
6.0E+05 -
4.0E+05 -
2.0E+05 |

0.5% (105) 0.25% (

150) 0.5% (150) 1% (150)

|@ 24h @ 48h m 7d

Figure 1.8-10 - Cell number on the collagen-GAG scaffolds [129].
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Figure 1.8-11 - Cell number on collagen scaffold variants [130].

Additionally, higher collagen concentrations improve mechanical properties. For instance, the compressive

modulus of dehydrothermal cross-linked collagen scaffolds increased with higher collagen concentrations

(Figure 1.8-12).
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Figure 1.8-12 - Compressive moduli of the collagen-GAG scaffolds crosslinked at 105°C and 150°C DHT [129].
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1.8.45.  Cross-linking
Cross-linking enhances the mechanical stability and rigidity of the ECM, supporting higher traction forces at
focal adhesion points and reinforcing cell-ECM adhesions. It also influences the actin cytoskeleton,
modulating biomechanical signalling pathways activated by stress fibres. Moreover, cross-linking is essential
when durability and resistance are required for the final tissue. It ensures that the ECM can maintain its
structural integrity and functionality over time, even under continuous or heavy use, providing the necessary
strength and resilience for long-term durability and performance.
Cross-linking can be achieved through chemical or physical methods. Chemical cross-linking involves using
specific reagents that create covalent bonds between polymer chains in the extracellular matrix (ECM). These
reagents, such as glutaraldehyde (GA) or genipin, react with functional groups on the polymers, forming stable,
interconnected networks. Physical cross-linking, on the other hand, can be achieved through methods such as
applying heat or radiation. These physical processes induce the formation of bonds between polymer chains
without the need for chemical reagents, which can potentially degrade the material. Both chemical and physical
cross-linking methods enhance the mechanical properties of the material, making it more durable and resistant
to mechanical stress, thereby ensuring the long-term functionality and stability of the tissue.
GA has been a widely used chemical cross-linker for over 50 years, but it has significant drawbacks, such as
cytotoxicity due to its bonding with the e-amino groups of the collagen monomer. This bonding renders these
groups unavailable, causing the monomer to lose its characteristics. Consequently, research is focused on more
biocompatible chemical cross-linkers. Carbodiimides, which react with amino acids through peptide bonds, do
not have cytotoxicity issues. The most commonly used carbodiimide reagent is EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide), which increases tissue stability up to approximately 70°C, especially
when combined with NHS (N-Hydroxysuccinimide) [29].
A collagen solution is cross-linked using EDC-NHS, genipin, and TG2 to compare the mechanical properties
[135]. The tensile modulus and tensile failure strength reached the highest values with EDC-NHS, increasing
with the degree of cross-linking: approximately 300 MPa for EDC-NHS, 50 MPa for genipin, and a few MPa
for TG2 at 50% cross-linking. The strain at failure was higher for TG2, whereas it approached 0% when EDC-
NHS and genipin were used (Figure 1.8-13). Additionally, cell number evaluation (Figure 1.8-14) and
fluorescence microscopy (Figure 1.8-15) shown good proliferation of human dermal fibroblasts with 10%
EDC-NHS, reaching values comparable to genipin and TG2 cross-linkers. These results confirmed that none

of the three cross-linkers are cytotoxic.
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Figure 1.8-15 - Fluorescence microscopy for the evaluation of the cell behaviour at different cross-linkers [135].

Another approach involves using physical methods like UV radiation to generate free radicals within the
collagen. These free radicals then react to form cross-links, creating a network of bonded collagen fibres.
Collagen, collagen-gel, and gel solutions were cross-linked using EDC-NHS [136] and UV treatment [137],
resulting in a collapse of the Young’s Modulus in the presence of the gel (Figure 1.8-16 and Figure 1.8-17).
Additionally, the Young’s Modulus of EDC-NHS cross-linked collagen scaffolds was at least twice as high as
that of UV cross-linked collagen scaffolds. Conversely, the content of free amino groups remained almost

intact with UV treatment compared to EDC-NHS use (Figure 1.8-18).
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Figure 1.8-16 - Influence of EDC concentration on the compressive modulus (E*) of the scaffolds of different compositions [136].
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Figure 1.8-18 - Comparison of the influence of EDC treatment with different concentrations and UV irradiation at different
intensities (J/cm2 ) on the free amine group content of Col(S), Col(S)-Gel and Gel scaffolds [137].

Using UV cross-linking at 254 nm required only 30 minutesto achieve optimal stiffness and ultimate tensile
strength (UTS). This rapid process is due to the formation of free radicals on aromatic amino acids, which
quickly form covalent bonds. In contrast, dehydrothermal (DHT) cross-linking, needed several days, up to 5,
to achieve similar mechanical properties. This longer duration is because DHT relies on the slow removal of
bound water and subsequent condensation reactions between amino acid side chains [138].

EDC appears to be a suitable option for achieving both good mechanical properties and a high number of
amino groups. Another potential benefit of using EDC-NHS is demonstrated by AFM images, which shown
the natural D-pattern with D-banding of 66.1 + 1.29 nm in collagen cross-linked with EDC-NHS (Figure
1.8-19).
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Figure 1.8-19 - AFM image of: (a, b) fibres without cross-linking, (c, d) with the EDC-NHS treatment [139].
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2. Chapter 2 - Materials and Method

2.1.Reactive Magnetron Sputtering Deposition
2.1.1. Substrates

The deposition phase was split in three phases. The first one is the screening one where the process was
optimised and the deposition parameters set. The second phase is the optimization phase where the parameter
giving the better results are reapplied. The last phase regarded the deposition on cylindric geometry and finally
on the abutment adopting the optimal set of parameters.
First and second phase: coatings were deposited onto 1.8 mm-thick plates of 25 mm x 60 mm surface. The
plates were polished to achieve a surface roughness of Ra = 0.03 um.
The substrate needs to mimic the metallic abutment for coating purpose, therefore, the chosen material for the
substrate is Ti6AI4V.
The polishing needs to achieve a low roughness to obtain a coating finishing suitable for antibacterial purposes.
Thisis particularly important because it is well-documented that bacterial activity tends to increase with higher
surface roughness [140], [141]. Therefore, maintaining a smooth surface is essential to minimize bacterial
colonization and enhance the antibacterial efficacy of the coating.
Third phase: coatings were deposited onto a 1 mm-thick cylinder with a diameter of 8 mm. The surface
roughness of the cylinder, with an Ra value of 0.1 um, is higher than that of the plates. AISI 316 stainless steel
was chosen due to its availability and budget constraints, as the focus was on assessing deposition uniformity.
The cylinder was used to verify the homogeneity and feasibility of deposition on a cylindrical geometry, which
mimics the abutment. This pre-step is crucial before proceeding with the deposition on the abutment. Two
different types of abutments were selected for this study: a healing abutmentand a Variobase® abutment. The
abutments were deposited in the as-received condition.

2.1.2. Deposition Equipment
All coatings were deposited using the PVD-PECVD CENTURION coating equipment of Il Sentiero
International Campus which exploits a hybrid Physical Vapor Deposition (PVD) and Plasma-Enhanced

Figure 2.1-1 - PVD-PECV CENTURION coating system (Duralar Italia s.r.1.)
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The system allows choosing among three different deposition methods, which can be employed sequentially
or simultaneously. It also provides various options for surface pre-treatmentand conditioning prior to the
deposition process.

The system features a cathodic arc evaporation (CAE) PVD system, an unbalanced magnetron sputtering (MS)
PVD system and RF-PECVD source. All these systems are water-cooled. Each system is located along the
chamber walls and can be isolated from the chamber with a shutter when not in operation, to prevent
contamination from other sources.

The system can be heated up to 400 °C by electrical resistances located on the chamber walls.

The vacuum system consists of three turbo-molecular pumps for high vacuum and of a mechanical dry pump,
connected in series, which provide pre-vacuum conditions for the turbo-molecular pumps. Each turbo-
molecular pump is controlled by a throttle valve, which can be closed to isolate the pump from the chamber.
The chamber pressure is monitored through two vacuum gauge:

Full Range vacuum gauge (FRG1) for medium and high vacuum conditions to measure the vacuum condition
when the flow meters are not in use.

Capacitive vacuum gauge (CMG1) in the [0.01 - 2.8] Pa to measure the vacuum condition when the flow
meters are in use.

The chamber is vented going to atmospheric pressure.

It has an octahedral geometry, allowing for six possible positions for different sources. The frames are
connected to a motor system that provides three types of rotation: a primary rotation of the entire frame
assembly around the central axis of the chamber, a secondary rotation of each frame around its own axis, and
a third rotation facilitated by additional movable sample holders that can be attached at the positions of the
secondary rotation. For the third phase, the system was upgraded with a new frame to enable an additional
rotation. This enhancement allowed the cylindrical samples and the abutment to rotate, ensuring a

homogeneous coating deposition on their surfaces.
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Figure 2.1-2 - top view of macro-block with indication of the main components.

The PECVD source is capable of dissociating both gaseous and liquid precursors by generating plasma within
the chamber and the source itself. The gas system comprises seven gas lines, each equipped with a gas mass
flow controller (GMF) and pneumatic valves for injection into the chamber. A mix box is used for mixing gases
before they enter the chamber. The system can handle up to seven gases simultaneously (Ar, N2, Oz, C2Ha,
H2/CH., He, and onereserved line) and includes an additional liquid delivery system that can feed a nebulized
flow of liquid precursors mixed with an atomizing gas.
The entire system is managed by a Programmable Logic Controller (PLC), which communicates with all
components and sensors to regulate its operation.

2.1.3. Target
Since the desired coating must mimic the properties of natural teeth, zirconia was selected as the coating
material. To achieve this, ametallic target is necessary for evaporating the required elements using magnetron
sputtering deposition, thus a zirconium target is needed.
The objective of this study is to achieve stabilized zirconia while preventing the brittle transformation to the
monoclinic phase. Therefore, a stabilizer is required in the target composition. Common stabilizers are CaO,
MgO, and CeO:, oxides used for stabilizing the tetragonal and cubic phases of zirconia. However, Y205 is
preferred because exhibits superior properties and provides more effective stabilization. Consequently, yttrium
was selected as the stabilizer in the target composition [59], [62], [63], [65]. The stabilized phase of zirconia
is highly dependent on the yttria content. When the yttria content is up to 3 mol%, zirconia remains in the
monoclinic phase, which is characterized by its brittlenessand lower stability. As the yttria content increases
ranging from 4 mol% to 5 mol%, a transition region is observed where both monoclinic and tetragonal phases
coexist. Thistransition is crucial as it marks the beginning of the stabilization process. When the yttria content

reaches 5 mol%, zirconia transitions fully to the tetragonal phase, while in the 5-8 mol% range, it exhibits a
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mixture of tetragonal and cubic phases. Finally, when the yttria content exceeds 8 mol%, zirconia transitions

entirely to the cubic phase [143].
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Figure 2.1-3 - Phase diagramfor the zirconia rich portion of the zirconia-yttria system. Hatched region indicates non-equilibrium
monoclinic-tetragonal transition [143].

Experimental results have demonstrated that the concentration of yttriain the coating can be equal to or exceed
that of yttrium in the target [88]-[90].

The selection of yttrium concentration in the target for research purposes is influenced by two key factors: the
desired final phase of the zirconia and the brittleness of the target. The desired phase is the tetragonal to
guarantee the best mechanical properties which closely mimic those of natural teeth. The tetragonal phase of
zirconia is renowned for its exceptional hardness and fracture toughness, which are critical for dental
applications. Additionally, to preserve the integrity of the target, which becomes fragile when the yttrium
content is high, it is crucial to carefully control the yttrium concentration. Consequently, a concentration of 7
mol% yttrium in the target has been selected. This specific concentration is not only optimal for maintaining
the structural integrity of the target but also essential for achieving the desired tetragonal phase in the coating.
However, it is crucial to consider the hydrothermal instability that poses a significant challenge for tetragonal
zirconia, particularly during the sterilization process of the abutment, which involves exposure to water vapor
at 134°C. Low Temperature Degradation (LTD) tests are essential to assess this aspect [39], [40], [61], [144],
[145].

2.1.4. Hysteresis cycle
The hysteresis cycle delineates the operational range in terms of potential, making it the initial and crucial step
for the deposition process. Understanding this cycle is essential as it determines the appropriate conditions

under which the deposition can occur effectively.
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The specific steps involved in this process are detailed in Table 2-1.
1. Vacuum and heating to reach the needed pressure and temperature in the chamber.
2. Glowing to clean the chamber from any contaminations introducing argon gas.
3. Target cleaning to clean the target using argon gas to ensure it is in a metallic state, free from any
impurities.
4. Magnetron Sputtering (MS) Deposition to simulate the magnetron reactive sputtering condition.

During thisstep, the hysteresis cycle is performed to define the operational range in terms of potential.

Table 2-1 - steps of the hysteresis cycle with the detail of the adopted parameters

Magnetron Sputtering (MS)

02 Ar
STEP Time Temperature duty
flow flow Current Potential ~Tension  Frequency
cycle
[s] [°C] [scem] [scem] [Al [kw] Y| [kHz] [%]
Vacuum
And
. 240 150
Heating
Glowing 420 150 1000+1500
Target 24
) 300 150 800 2+6 1000 80 80
cleaning (monopulsed)
MS managed "
deposition =~ 7200 150 by 500 6 1000 80 80
(monopulsed)
-ZrO speedflow

Graph plotting the magnetron tension (V) in function of the gas flow (sccm) is a representation of the output
of the hysteresis cycle. The graphs collected during thisstudy are in accordance with literature [82]. Initially,
the target was in a metallic condition, and at the start of the cycle, the recorded potential reflects this state,
resulting in the highest deposition rate. As oxygen was introduced into the chamber, the potential decreased
with increasing oxygen flow until the poisoning condition was reached. This occurs because the exposed
surface of the target oxidized, making it impossible to deposit the coating, and the deposition rate reached its
lowest value. As the oxygen flow decreased, the potential returns to higher values, indicating a reversion to
the metallic state. This continues until the oxygen flow reached zero, at which point the highest potential value
of thereturn curve of the cycle was recorded. This point marked the new metallic condition, free from surface
oxidation.

The deposition potential values derived from the hysteresis cycle, typically selected from a well-defined range
between the metallic and poisoning working points. Minimum (poisoning point) and maximum (metallic point)
tension values were recorded for each cycle (Table 2-2), and the operational midpoint was determined. This
point corresponds to 50% of the oxygen flow. Based on this data, the parameters of the deposition cycles for

reactive sputtering were established.
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Since the oxidation of the metallic target during multiple operation affects its state altering its behaviour, it is
essential to verify the hysteresis cycle multiple timesduring use and redefine a new operational midpoint each
time.

Initially, the hysteresis cycles were collected for defining the middle point of the cycle depositions related to
the plane geometry. The last hysteresis cycle is conducted to check the parameter of the last deposition phase
related to the YSZ deposition on the cylinder sample and abutment.

All the graphs are presented in Figure 2.1-4. The curves are collected during this study and exhibited a similar
trend. The starting and ending points changed with each deposition cycle and it is possible due to an
irrecoverable level of oxidation of the target, leaving it slightly dirtier than the initial condition.

Table 2-2 - middle point of the working range.

Magnetron tension [V]
Hysteresis cycle code Sample geometry
Min Max Middle point

Deposition cycles 1-9 plane 340 470 405

Deposition cycle 10 plane 360 390 375
Deposition cycles 11-13 plane 370 400 385
Deposition cycles 14-16 plane 350 390 370

Deposition cycles 1-4 cylinder/abutment 340 450 395
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Figure 2.1-4 - Hysteresis cycle for deposition potential calculation.

2.1.5. Deposition cycle
Reactive magnetron sputtering is employed for the implementation of the deposition cycle.
The steps are listed in Table 2-3.
= Vacuum and heating to establish the necessary vacuum and temperature conditions within the chamber
to create an ideal environment for deposition.
= Glowing toclean the chamber using argon gas to remove any contaminants that could affect the quality
of the coating.
= Target cleaning to clean the target adopting argon gas and ensuring its metallic condition free from
impurities.
= Magnetron Sputtering (MS) Deposition — Zr to deposit an interlayer of zirconium on the substrate to
enhance the adhesion between the titanium and the zirconia. This step is conducted employing the

magnetron sputtering source, which evaporates the zirconium target in the presence of argon gas.
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= Magnetron Sputtering (MS) Deposition — Zr-O to deposit the zirconia coating. Like the previous step,
the magnetron sputtering source is activated to evaporate the zirconium target using argon gas.
Simultaneously, oxygen is injected into the chamber, allowing the formation of the ceramic zirconia
coating on the previously deposited zirconium layer. Additionally, in a few selected cases, the Reactive
Magnetron Sputtering process was coupled with Radio Frequency-Plasma Enhanced Chemical
Vapour Deposition (RF-PECVD) by employing the Plasma Beam Source. The plasma beam source,
activated by helium gas, dissociates oxygen molecules, thereby increasing the reaction rate and,
consequently, the deposition rate. This configuration was tested to evaluate its possible impact on the
process.
The MS deposition process involves varying parameters for each cycle, which were defined for each step.
These parameters included the duration of the deposition, the flow rates of oxygen and helium gases, the
magnetron tension, and the RF potential. Specifically, the magnetron tension was set based on hysteresis
cycles, using midpoint values and nearby values to evaluate results around the midpoint.
The detailed steps of this process are outlined in Table 2-3 and Table 2-4, corresponding to the screening phase
and the optimization phase of the plane geometry, respectively. Table 2-4 collects the parameters for the
optimised cycle of the cylindrical geometry and abutments. Specifically, deposition cycles 1 and 2 were
conducted exclusively on the cylindrical geometry, while the third and fourth cycles also included the

abutments.
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Table 2-3 — steps of the deposition cycle with the detail of the adopted parameters for the screening cycles set

‘ ‘ ‘ ‘ ‘ Magnetron Sputtering (MS) ‘
02 | Ar | He |

[ | | RF
STEP Time | Temp. uty .
flow flow flow Current  Potential Tension  Frequence potential
cycle
[s] [’C]  [scem] [scem] [scem] (Al [kw] Y [kHz] [%] W]
Vacuum
and 900 220 0 0 0 0 0 0 0 0 0
Heating
Glowing 600 180 0 1000+1500 0 0 0 0 0 0 0
Target
] 900 180 0 800 0 24 2+6 1000 80 80 0
cleaning
MS dep.
300 180 0 500 0 24 6 1000 80 80 0
Zr
MS dep.
Zro
YSz 24
7200 180 50+60 500 0 6 400 80 80 0
1 plate (monop.)
YSzZ 24
7200 180 60 500 0 6 400 80 80 0
2 plate (monop.)
YSz 24
14400 180 55+60 500 0 6 400 80 80 0
3 plate (monop.)
YSz 24
14400 180 70+85 500 0 6 390 80 80 0
4 plate (monop.)
YSz 24
14400 180 55 500 0 6 420 80 80 0
5 plate (monop.)
YSzZ 24
14400 180 55 500 200 6 420 80 80 1500+2000
6 plate (monop.)
YSzZ 24
14400 180 60 500 200 6 400 80 80 1500+2000
7 plate (monop.)
YSz 24
14400 180 65+70 500 200 6 390 80 80 1500+2000

8 plate (monop.)



