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Abstract

Zirconia ceramic is widely used in numerous fields, such as electronics,
machinery, energetic industry, and biomedical applications, due to its excellent
properties such as chemical resistance, low conductivity at high temperatures,
thermal stability, electrical resistance, toughness, hardness, but also inertness
towards chemicals and good biocompatibility.

The 3D-printing technology has opened new doors for possible
applications of zirconia and also allows for higher complexity of the shapes and
structures, even for specimens with designed porosity, which would be until
now unimaginable with traditional manufacturing methods like in the case of
gel casting, a process where the ceramic particles are mixed with polymeric resin
to obtain the product by the means of polymerization; or cold isostatic pressing,
a mechanical process where the ceramic particles are compacted under
pressure. The biocompatibility, inertness, and excellent aesthetic aspects of this
ceramic make it also a preferred material for biomedical applications, more
specifically in dentistry. However, application in the biomedical field has had
some shortcomings, where the high hardness and brittleness of the material
could cause discomfort or excessive wear. One of the aims of this thesis was to
develop a new hybrid material that would complement the above-mentioned
properties of zirconia and at the same time try to mimic the mechanical
properties and biocompatibility of natural teeth using a combination of zirconia
and acrylate polymer materials, while using additive manufacturing.

The first part of this study was focused on the development and
manufacturing of such material. The idea of polymer-infiltrated ceramic
networks (PICN), where a porous sintered ceramic structure is interpenetrated
with a polymer matrix, was followed. The innovation of this technology was
based on the 3D-printing of ceramic zirconia (3Y-TZP) scaffolds with designed

porosity, thus, it could be controlled and adjusted according to the
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requirements of the potential application. After the optimization of the printing
process, the 50% zirconia infill was chosen as the most appropriate porosity of
the scaffold that was subsequently infiltrated with bisphenol A glycerolate
dimethacrylate (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA)
copolymer.

After the successful manufacturing of 3D-printed PICN and the proper
infiltration of the copolymer, the physical-chemistry properties of the new
material were characterized, as well as its mechanical properties. The bacterial
adhesion was evaluated against Gram-negative Escherichia coli and Gram-
positive Streptococcus salivarius bacteria lines, revealing, that although such
samples do not have antimicrobial properties, they do not promote excessive
bacterial growth either. Regarding biocompatibility, the cell assay using human
osteoblasts (MG-63) was carried out showing good cell viability.

To improve the antimicrobial properties of manufactured PICN, the
surface was modified with the adhesion of silver nanoparticles, which were
embedded in an enzymatically modified phenolated lignin matrix (Ag@PL NPs),
obtained from renewable resources, to avoid metal particle oxidation. The
functionalization of the surface of the ceramic-polymer hybrid material with
such Ag NPs allowed the reduction of bacterial growth by 90% on the modified
surface.

The last part of this thesis focused on the improvement of
osseointegration of zirconia surface in vitro. Although it is an inert material,
surface modification is required to avoid possible failures of zirconia once
implanted in vivo. A polydopamine methacrylate copolymer, which also has
proved antibiofilm formation properties, was applied to the surface of zirconia.
Characterization of the modified surfaces has proven good viability of the MG-
63 cell line and also a great adhesion of the polymeric nanofilm, produced by
cold plasma to the surface of zirconia discs. This enhanced biocompatibility is

attributed to the dopamine-derived polymer, a highly biocompatible material.
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Overall, this thesis describes the 3D printing process of PICN structures,
which have a macroporous structure for the correct infiltration of the copolymer
that acts as an adhesion promoter. The synergy and good adhesion between
these different materials have given rise to a prototype whose mechanical
properties simulate those described for natural teeth. In addition, the
modifications of the zirconia surface (flat or 3D-printed filaments structures) in
order to improve the properties of the composite, have been satisfactory to
deepen this research in the dental field, opening new ways to broaden the

spectrum of applications of said hybrid materials in other biomedical fields.
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Resumen

La zirconia es un material ampliamente utilizado en electrdnica, en la
industria energética y en la biomedicina debido a su estabilidad quimica, baja
conductividad a altas temperaturas, excelente estabilidad térmica, resistencia
eléctrica, dureza, alta tenacidad, y buena biocompatibilidad debido a su
naturaleza inerte.