Table 2-4 - steps of the deposition cycle with the detail of the adopted parameters for the optimized cycles set

STEP

Vacuum
and
Heating
Glowing
Target
cleaning
MS dep.
Zr
MS dep.
Zro
YSz
9 plate
YSZ
10 plate
YSzZ
11 plate
YSz
12 plate
YSZ
13 plate
YSz
14 plate
YSz
15 plate
YSz
16 plate

Time

[s]

900

600

900

300

25200

25200

7200

8700

8700

7200

5100

4800

Temp.

[°C]

220

180

180

180

180

180

180

180

180

180

180

180

o |

flow

[sccm]

50+55

50+55

60+75

55+75

60

55

55

Ar
flow flow Current  Potential Tension  Frequence
[sccm] [scem] [A] kW] V] [kHz]
0 0 0 0 0 0
1000+1500 0 0 0 0 0
800 0 24 2+6 1000 80
500 0 24 6 1000 80
24
500 0 6 400 80
(monop.)
24
500 0 6 420 80
(monop.)
24
500 0 6 400 80
(monop.)
24
500 0 6 390 80
(monop.)
24
500 0 6 390 80
(monop.)
24
500 0 6 385 80
(monop.)
24
500 0 6 385 80
(monop.)
24
500 0 6 380 80
(monop.)

e |

Magnetron Sputtering (MS)

[%]

80

80

80

80

80

80

80

80

80

80

RF

potential

w]
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Table 2-5 - steps of the deposition cycle with the detail of the adopted parameters for the optimized cycles set

‘ ‘ ‘ 02 ‘ Ar ‘ He ‘ Magnetron Sputtering (MS) ‘

[ ‘ | RF
STEP Time Temp. duty .
flow flow flow Current  Potential ~Tension  Frequence I potential
cycle
[s] [°C] [scem]  [scem] [scem] (Al kw] Y| [kHz] [%] w]
Vacuum
and 900 220 0 0 0 0 0 0 0 0 0
Heating
Glowing 600 180 0 1000+1500 0 0 0 0 0 0 0
Target
_ 900 180 0 800 0 24 2+6 1000 80 80 0
cleaning
MS dep.
. 300 180 0 500 0 24 6 1000 80 80 0
r
MS dep.
Zro
YSz 24
10800 180 60+65 500 0 6 370 80 80 0
1cyl (monop.)
YSz 24
12000 180 60+65 500 0 6 370 80 80 0
2 cyl (monop.)
YSz 24
12000 180 60+65 500 0 6 370 80 80 0
3 cyl./abut. (monop.)
YSz 24
12000 180 60+65 500 0 6 370 80 80 0
4 cyl./abut. (monop.)

2.2.Collagen-based hydrogel deposition

2.2.1. Substrates
In this study, hydrogels were deposited onto 3 mm-thick plates, each with a surface area of 20 mm x 20 mm,
made from biomedical-grade zirconia. These substrates, supplied by the Dental Department, UniMoRe,
exhibited two distinct surface roughness values: Ra= 0.05 um, achieved through atooth-like finishing process,
and Ra = 0.4 um, produced using Computer Numerical Control (CNC) machining techniques. The variation
in surface roughness was strategically chosen to examine its effect on the adhesion of the coatings, aiming to
optimize the proposed multilayer.

2.2.2. Collagen solution
A bovine corium telocollagen, type I, with a concentration of 6 mg/mL was selected. Type | collagen was
chosen to promote the regeneration of connective tissues, such as gingival tissue [29]. Telocollagen was
selected for its intact telopeptide terminals, which ensure high mechanical properties essential for effective cell
signalling and subsequent proliferation.
Hydrochloric acid was chosen as the solvent for the collagen because it improves the structure of the collagen
hydrogel and promotes cell proliferation [127]. The selected collagen was dissolved in 0.01 N HCI and

maintained at pH 2.
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The concentration of the collagen solution was carefully selected to be 6 mg/mL, which is close to the standard
concentration of 5 mg/mL typically used in tissue engineering [133], [134]. This ensures that the formulation
remains within the optimal range for promoting cell activity.
2.2.3. Deposition steps

The following steps are crucial for the deposition of the biopolymeric layer on the biomedical-grade zirconia
plates:

2.2.3.1.  Alkaline treatment
The surface treatment process involves immersing the zirconia plates in a5 M NaOH solution for 24 hours in
an oven maintained at 60°C. This immersion process is designed to generate hydroxyl groups on the surface
of the zirconia, which facilitate better bonding with the biopolymeric layer compared to the untreated ceramic
surface acting as immobilization treatment.
To prepare the alkaline solution, NaOH pellets, purchased from PanReac, were dissolved in demineralized
water. The zirconia plates were then immersed in a flask containing the prepared NaOH solution, ensuring that
the side with the tooth-like finish was fully exposed. This careful positioning maximizes the interaction
between the NaOH solution and the surface of interest, enhancing the formation of hydroxyl groups on the
side of interest intended for the deposition process.
After the 24-hour treatment period, the plates were removed from the solution and dried using compressed air
removing any residual solution and preparing the plates for subsequent steps. The treated plates, featuring
hydroxyl groups on their surfaces, are ready for the next stages of the coating process.

2.2.3.2.  Biopolymeric solution preparation
The preparation of a 3D collagen layer was conducted in accordance with the product information provided
by the collagen supplier, Sigma-Aldrich. The detailed preparation steps are as follows [146]:

1. Storing of the collagen solution: The collagen solution, with a pH of 2.1 and dissolved in hydrochloric
acid, was stored at a temperature range of 2 to 8 °C. This storage condition was crucial for maintaining
the stability and integrity of the collagen solution.

2. Preparation of the neutralization buffer: A neutralization buffer with a concentration of 0.2 M sodium
phosphate and a pH of 11 was prepared. This buffer is essential for adjusting the pH of the collagen
solution to a neutral range, facilitating the formation of a stable 3D collagen network [146]-[148].

3. Mixing of buffer and collagen solution: The neutralization process involved mixing one part of the
prepared buffer with nine parts of the collagen solution. This mixing was performed at a temperature
range of 2 to 8 °C to ensure uniformity and prevent premature gelation. Specifically, 1 ml of the
neutralization buffer was added to 9 ml of the collagen solution, and the mixture was thoroughly mixed
under the specified temperature conditions.

4. Deposition and incubation: The cold mixture of neutralized collagen was then deposited onto the
zirconia substrates. Following deposition, the plates were incubated at 37 °C for a minimum of 45

minutes allowing the collagen to form a stable and homogeneous 3D network.
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The neutralizing sodium phosphate buffer was prepared using sodium phosphate dibasic dihydrate
(Na:HPO4-2H20), sourced from Carlo Erba, and sodium phosphate monobasic (NaH2POs), from Sigma-
Aldrich. The values of the required volume of the acidic NaH2PO. and the conjugate base NaHPO. required

for the buffer were calculated exploiting the Henderson-Hasselbalch equation [149]:

[base])
[acid]

pH =pKa + log<

Where pKa is the negative logarithm of the acid dissociation constant (Ka) of an acid, indicating the strength
of an acid in solution.
The buffer system involves the equilibrium between NaH2PO4 and Na2HPOu:
NaH2P04 < H* + Na2HP04
The equilibrium of the system is:
H2P04~ & H* + HPO4*
with pKaz = 7.20, typically adopted at moderate pH (6+8).
It is possible to rewrite the Henderson—Hasselbalch equation as:
[HP0O4%~]
pH = pKa + log <m>
By imposing a pH of 8 and considering a value of total concentration equal to 0.2M, the concentrations can be
calculated as follows:

»  [HPO42]=0.1726 M
= [HzPO%] = 0.0274 M

To prepare 1L of solution (1 M) for each component, the required volumes are:

0.1726 moles

= NaHPOu: 0.1726M*1L.=0.1726 mol -> Volume (Na2HPO4) = >-222% = 172, 6 mL
»  NaH:POs: 0.0274M*1L= 0.0274 mol = Volume (NaH2PO4) = %ﬂ;’“”“ =27.4mL

Additionally, the mass of each substance can be calculated as the product of molarity, volume and molar mass:

* NaHPO4=177.99¢g

=  NaH2PO4 =120.98 g
To produce the 0.2 M buffer solution at pH 8, it is sufficient to mix the two prepared solutions (172.6 mL of
Naz2HPO4 and 27.4 mL of NaH2POs) and make up the mixed solution with distilled water up to 1L.
To adjust the pH of a 1 L sodium phosphate buffer solution from 8 to 11, the addiction of a strong base,
typically sodium hydroxide (NaOH), is required.
The equilibrium of the system at pH 11 is:

HP0O4*~ & HY + P043~

with pKas = 12.35. The relevant species change and NaOH help to deprotonate H.PO# to HPO42- and HPO42
to PO43-,
It is possible rewrite the Henderson—Hasselbalch equation for this case as:

[PO43~] >

pH = pKa +10g<m
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By imposing a pH of 11 and considering a total concentration of 0.2 M, the concentrations are:

e [PO4%] =0.00856 M
e [HPO42] =0.1914 M

Considering 1 L of solution, it is possible to obtain 0.00856 moli of PO43-and 0.1914 moli of HPO4%,
Specifically, NaOH 1M solution is required to neutralize 0.0274 moles of H.PO4~ (at pH 8) and an additional
0.019 moles to convert the HPO+*~ concentration from 0.1726 moles (at pH 8) to 0.1914 moles (at pH 11).
This results in a total requirement of 0.0464 moles of NaOH (0.0274 moles for H.PO+~ + 0.019 moles for
HPO4*). Therefore, 46.4 mL of the 1 M NaOH solution should be added to the 1 L buffer solution.
Itis essential to monitor the pH both before and after the addition of NaOH to accurately track the pH changes
ensuring the desired pH is achieved.
The buffer solution is ready for the subsequent step of mixing with collagen.
To determine the appropriate volume of deposition solution for the plate, relevant literature was consulted to
guarantee accurate and reliable calculations based on established protocols and guidelines. According to the
literature:

= thesurface density of the collagen solution varies from 5 pg/cm2to 10 pg/cm2[150]. Particularly, the

calculation of this activity is in accordance with the 100% of the surface density for the Tennessee
University, that is 7 pg/cm?2.

= the standard concentration of the collagen solution for tissue regeneration is 5 mg/ml [133], [134].
Therefore, in the first instance, considering a buffer-collagen ratio of 9:1 and a biomedical-grade zirconia plate
surface area of 4 cm?, the required volume of the deposition solution is calculated to be 0.047 mL. Thisincludes
0.0426 mL of collagen at a concentration of 6.5 mg/mL and 0.0047 mL of buffer solution. The buffer solution
is specifically formulated to define three different formulations: pure buffer solution, buffer solution with 0.1%
wi/v and buffer solution with 0.3% wi/v of Laponite RDS. The addition of Laponite leads to an enhanced shear
thinning behaviour of the solutions. Experimental studies indicate that adding Laponite to collagen solutions
enhances shear thinning behaviour without compromising biocompatibility [33], [34]. Laponite RDS furnished
by BYK was adopted.

2.2.3.3.  Deposition of the biopolymeric solution

The deposition phase must be conducted at temperature close to 4°C preventing premature gelation of the
collagen. Given that the deposition phase follows an iterative process, it is not feasible to establish a single,
standardized method for each trial. Instead, the method is continuously adjusted and refined based on real-time
observations and results. This adaptive approach allows for the optimization of the deposition technique
leading to the development of an optimal deposition protocol.
According to the technical specifications for the collagen-to-buffer ratio, a biopolymeric solution was prepared
with a total volume of 1 mL. Specifically, 0.91 mL of collagen (at 6 mg/mL) was mixed with 0.09 mL of
buffer, yielding a final collagen concentration of 5.8 mg/mL. To evaluate the impact of collagen concentration
on the hydrogel’s properties, a more diluted solution was also prepared at 4.2 mg/mL. After determining the

optimal concentration, the selected formulation was deposited while considering the following variables:
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= threetypes of formulations: pure collagen, collagen solution with 0.1% w/v of Laponite, and collagen
solution with 0.3% w/v of Laponite.
= three types of cross-linking: gelation, UV cross-linking for 30 minutes and UV cross-linking for 60
minutes.

To prepare the biopolymeric solution, a beaker filled with crushed ice was used to hold a smaller beaker used
for the mixing phase, ensuring the mixture remained at a low temperature and preventing premature gelation.
Both collagen and buffer solutions were dispensed using a Gilson pipette, allowing for precise measurement
and addition.
The mixture is stirred using a magnetic stirrer at low speed to avoid bubble formation while ensuring optimal
mixing.
Once the biopolymeric solution was ready, it was deposited onto the plates placed in silicon moulds using the
Gilson pipette according to the optimal amounts determined in the feasibility phase.
The gelation of the biopolymeric layer was conducted in an oven set at 37°C for a time determined by
specifically conducted rheometric tests. This controlled heating process facilitated the formation of a stable
gel network with a specific stiffness (G”).
After the gelation process, the layer that required UV cross-linking were subjected to a further step adopting
an UV-C lamp with a wavelength of 254 nm.
Finally, all the samples were stored in a refrigerator. This storage condition was necessary to maintain the
moisture level of the biopolymeric layer, preserving its properties until further characterization could be
performed. Particularly, most of the characterization methods required an additional drying step to prevent
damage to the instrumentation caused by the water content of the biopolymeric layer.
Samples were labelled as:

= PG: pure collagen, only gelled

= PRL1: pure collagen, gelled and UV cross-linking for 30 minutes

= PR2: pure collagen, gelled and UV cross-linking for 60 minutes

= LG: collagen with 0.3 w/v% Laponite, only gelled

= LRI1: collagen with 0.3 w/v% Laponite, gelled and UV cross-linking for 30 minutes

= LR2: collagen with 0.3 w/v% Laponite, gelled and UV cross-linking for 60 minutes
The collagen concentration was 5.8 mg/mL in all cases.

2.2.3.4. UV cross-linking

A physical cross-linking treatment was performed on the biopolymeric hydrogel to enhance the mechanical
properties of the coating without compromising its biocompatibility. This procedure was carried out at the
BIOMAT Laboratory of UniMoRe. A UV-C lamp operating at 254 nm with a power of 40 W was selected for
this purpose. After being carefully deposited and allowed to gel, the hydrogel was positioned 20 cm from the
UV-C source to ensure uniform exposure. To evaluate the effect of UV treatmentduration, two exposure times

were tested: 30 minutes and 60 minutes. Previous studies have demonstrated that even a 30-minute UV-C
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treatment can significantly improve the mechanical strength of hydrogels [137], [138], [151], which guided

the selection of these durations.

2.3.Characterization Methods
2.3.1. Optical microscopy

Optical microscopy is a tool for imaging at low to medium magnifications. It is commonly employed for the
analysis of material surfaces, whether they are in their as-received state or have been prepared through
processes such as lapping or chemical etching. Proper preparation of the sample is essential to ensure accurate
and reliable observations. The key factors in optical microscopy are resolution and contrast, which are crucial

for discerning microstructural details. The ability to resolve two points separated by a distance (d) is governed
by theequation=d = % , Where A is the wavelength of light, Kisa constant, and NA isthe numerical aperture

of the objective lens.
The bright field method is the most widely used technique in optical microscopy. In this method, light passes
through the objective lens and strikes the sample surface perpendicularly. The surface features reflect the light
beam back towards the eyepiece. Features that are perpendicular to the light appear bright, while those at an
angle reflect less light and appear progressively darker as the angle of reflection decreases to 0°. This method
is particularly effective for observing the topography and texture of the sample surface.
The Axio Zoom V16 (ZEISS) microscope was adopted for thisstudy. It isa stereomicroscope designed for 3D
visualization of surfaces offering a range of magnifications from 7x to 112x.
The observations were conducted on the biopolymeric hydrogels subjected to different treatments:

o after gelation biopolymeric hydrogel

e after gelation + UV cross-linking at time 1

e after gelation + UV cross-linking at time 2

2.3.2. Electronic microscopy
Scanning electron microscopy (SEM) enables high-resolution imaging by scanning a small portion of the
sample with an electron beam. Electrons are emitted from various sources, such as tungsten (W) filaments or
lanthanum hexaboride (LaB6) single crystals, through thermionic emission, or from field emission sources.
These electrons are accelerated by an annular anode and focused into a small-diameter beam (approximately
10 A) using suitable electromagnetic lenses. The beam is scanned in a raster pattern over the substrate via a
pair of coils located near the objective lens. Beam energies typically range from 1 keV to 30 keV [152].
In a standard SEM instrument, three types of interactions are typically utilized, each capturing specific
phenomena between the electron beam and the sample, which can be exploited for image generation through
appropriate detectors [152]:
= Secondary Electrons (SE): Emitted from the topmost layers of the sample due to inelastic collisions of the

primary beam with electrons in the outer shells of the sample atoms. Due to their low energy, only SEs

produced within afew nanometres of the sample surface can escape, providing topographical information.
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Peaks and edges appear brighter than pitsand valleys because SEs from the latter regions are more likely
to be absorbed by surrounding material and not reach the detector.
= Back Scattered Electrons (BSE): Primary beam electrons that undergo elastic scattering by the sample
atoms. BSEs are more energetic and can provide information from deeper within the sample, up to a few
micrometres. The intensity of backscattering depends on the average atomic weight of the area hit by the
electron beam, thus conveying compositional information: brighter areas in BSE images correspond to
regions with higher average atomic weight.
= X-rays and Auger Electrons: Inelastic interactions between the primary electron beam and sample atoms
can result in the ejection of electrons from deeper shells, leaving the atom in a high-energy state. Relaxation
occursalmost instantly as an electron from an outer shell moves to fill the vacancy, releasing excess energy
as a photon (X-ray) or transferring it to another electron (Auger electron). While Auger electron emission
is typically analysed with specialized instruments due to the sensitivity required, X-rays can be detected
using energy-dispersive spectroscopy (EDS). The energy of the emitted X-ray photon is characteristic of
the emitting atom, allowing for spatially resolved qualitative and semi-quantitative chemical analysis of
the sample.
In thisstudy, three different models of Scanning Electron Microscopes (SEMs) were employed to analyse the
coatings, each offering unique capabilities and features suited for various aspects of the investigation.
EVO MA10 (ZEISS) is equipped with a tungsten (W) filament source, which is a common choice for general-
purpose imaging due to its robustness and ease of use. The instrument includes an Energy-Dispersive X-ray
Spectroscopy (EDS) system (XFlash® 6, BRUKER) for elemental analysis (Figure 2.3-1).
Observation Details:
YSZ layers
Different sample types were analysed to assess their surface quality and chemical composition during
the optimization process of reactive sputtering deposition:
e as-deposited YSZ coatings on plane geometry
e as-deposited YSZ coatings on cylindric geometry
e as-deposited YSZ coatings on abutment
The samples were not gold-coated, and the electron beam energy was set to 20 keV. For each sample,
one representative position was analysed. However, for the cylindrical case, two different sides were
examined to assess the homogeneity of the deposited coating.

Biopolymeric layers

Layers with two different concentrations of collagen:

e 42mg/mL

e 58mg/mL

Biopolymeric layers were previously dehydrated, to avoid any contamination in the vacuum chamber,

and gold-plated.
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The samples were gold-coated, and the electron beam energy was set to 20 keV. Representative images
were collected for each case.
Both layer types were mounted on aluminium (Al) sample holders (stubs) using adhesive carbon tapes. This
setup ensures that the entire assembly is electrically conductive, preventing the accumulation of static electric

charges on the sample during electron beam exposure, which could otherwise interfere with the imaging
process.
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Figure 2.3-1 - ZEISS EVO MA 10

Nova NanoSEM 450 FEG-SEM (FEI) features a Schottky Field Emission Gun (SFEG) source, which is

particularly suitable for high-resolution and low-voltage imaging, providing superior image quality and detail.

Observation Details: The observations were conducted on the as-deposited YSZ coatings in cross-section to

assess the internal structure and quality of the coatings.

Observation Details:
YSZ layers — Cross-section images of YSZ layers were captured at a magnification of 100000x, and
three positions were analysed for each selected coating to provide a comprehensive understanding of
the coating characteristics. The samples were gold-plated and seven specific coatings (YSZ-2, YSZ-
3, YSZ-5, YSZ-9, YSZ-12, YSZ-14, and YSZ-16) were selected for thisanalysis. The electron beam
energy was set at 15 keV, and the Concentric Back Scattered (CBS) detector was employed. This
detector configuration ensures well-defined detection geometry without distortions caused by the

optical system of the SEM column [152].

Biopolymeric layers — surface observations of layers with 5.8 mg/mL collagen concentration subjected
to different treatments:

e gelation

e gelation with 30 minutes of UV cross-linking

e gelation with 60 minutes of UV cross-linking

Biopolymeric layers were previously dehydrated, to avoid any contamination in the vacuum chamber,

and gold-plated. The Through Lens Detector - Secondary Electrons (TLD-SE) was selected, capturing
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images at different magnificationsto highlight the morphology. The electron beam energy was set to
8 keV. Representative images were collected.
Both layer types were mounted on aluminium (Al) sample holders (stubs) using adhesive carbon tapes. This
setup ensures that the entire assembly is electrically conductive, preventing the accumulation of static electric
charges on the sample during electron beam exposure, which could otherwise interfere with the imaging
process.
Helios NanoLab 600i DualBeam SEM/FIB (FEI) is an advanced instrument combines a Ga+ ion beam
(“Tomahawk”) with a Gas Injection System (GIS) and a high-resolution field emission scanning electron
(“Elstar”) column. The FIB column uses a Ga+ Liquid Metal lon Source (LMIS), which acts as a point source
of ions (Figure 2.3-2). The ion beam is accelerated and focused by a series of electromagnetic lenses towards
the sample. During ion-sample interactions, various phenomena can occur, including the displacement of
atoms from the sample. While the electron beam produces non-destructive images, the ion beam modifies the
sample surface and can be used for micromachining, such as creating in-situ cross-sections. To prevent artifacts
from atom re-deposition during cross-sectioning, the sample surface can be coated with a thin platinum (Pt)
layer via ion beam-assisted deposition (IBID) using organometallic precursors delivered through the GIS.
When the ion beam is used for imaging, the interaction with atomic planes of polycrystalline materials can
cause a channelling effect. This effect depends on the specific orientation of each crystal in the sample,
allowing ions to penetrate to different depths and producing varying contrast levels based on crystal
orientation. This provides detailed information on the size and shape of crystalline domains [153].
Observation Details: The observations were conducted on the as-deposited YSZ coatings in cross-section to
have a better resolution of the internal structure and quality of the coatings. Three specific coatings (YSZ-12,
YSZ-14 and YSZ-16) were selected for this analysis. Three detectors were employed:
= ETD (Everhart-Thornley Detector): A standard detector for SEM observations, utilizing a highly
polarizing grid to detect electrons after their interaction with the material.
= TLD (Through-Lens Detector): Located in the electron column, this detector collects electrons moving
in the same direction as the electron beam, enhancing image resolution and reducing noise. In “Immersion”
mode, a magnetic field can be applied to increase the number of collected electrons.
= CDEM (Channel Electron Multiplier): This detector offers higher contrast than the ETD and, in

combination with channelling effects, highlights the crystallographic characteristics of the material.
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Figure 2.3-2 - FEI Helios NanoLab 600i DualBeam SEM/FIB.

Sample Preparation is conducted to ensure accurate and reliable SEM analysis. Initially, the samples were
cleaned in an ultrasonic bath using acetone for a total duration of 10 minutes to remove any surface
contaminants.
Cross-section images of YSZ coatings were captured during the optimization phase to observe at higher
magnification the formed structure. The images were captured at 100000x and 200000x.

2.3.3. Raman analysis
Raman Spectroscopy (RS) operates basing on the Raman effect, which is a form of inelastic scattering of
monochromatic light within the visible, infrared (IR), or ultraviolet (UV) spectrum. During the interaction of
light with the sample, a smaller fraction of the light undergoes inelastic scattering, known as the Raman effect,
while most of the light scatters without changing its wavelength, aphenomenon known as the Rayleigh effect.
Incident photons interact with the sample during the Raman effect, causing the vibration modes of the sample
to be temporarily elevated to a “virtual” state. The energy, and thus the wavelength, of the scattered photon
differs from that of the incident photon by an amount equivalent to the difference between two permissible
vibrational states of the sample if the relaxation transitions to another permissible energy state before returning
to the original state. This wavelength shift is characteristic of the vibrational modes of the sample and is
influenced by interatomic forces, atomic mass, bonding distances, and angles. Alternatively, the relaxation can
return directly to the original state [154].
The resulting Raman spectrum is typically plotted in terms of wavenumber shift, which is the difference
between the incident and scattered wavenumbers, where the wavenumber is the inverse of wavelength and is
usually measured in cm-L. The spectrum reveals important details about the composition and structure of the
sample making Raman spectroscopy a versatile tool for analysing both inorganic and organic materials,
including minerals, powders, ceramics, and organic coatings.
LabRAM Evolution (Horiba) Raman spectrometer was employed during this study for assess all the YSZ
coatings (Figure 2.3-3).
This analysis was conducted on the YSZ coatings adopting test parameters as follows:
= Laser Source: A Helium-Neon (He—Ne) laser with a wavelength of 532 nm was used as the excitation

source;
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= Objective lens: A 100x objective was utilized to focus the laser beam onto the sample and to collect the
scattered light;

= Slit width range: The slit width was adjusted to cover a range from 100 cm-1to 1750 cm-1, with the centre
at 989.56 cm-1;

= Confocal hole: A confocal hole size of 200 um was used;

= Acquisition time: 10 seconds;

= Measurement repetition: each measurement was repeated 10 times for improving statistical reliability and

reducing the noise signal.

=

HORIBA

Figure 2.3-3 - LabRAM HR Evolution.

2.3.4. XRD analysis

X-ray Diffraction (XRD) analysis is a technique used to determine the crystallographic structure of a material
by employing an X-ray beam. In this process, an X-ray beam is directed at the material sample at a specific
angle, denoted as o (omega). This angle is crucial as it determines how the X-rays interact with the atoms in
the crystal lattice. The X-rays hit the material interacting with the atoms in the crystal, causing the diffraction
of the X-rays. The diffracted X-rays are captured by a detector as it scans over a defined range of angles,
typically denoted as 26 (2\theta). During the scanning process, the detector measures the intensity of the
diffracted rays at various angles. This measurement exploits the diffraction pattern produced by the interaction
of X-rays with the crystal lattice. The resulting data is plotted as peaks in the spectrum, with each peak
corresponding to specific planes of atoms within the crystal. The position and intensity of these peaks are
critical for understanding the crystallographic structure of the material. The analysis of these peaks involves
determining their intensity and position, which provides insights into the atomic arrangement within the
crystal. This analysis is guided by Bragg's Law, expressed as:

nA=2dsen(0)
where A is the wavelength of the incident X-ray radiation, d is the distance between adjacent planes in the
crystal lattice, and 6 is the angle that the outgoing ray forms with the crystal plane.
By applying Bragg's Law, the crystal structure is known, including the lattice parameters and potential defects

within the material.
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Figure 2.3-4 - scheme of the diffractomer [155].

For this investigation, the Empyrean diffractometer (Malvern-Panalytical) was utilized to analyse the crystal
structure of both Yttria-Stabilized Zirconia (YSZ) and collagen-based layers. Given the thin nature of both
layers, the o value was set at 1° to achieve a grazing incidence. This setting was crucial to maximize the signal
obtained from the layers while effectively eliminating noise from the substrate. Furthermore, a parallel plate
collimator was employed for both types of layers to eliminate divergent reflections and ensure the detection of
only parallel reflections. Although this approach results in the loss of some signal, it significantly enhances
the resolution of the resulting spectrum.
The 260 range was selected for each type of layer to optimize spectrum collection:

= For the YSZ layer, the 20 range was set between 25° and 80°.

= For the biopolymeric layer, the 20 range was set between 4° and 28°.

2.3.5. Roughness measurements

The surface roughness of the coatings is determined through the SURFTEST SJ-410 roughness meter in
accordance with ISO 4287 [156]. It consists of a stand to support the sample and a stylus in contact with the
surface. The stylus scans the surface of the sample and collect height variation data on the roughness profile
displaying the collected data in real-time on a digital screen or stored for later analysis.
This detector can scan length of 50 mm and scan speeds can vary in the 0.05 + 1 mm/s range.
The non-skid detector detects primary profile (P), roughness profile (R), waviness (W), and other parameters
[157]. From the roughness profile it is possible to obtain Ra (arithmetic average of the distance between the
profile and the mean line), Rq (average mean square value of the distances between the profile and the mean
line), Rsk (skewness or asymmetry index) and Rku (kurtosis which is a parameter related to the amplitude of
the height values distribution). The skewness measures the asymmetry of the distribution of profile height
values: it is positive for a distribution with asymmetric tails above the mean and negative for distributions with
asymmetric tails below the mean. In practice, it means a surface with positive skewness has some marked

peaks, whilst a surface with negative skewness has some deep valleys. The kurtosis is equal to 3 for a Gaussian
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distribution; Rku > 3 indicates a sharper distribution with longer tails instead Rku < 3 indicates a broader
distribution with less marked tails.

Another important parameter is the cut-off wavelength, which filters out longer wavelength components
(waviness) to focus on shorter ones (roughness) for the extrapolation of a roughness profile, ensuring accurate
surface quality analysis.

The roughness measurements were collected for the plates coated with the produced Yttria-Stabilized Zirconia.
The parameters employed in the present study include:

= scan speed: 0.5 mm/s

= scanned length: 1.75 mm

= cut-off wavelength (Ac): 0.25 mm

Figure 2.3-5 — Surftest SJ-410 (Mitutoyo)

2.3.6. Colorimetric analysis
The CIE 1976 L™a*b* colour space is a widely adopted system for measuring and organizing object colours in
accordance with 1SO 11664-4. This colour space encodes colours into three distinct signals: light-dark (L"),
red-green (a"), and yellow-blue (b*). Essentially, any given colour can be described as a combination of these
signals, such as red and yellow, red and blue, green and yellow, or green and blue [158].
The coordinates of this space are defined as follows:
= L* This coordinate represents the lightness of the colour, ranging from 0 (black) to 100 (white).
= " This coordinate indicates the position between red and green. Positive values of a* (+a*) denote red,
while negative values (-a*) denote green.
= b*: This coordinate indicates the position between yellow and blue. Positive values of b™ (+b*) indicate
yellow, whereas negative values (-b”) indicate blue.
Each colour is uniquely identified by its L*, a*, and b coordinates.
A spectrometer is employed to measure these coordinates. A light source is adopted to illuminate the object,
and thereflected light is analysed to determine the tristimulus values (X, Y, Z). These values are derived from
the interaction between the light, the object, and the observer. The tristimulus values are then converted into
the L*, a*, and b* coordinates using the CIE 1976 equations as follows [159]:
= L*=116f(Y/Yn)-16
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= a"=500[f(X/Xn)-f(Y/Yn)]
= b*=200[f(Y/Yn)-f(Z/Zn)]
where:
f(X/Xn) = (XIXn)13 if (X/Xn)> (6/29)3
f(X/Xn) = (841/108) (X/Xn) + 4/29 if (X/Xn) < (6/29)3
and
fCY/Yn) = (YIYn)1B if (Y/Yn) > (6/29)3
f(Y/Yn) = (841/108) (Y/Yn) +4/29 if (Y/Yn) < (6/29)3
and
f(Z/Zn) = (Z/Zn)1B if (Z/Zn) > (6/29)3
f(Z/Zn) = (841/108) (Z/Zn) + 4/29 if (Z/Zn) < (6/29)3
This conversion allows for a precise and standardized representation of colours. Typically, these coordinates
are plotted on a graph to visualize the location of colours within the CIELAB colour space.
To quantify the difference between two colours in this space, the colour distance (AE™) is calculated using the
following formula [158], [159]:
AE*=(AL*)2+(Aa")2+H(Ab*)2
where:
= AL represents the difference in lightness between the two colours.
= Aa” represents the difference in the red/green coordinate.
= Ab” represents the difference in the yellow/blue coordinate.
The AE* provides a numerical value that indicates how perceptually different two colours are from each other.
A smaller value signifies that the colours are very similar, while a larger value indicates a more noticeable
difference.
In this work the Easycolor (SmartVision) was employed for the YSZ coating colour evaluation with the
following parameters:
= Illuminant type: D50, where D = Daylight and 50 is the temperature of the colour in kelvin)
= Delta E type: CIE CMC
= Observer degree: 2, for laboratory measuring
= Analysed area: 1,51x0,76 mm
= Measurement repetition: 1
2.3.7. Nano-hardness measurements
Nano-hardness tests were conducted using the STeP 4 Open Platform device (Anton Paar). The instrument
continuously records both the load applied tothe indenter and the penetration depth into the sample during the
indentation test. This process generates a complete loading and unloading curve, where the force is plotted as

a function of the indenter penetration depth.
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The instrumented hardness (HIT) is calculated by analysing the loading-unloading curves and considering the
precise geometry of the indenter. This calculation follows the method specified in the ISO 14577 standard
[160].

A Berkovich tip was employed for these tests which is a three-sided pyramidal diamond tip with a specific
geometry designed to produce an indentation area equivalent to that of a Vickers indenter at the same
penetration depths.

Indentation hardness HIT is defined as the ratio between the maximum applied load (Fmax) and the

projected contact area (Ap):

In the present study, nano-hardness tests were conducted to evaluate the mechanical properties of YSZ
coatings deposited on Ti6Al4V substrates. A total of 90 indentations were performed on each coating to ensure
statistical reliability and accuracy of the results. The indentations were carried out at three different penetration
depths, with 30 indentations performed for each depth value. This approach allows for a rigorous analysis of
the behaviour of the coating under varying conditions.
The specific test conditions were as follows:
= Indenterapproach speed: The speed at which the indenter approaches the sample was set to 3000 nm/min.
= Acquisition frequency: Data acquisition was performed at a frequency of 10 Hz.
= Penetration depth and loading/unloading rates: Three different penetration depths were selected to
investigate the properties of the coating at various levels of indentation:
o for a penetration depth of 100 nm, the loading and unloading rate was set to 4 mN/min.
o for a penetration depth of 200 nm, the loading and unloading rate was increased to 18 mN/min.
o for a penetration depth of 300 nm, the loading and unloading rate was further increased to 36
mN/min.
These varying rates ensure that the response of the material is thoroughly examined under different loading
conditions.
= Holding time at maximum load: The indenter was held in position for 15 seconds, after reaching the
maximum load, ensuring that the measurements reflect the true hardness of the material.
2.3.8. Scratch test
The scratch test, conducted in accordance with the 1ISO 20502 standard, provides an assessment of the adhesion
of hard, ceramic thin films on both hard and soft substrates. This method involves moving atip with a specified
geometry across the sample surface under either a constant or varying normal load. The test is designed to
evaluate the mechanical integrity and adhesion properties of the YSZ coating by observing the response of the
material to the applied stress.

There are three distinct modes of scratch testing:
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= Progressive Force Scratch Test (PFST): the normal load applied to thetip increases steadily as it moves
across the sample surface. This gradual increase in load leads to potential failures highlighting the adhesion
properties of the coating.

= Constant Force Scratch Test (CFST): multiple scratch tests are conducted, each at a predetermined,
fixed load. By maintaining a constant load, this test mode assesses the behaviour of the coating under
specific stress conditions, providing information about its durability and resistance to wear.

» Multi-Pass Scratch Test (MPST): the scratch test is repeated multiple times on the same spot of the
sample surface. This mode provides more insights on wear mechanisms, the interactions of scratches and
the effects of work hardening.

In the PFST mode, the load is usually increased until there is adhesive and/or cohesive failure within the

coating/substrate system. Detection of this failure is achieved through direct visual inspection of the scratch

track, which is often supplemented by additional instrument outputs such as acoustic emission, penetration
depth, and friction coefficient recordings during the test. The load value(s) at which a specific failure mode
initiates is termed the critical normal force or critical load (Lc). Critical loads are typically categorized as

follows (Figure 2.3-6):

» Lca: Marks the initiation of cracking within the coating.

= Lc2: Indicates the start of partial delamination, usually observed around the edges of the scratch track.

= Lcs: Represents complete delamination extending across the entire scratch track.

The delamination load refers to the instant when the coating becomes completely detached from the substrate,

signifying a total failure of adhesion.

Figure 2.3-6 - critical loads definition according to 1ISO 20502 [161].

The current testing comprised two main phases:

1. Initial Setup of the Scratch Test for determining the optimal testing method. The setup phase followed
these specific conditions:
= Scratch mode: PFST
= Begin load: 20 mN
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= Final load: Variable in the range [1000+30000] mN

= Loading rate: Variable in the range [163.33+4996.67] mN/min

= Pre-scan and post-scan load: 20 mN

= Scratch speed: 1 mm/min

= Scratch length: 6 mm

= Data acquisition frequency: 30 Hz
Set-up tests were performed using two conical diamond indenters with a cone angle of 120° and tip radii of
200 pm and 800 pm.
2. Execution of the Test Campaign based on the methodology determined in the first phase, the test

campaign was carried out under the following conditions:

= Scratch mode: PFST

= Begin load: 20 mN

= Final load: 20000 mN

= Loading rate: 3330 mN/min

=  Pre-scan and post-scan load: 20 mN

= Scratch speed: 1 mm/min

= Scratch length: 6 mm

= Data acquisition frequency: 30 Hz
Tests were performed using a conical diamond indenter with a cone angle of 120° and a tip radius of 200 pm.