Con el desarrollo de la tecnologia de fabricacion aditiva (o 3D-printing), se
han propuesto nuevas aplicaciones para la zirconia hasta ahora inimagibles
empleando métodos de produccidn convencionales, como es el caso del gel
casting, proceso por el cual se mezclan las particulas cerdmicas con una resina
polimérica para obtencion del producto tras la reaccion de polimerizacién; o el
prensado isostatico en frio, que consiste en un proceso mecdanico de
compactacién de las particulas cerdmicas. Con la fabricacion 3D se consiguen
estructuras mas complejas, con geometrias mds variables y con un mayor
control de la de porosidad. Estas caracteristicas, a la par de su propiedad inerte
y su excelente aspecto estético, convierten esta cerdmica en uno de los
materiales predilectos para aplicaciones biomédicas, especialmente en la
odontologia. No obstante, la dureza y fragilidad del material son dos
limitaciones para su aplicacion en la produccion de biomateriales, debido a que
pueden llevar al desgate de las estructuras y generar discomfort en el paciente.
Uno de los objetivos de esta tesis fue el desarrollo por fabricacidn aditiva de
nuevos materiales hibridos a base de zirconia y polimeros acrilatos para simular
las propiedades mecanicas y la buena biocompatiblidad caracteristicas de los
dientes naturales.

La primera parte de esta tesis estuvo enfocada en el desarrollo de dichos
materiales, con la elaboracidon de redes ceramicas infiltradas por polimeros
(PICN, por sus siglas en inglés), en las cuales una estructura cerdmica porosa

sinterizada es interprenetada por una matriz de polimero. La innovacion en este
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proceso fue el disefio de andamios de zirconia cerdmica (3Y-TZP), impresas
tridimensionalmente por impresiéon 3D y con porosidad controlada y ajustada
de acuerdo a los requerimientos condicionados por su potencial aplicacion.
Después de la optimizacién del proceso de impresidn, se decidié trabajar con un
porcentaje de relleno del 50 % de zirconia para obtener la porosidad adecuada
de la matriz, la misma que fue después infiltrada con dimetacrilato de glicerolato
de bisfenol A vy trietilenglicol dimetacrilato (Bis-GMA y TEGDMA, por sus siglas
en inglés, respectivamente).

Tras la produccion de las estructuras PICN vy la infiltracién del copolimero,
los materiales generados fueron completamente caracterizados por técnicas
fisico-quimicas y las propiedades mecanicas fueron analizadas. Ensayos de
adhesion bacteriana fueron llevados a cabo con las bacterias Escherichia coli
(Gram-negativa) y Stretoccocus salivarius (Gram-positiva) concluiendo que, a
pesar de la ausencia de efecto antibacteriano del material hibrido, tampoco
existe una promocién del crecimiento bacteriano en dicha superficie. Respecto
a la biocompatibilidad, experimentos con la linea celular osteobldstica humana
MG-63 mostraron altos porcentajes de viabilidad celular.

Con el objetivo de mejorar las propiedades antimicrobianas de las PICN, la
superficie fue modificada con nanoparticulas de plata, las cuales fueron
embebidas en una matriz de lignina modificada enzimaticamente con fenolatos
provenientes de fuentes renovables (Ag@PL NPs) para evitar su oxidacion. La
funcionalizacién de la superficie del material hibrido ceramica-polimero con
dichas nanoparticulas permitié reducir el crecimiento bacteriano en un 90 %,
respecto a la superficie no modificada.

La ultima parte de la tesis estuvo enfocada en realizar mejoras en la
capacidad de oseointegracion de la zirconia in vitro. Apesar de que es un
material inerte, funcionalizacidén de su superficie es recommendable para evitar
futuros rechazos de la zirconia una vez implantada in vivo. Un copolimero de

metacrilato de polidopamina, el cual también previene la formacién de
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biopeliculas bacterianas, fue escogido para recubrir la superficie de zirconia. La
caracterizacién de las estructuras modificadas demostré una gran adhesion del
nuevo polimero, generado por plasma frio, a la superficie plana de discos de
zirconia, ademas de una buena viabilidad de las células de la linea MG-63, en
principio atribuida a la presencia de la polidopamina, un compuesto altamente
biocompatible.