2.3.9. Wear test

The pin-on-disk test is a widely used experimental technique for evaluating the tribological properties of
materials, specifically focusing on theirwear and friction behaviour during sliding. This method is conducted
in accordance with ASTM G99-23 standard [161].
In the “pin—on-disk” tribometer (Figure 2.3-7), a stationary pin, which has a cylindrical or spherical
geometry, is pressed by a known normal load against the surface of a flat sample, fixed onto a rotating
disk with a controlled speed for a fixed duration. The test can be conducted at different temperatures

to understand the thermal effects on wear and friction.

Figure 2.3-7 - Schematic of pin-on-disk wear test system [161].
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During the test, frictional forces and wear are continuously monitored and data of the coefficient of
friction (COF), wear depth, and wear volume are recorded. After the test, the wear loss on both the
pin and the disk are analysed using various techniques such as optical microscopy, profilometry and
SEM.

T50 Tribometer (Nanovea) was employed for this investigation adopting a customized counterpart
for the evaluation of the wear behaviour of the deposited YSZ coating. Specifically, bristles from a
medium-abrasion toothbrush were cut, collected, and fixed together to create a customized pin. This
setup was designed to simulate, with high reliability, the conditions that might occur during tooth
brushing. It is important to emphasize that this simulation represents an extreme scenario where the
abutment is exposed relative to the gum line, such as in cases of periodontal disease. During this
study, we specifically chose to investigate this scenario to gain deeper insights into the wear
behaviour of the deposited coating under such conditions. This approach allowed us to not only assess
the durability and performance of the coating but also to explore its protective capabilities ina highly

challenging environment.

Figure 2.3-8 — (a) T50 tribometer (Nanovea); (b) customized set-up for the tribological test on YSZ coatings.

The following test conditions were adopted:

= Configuration: pin-on-disk

= Movement: alternative

» Normal load: variable in the range [0.25+1] N;

= Track radius: 30 mm

= Sample speed: 2500 mm/min;

= Arc length: 5000 um

= Counterbody: Nylon toothbrush bristles, 2 mm diameter;

=  Temperature: 37°C;
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= Time: 6 hours, to simulate 3 months of brushing.
= Solution: Hank’s Balanced Salt Solution (Sigma-Aldrich) with variable concentrations of toothpaste
containing silica particles.

The results were analysed using optical microscopy and scanning electron microscopy. Optical images of the
traces were acquired at a magnification of 2,5x. SEM analysis in backscattered electron (BSE) mode was
performed at an accelerating voltage of 10 kV to examine the trace areas, with BSE images captured at
magnifications of 300x and 1000x. Additionally, energy-dispersive X-ray spectroscopy (EDS) was carried out
on selected areas of interest to gain a deeper understanding of the trace characteristics.

2.3.10. Low temperature degradation testing
Zirconia coating is prone to low temperature degradation under moist environments at human body
temperature. This phenomenon poses a significant risk to the structural integrity of the YSZ coatingand long-
term performance. Therefore, it is crucial to thoroughly evaluate the hydrothermal stability of these coatings
to ensure their reliability in biomedical conditions. To replicate and accelerate the effects of such degradation,
standardized aging tests are commonly performed under controlled conditions. These tests are typically
conducted in an autoclave at a temperature of 134°C and a pressure of 2 bar, simulating an aggressive
environment that allows for a more rapid assessment of the durability of the coating and performance over
time.
During this investigation, low temperature degradation testing was conducted in accordance with 1ISO 13356,
which outlines the requirements for implants made of Y-TZP-based ceramics used in surgical applications
which are typically more susceptible to this phenomenon. The aging process involves placing the samples in
an autoclave at the same temperature and pressure conditions (134°C and 2 bar) to simulate the sterilization
environment [38]-[40].
To evaluate the extent of hydrothermal degradation, the amount of monoclinic phase present in the zirconia
coating is quantified both before and after the aging process. This is achieved using techniques such as X-ray
diffraction (XRD) or Raman spectroscopy, which are capable of distinguishing between the different
crystallographic phases of zirconia. By comparing the results obtained before and after aging, it is possible to
assess the degree of degradation that has occurred.
In this study, we utilized an autoclave model W&H Lara 22, provided by Modena Polyclinic, to investigate
the hydrothermal degradation of the YSZ-14 coating, which was selected as the reference coating. The plate
was subjected to testing at atemperature of 134°C and a pressure of 2 bar. To thoroughly investigate the effects
of these conditions, the plate was divided and tested over two different durations: 1 hour and 5 hours which
represent a minimum of 15 years and 75 years of exposure to the oral environment, respectively. This division
allowed for a comprehensive analysis of the behaviour material under varying exposure times.

2.3.11. Rheometric test
Rheology is the science that studies the flow and deformation of materials. In this study, the measures were

conducted in shear flow (under shear stress) and oscillatory mode to investigate the viscoelastic properties of
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the collagen-based solution. The study analysed the properties of the solution during deposition and gelation.
These materials are non-Newtonian fluids, so the viscosity varies with applied force or flow rate.
Rheometer MCR 102e (Anton Paar) was adopted to perform flow curves, evaluating the viscosity of the fluid
at different shear rates [162], [163]. At shear rate equal to zero, the viscosity represents the static state of the
fluid, while at the highest shear rate, it reflects the state during injection, such as from a syringe. This test helps
to optimize deposition by achieving shear thinning behaviour, where the fluid has low viscosity under a high
shear rate (during injection) and high viscosity when at rest (after deposition). We subjected the collagen -based
solution to a shear rate range of 0.01+100 s. Tests were conducted at 4°C to simulate deposition conditions,
and at 25°C to understand the behaviour changes when collagen gelation begins. A cone-and-plate sensor with
a diameter of 25 mm and an angle of 1° was used.
The second series of tests aim to understand the behaviour of the fluid during gelation. A time sweep test was
conducted to evaluate the gel time of the collagen solution [163]. This test provides a graph where the G'/G"
modulus is plotted as a function of time, using the Rheometer MCR 102e (Anton Paar). The test was performed
at 1 Hz at a low strain value (y=0.5%) to ensure it remained within the linear viscoelastic region (LVR)
adopting the same cone-and-plate sensor used to obtain the frequency flow curves. The test was carried out at
a temperature of 37°C, which is the standard temperature for collagen gelation.
Both the investigations were conducted on three collagen-based solutions: collagen, collagen with 0.1% wi/v
of Laponite, and collagen with 0.3% w/v of Laponite.
2.3.12. DSC analysis

Differential Scanning Calorimetry (DSC) analysis was performed to assess the thermal stability of materials
by evaluating the heat flow exchange, comparing the samples to a reference. The analysis produced a graph
showing heat flow as a function of temperature.
In this study, collagen-based layers were analysed to evaluate the impact of Laponite addition and UV cross-
linking. Specifically, four formulations were investigated: pure collagen subjected to gelation (PG), gelation
followed by UV cross-linking for 30 minutes (PR1), and gelation followed by UV cross-linking for 60 minutes
(PG2) to assess the effects of these treatments. Additionally, pure collagen with 0.3 w/v% Laponite, subjected
to gelation and UV cross-linking for 60 minutes (LG2), was analysed to compare its results with PR2 and
evaluate the effect of Laponite addition.
A preliminary setup was conducted on gelled pure collagen from 30°C to 300°C to evaluate its overall
behaviour and to define the thermal ramps for the subsequent tests. Based on this initial setup, the following
thermal ramps were established for the DSC analysis:

= First heating ramp from 30°C to 240°C at a rate of 5°C/min.

= First cooling ramp from 240°C to 30°C at a rate of 10°C/min.

= Second heating ramp from 30°C to 240°C at a rate of 5°C/min.
Pierced aluminium pans were used to contain the samples, and all ramps were conducted in a nitrogen-

controlled atmosphere. The instrument used for these analyses was the DSC 214 Polyma (Netzsch).
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The first heating ramp is used to detect the denaturation temperature, which corresponds to the temperature at
which the triple helix of collagen ruptures. The second heating ramp is performed to evaluate the glass
transition of the polypeptides, which are now free to move [164], [165].
2.3.13. Contact angle measurement
Wettability is a property influenced by various factors, including pH, temperature, charge density, and surface
energy. It can be quantitatively assessed by measuring the contact angle of a pure water droplet on a given
surface. The chemical composition and surface chemistry significantly affect the interaction with water
molecules, thereby influencing wettability. Two distinct scenarios can be observed based on the contact angle
measurements:
= High contact angles indicate that the material is hydrophobic, meaning it does not interact favourably
with water.
= Low contact angles suggest that the material is hydrophilic, demonstrating an affinity for water. In this
case, water droplets are adsorbed onto the surface due to the presence of functional groups.
The measurement of the contact angle involves placing a water droplet on a flat surface and evaluating the
angle formed at the intersection of the liquid/vapor and liquid/solid interfaces. This angle is tangent to the
equilibrium point where the phases meet [166], [167].
Evaluating collagen adhesion is challenging because water and collagen molecules behave differently.
Nonetheless, an increase in surface hydrophilicity suggests that the surface becomes more conducive to

collagen adhesion, as the OH™ groups can more readily interact with the polar groups of the collagen molecule.

T

liquid @

Figure 2.3-9 - Schematic of a sessile-drop contact angle system [166].

For this investigation, the measurement of contact angles was conducted using an optical microscope equipped
with backlighting. The video footage captured by the microscope was transmitted to a computer and analysed
using the SCAN software package (Figure 2.3-10 (2)). Water droplets of 2ul were injected through a syringe
needle onto both biomedical zirconia surfaces (polished and CNC-finished) and YSZ-deposited plates. The

instrument utilized for this analysis was the “Contact Angle System-OCA” (Dataphysics).
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Figure 2.3-10 — (a) software package (SCAN); (b) example of droplet deposition.
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3. Chapter 3 — Results

3.1.Yttria-Stabilized Zirconia coatings — screening phase

3.1.1. Macroscopic observations

The YSZ coatings deposited during the screening phase exhibited a range of colour variations, as shown in
Figure 3.1-1. Typically, pink, green, and blue hues were observed with varying opacity levels, arising from
interference effects inherent to zirconia, which remains transparent at the achieved thicknesses. Notably, all
coatings deposited using the RF-PECVD method (YSZ-6, YSZ-7, and YSZ-8) displayed inconsistencies in
surface appearance with colour variations.

The goal of this research was to achieve pink or yellow coatings, as these colours have been reported in the
literature to minimize peri-implant discoloration [30]-[32]. Their potential lies in providing a more natural
appearance to the gingival tissue interfacing with the abutment, thereby enhancing aesthetic outcomes.
Duringthisinitial phase, the YSZ-2 and YSZ-4 coatings emerged as the most promising candidates for further
investigation due to their distinct pink coloration, which suggests a potential aesthetic advantage. Among these,
the YSZ-2 coating was particularly favoured due to the aesthetic and technical requirements of clinical dental

implantology.

Figure 3.1-1 - appearance of YSZ plates of the screening phase.

3.1.2. Electron Microscopy observations
Scanning electron microscopy (SEM) conducted on the coating surface reveals a homogeneous and defect-
free surface in all coatings deposited during the initial screening phase. Figure 3.1-2 shows one image captured
using the SE detector showcasing the surface morphology of the YSZ-1 coating, which is representative of the
overall quality observed across all eight coatings deposited. Given the thin nature of these coatings, it is
particularly noteworthy how the surface morphology of the coatings closely mirrors that of the underlying

substrate.
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Figure 3.1-2 - SEM image through SE detector of YSZ-1

EDS spectra were collected from each coating surface to obtain a semi-quantitative analysis, one example is
shown in Figure 3.1-3. In all cases, zirconium, oxygen, yttrium, argon, and hafnium were detected, with their
respective amounts specified in the graphs shown in Figure 3.1-4. Titanium, aluminium and vanadium are

elements of the substrate, which is reached by electron beam below the thin film.
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Figure 3.1-3 - EDS spectrum of YSZ-1
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Figure 3.1-4 - Element contents of the YSZ coatings deposited in the screening phase through EDS analysis.

The average percentages, in terms of weight, of zirconium (Zr), yttrium (Y), and oxygen (O) in the sample are
62.3 wt. %, 4.6 wt. %, and 30.5 wt. %, respectively. In contrast, hafnium (Hf) and argon (Ar) are contaminants
found in average percentages of 1.5 wt. % and 1 wt. %, respectively. Hafnium is naturally associated with
zirconium, while argon is introduced during the deposition process. The measured values of zirconium,
oxygen, and yttrium align with expectations and are confirmed by the following calculations.
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First, the molar masses of zirconium, yttrium, and oxygen, which are 91.22 g/mol, 88.91 g/mol, and 16.00
g/mol, respectively. Starting with atarget composition of 93 wt.% Zr and 7 wt.% Y, the moles of each element
in the target are calculated. This results in 1.019 moles of zirconium and 0.079 moles of yttrium.
To determine the moles of oxygen, we need to account for its presence in the ZrO2 and Y203 phases. For ZrOz,
each mole of zirconium corresponds to 2 moles of oxygen. For Y203, each mole of yttrium correspondsto 1.5
moles of oxygen. Therefore, the total moles of oxygen are calculated as follows:

e From ZrOz: (2 \times 1.019 = 2.038) moles of oxygen

e From Y20s: (1.5 \times 0.079 = 0.119) moles of oxygen
Adding these contributions, the total moles of oxygen amountto 2.157. Given the molar mass of oxygen (16
g/mol), the mass of oxygen is 34.5 grams.
The total mass was calculated and includes 93 grams of zirconium, 7 grams of yttrium, and 34.5 grams of
oxygen, summing to approximately 134.5 grams. Additionally, we must include the mass of the contaminants:
1.5 grams of hafnium and 1 gram of argon. Therefore, the total mass is approximately 137 grams.
Consequently, the expected weight percentages of zirconium, yttrium, and oxygen in the coating are:

e Zirconium: 68 wt.% (93 g/ 137 g)

e Yttrium: 5wt.% (7 g/ 137 g)

o Oxygen: 25 wt.% (34.59/137 Q)
The results are generally consistent with the experimental expectations, although it appears there is a higher
amount of oxygen than anticipated. On the other hand, EDS is an analytical technique which is not reliable to
guantify the amount of light elements, oxygen included.
Moreover, it is possible to evaluate the stoichiometry of the formed phases by considering the total mass of
the coatings, excluding the amounts of contaminants. The average weight concentrations of zirconium, yttrium,
and oxygen in the coatings are 63.9 wt.%, 4.7 wt.%, and 31.3 wt.%, respectively. To determine the mole
amounts, the normalized weight values are multiplied by the respective molar masses of the elements. This
calculation yields mole values of 0.7 for zirconium, 0.053 for yttrium, and 1.96 for oxygen. For the formation
of zirconium dioxide (ZrOz), two moles of oxygen are required for each mole of zirconium. The current ratio
of oxygen to zirconium is 2.8, which is slightly higher than the stoichiometric requirement. In contrast, for the
formation of yttrium oxide (Y20s), 1.5 moles of oxygen are needed for each mole of yttrium. The current ratio
of oxygen to yttrium is 37, which is significantly higher than the stoichiometric requirement. In general, this
excess of oxygen, particularly relative to Y20Os but also to ZrO., could influence the phase composition and
properties of the coating.
Some of these coatings were selected for FEG-SEM analysis to observe the cross-section of these thin films
with higher resolution compared to standard SEM. Three coatings are arbitrarily chosen for this analysis: YSZ-
2, YSZ-3, and YSZ-5 (Figure 3.1-5). The FEG-SEM observations revealed that the thickness of these coatings
varies significantly, ranging from 150 nm to 600 nm. Moreover, the coatings appeared to be homogeneously
deposited, with no visible defects such as cracks, voids, or delaminations along the entire observed cross-

section.
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Figure 3.1-5 - FEG-SEM observation of cross-sectioned YSZ samples: a) YSZ-2; b) YSZ-3 and c¢) YSZ-5.

3.1.3. Roughness measurements
The results of the roughness measurements of the YSZ coating, deposited during the screening phase, indicate
no significant variation compared to the values recorded on the bare titanium substrate. This outcome was
anticipated, given the thin nature of the coatings applied. The recorded roughness values averaged around
0.030 um. This consistency in roughness is crucial as it meets the requirement for having a surface with low
roughness when exposed to the oral environment preventing bacterial colonization and subsequent infection.

All the roughness values are collected in Table 3-1.

Table 3-1 - Roughness measurements on YSZ coatings during screening phase

naked Ti plate YSZ-coated Ti plate

YSzZ Average Std Dev Average Std Dev
[um] [um] [um] [um]

1 0,029 0,002 0,027 0,003
2 0,027 0,003 0,025 0,004
3 0,032 0,005 0,034 0,009
4 0,039 0,002 0,040 0,002
5 0,041 0,002 0,043 0,003
6 0,039 0,001 0,042 0,001
7 0,047 0,003 0,046 0,003
8 0,040 0,001 0,041 0,001
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3.1.4. Nano-hardness measurements

The nano-hardness values were extracted from all the Yttria-Stabilized Zirconia (YSZ) coatings deposited
during the screening phase at varying depths, extending up to 300 nm. To assess the influence of the substrate,
identical measurements were performed on the Ti6Al4V alloy plate. Additionally, these measurements were
conducted on a biomedical-grade zirconia plate, serving as a reference standard.

The nano-hardness values exhibited a range from 11 GPa at a depth of 100 nm to 8 GPa at a depth of 300 nm.
It is evident that the values at greater depths are significantly influenced by the underlying titanium substrate.
The thickness of the coatings varied between 150 nm and 600 nm. According to ISO 14577 standards, to
minimize substrate effects, the coating thickness should be at least ten times the depth of the indentation.
Consequently, while the measurements at 100 nm provide a closer approximation of the true nano-hardness,

they are still subject to some degree of substrate influence.
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Figure 3.1-6 - Nano-hardness values of the YSZ coating deposited during the screening phase.

3.1.5. Colorimetric analysis

Colorimetric analysis was conducted on the eight YSZ plates deposited during the screening phase (Figure
3.1-1). The CIELAB coordinates (L*, a*, and b*) are collected in Table 3-2, andthe AE* value was calculated
for each plate using the gingival values as reference [30].

The evaluation of these results was based on existing literature data. Implantation of colour strips at the
interface between the abutment site and gingival tissue has a beneficial effect when light pink, pink, light
orange, and orange colour strips were selected. These specific colour strips yielded a AE* value close to the
perceptibility threshold [31]. Additionally, another study [30] examined the impact of gold-anodized, pink-

anodized, unanodized titanium abutments, and zirconia abutments on the coloration of peri-implant soft tissue.
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The findings indicated that gold-anodized and pink-anodized titanium abutments resulted in minimal
discoloration of the peri-implant soft tissue, whereas zirconia was identified as the optimal abutment material
for aesthetic regions. This is supported by the colour distance values reported in the literature, where a AE*
value of 8.74 is recognized as the threshold for distinguishing mucosal colour differences between an optimal
match and those perceptible to the human eye.

According to these findings, pink and yellow colours appear to induce the least peri-implant discoloration.
Therefore, the YSZ-2 and YSZ-4 plates, which exhibited a pink colour, were expected to yield favourable
results. However, the data presented in Table 3-2 indicate that their AE* values were around 68, which was
significantly higher than anticipated.

This discrepancy might have stemmed from limitations in the colorimetric analysis method employed.
Specifically, the presence of atitanium substrate and the nanometric, translucent coating could have influenced
the measurements. Given the nature of these coatings, amore specialized analytical approach would have been
required to obtain more accurate colorimetric data.

Nevertheless, the visual assessment aligned well with both the aesthetic and technical requirements of clinical
dental implantology, fully supporting the outcome. As a result, despite the discrepancies observed in the
instrumental analysis, YSZ-2 and YSZ-4 coatings remained the reference samples for the optimization phase
of deposition.

Table 3-2 - CIELAB coordinates of the eight plates of the screening phase.

YSZ plate L* a* b* AE
YSz-1 46.1 17.8 -4.2 22.0
YSZ-2 45.5 54.8 -41.3 67.3
YSz-3 59.3 -41.8 16.9 63.6
YSZ-4 48.8 52.1 -44.0 68.2
YSZ-5 57.3 2.0 3.3 24.3
YSZ-6 41.1 31.2 -10.8 31.1
YSZ-7 44.8 -14.7 12.0 37.0
YSZ-8 49.7 -31.5 -2.8 56.4

3.1.6. Scratch test
An initial setup of the test methodology was conducted on the YSZ-2 coating to establish the optimal procedure
for application across all coatings. This preliminary phase involved creating one scratch per type, as
documented in Table 3-3. At a consistent end load of 30 N, two different tips with radii of 200 um and 800
pum were utilized, resulting in distinct outcomes. The scratch track produced with the 800 um tip was barely
visible, whereas the track created with the 200 um tip showed almost complete delamination at lower loads.
Consequently, the setup with the 200 um tip was optimized by reducing the end load and evaluating the tracks
at5 N, 15 N, and 20 N. The selected methodology involved using the tip with a radius of 200 um and an end
load of 20 N. This combination provided a clear and reliable track, facilitating the detection of various critical

loads and ensuring the accuracy and reproducibility of the results across all samples.
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Table 3-3 - panorama view of the scratch tracks — set-up

YSZ-2
Tip: 800um
End load: 30N
YSZ-2
Tip: 200pum
End load: 5N
YSZ-2
Tip: 200um
End load: 15N
YSZ-2
Tip: 200um
End load: 20 N
YSZ-2
Tip: 200um
End load: 30 N

For the test campaign, at least two scratch tests for coating were conducted to understand the adhesion quality
of the YSZ coatings deposited during the screening phase on the Ti6Al4V bulk.

In Table 3-4, one scratch track for each coating was collected.

The initial type of damage identified was the formation of semicircular microcracks along the transversal
section of the track, which was labelled as Lc1. The values for Lcl ranged between 3 N and 9 N. Notably, the
coatings YSZ-2 and YSZ-8 exhibit the lowest Lcl values, while YSZ-5 shows the highest (Figure 3.1-8 (a)).
As the applied load increased, these microcracks began to extend towards the edge of the track starting at loads
ranging from 4 N to 10 N, which was denoted as Lc2. Among the coatings, YSZ-8 exhibited the minimum
Lc2 value, whereas YSZ-5 had the maximum (Figure 3.1-8 (b)). Partial delamination, referred to as Lc3,
became observable at load values starting from approximately 10 N for the YSZ-8 coating (Figure 3.1-8 (c)),
and extended up to 18 N for the YSZ-3 and YSZ-7 coatings. Finally, total delamination was detectable in YSZ-
2 and YSZ-8 (Figure 3.1-8 (d)) at around 18 N, and in YSZ-6 and YSZ-7 in one of the two repetitions, reaching
approximately 19 N.
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YSZ-1

V=400V

YSZ-2
V=400V

YSZ-3
V=400V

YSZ-4

YSZ-5

YSZ-6

t=3.5h, RF

YSZ-7

YSZ-8

t=2h, RF off

t=2h, RF off

t=4h, RF off

V=390V
t=4h, RF off

V=420V
t=4h, RF off

V=420V

V=390V
t=4h, RF on

V=400V
t=4h, RF on

Table 3-4 - panorama view of the scratch tracks — campaign (screening phase)
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3.1.7. Raman analysis
Raman spectroscopy was conducted for evaluating the phases obtained during the reactive sputtering
deposition of the screening phase. Figure 3.1-9 illustrates the interrelation between the cubic F2g mode and

the tetragonal Alg and Eg modes of vibration, highlighting their association with the stretching of Zr-O1 bonds,

where O: denotes the oxygen atom in the first coordination shell of zirconium within the ZrO: lattice.

Cubic (0,") Y-FSZ F. “ 1
Band position/cm ~365 ~600
> /\ /\ /‘\
-
-
£
B ) E * B %) E *) A ) E *)
Tetragonal (D, _*") Y-PSZ A, g ] A, 9 a E, g B,, E, g
; * : /E 0] /A ) b /B 0] /E G /B ® : /E ®
) ] 1g 9 q 1g q
Band position/cm 155 266 365 326 474% 435 616% (O] [575% 645
Molecule vibration 0:Zr-0,
&
Zr-0-Zr Zr-0, Zr-0/0, Zr-0/0, Zr-Q, Zr-0,
Bending Bending Stretching  Stretching Stretching Stretching

Figure 3.1-9 - Vibration mode of the tetragonal and the cubic Y-ZrO, phase [168].
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Each phase of zirconia exhibits a specific Raman spectrum characterized by distinct peaks. Figure 3.1-10 (b)
highlights the Raman spectrum for each phase [169]. The peak at 150/cm is common to both the tetragonal
and cubic phases. In contrast, the peaks at ~245/cm and ~460/cm are representative of the cubic and tetragonal
phases, respectively. Finally, the peak at ~645/cm, characteristic of the tetragonal phase, shifts to ~600/cm in
the cubic phase [170].

(a) 6-‘-54:'crr'

Raman Intensity a.u

Intensity (a.u.)

Seint Gobsin 752 100 200 300 400 500 600 700 800 900
0 00 200 300 400 S0 &00 700 800 Raman Shlﬂ (cm'1)

Wavenumber/cm

Figure 3.1-10 — a) Raman spectra of the analysed sintered Y203-stabilized ZrO2 samples. The dotted line marks the 645/cm band
position [170] and b) Raman spectra of different zirconia samples [169].

Spectra for all the YSZ coatings of the screening phase are collected in Figure 3.1-11. All the spectra exhibited
a peak around 150/cm. The spectra of the YSZ-1 and YSZ-2 coatings showed peaks characteristic of the cubic
phase at approximately 250/cm, and of the tetragonal phase at 450/cm and at 630/cm and 620/cm for the YSZ-
1and YSZ-2, respectively. The spectra of the other coatings revealed only the characteristic peaks of the cubic
phase, except for the YSZ-4 case, which also exhibited a peak at 460/cm indicative of the tetragonal phase.

Furthermore, by analysing the shift in the ~645/cm band in the Raman spectraand referencing the study [170],

the Yttria content was determined and extrapolated values are collected in Table 3-5.
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Figure 3.1-11 - Raman spectra collected for all the YSZ coatings of the screening phase.

Table 3-5 — Extrapolated values of Yttria content in YSZ-coatings (screening phase).

Coating type cmt wt.% Yttria mol.% Yttria
YSZ-1 630 ~11 ~6
YSZ -2 620 ~14 =8
YSZ -3 590 >22 >13
YSZ -4-8 600 ~22 ~13

3.1.8. XRD analysis

X-ray diffraction (XRD) analysis was performed on asingle coating from the screening deposition to determine
the composition of the constituent phases. The YSZ-4 coating was chosen as the reference standard for all
screening coatings.

The zirconia crystal exhibits diffraction peaks at various position depending on the phase. Monoclinic,
tetragonal and cubic exhibits diffraction peaks at specific 2-theta angles.

Figure 3.1-12 show the spectrum of the YSZ-4 coating. The detected phases are cubic and tetragonal, as
indicated by their respective diffraction peaks. The obtained pattern is in accordance to that founded in

literature [171]-[174]. The diffraction peak at 30° is observed in both cubic and tetragonal zirconia phases.
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The peaks at 35°, 50° and 60° vary with the yttria concentration. Specifically, a double peak corresponding to
the tetragonal phase is observed at 3 mol.% yttria, which transitions to a single peak indicative of the cubic
phase at 5 mol.% yttria [172]. This observation aligns well with other studies that report a single cubic phase
peak at 35° when zirconia is doped with yttria concentrations exceeding 6 mol.% [174], and a double tetragonal
peak at 4 mol.% yttria [171]. The peak at 50° exhibits a double tetragonal peak at yttria concentrations at 3
mol.%, transitioning to a single cubic phase peak at 5 mol.% of yttriacontent [172]. Similarly, the peak at 60°
shows a double tetragonal peak at yttria concentrations of 3 mol.%, which becomes a single cubic phase peak
at 5 mol.% of yttria [171], [172]. The concentration at 4 mol.% of yttria is a transition state between the
tetragonal and cubic phases. In thisstudy, a zirconium target doped with 7 mol.% yttrium was adopted, which
approximately corresponds to 4 mol.% yttria in the coating. Consequently, the XRD spectrum of the YSZ-4
coating confirms all the peaks reported in the literature, specifically the cubic/tetragonal one at 30°, the cubic
peaks at 35° and 50°, and a double tetragonal peak at 60°. Details of the peak positions and the related phases
are summarized in Table 3-6.

Additional peaks correspond to grade 5 titanium which are characteristic of the substrate. Notably, the
monoclinic phase is absent in the realized structure, as no corresponding peaks were detected in the XRD

analysis.

c/t

—YSZ-4

]
-

]
! !
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i 1
250 - ; ;
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Figure 3.1-12 - XRD spectrum of YSZ-4
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Figure 3.1-13 - XRD patterns of as-sintered samples. The characteristic peaks of cubic zirconia and tetragonal zirconia are indexed
in the pattern of 5Y and 3Y, respectively. (b) Expanded view of 28-32, 33-38 and 70-78 diffraction 2h degrees [172].

Table 3-6 - Positions and phases of the YSZ-4 coating (screening phase)

2Theta Zirconia Phase

29.36° cht

34.42° c

49.27° c
58.2-58.95° t-t

3.1.9. Wear test

Wear testsare conducted on one plate of the deposited coating of the screening phase. The coating YSZ-4 was

chosen as representative of the screening investigation. Objective of the test isto evaluate the response in terms

of wear behaviour.

The wear tracks were collected as images through optical microscope and scanning electron microscope with

the aim of detecting the track. Further EDS analysis could help to understand the wear behaviour.

= 0.25 N without toothpaste: no track was detected after the test.

= 1 N without toothpaste: a dark trace was observed on the surface. Further SEM-EDS investigations
highlighted significant presence of calcium, potassium and magnesium. Lower concentrations of
magnesium, silicon e sodium was detected. All these elements are attributable to the Hank’s balanced salt
solution. The other detected elements, such as oxygen and zirconium, were attributed to the surrounding
coating (Figure 3.1-16).
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= 1 N load with 3% of toothpaste: a slight wear trace was detected. Subsequent SEM investigations did not
reveal any significant chemical variation through the back scatter electrons between the trace and the
coating.

= 0.25 N with 10% of toothpaste: despite the lower load, the higher toothpaste concentration was the cause
of a more noticeable trace compared to the previous case. Subsequent SEM-EDS analyses revealed areas
of coating detachment along the trace, although not extensively. This is supported by EDS analysis, which
revealed high concentrations of titanium substrate elements (titanium and aluminium) and lower

concentrations of zirconium and oxygen (Figure 3.1-18).

Figure 3.1-14 - optical microscope images of wear traces (a) 0.25 N without toothpaste; (b) 1 N without toothpaste; (c) 1 N with 3%
of toothpaste and (d) 0.25 N with 10% of toothpaste.
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Figure 3.1-15 - BSE images of the trace after the apiplicationiof 1 vavithoutitodthpaste.
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Figure 3.1-16 — EDS analysis of the trace after the application of 1 N without toothpaste.
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Figure 3.1-17 - BSE images of the trace aftér ihe application of 0.25 N with 10% of toothpaste.
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Figure 3.1-18 - EDS analysis of the trace after the application of 0.25 N with 10% of toothpaste.

3.1.10. Conclusions
During the screening phase, YSZ coatings were successfully deposited with defect-free surfaces and cross-
sections, as confirmed by SEM analyses. The produced coatings exhibited thicknesses ranging from 150 nm
to 600 nm, which is representative of the type of thin film produced using the PVD-PECVD technique, i.e.
oxide layers deposited by reactive sputtering with the risk of target poisoning. This low thickness significantly
affected nano-hardness measurements because, according to 1SO 14577, the coating thickness should be at
least ten times the indentation depth. Similarly, the roughness evaluation remained comparable to that of the
bulk material, with average values between 0.3 pum and 0.5 pm.
A colorimetric analysis was performed to assess the appearance of the coatings. However, the applied method
did not yield fully reliable quantitative data, likely due to the specific setup conditions. In particular, the use
of D50 illumination combined with a 2° observer angle may have influenced the measured CIELAB
coordinates, as thin-film interference effects can significantly alter colour perception based on the angles of
incidence and observation.
The maximum wavelength corresponding to the perceptible colour can be expressed as:
21 Ax
Ag

Amax =

where
AX=nc tc+ns ts
with n and t representing the refractive index and thickness, subscripts € and S indicating the coating and the

substrate, respectively, and

27 OPD
Ap=Ap = N

Here, the optical path difference (OPD) between the light waves reflected at the air-coating and coating-
substrate interfaces determines the phase shift and, it is expressed as:
OPD = OPc- OPt+ 6
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with OP = 2nt and § calculated according to Fresnel’s law, which in this case study is taken as 1 due to the
double inversion of the light path in the YSZ coating-titanium substrate system.

This formulation shows that Amax is strongly dependent on the coating thickness. As the coating thickness
increases during deposition, the OPD varies cyclically, leading to periodic changes in the observed colour,
from blue to green to yellow to pink and then repeating.

Despite the limitations inherent the colorimetric method, visual inspection confirmed that two promising
coatings, designated YSZ-2 and YSZ-4, exhibited a pink hue, which is known to minimize peri-implant
discoloration [30]-[32]. Based on its favourable aesthetic impact, the YSZ-2 coating met both the aesthetic
and technical requirements of clinical dental implantology and was therefore identified as a particularly
promising candidate. The RF-PECVD deposition method was excluded due to noticeable variations in surface
appearance, such as colour differences. Although both the YSZ-2 and YSZ-7 coatings were produced under
identical deposition parameters, the application of RF-PECVD for YSZ-7 resulted in inconsistencies that
suggest uncontrolled variables may be affecting the uniformity of the film, as indicated by irregular colour

patterns, which are typically associated with variations in film thickness. (Figure 3.1-19).

Figure 3.1-19 - Appearance of YSZ-2 and YSZ-7 coatings, with and without RF-PECVD, respectively.

A comprehensive structural investigation was carried out using several techniques to elucidate the phase
composition of the coatings. The expected phase was the tetragonal one with an yttria content of around 4

mol.%, based on the use of a target containing 7 mol.% yttrium [175].
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Figure 3.1-20 - Relative energy of cubic and tetragonal YSZ vs. Y concentration. The tetragonal phase is set as the reference of zero
energy [175].

Energy-dispersive X-ray spectroscopy (EDS) revealed an yttrium concentration of approximately 4.5 wt.%,
around 4 mol.%, which is lower than the nominal target concentration. However, since EDS is semi-

guantitative analysis, more reliable insights were obtained from X-ray diffraction (XRD) analysis.
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The XRD results revealed the presence of both cubic and tetragonal phases. In particular, the YSZ-4 coating,
used as a reference among the eight coatings, exhibited an yttria content of about 4 mol.%, which is in good
agreement with the expected composition, especially considering that the yttrium content in the target is near
the level required to produce the cubic phase. Raman spectroscopy provided an interesting observation
detecting predominantly the cubic phase and based on peak evaluations, suggested an yttria concentration of
13 mol.%. This unexpectedly high value, typically achieving with a target containing around 14 mol.% yttria,
is hypothesized to result from the deposition system. Unlike small-scale magnetron sputtering setups, the
industrial system used in this study features a significantly larger target-to-substrate distance. Consequently,
sputtered atoms undergo numerous inelastic collisions that lower their energy before reaching the substrate.
The reduced kinetic energy impedes atomic rearrangement during film growth, preventing the coating from
reaching equilibrium and promoting the formation of various defects, notably oxygen vacancies, which may
affect the optical properties of the film, potentially influencing colour variations. Literature indicates that,
during magnetron sputtering, the relative energy of the cubic phase decreases compared to that of the tetragonal
phase when the oxygen vacancy concentration exceeds 3 at.% [176], [177]. Therefore, the extracted value of
14 mol.% essentially not only the yttria content but also the contribution of oxygen vacancies that alter the
vibrational modes detected by Raman analysis. Additionally, the ultrathin coating may be characterized by
amorphous fractions or a distorted lattice structure, which can also influence the observed vibrational

characteristics.

Energy (eV)
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'
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o

O vacancy (at.%)

Figure 3.1-21 - Influence of O vacancies on the phase constitution [177].

Mechanical performance was assessed through scratch and wear tests to simulate in-service loads on
abutments. Although the maximum force applied to an abutmentin vivo is about 1 N, typically only reached
when the gum is receded or compromised, scratch tests demonstrated that all coatings exhibited good adhesion,
with critical loads well above 1 N. Notably, coatings YSZ-1, YSZ-3, and YSZ-5 did not show total
delamination, while for the others, delamination initiated at loads around 16 N, significantly higher than the
clinical forces.
Customized wear tests, designed to simulate three months of abutment-toothbrush contact, a scenario
especially relevant in cases of periodontal disease, indicated that nowear occurred under low loads; however,
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in the presence of a 10% toothpaste solution, some delamination was observed. Overall, the mechanical
behaviour of the deposited coatings was deemed satisfactory.

Based on these comprehensive screening results, the YSZ-2 plate was selected as the reference for the
subsequent optimization phase, and its deposition parameters, detailed in Table 3-7, were adopted as the

baseline for further refinement.

Table 3-7 — MS deposition — ZrO adopted for the YSZ-2 coating.

02 Ar He Magnetron Sputtering (MS)
RF
STEP | Time | Temperature gas gas gas duty .
Current Potential ~ Tension  Frequence potential
flow flow flow cycle
[s] [°C] [sccm]  [sccm]  [scem] (Al [kw] Y [kHz] [%] W]
YSz ”
2 7200 180 60 500 0 6 400 80 80 0
(monopulsed)
plate

3.2.Yttria-Stabilized Zirconia coatings — optimization phase

3.2.1. Macroscopic observations
Variations in colour were observed in the YSZ coatings deposited during the optimization phase, as shown in
Figure 3.2-1.
The YSZ-9 and YSZ-10 coatings were excluded from evaluation due to issues encountered during their
deposition cycles.
Since the objective was to achieve pink or yellow hues to minimize peri-implant discoloration [30]-[32], the
YSZ-14 and YSZ-16 coatings emerged as the most promising candidates, exhibiting distinct yellow and pink
coloration, respectively.