En conclusidn, esta tesis describe el proceso de impresién 3D de
estructuras PICN, las cuales tienen una estructura macroporosa para la correcta
infiltracidn del copolimero que actia como promotor de adherencia. La sinergia
y la buena adherencia entre estos distintos materiales ha dado origen a un
prototipo cuyas propiedades mecdnicas simulan aquellas descritas para los
dientes naturales. Ademas, las modificaciones de la superficie de la zirconia
(plana o en format 3D filamentoso) con el fin de mejorar las propiedades del
composite, ha resultado sactisfactoria para profundizar dicha investigacion en
el campo odontolégico, permitiendo nuevas vias para ampliar el espectro de

aplicaciones de dichos materiales hibridos en otros campos biomédicos.
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Introduction

1. Introduction

The first chapter discusses the state of the art of materials used, as well as
processes to obtain our final product, polymer-infiltrated ceramic networks
(PICN). First, the base material, 3 mol% yttria-stabilized zirconia polycrystal (3Y-
TZP), is characterized. Summing the development of the material, basic
mechanical and chemical properties, and also recent advances in additive
manufacturing of ceramic materials are described. This is followed by a brief
description of various additive manufacturing techniques and their applications,
whereas direct ink writing (DIW), as the main method used in this work, is
described in more detail in further sections. Acrylate polymers and their
polymerization are described and characterized as materials for use in dental
applications. In the present thesis, bisphenol A glycerolate dimethacrylate (Bis-
GMA) and triethylene glycol dimethacrylate (TEGDMA) acrylate copolymer was
chosen for use. Then, they will be approached in deeper detail in this
introduction section. The final part discusses the combination of these materials
to produce polymer-infiltrated ceramic networks (PICN), which are porous,
produced by additive manufacturing and designed to allow the infiltration with

the above-mentioned copolymer.

As part of this thesis was based on collaborations, another acrylate-based
copolymer (ethylene glycol dimethacrylate, EGDMA) was used in Chapter 6.
However, as it was developed and extensively characterized by Plasma Process
Engineering Group (Luxembourg Institute of Science and Technology, LIST), the

properties description can be found in the corresponding chapter.
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Chapter 1

1.1 Zirconia-based ceramics

Zirconia dioxide (ZrO,), also more commonly known as zirconia, was
discovered by German chemist Martin Heinrich Klaproth in 1789. He classified it
as crystalline ceramic material and it can be found in nature as baddeleyite, a

monoclinic translucent mineral [1].

Zirconia is stable at room temperature in its monoclinic phase (m) up to 1170
°C when it changes to the tetragonal phase (t), followed by cubic phase (c) in
the range of 2370 °C to 2680 °C [2]. Different phases are shown in Figure 1-1.
Tetragonal to monoclinic transformation is reversible, athermal, and
diffusionless, and it includes 4% volume expansion, which can cause cracking
due to the internal stress of the material. Those were the limitations of potential

applications of zirconia as a pure material [3], [4].

Manoclinic phase Tetragonal phase Cubic phase

a
B#90°
<«— large small —>»

Volume
Figure 1-1: Different zirconia polymorphic phases and their crystalline structures [127]

Decades later, stabilization of pure zirconia in its cubic phase at lower
temperatures was achieved by adding various oxides, such as Y,03, CeO,, SrO,
La;0s3, Ca0, or MgO [4]. Complete stabilization of the cubic phase at room
temperature was achieved by adding excessive amounts (16 to 30 mol%) of
magnesia (MgO) or calcia (Ca0) and this material is commonly known as fully-
stabilized zirconia (FSZ) [5]. This type of zirconia, formed by large cubic grains, is
used for its heat stability as solid electrolytes, heat exchangers, or fuel cells.

Single FSZ crystals are used as diamond substitutes in the jewelry industry [6].
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Further observation of the calcia and magnesia-stabilized cubic zirconia lead
Garvie et al. [7] to a conclusion that mechanical properties are improved if
nanometric monoclinic or tetragonal precipitates are included. The strength of
the material was significantly improved if the tetragonal precipitates were
included due to the t to m transformation which includes an increase in volume
and therefore closes the crack tip before potential propagation through the
material. This type of zirconia is classified as partially-stabilized zirconia (PSZ)
[7], [8]. It has applications in numerous fields, such as the automotive industry,
where it is used to monitor air-fuel-ratio in cars. It is also very often used to

measure a wide range of temperatures or their rapid change [9].