Figure 3.2-1 - Appearance of YSZ plates of the optimization phase.
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3.2.2. Electron Microscopy observations
Scanning electron microscopy (SEM) was conducted on the coating surface to ensure that the characteristics
established during the optimization phase are maintained. The analysis reveals that all deposited coatings
exhibit a homogeneous and defect-free surface. In particular, Figure 3.2-2Figure 3.1-2 showcases an image
captured using the SE detector providing a detailed view of the surface morphology of the YSZ-16 coating,

which is representative of the overall quality observed across all eight coatings deposited.

2 s EHT=2000kV  SignalA=SE1

Mag= 500KX o7 50T

Figure 3.2-2 - SEM image through SE detector of YSZ-16

EDS spectra were collected from each coating surface to quantify the concentrations of the element within the
coatings. Consistent with the findings from the screening phase, the EDS analysis detected the presence of
zirconium, oxygen, yttrium, argon, and hafnium in all the coatings. The specific concentrations of these

elements are detailed in the graphs shown in Figure 3.2-3.

95



[o2]

o
©o
o

~
o
1

mass%
atom%

mass% 80 1
atom% |

y

(%))
o
1

8
Oxygen content (%)

Zirconium content (%
ey
o

mass%
i atom%

mass%
atom%

Yttrium content (%)
Argon content (%)

mass%
2,5 o
atom%

Hafnium content (%)

N

© ©
N N
v &
K K\

] o
A7 N N N
& &

€ @V

Figure 3.2-3 - Element contents of the YSZ coatings deposited in the optimization phase through EDS analysis.
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The average weight percentages of zirconium (Zr), yttrium (Y), and oxygen (O) in the sample are 70 wt.%, 5
wt.%, and 20 wt.%, respectively, for the coatings YSZ-9 and YSZ-10. In contrast, the other coatings exhibited
average weight percentages 50 wt.% for zirconium, 3.5 wt.% for yttrium, and 40 wt.% for oxygen.
Additionally, for the first two depositions (YSZ-9 and YSZ-10), hafnium and argon were found in average
concentrations of 1.5 wt.% and 0.7 wt.%, respectively. For the remaining coatings, both hafnium and argon
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were present at an average concentration of 1.5 wt.% each. When comparing these results to the expected
values of 68 wt.% for zirconium, 5wt.% for yttrium, and 25 wt.% for oxygen, it becomes evident that the first
two depositions (YSZ-9 and YSZ-10) have a lower oxygen content. This deficiency in oxygen is insufficient
to stabilize both the ZrO- and Y2Os phases, which are crucial for the desired coating properties. On the other
hand, the other six depositions exhibit an excess of oxygen compared to the stoichiometric condition. This
analysis can be furtherrefined by evaluating the stoichiometric ratios under both conditions. For the coatings
YSZ-9 and YSZ-10, the average weight concentrations of zirconium, yttrium, and oxygen are 72.7 wt.%, 5.3
wt.%, and 22 wt.%, respectively. These concentrations correspond to mole amounts of 0.8 for zirconium, 0.06
for yttrium, and 1.38 for oxygen. For the formation of zirconium dioxide (ZrO.), two moles of oxygen are
required for each mole of zirconium. The current ratio of oxygen to zirconium is 1.7, which is lower than the
stoichiometric requirement, indicating a deficiency in oxygen relative to zirconium. In contrast, for the
formation of yttrium oxide (Y20s), 1.5 moles of oxygen are needed for each mole of yttrium. The current ratio
of oxygen to yttrium is 23, which is significantly higher than the stoichiometric requirement, suggesting an
excess of oxygen relative to yttrium. For the other six depositions, the average weight concentrations of
zirconium, yttrium, and oxygen are 54.1 wt.%, 3.5 wt.%, and 42.3 wt.%, respectively. These concentrations
translate to mole amounts of 0.6 for zirconium, 0.04 for yttrium, and 2.65 for oxygen. The ratio of oxygen to
zirconium is 4.5, which is higher than the stoichiometric requirement, indicating an excess of oxygen relative
to zirconium. Similarly, the ratio of oxygen to yttrium is 67, which is significantly higher than the
stoichiometric requirement, indicating a substantial excess of oxygen relative to yttrium. This surplus of
oxygen could potentially lead to different phase compositions. This necessitates further evaluation to ensure
that these variations do not negatively affect the performance and stability of the coatings.

Also, for the optimization phase, some of these coatings was subjected to FEG-SEM analysis to observe their
cross-section at higher resolution. The coatings chosen for this examination are YSZ-12, YSZ-14, and YSZ-
16. Although the EDS results were unsatisfactory, additional observations were carried out on YSZ-9 to
examine the condition of the coating in cross-section. The FEG-SEM analysis revealed variations in the
thickness of the YSZ-12, YSZ-14 and YSZ-16 coatings, which ranged from 150 nm to 250 nm. Additionally,
the coatings appeared to be homogeneously deposited, with no visible defects along the entire cross-section.
The YSZ-9 coating demonstrates a greater thickness, approximately 800 nm, and an incoherent layer
deposition, with three distinct layers clearly observed. This increased thickness can be attributed to the
deposition conditions, which were more metallic condition, resulting in a higher deposition rate compared to
subsequent coatings. The brighter intermediate layer could correspond, in fact, toa Zr-rich/oxygen-poor area.
Furthermore, these three coatings were also analysed through FIB instrument for evaluating their
microstructure in greater detail. Figure 3.2-5 shows the structure of all the coatings, highlighting a

nanostructure and a columnar structure, with no visible defects.
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Figure 3.2-4 - FEG-SEM observation of cross-sectioned YSZ samples:
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Figure 3.2-5 - FIB-SEM observation of cross-sectioned YSZ samples: a) YSZ-12; b) YSZ-16; c) YSZ-14 at 100000 x; d) YSZ-14 at
200000 x.

3.2.3. Roughness measurements

The results of the roughness measurements on the YSZ coating, which was deposited during the optimization
phase, indicate no significant variation compared to the values recorded on the bare titanium substrate. This
outcome was anticipated, given the deposition of a thin film. The recorded roughness values averaged around
0.022 um. As explained in the previous section about the screening phase, this low roughness value is crucial
for meeting the surface finishing requirements when the coating is exposed to the oral environment. A smooth
surface is essential to prevent bacterial colonization and subsequent infection. All the roughness values are
collected in Table 3-8.
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Table 3-8 - Roughness measurements on YSZ coatings during optimization phase

naked Ti plate YSZ-coated Ti plate

YSZ Average Std Dev Average Std Dev
[um] [um] [um] [um]

9 0,043 0,001 0,043 0,002
10 0,025 0,002 0,024 0,002
11 0,045 0,003 0,046 0,002
12 0,047 0,003 0,048 0,004
13 0,045 0,002 0,046 0,002
14 0,043 0,001 0,042 0,001
15 0,044 0,003 0,044 0,003
16 0,043 0,002 0,046 0,002

3.2.4. Nano-hardness measurements

The nano-hardness values were extracted from all the Yttria-Stabilized Zirconia (YSZ) coatings deposited
during the optimization phase at varying depths, extending up to 300 nm. To assess the influence of the
substrate, the hardness values obtained from the Ti6AI4V alloy plate were used as a reference. Additionally,
the hardness values of the biomedical-grade zirconia plate were adopted as a reference standard.

The resultsare collected in Figure 3.2-6, where two distinct groups can be observed: the YSZ-9 and YSZ-10
coatings exhibit higher and more consistent hardness values, approximately 11 GPa, across the depth range.
In contrast, the other coatings display lower hardness values, ranging from 8 GPa to 6 GPa, as the depth
increases from 100 nm to 300 nm. As previously discussed, the thickness of the coatings is crucial for accurate
hardness assessment. The first two coatings, with athickness of approximately 800 nm, provided more accurate
hardness values, closer to those of the biomedical-grade zirconia. The other coatings, with thicknesses ranging
from 150 nm to 250 nm, yielded hardness results that were less accurate and further from the reference zirconia

plate.
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Figure 3.2-6 - Nano-hardness values of the YSZ coating deposited during the optimization phase.

3.2.5. Colorimetric analysis

The eight plates deposited during the optimization phase underwent colorimetric analysis. The CIELAB
coordinates (L*, a*, and b*) are detailed in Table 3-9Table 3-2, and the AE* values were calculated for each
plate using gingival values as a reference [30].

In the screening phase, the YSZ-2 plate was identified as having the most favourable appearance, exhibiting a
pink colour. This selection was based on the observation that pink and gold colours tend to cause the least peri-
implant discoloration [30], [31], meeting the clinical requirements for aesthetic outcomes in implantology..
During the optimization phase, initial visual inspections validated the results for plates YSZ-14 and YSZ-16,
which displayed yellow and pink colours, respectively. However, the extrapolated colorimetric coordinates did
not support these visual observations, as the calculated AE* values were significantly higher than the threshold
value of 8.74, which is recognized as the limit for distinguishing mucosal colour differences between an
optimal match and those perceptible to the human eye. Conversely, the lower AE* values were associated with
plates that exhibited the least favourable visual appearance (YSZ-9 and YSZ-10). This discrepancy

underscores the limitations of the colorimetric analysis in accurately reflecting the effective results.
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Table 3-9 - CIELAB coordinates of the eight plates of the optimization phase.

YSZ plate L* a* b* AE
YSZ-9 58.4 7.0 9.1 17.7
YSz-10 46.6 3.0 8.4 20.8
YSz-11 59.9 -39.3 36.6 64.3
YSz-12 24.3 41.0 -20.9 50.5
YSZ-13 31.0 41.6 6.9 30.4
YSz-14 60.8 1.9 59.6 47.9
YSz-15 14.5 40.8 -57.2 85.0
YSZ-16 19.8 44.4 -32.4 62.9

3.2.6. Scratch test

The scratch tests were also conducted during the optimization phase to evaluate the adhesion quality of the
YSZ coatings on the Ti6Al4V bulk substrate. For each coating, at least two scratch tests were performed to
ensure the reliability of the results. In Table 3-10, one scratch track for coating was collected. The critical loads
recorded during this phase are consistent with those obtained during the screening phase, allowing for a direct
comparison of the values.

The initial type of damage, labelled as Lc1, corresponds to the formation of semicircular microcracks along
the transversal section of the track. The Lc1 valuesranged from 3 N to 6 N, with the YSZ-16 coating exhibiting
the lowest value (Figure 3.2-8 (a)) and the YSZ-10 coating showing the highest. As the load increased, these
microcracks began to extend towards the edge of the track, labelled as Lc2. This extension occurred at loads
ranging from 4 N to 8 N. Among the coatings, YSZ-11 and YSZ-12 ((Figure 3.2-8Figure 3.2-7 (b)) exhibited
the minimum Lc2 values, while YSZ-13 showed the maximum.

Partial delamination, referred toas Lc3, became observable at load values starting from approximately 8 N for
the YSZ-12 coating (Figure 3.2-8 (c)) and extended up to 18 N for the YSZ-13 and YSZ-14 coatings. In this
phase, total delamination averaged 16N and was detectable in the YSZ-9 (Figure 3.2-8 (¢)) and YSZ-12
coatings, as well as in one of the two repetitions for the YSZ-11 coating. Additionally, the YSZ-16 coating

exhibited Lc4 in one of the two repetitions at a load of approximately 20N.
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YSZ-9

V=400V
t=7h, RF off

YSZ-10

V=420V
t=7h, RF off

YSz-11

V=400V
t=2h, RF off

YSZ-12

V=385V
t=2.5h, RF off

YSZ-13

V=390V
t=2.5h, RF off

YSZ-14

V=385V
t=2h, RF off

YSZ-15

V=385V
t=1.5h, RF off

YSZ-16

V=380V
t=1.5h, RF off

Table 3-10 - panorama view of the scratch tracks — campaign (optimization phase)
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Figure 3.2-7 - Critical load values (optimization phase)
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Figure 3.2-8 - critical load image examples. ) Lc1 (YSZ-16), b) Lc2 (YSZ-12), ¢) L3 (YSZ-12), d) and Lc4 (YSZ-9).

3.2.7. Raman analysis

Raman spectroscopy was also performed on the coatings deposited during the optimization phase to evaluate
phase formation at this stage. As described in the section dedicated to the screening phase, different vibrational
modes are related to the cubic and tetragonal phase. Particularly, the stretching mode corresponding to
~645/cm shows a crucial shift distinguishing the tetragonal from the cubic phase. The shift moves towards
lower frequencies as the amount of the stabilizing agent Y20z increases and it is primarily attributed to changes
in oxygen vacancies (O2-) and the consequent increase in binding strength [170].

Moreover, these observations are valid for the sintered zirconia as for the zirconia films, since no influence
has been found regarding peak position shifting based on the production technology [178], [179]. Each phase
of zirconia exhibited a specific Raman spectrum characterized by distinct peaks [169]. The peak at 150/cm
was common to both the tetragonal and cubic phases. In contrast, the peaks at ~245/cm and ~460/cm were
representative of the cubic and tetragonal phases, respectively. Finally, the peak at ~645/cm, characteristic of
the tetragonal phase, shifted to ~600/cm in the cubic phase [170].

Spectra for all the YSZ coatings of the optimization phase are collected in Figure 3.2-9. Two groups of

behaviour were observable. The YSZ-9 and YSZ-10 coatings exhibited peaks ~250/cm and ~590/cm
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characteristic of the cubic phase, and the peak ~700/cm that can be attributed to the tetragonal phase.
Additionally, a peak at 190/cm was detected and can be attributed to the monoclinic phase, rather than to a
mixed oxide or the formation of substoichiometric zirconia (ZrOx) due to oxygen deficiency preventing the
formation of ZrO2. The other coatings were characterized by peaks corresponding to the cubic phase: ~150/cm,
~250/cm and ~600/cm. Ultimately, YSZ-9 and YSZ-10 coatings appeared to be characterized by a distorted
structure, which could be attributed to oxygen non-stoichiometry. In contrast, the other coatings are
characterized by a cubic phase and, analysing the shift in the ~645/cm band in the Raman spectra and

referencing the study [170], the Yttria content was approximately 22 wt. %.
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Figure 3.2-9 - Raman spectra collected for all the YSZ coatings of the optimization phase.

3.2.8. XRD analysis
X-ray diffraction (XRD) analysis was conducted during the assessment of the coatings deposited in the
optimization phase. Three coatings of interest were tested: YSZ-12, YSZ-14, and YSZ-16. The XRD spectra
for each coating are presented in Figure 3.2-10. To facilitate understanding of the differences between the

coatings, a comparison graph has been included where the curves appear well overlapped.
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The detected phases are cubic and tetragonal, as indicated by their respective diffraction peaks. Also in this
phase the coatings exhibit pattern in accordance to that founded in literature [171]-[174].

To summarize, the diffraction peak at 30° is observed in both cubic and tetragonal zirconia phases. The other
peaks correspond to the cubic phase when the yttria content is 5 mol.%. Conversely, they appear as double
peaks of the tetragonal phase when the yttria concentration decreases to 3 mol. % [171], [172], [174].
Therefore, the yttria concentration of 4 mol.% represents a transitional condition where both cubic and
tetragonal peaks may be observed.

The yttriaconcentration in the YSZ coatings is expected to be 4 mol.% because a zirconium target doped with
7 mol.% yttrium was selected for thisstudy. The XRD spectra of the YSZ-12, YSZ-14 and YSZ-16 coatings
confirm all the peaks reported in the literature. Particularly, the cubic/tetragonal one at 30°, the double
tetragonal peak at 35°, and the single cubic peaks at 50° and 60°. Details of the peak positions and the related
phases are summarized in Table 3-11.

Additional peaks correspond to grade 5 titanium which are characteristic of the substrate. Notably, the
monoclinic phase is absent in the realized structure, as no corresponding peaks were detected in the XRD

analysis.
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Figure 3.2-10 - XRD spectra of YSZ-12, YSZ-14 and YSZ-16 (optimization phase)

Table 3-11 - Positions and phases of YSZ coatings during the optimization phase.

YSZ-12 YSZ-14 YSZ-16
Peak number
2Theta phase 2Theta phase 2Theta phase
1 29.36° clt 29.36° clt 29.36°
2 34.42°-34.53° t-t 34.42°-35.19° t-t 34.53°-35.3°
3 49.6° c 49.16° c 49.6°
4 58.95° c 58.62° c 58.84°

3.2.9. Low temperature degradation testing

Raman spectroscopy was conducted on the YSZ-14 coating following exposure to low-temperature
degradation. The YSZ-14 coating was the subject of this investigation. The primary objective was to verify
the presence of the monoclinic phase after aging cycles of 1 hourand 5 hours. The resulting spectra, presented

in Figure 3.2-11, showed no detectable differences in peak positions. Consequently, the monoclinic phase was
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not observed, even after 5 hours of aging, which corresponds to an equivalent exposure of 75 years in the oral

environment [39].
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Figure 3.2-11 - Raman spectra collected for the YSZ-14 in pre-LTD condition and subjected to LTD after 1h and 5h.

3.2.10. Conclusions
During the optimization phase, several important issues emerged that required adjustments to the initial
process. Although an initial hysteresis cycle was performed before the deposition runs of screening, it proved
insufficient for the entire campaign. The first two deposition cycles of the optimization phase failed due to
changes in the target behaviour caused by repeated oxidation cycles during deposition. To address this, an
enhanced hysteresis cycle was implemented prior to each deposition run. This approach allowed for a clearer
understanding of the evolution of the target behaviour and ensured that the correct deposition parameters were
selected. As a result, coatings YSZ-9 and YSZ-10 did not meet the required parameters and did not yield the
desired coating characteristics.
With the new approach in place, the deposition of the other six YSZ coatings was successful. SEM analyses
confirmed that the surfaces and cross-sections were defect-free evidencing thickness values ranging from 150
nmto 250 nm, in accordance with the thickness of YSZ-2 reference established during the screening phase.
During optimization, nano-hardness measurements and colorimetric analyses were repeated to verify the
observations from the screening phase, and the results were effectively confirmed. Particularly, visual
inspection identified the YSZ-14 and YSZ-16 plates as promising, as they exhibited yellow and pink hue,
respectively. Both colours are favourable for minimizing peri-implant discoloration [30]-[32], aligning with
the aesthetic and technical requirements of clinical dental implantology. The cyclic variation in colour
observed during deposition, transitioning from blue to green to yellow to pink and then repeating, is attributed
to the increasing coating thickness and the consequent cyclic variation in the optical path difference (OPD).

Amongthese, the yellow hue is particularly advantageous due to the broader spectral range over which yellow
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interference occurs, leading to a more stable and homogeneous colour perception. This rendered the yellow
hue the optimal aesthetic choice for the final application.

To confirm the structural phase composition observed during the screening phase, EDS, XRD and Raman
analyses were again conducted. EDS revealed an yttrium concentration of approximately 3.5 wt.%, around 3
mol.%, which is, also in this case, lower than the nominal target concentration. XRD results confirmed the
coexistence of both cubic and tetragonal phases with an yttria content of about 4 mol.%, which aligns with the
initial target composition. Raman spectroscopy once again predominantly detected the cubic phase and
suggested an yttria concentration of 13 mol.%, supporting the hypothesis that oxygen vacancies, induced by
the industrial deposition system, play a key role in stabilizing the cubic phase [176], [177]. The YSZ-14 coating
underwent low-temperature degradation tests, and even after 5 hours, equivalent to 75 years of exposure in the
oral environment, the cubic phase remained intact. In fact, the cubic phase demonstrated no cytotoxic effects
on fibroblasts promoting a better cell organization then the naked titanium. Moreover, the presence of oxygen
vacancies contributed to enhanced cell differentiation [180].

Additional scratch tests were performed to verify the durability of the YSZ coatings under conditions
simulating clinical loads. Similar to the screening phase, all coatings in the optimization phase demonstrated
excellent adhesion, with critical loads well above 1 N. In particular, YSZ-13, YSZ-14, and YSZ-16 exhibited
no total delamination, while the remaining coatings experienced delamination only at loads around 16 N, which
is far above the forces expected in clinical conditions.

At the conclusion of the optimization phase, a well-defined deposition method and a specific set of deposition
parameters (as detailed in Table 3-12) were established. In particular, the YSZ-14 coating was identified as the

optimal candidate for further deposition on the cylindrical section and, ultimately, on the final abutment

component.
Table 3-12 - MS deposition — ZrO adopted for the YSZ-14 coating.
‘ ‘ ‘ ‘ ‘ Magnetron Sputtering (MS) ‘
| . [ o2 | Ar | He | [ RF
STEP Time Temp. duty .
flow flow flow Current  Potential Tension Frequence potential
cycle
[s] [°C] [sccm]  [sccm]  [sccm] [A] [kW] V] [kHz] [%] W]
YSz 24
7200 180 60 500 0 6 385 80 80 0
14 plate (monop.)

3.3.Yttria-Stabilized Zirconia coatings — from plates to abutments

3.3.1. Macroscopic observations
During the final phase of the YSZ coating deposition, optimal parameters were applied to cylindrical stainless-
steel samples and abutments, specifically the healing and Variobase® abutments. The parameters used were
those of the YSZ-14 sample, as its yellow coloration was deemed most promising for the intended application.
The resulting appearance was consistent across all samples, including the two abutments, which exhibited the

expected yellow hue. This coloration is advantageous for minimizing peri-implant discoloration, as supported
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by previous studies [30]-[32]. Furthermore, the depositions appeared quite homogeneous along the entire
surface of the abutments, indicating a uniform and effective coating process.

Figure 3.3-1 shows the YSZ-coated abutments, illustrating the results of the zirconia layer applied to the final

components.
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Figure 3.3-1 - Photos of YSZ-coated abutments: (a) healing abutment, (b) Variobase® abutment, and (c) both abutments.

3.3.2. Electron Microscopy observations
Scanning electron microscopy was performed on the coating surfaces of cylindrical samples and abutments to
verify the retention of characteristics observed in planar geometry. Figure 3.3-2 presents an SE image
highlighting the surface morphology of the YSZ-4 coating on the cylinder, representative of the overall quality
observed across all four coatings deposited on the cylindric samples. The thin coating accurately mirrors the
morphology of the substrate. However, in this context, the morphology is not significantly important since the
substrate is merely used as a dummy and is not the focus of this study. Additionally, Figure 3.3-3 includes
images captured using the SE detector of the two abutments, providing an overview of the quality at lower
magnification and a detailed view of the surface morphology at the same magnification as the other SE

observations. Particularly, the coating on the abutments appears to be uniformly deposited and free of defects.

WD =10.0 mm

Figure 3.3-2 - SEM image through SE detector of YSZ cylinder — 4

2 EHT = 20.00 k¥ 7 Signal A= SE1
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Figure 3.3-3 - SEM images captured using the SE detector show (a) low magnification and (b) high magnification views of abutment
3, and (c) low magnification and (d) high magnification views of abutment 4.

EDS spectra were collected from each coating surface to quantify the elemental concentrations within the
coatings. Consistent with the findings from planar geometry, the EDS analysis detected zirconium, oxygen,
yttrium, argon, and hafnium in all coatings. The specific concentrations of these elements are detailed in the
graphs shown in Figure 3.3-4 for the cylindrical geometry. In this case, the analysis was conducted on two
different sides to evaluate the homogeneity of the coating Particularly, it has been confirmed that the element
values remain largely consistent between the two observed positions, with the exception of deposition 2, which
shows greater deviations in the measured element values (Table 3-13). Conversely, the analyses of the
abutment surfaces are presented in Figure 3.3-5.

The average weight percentages of zirconium (Zr), yttrium (Y), and oxygen (O) in the cylindrical samples
were 49 wt.% for zirconium, 3.5 wt.% for yttrium,and 41.7 wt.% for oxygen. Hafnium and argon were found
in average concentrations of 4.2 wt.% and 1.6 wt.%, respectively. For the abutments, the average weight
percentages were 47 wt.% for zirconium, 3.6 wt.% for yttrium, and 45.1 wt.% for oxygen, with hafnium and
argon at 2.8 wt.% and 1.8 wt.%, respectively.

Comparing these results to the expected values of 68 wt.% for zirconium, 5wt.% for yttrium, and 25 wt.% for
oxygen, the four depositions on the cylindrical samples exhibited an excess of oxygen compared to the

stoichiometric condition. Evaluating the stoichiometric ratios, the mole amounts were 0.54 for zirconium, 0.04
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for yttrium, and 2.61 for oxygen. The ratio of oxygen to zirconium is 4.8, which is higher than the
stoichiometric requirement, indicating an excess of oxygen relative to zirconium. Similarly, the ratio of oxygen
to yttrium is 67, significantly higher than the stoichiometric requirement.

A similar result was observed for the abutments, characterized by mole amounts of 0.52 for zirconium, 0.04
for yttrium, and 2.82 for oxygen. The ratio of oxygen to zirconium is 5.4, also higher than the stoichiometric
requirement, indicating an excess of oxygen relative to zirconium. Similarly, the ratio of oxygen to yttrium is

70, indicating a substantial excess of oxygen relative to yttrium.
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Figure 3.3-4 - Element contents of the YSZ coatings deposited on the cylindric geometry through EDS analysis.



Table 3-13 - Average values of the two observed positions of the cylindric sample coatings.

YSZ cyl -1 YSZ cyl - 2 YSZ cyl -3 YSZ cyl - 4
Average 46,1 50,4 51,6 48,0
“r Std Dev 1,80 10,03 1,05 1,16
Average 3,7 3,5 4,0 2,9
v Std Dev 0,06 0,47 0,15 0,49
Average 44,4 40,3 38,3 43,8
© Std Dev 2,13 11,66 0,30 1,73
Average 4,5 4,2 4,5 3,7
o Std Dev 0,29 0,80 0,70 0,16
Average 1,3 1,6 1,6 1,7
Ar Std Dev 0,02 0,35 0,11 0,24
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Figure 3.3-5 - Element contents of the YSZ coatings deposited on abutments through EDS analysis
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Table 3-14 - Average values of the two observed positions of the abutment coatings.

YSZ ab -3 YSZ ab - 4
Zr 46,9 46,5
Y 3,6 3,7
O 44,5 45,6
Hf 3,2 2,4
Ar 1,8 1,9

3.3.3. Raman analysis
Raman spectroscopy was performed on the coatings deposited on the cylindrical samples and the two
abutments. Initially, we confirmed the presence of the cubic phase in the coatings on the cylindrical sample
and subsequently on both the healing and Variobase® abutments.
Theresulting spectra, presented in Figure 3.3-6, exhibited similar characteristic peaks. The cylindrical samples,
Cl and C2, displayed a peak at ~150 cm™, which is common to both the tetragonal and cubic phases.
Additionally, peaks at ~245 cm™ and ~460 cm™ were observed, corresponding to the cubic and tetragonal
phases, respectively. Notably, the peak at ~645 cm™, characteristic of the tetragonal phase, was found to shift
to ~600 cm™! in the cubic phase [170]. As previously discussed, the stretching mode at ~645 cm™ undergoes
this crucial shift, which distinguishes the tetragonal from the cubic phase, and is strongly influenced by the
oxygen vacancy content [136]. By analysing this shift and referencing study [170], the estimated yttria content
in the coating is approximately 22 wt.%, as expected from the previous Raman analyses.
In particular, the spectra were well aligned with prior observations of YSZ-14, here referred to as P14, which
served as a reference for these depositions.
The coatings applied to the two abutments exhibited spectra similar to those of the cylindrical samples.
However, additional peaks at approximately 1350 cm™ and 1580 cm™ were detected [181], [182], indicating
the presence of amorphous carbon. This contamination likely occurred during the deposition process. If
avoiding this contamination proves difficult, it will be necessary to evaluate its impact on cell behaviour,
despite specific studies confirming improved cellular adhesion and proliferation on the amorphous carbon
coating [183]-[185]. Finally, the extracted yttria content of approximately 22 wt.% further confirmed the

presence of the cubic phase.
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Figure 3.3-6 - Raman spectra collected for the YSZ coatings on the cylindric samples (C1 and C2) and on the abutments (A3 and
A4).

3.3.4. Conclusions

The depositions on the cylindrical geometry were successfully achieved, resulting in homogeneous and defect-
free coatings. This ensured the satisfactory application of the optimal YSZ coating on the healing and
Variobase® abutments.

The obtained yellow coloration was promising for the intended application, as it is beneficial in minimizing
peri-implant discoloration [30]-[32], thereby meeting the aesthetic and technical requirements of clinical
dental implantology.

To verify the repeatability of the coating deposition, EDS and Raman analyses were performed. EDS analysis
confirmed an yttrium concentration of approximately 3.6 wt.% on the abutment coating, consistent with
previous depositions during the optimization phase. Additionally, Raman spectroscopy confirmed the presence
of the cubic phase, indicating an yttria concentration of 13 mol.%. These results demonstrate the repeatability
and reliability of the YSZ coating deposition, successfully reproducing the characteristics observed from the

planar samples to the final component.

3.4.Collagen-based hydrogel
3.4.1. SEM observations

Scanningelectron microscopy (SEM) was conducted on the hydrogel surface to evaluate the eventual formed
structured during the fibrillogenesis of the collagen portion. A first analysis, conducted on the hydrogels at
different concentrations, 4,2 mg/mL and 5,8 mg/mL, revealed effectively different structure.

Specifically, as shown in Figure 3.4-1, the dehydrated hydrogel exhibited a fibrillar structure was observed in
both cases, but the collagen fibrils were thicker when the solution was less concentrated. Additionally, smaller
porosities were detected in the hydrogel with a concentration of 5.8 mg/mL, the higher one, aligning well with
literature thatindicates areduction in pore size with increased collagen concentration. This suggests a potential

improvement in cell attachment, as the exposed area increases [129], [130].
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Figure 3.4-1 - SEM images of hydrogels with different collagen concentrations:(a) and (b) 4,2 mg/mL; (c) and (d) 5,8 mg/mL.

3.4.2. Rheometric test

The rheological properties of collagen solutions were initially investigated through flow curve analyses. The
first set of experimentswas conducted at 4°C. When plotting the data as shear stress versus shear rate (Figure
3.4-2 (a)), the collagen exhibited pseudoplastic behaviour. Both the pure collagen solution and the solution
with 0.1% wi/v Laponite showed an increase in shear stress with increasing shear rate. Instead, the solution
containing 0.3% w/v of Laponite exhibited a deviation in behaviour corresponding to 200 s, likely due to
structural breakage.

The shear stress at low shear rate at 4°C was approximately 0.0030, 0.20 and 1.60 Pa for pure collagen,
collagen with 0.1% wi/v Laponite, and collagen with 0.3% w/v Laponite, respectively.

At 25°C, the collagen began to gel, and the flow curves appeared more incoherent, likely due to phase

transformation and the resulting inhomogeneity of the solution (Figure 3.4-2 (b)). The characteristic curves of
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the Laponite-containing solutions showed higher shear stress at low shear rates, attributed to the interaction
between clay particles. In particular, the shear stress at low shear rate, the yield stress, at 25°C was
approximately 1.30, 1.50 and 2.70 Pa for pure collagen, collagen with 0.1% w/v Laponite, and collagen with
0.3% w/v Laponite, respectively. Following a transient phase, the particles aligned with the flow, resulting in
a plateau in the curve and ensuring low shear stress at high shear rates, which decreased with increasing
Laponite concentration.

This observations was anticipated due to the shear-thinning effect induced by the addition of Laponite to the

collagen solution [33], [34].
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Figure 3.4-2 - flow curves of collagen solution plotting the shear stress as a function of the shear rate at (a) 4°C and (b) 25°C.

The shear stress limit values were determined for each scenario to evaluate the flow behaviour under static
conditionsthat simulate the deposition phase. The yield point values showed an increase with both the rise in
Laponite concentration and temperature. Specifically, at 4°C, which is the effective condition during the
deposition phase, the highest shear stress was observed with a Laponite concentration of 3% wi/v. This

concentration appears to provide the most stability during hydrogel deposition.
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Figure 3.4-3 - Shear stress limit values in function of the (a) formulation type and (b) temperature value.
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When plotting viscosity against shear rate, it was evident that viscosity at lower shear rates increased with
Laponite concentration at 4°C: 0.25, 18, and 155 Pa-s for pure collagen, collagen with 0.1% w/v Laponite, and
collagen with 0.3% wi/v Laponite, respectively. Instead, at higher shear rates, the viscosities of Laponite-
containing solutions decreased more than those of pure collagen solutions.

At 25°C, as the collagen began to gel, its contribution to the overall viscosity became more significant
compared to the Laponite. The viscosities at thistemperature were approximately 125, 153, and 272 Pa-s for
pure collagen, collagen with 0.1% w/v Laponite, and collagen with 0.3% w/v Laponite, respectively.
However, according to the previous observation of the shear stress, the viscosity exhibited the highest values

at low shear rate in the presence of Laponite, as expected due to the shear-thinning effect provided by this clay.
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Figure 3.4-4 - flow curves of collagen solution plotting the viscosity as a function of the shear rate at (a) 4°C and (b) 25°C.

To thoroughly investigate the gelation behaviour of collagen solutions, a series of tests were conducted on
three different samples: pure collagen, collagen with 0.1% w/v Laponite, and collagen with 0.3% w/v Laponite.
These experiments were carried out at a constant temperature of 37°C. During the tests, both the storage
modulus (G") and the loss modulus (G") were measured and plotted as functions of time. The resulting curves
are illustrated in Figure 3.4-5.

The data analysis revealed that all solutions remained in the gel phase throughoutthe observation period (G’
> G”%), preventing the identification of a distinct gel point. However, the completion of the gelation process
was indicated by the observation of a plateau in the curves. Specifically, the increase in storage modulus
signified the formation of molecular cross-links, suggesting the establishment of a robust hydrogel network
[186], [187].

Both the pure collagen solution and the collagen solution containing 0.1% w/v Laponite exhibited similar
trends, with no clear plateaus observed in the moduli, except for the final data pointsin the 0.1% w/v Laponite
sample. This suggests that the addition of 0.1% w/v Laponite did not significantly affect the gelation behaviour
compared to the pure collagen solution.

In contrast, the collagen solution with 0.3% w/v Laponite displayed a markedly different pattern. Both the

storage and loss moduli increased rapidly, reaching a plateau approximately 40 minutes into the gelation
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process, indicatinga more pronounced gelation effect at this higher Laponite concentration. However, despite
the rapid increase, the overall contribution of Laponite to the moduli was not substantial. The pure collagen
solution ultimately reached the highest modulus values at 90 minutes of gelation, surpassing those of the
Laponite-containing samples.

Furthermore, an inverse relationship was observed between Laponite concentration and the moduli values. As
the concentration of Laponite increased, the moduli values decreased, as depicted in Figure 3.4-6. This suggests
that higher concentrations of Laponite may slightly inhibit the gelation process or alter the network structure

of the collagen gel.
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Figure 3.4-5 - Time sweep test on collagen solutions at 37°C — Storage and Loss moduli in function of the gel time.
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Figure 3.4-6 - Storage and Loss moduli of different collagen solutions at 90 min.

The storage modulus values of collagen hydrogels during rheological tests at 37°C typically fall within the

range of 101 to 102 Pa, as reported in previous studies [188]-[190]. However, in this study, the storage modulus
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values observed were significantly higher, ranging from 10° to 10° Pa. This substantial increase can be
attributed to the specific type of collagen used, known as telocollagen.

Telocollagen retainsthe intact structure of collagen fibrils, which is a crucial factor in its gelation behaviour.
The intact fibrillar structure of telocollagen likely promotes stronger intermolecular bonding during the
gelation process. This enhanced bonding leads to a more robust gel network, resulting in the observed higher
storage modulus values.

Advanced BioMatrix conducted a technical study on various collagen formulations, including telocollagen
solutions, which demonstrated storage modulus values in the order of 103 Pa [191]. This finding is consistent
with the initial storage modulus values observed in the current study, which were also in the order of 103 Pa.

3.4.3. Contact angle measurements

The contact angles were measured on biomedical-grade zirconia plates and YSZ-deposited titanium plates to
evaluate the effect of alkaline treatment, which acts as an immobilization treatment, on enhancing collagen -
based hydrogel adhesion.

Initial measurements were taken on zirconia plates with two different surface finishes: Computer Numerical
Control (CNC) - finished and polished.

The as-is surfaces exhibited contact angles of approximately 95° for the CNC-finished surface and 80° for the
polished surface. Upon applying the immobilization treatment, a significant reduction in contact angles was
observed starting from 0 hours. For the polished surfaces, the contact angles decreased by approximately 87%,
while for the CNC-finished surfaces, the reduction was even more pronounced at 93%. The CNC-finished
surfaces exhibited such a low contact angle that it fell within the instrumental error range, effectively
approaching zero. This dramatic decrease indicates a substantial improvement in surface wettability due to the
immobilization treatment. Subsequent measurements over time showed a slight increase in contact angles;

however, these values remained significantly lower than those of the untreated surfaces.
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Figure 3.4-7 - contact angle measurements on biomedical-grade zirconia.
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Figure 3.4-8 - water drop shape on biomedical-grade surface (a) pre-treatment and post-treatment with (b) polished finish and (c)
CNC finish.

Experiments were also conducted on YSZ coatings with a polished surface finish. The YSZ-16 was used as a
reference for the deposited coatings. The initial contact angle value was approximately 90°. Upon
immobilization treatment, a significant reduction in contact angle was observed at 0 hours, with the value
collapsing by around 93%. This substantial decrease further supports the effectiveness of the immobilization

treatment in enhancing surface wettability.
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Figure 3.4-9 - contact angle measurements on deposited YSZ-16 coating.

() (b)

Figure 3.4-10 - water drop shape on YSZ-16 coating: (a) pre-treatment and (b) post-treatment.

Comparing the results of the biomedical grade zirconia plates and the YSZ plates, it is evident that the
contribution of surface finishing is crucial. The rougher surface, that is the CNC-finished zirconia, exhibited
lower contact angles after treatment. The improvement in wettability characteristics is consistently observed
across all three cases (polished zirconia, CNC-finished zirconia, and YSZ on polished titanium plate) due to
the immobilization treatment. This indicates that the immobilization method effectively enhancesthe surface
properties, thereby improving the adhesion of the polar groups of the collagen molecule and providing a

reliable approach to enhancing the performance of collagen-based hydrogels.
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Figure 3.4-11 - contact angle measurements on hiomedical-grade zirconia surfaces and deposited YSZ-16 coating.

3.4.4. Optical Microscopy observations
Optical analyses were conducted to investigate the appearance of the hydrogel evaluating the addition of
Laponite and the effect of UV cross-linking under its as-produced conditions. The optical images of the
collagen-based hydrogels are collected in Figure 3.4-12. Images (a), (c), and (e) represent the pure collagen
hydrogels, whereas images (b), (d), and (f) depict the hydrogels composed of a collagen solution with 0.3%
wi/v Laponite.
For both types of hydrogels, the images are arranged from top to bottom to illustrate the different stages of
treatment: post-gelation, post-UV cross-linking for 30 minutes, and post-UV cross-linking for 60 minutes.
Specifically, images (a) and (b) show the hydrogels immediately after gelation. Images (c) and (d) display the
hydrogels after 30 minutes of UV cross-linking, and images (e) and (f) present the hydrogels following 60
minutes of UV cross-linking.
The hydrogels appeared to be homogeneously deposited onto the zirconia plates. In the images of the collagen -
Laponite hydrogels, particles were detected, which were evidently derived from the Laponite. No significant
differences were observed as a function of the treatment, indicating that the different treatments did not affect
the surface appearance of the hydrogel.
Finally, the collagen layer appears whitish and semi-transparent, with a thickness ranging from several hundred
micronstoabout 1 mm, dimensionsthat will be optimized in the subsequent deposition phase on the abutment.
Its optical impact is minimal, as the hydrogel is bioresorbable and serves as a temporary matrix for soft tissue
regeneration.
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Figure 3.4-12 - collagen-based hydrogels. a) pure collagen post gelation; b) collagen with Laponite post gelation; c) pure collagen
post UV cross-linking of 30 min; d) collagen with Laponite post UV cross-linking of 30 min; e) pure collagen post UV cross-linking
of 60 min and f) collagen with Laponite post UV cross-linking of 60 min.

3.4.5. FEG-SEM observations

FEG-SEM observations were performed to evaluate the effect of Laponite addition and UV cross-linking on
the structural organization of the biopolymeric formulations.

Figure 3.4-13 illustrates a collection of micrographs for each case.

The presence of Laponite resulted in a more homogeneous and ordered fibrillar network, both in gelled and
UV-crosslinked samples. The fibres were more uniformly distributed and exhibited a more consistent size
compared to the pure collagen formulation. This effect is likely due to electrostatic interactions between the
oppositely charged collagen and Laponite particles, which may act as nucleation sites, promoting a more
organized fibrillar structure. The adsorption of collagen onto Laponite, driven by electrostatic and hydrogen
bonding interactions, enhances the network stability without disrupting the native triple-helix structure of the

collagen [192], [193]. Although precise quantitative measurements were difficult due to the resolution limits
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of FEG-SEM, the gelled samples exhibited a D-pattern of approximately 60 nm, which is quite close to the
natural value of 67 nm, confirming that fibrillogenesis occurred (Figure 3.4-13 (c) and (d)).

UV cross-linking affected the structural organization of both formulations, leading to the formation of a more
compact, non-porous layer already after 30 minutes of treatment. This effect is due to the enhanced bonding
between collagen fibres, which significantly reduces the voids within the layer. However, a porous structure
better mimics the extracellular matrix (ECM), supporting cell infiltration, enhancing migration and
proliferation within the scaffold, and improving the diffusion of nutrients, gases, and growth factors, ultimately
creating a more physiological environment for tissue remodelling. In contrast, the loss of porosity may limit

these processes, although it could lead to greater mechanical stability and resistance to degradation.
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Figure 3.4-13 - FEG-SEM images of collagen-based layers: (a) gelled pure collagen; (b) gelled collagen with 0.3 w/v% Laponite;
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linked with UV for 60 min; (h) gelled collagen with 0.3 w/v% Laponite cross-linked with UV for 60 min.
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3.4.6. XRD analysis
X-ray diffraction analysis was conducted to assess the structural integrity of the collagen hydrogels. This
technique was employed to elucidate the crystalline structure of the hydrogels and to verify the successful
formation of collagen fibrils.
During this research, different biopolymeric formulations were analysed to investigate the effects of collagen
concentration (4 mg/mL and 6 mg/mL), Laponite concentration (0 w/v%, 0.1 w/v%, and 0.3 w/v%), and
applied treatment (gelation alone, gelation followed by 30 minutes of UV cross-linking, and gelation followed
by 60 minutes of UV cross-linking) on the hydrogel structure.
Figure 3.4-14 shows that both collagen concentrations resulted in similar structural features. In particular, two
characteristic diffraction peaks of collagen were identified:
= The first peak, observed at ~7.7°, corresponds to the intermolecular lateral packing within collagen
fibrils, with an associated d-spacing of ~1.14 nm according to Bragg’s law. This value aligns closely
with that of native skin collagen fibres, which exhibited a denser structure and a higher degree of
crystallinity compared to regenerated collagen [194]-[200].
= The second peak, detected in the 16°-25° range, corresponds to the broad diffraction signal
representative of the amorphous regions within collagen. This peak arises from diffuse scattering due
to multiple structural layers within the fibrils.
Additional diffraction peaks were identified within the broad peak region, likely associated with the buffer
solution used during the neutralization phase [201].
The diffraction spectra of the other six formulations, containing 6 mg/mL of collagen, exhibited the same two
characteristic peaks (Figure 3.4-15). Importantly, no significant shift in peak positions was observed with

increasing Laponite concentration or different cross-linking treatments.
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Figure 3.4-14 - XRD of biopolymeric formulation with two collagen concentrations: 4 mg/mL and 6 mg/mL.
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Figure 3.4-15 - XRD of different biopolymeric formulation with 6 mg/mL of collagen concentration.

3.4.7. DSC analysis
Differential Scanning Calorimetry (DSC) analysis was performed on two collagen-based formulations: pure
collagen and collagen containing 0.3 w/v% Laponite. These formulations underwent three distinct treatments:
gelation, and gelation followed by UV cross-linking for either 30 or 60 minutes. The DSC curves, illustrating
the effects of treatment and formulation, are presented in Figure 3.4-16 and in Figure 3.4-17, respectively.
The thermal profiles exhibited similar trends across both cases, with characteristic peaks associated with water
evaporation at approximately 90°C, followed by the denaturation peak (Tq) and the inflection point
corresponding to the glass transition temperature (Tg) observed during the first and second heating ramps,
respectively. These findings were well aligned with literature [164], [165].
Denaturation enthalpy values are inherently influenced by water loss, making direct comparisons challenging.
Therefore, a more accurate assessment of the thermal behaviour is provided by the denaturation temperature
(Tq) and glass transition temperature (Tg). The collected data for both analyses are summarized in Table 3-15
and Table 3-16. Notably, the denaturation peak consistently appeared around 220°C across all samples,
suggesting that the triple-helix structure remains thermally stable up to this temperature and is not significantly
influenced by treatment or formulation variations.
During the second heating ramp, where polypeptide chains exhibit increased mobility, a slight glass transition
was detected. The Ty data demonstrated sensitivity to processing conditions and formulation variations.
Specifically, UV cross-linking resulted in a shift in Tg from approximately 165°C in gelled samples to 175°C
in UV cross-linked samples. Furthermore, the incorporation of Laponite led to an additional increase in Tg,
with values rising from approximately 175°C in pure collagen to around 185°C in the Laponite-containing

formulation.

132



8.1

DSC /(mWimg)

15 | exo

[1.1] PR2.ngb-sdg
DSC

[1.5] PR2.ngb-sdg
— — — DsC
[6.1] PRI ngb-sdg
— DSC
[6:5] PR1.ngb-sdg
— — — DSC

[9.1] PRngb-sdg
Dsc

9.5] PRngb-sdg
———DsC

50

100

Temperature /°C

150

200

Figure 3.4-16 - DSC curves of pure collagen layers subjected to different treatments, with solid lines representing the first heating

ramp and dotted lines indicating the second heating ramp.

Table 3-15 - DSC data of pure collagen subjected to different treatments.

Td Had Tg

[°C] [)/g] [°C]
PG 218 9,31 164
PR1 215 12 172
PR2 217 7 173
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Figure 3.4-17 - DSC curves of collagen-based layers subjected to gelation and UV cross-linking for 60 min, with solid lines

representing the first heating ramp and dotted lines indicating the second heating ramp.
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Table 3-16 - DSC data of collagen-based layers subjected to gelation and UV cross-linking for 60 min.

Td Had Tg
[°C] [)/g] [°C]
PR2 217 7 173
LR2 218 7 185

3.4.8. Conclusions
The initial stage involved defining a collagen-based hydrogel formulation, beginning with the careful selection
of collagen.
Type | collagen was chosen to support the regeneration of connective tissues such as gingival tissue. The
concentration was maintained close to the standard typically used in tissue engineering to promote cell activity.
In addition, telocollagen was selected because it preserves the intact telopeptide terminals of the collagen
molecule, thereby maintaining high mechanical properties that are essential for effective cell signalling and
proliferation.
Determining the optimal collagen concentration was another important aspect of this study. Tissue engineering
(TE) defined the optimal collagen concentration as5 mg/mL. However, a preliminary study was conducted to
explore two different concentrations to better understand their significance. Specifically, we examined a
concentration of 5.8 mg/mL, in line with the technical specifications of the provided product, and a
concentration of 4.2 mg/mL to assess the effect of a lower concentration than that recommended by TE.
The captured SEM images revealed thinner collagen fibrils and smaller pores in the hydrogel at the higher
concentration of 5.8 mg/mL. It is important to highlight that cell attachment improves when the exposed
surface area increases, which occurs with the presence of smaller pore sizes directly caused by a higher
collagen concentration [130]-[132], as observed in this study. Therefore, the obtained results could lead to
significant improvements for TE applications.
X-ray diffraction analysis did not show any significant structural variations, indicating that collagen
concentration did not notably influence the crystalline organization of the hydrogel.
Based on these results, the 5.8 mg/mL concentration was selected for the subsequent phases of the study, as it
exhibited a denser microstructure in SEM analysis while maintaining structural consistency according to X-
ray diffraction.
Laponite powder was incorporated into the collagen solution to improve the deposition process by enhancing
the shear-thinning behaviour of the formulation, while still prioritizing the promotion of cell activity. Based
on these considerations, three formulations were developed: pure collagen, collagen with 0.1 w/v% Laponite,
and collagen with 0.3 w/v% Laponite.
Before deposition, the rheological behaviour of these formulations was evaluated using rheometric tests. At
4°C, the analysis of the flow curves demonstrated that the addition of 0.3 w/v% Laponite increased the
viscosity at low shear rates, reaching values of 155 Pa-s compared to only 0.25 Pa-s for the pure collagen
solution. In contrast, the formulation with 0.1 w/v% Laponite exhibited a similar behaviour to the pure

collagen.
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Time sweep tests were then conducted at 37°C, the temperature commonly employed for collagen gelation.
These tests revealed that the formulation with 0.3 w/v% Laponite achieved a reduced gelation time, while the
pure collagen formulation maintained a predominant mechanical profile. Nonetheless, all formulations
exhibited high storage modulus (G") values, from approximately 10° Pa during the initial liquid phase up to
10°+10°Pa once the gel reached stability. Such elevated values can be attributed to the use of telocollagen
solution, which typically shows a G' value on the order of 10° Pa [191], in contrast to conventional collagen
solutionsthat generally present G'values in the range of 101+102 Pa [188]-[190]. Thissignificant enhancement
in mechanical properties is particularly noteworthy.

Based on these results, the pure collagen formulation and the collagen with 0.3 w/v% Laponite formulation
were selected for the deposition phase.

Deposition was carried out on biomedical-grade zirconia plates that had been pre-treated with a NaOH solution
to promote collagen adhesion. Contact angle measurements on both untreated and post-treated zirconia plates
confirmed that the treatment improved hydrophilicity, thereby enhancing the adhesion of the hydrophilic
groups present in the collagen. This evaluation was also extended to YSZ coatings produced during the study,
which demonstrated similarly favourable results.

The preparation and deposition of the two selected formulations were performed at 4°C to prevent premature
gelation. Following deposition, the hydrogels were allowed to gel under the conditions determined by the time
sweep tests and subsequently subjected to UV cross-linking for 30 and 60 minutes to assess potential
modifications in their structure and thermal stability.

Optical microscopy of the six resulting hydrogels revealed a homogeneous deposition, with no significant
differences observed among the different formulations and treatments. The hydrogels containing Laponite
exhibited a few detectable particles attributable to the added clay. FEG-SEM analysis of the gelled samples
revealed a D-pattern, confirming the occurrence of fibrillogenesis, with a value close to the natural 67 nm. The
results also demonstrate that Laponite contributes to a more controlled fibrillar assembly, while UV cross-
linking affects the overall three-dimensional architecture, which could influence tissue regeneration.

The XRD analysis of the biopolymeric formulations containing 5.8 mg/mL of collagen revealed no significant
structural variations, even when considering different Laponite concentrations and applied treatments.

In particular, the two characteristic diffraction peaks of collagen were identified in each case, with the first
peak corresponding toan intermolecular lateral packing distance of ~1.14 nm. This value is well aligned with
that observed in natural tissue, suggesting a well-structured fibrillar organization and a promising formation
of the hydrogel structure [195].

DSC investigations revealed that Td (denaturation temperature) is less sensitive to treatmentand formulation
variations than Tg. As a result, the thermal stability of the collagen triple helix remained unchanged. In
contrast, Tg (glass transition temperature) is more affected by the mobility of the polypeptide chains, which
can be influenced by both the treatment and the addition of Laponite.

Finally, these findings confirmed that Laponite, not only improves processability and enhances collagen fibre

structuring, but also increases thermal stability without negatively affecting other properties.
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4. Conclusion and Future Prospective

This research aimed to develop and optimize a YSZ coating for titanium abutments, ensuring both aesthetic
improvements and biocompatibility while minimizing allergic reactions. Additionally, a biopolymeric layer
was designed as a top functional coating, applicable on both YSZ films and bulk abutments, with the goal of
enhancing cellular activity and, consequently, soft tissue integration.

The study successfully optimized the YSZ deposition process, achieving homogeneous, defect-free coatings
with good aesthetic properties, well in accordance with both the aesthetic and technical requirements of clinical
dental implantology. Despite its visual improvements, the translucent nature of the coating rendered
colorimetric tests unreliable. The final thickness, in the range of a few hundred nanometres, allowed the coating
to replicate the surface morphology without altering roughness, an essential factor in preventing bacterial
adhesion. Furthermore, long-temperature degradation tests, simulating up to 75 years of exposure in the oral
cavity, confirmed the stability of the cubic phase, ensuring durability. Mechanical assessments demonstrated
satisfactory results of the coating under clinically relevant forces, particularly in conditions associated with
gum disease, where loads remain below 1 N.

Parallelly, the collagen-based biopolymeric layer was carefully formulated and processed to achieve properties
known to promote cell adhesion and proliferation. Rheological measurements guided the optimization of
deposition parameters, incorporating Laponite RDS to improve shear-thinning behaviour, which led to an
increase in post-deposition viscosity, facilitating its application to abutmentsurface. SEM analyses revealed a
homogeneous, fibrillar, and porous structure, which increases the exposed surface area, a feature that improves
cellular adhesion, a crucial step for soft tissue integration. This biopolymeric layer is designed to accelerate
the integration process, ensuring early-stage tissue integration and preventing delays that could allow bacterial
colonization. Additionally, FEG-SEM analysis of the gelled samples showed a D-pattern, confirming
fibrillogenesis with a value close to the natural 67 nm. The results also highlight that Laponite promotes
controlled fibrillar assembly, while UV cross-linking affects the three-dimensional architecture, potentially
influencing tissue regeneration. The crystalline structure closely resembled natural tissue, while high storage
modulus values confirmed the mechanical resistance of the formulation, attributed to the use of telocollagen.
The rigidity of the substrate further supported cell signalling mechanisms promoting cellular proliferation.
DSC analysis revealed an improvement in the thermal stability of the collagen-based layer with both UV cross-

linking and Laponite RDS addition.

These findings suggest that the biopolymeric layer has significant potential for improving soft tissue
regeneration and integration with a promising formulation consisting of 5.8 mg/mL type | collagen and 0.3
w/v% Laponite for future in vitro cellular studies and in vivo testing. It may also be worthwhile to further
investigate the gelled condition alone and the gelled + UV cross-linking (30 minutes) condition to assess

potential variations in cellular signalling between these two options.
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Despite these promising outcomes, certain limitations must be acknowledged. The lack of reliable colorimetric
measurements for the YSZ coating presents a challenge in precisely quantifying its aesthetic properties.

Although the biopolymeric layer showed promising characteristics in in vitro assessments, it is important to
highlight that the cellular tests, such as cytotoxicity and viability tests, were not conducted due to time and
cost constraints. These tests are crucial for evaluating the long-term biocompatibility and effectiveness of the
coating, and their absence is a limitation of the present work. However, they are essential for confirming the
clinical applicability of the materials developed. Despite the lack of these tests, the results of this research
remain significant, and further biological validation through in vitro and in vivo experiments is needed to fully
understand the potential of the coating, especially in terms of soft tissue integration and clinical use. Based on
the findings of this study, it is already possible to propose the biopolymeric formulation composed of 5.8
mg/mL type I collagen with 0.3 w/v% Laponite, along with specific treatments such as UV cross-linking for
further investigation. These conditions will allow for the exploration of their effects on cellular behaviourand
tissue integration, marking an important step toward the development of clinically applicable solutions for soft

tissue regeneration.

Future research should focus on refining the biopolymeric layer by incorporating bioactive agents, such as
growth factors or stem cells, to further stimulate fibroblast activity, which is critical for the transition from
inflammation to new soft tissue formation [202]-[205]. Another promising development could involve the
lyophilization of the collagen-based solution to obtain a 3D structure that mimics the extracellular matrix,
thereby creating a natural environment conducive to cell growth [133], [134], [206].

In conclusion, this research provides a solid foundation for the development of functionalized abutments with
enhanced aesthetic and biological properties. Although the results are promising, further in vitro and in vivo
studies are essential to fully validate their clinical applicability and assess their potential for successful
integration into medical practice. Additionally, the developed strategy could be extended to other biomedical
implants that require soft tissue integration, thus expanding its relevance in the fields of implantology and

regenerative medicine.
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