In the second half of the 1970s first PSZ containing only a tetragonal phase
was produced and characterized by Rieth et al. [10] and Gupta et al. [11], this
modification was named tetragonal zirconia polycrystals (TZP). The stabilization
of TZP is provided by yttrium oxide (Y,03) [10], [11]. This modification is also an
objective of this work and will be further discussed and characterized, as it is a
material with excellent mechanical properties, chemical inertness, and
biocompatibility. Stabilization of zirconia with Y,03 can be observed in Figure

1-2.

o Y3+
o ZI’M
O o

/™ Oxygen
* vacancy

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Figure 1-2: Stabilization of zirconia with Y,03 [128]
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As high-temperature phases of pure zirconia are preferred due to their
properties, doping with aliovalent ions is required to keep those phases stable

at room temperature. There are two main approaches to stabilizing zirconia:

1. by creating oxygen vacancies using doping with oversized trivalent ions,
like Y3
2. by stabilization of cation network using undersized trivalent ions, or

tetravalent ions, such as Ce* [4], [12]

As this work is focused on yttria-stabilized zirconia, more information about
lather stabilization can be found elsewhere [12]-[14]. The stabilization with
yttria stands on substituting very small Zr* ions with slightly bigger Y3* ions to
reduce oxygen overcrowding and introduce oxygen vacancies in order to
maintain a neutral charge (Figure 1-2). For every two yttrium ions, one vacancy
is created. Lower valence Y,03; together with oxygen vacancies disfavor
monoclinic phase to more symmetric tetragonal and cubic phases. The amount
of dopant affects the transformation phase starting from tetragonal and moving
to cubic, where the minimum amount of yttria to achieve cubic phase is 8 mol%
[15]. This understanding of zirconia stabilization is based on Kroger-Vink
notation [16], as we mentioned above, the tetragonal phase can be also
stabilized by smaller cations (Fe**, AI**, and Ga®") with higher valences, which
would require different notations, to explain the mechanism of stabilization
[12]. Zirconia doping with yttria is based on a phase diagram (Figure 1-3), which
has been modified multiple times in history, as the transformations need a long
time to reach homogeneity of the material. At a sintering temperature of 1500
°C, it can be weeks before equilibrium is achieved. As reported elsewhere the

diagram in Figure 1-3 was developed by Scott in 1975 [17].
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Figure 1-4: Phase diagram developed by Scott [17]

As can be seen in Figure 1-4, during the crack forming, the tetragonal phase
under stress converts to the monoclinic phase, which is accompanied by ~4%
volume expansion. This phenomenon, also known as transformation
toughening, causes closure of the tip of the crack and stops its further
propagation. The volume expansion causes compressive stress at the tip of the

crack; therefore, more energy is required for the crack expansion.

crack initiation early stage later stage

of crack propagation of crack propagation

Figure 1-3: Crack propagation and transformation toughening of Y-TZP [129]
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This is a very important parameter for ceramic fracture toughness, as the
energy associated with crack propagation spreads throughout the material and

therefore increases the overall toughness of the Y-TZP [18].

Mechanical properties of zirconia depend on the grain size, where
spontaneous t-m transformation can occur if the critical size is overcome.
Whereas, below a grain size of 0.2 um the transformation is not possible,
resulting in a reduction of fracture toughness. As the grain size is
determined by the sintering process, it plays a key role in the final mechanical
properties of zirconia [19]. A summary of the properties of commercially

available 3Y-TZP can be found in Table 1-1.

Table 1-1: Properties of 3Y-TZP [20]

Specification Value
Density (p) 6.05 g/cm?
Thermal expansion coefficient (TEC) 10 x 10° K?
Flexural strength 1200 MPa
Fracture toughness (KIC) 8MN/m*/2
Young’s modulus (E) 210 GPa
Vickers hardness (HV 10) 1200 HV
Melting point 2680 °C
Shrinkage after sintering 20.8 %

All the above-mentioned properties make zirconia a suitable material for
multidisciplinary applications in hostile environments. The thermal and

electrical resistance makes it suitable for electronics, but other industrial uses
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also include corrosion and heat-resistant parts, valves, cutting tools, oxygen
sensors, various coatings, wear-resistant components, and solid electrolytes in

fuel cells, among others [21].

A newer field, which started emerging in the 1960s is biomedical applications
of zirconia, especially 3 mol% Y-TZP, for its high biocompatibility and improved
fracture toughness compared to other ceramic compounds. The most common
application of zirconia in the biomedical field is the manufacturing of ball heads
for total hip replacement or total hip arthroplasty [18]. It replaced previously
used alumina because due to the improved properties the ball heads could be
smaller and easily implanted in comparison with alumina. Even though, its use
for hip replacement has been postponed due to the numerous failures of these

ball heads [22], [23].

In dentistry, pure zirconia was not widely used until the 1990s, but with a still
stronger position of computer-aided design and computer-aided manufacturing
(CAD/CAM), it was introduced as a suitable material. The production still mostly
stands on subtracting methods, where based on the CAD model, the desired
implant is cut out from a block of material. Medical grade 3Y-TZP is used in
dentistry, due to its aesthetics and easy color modifications, to manufacture
dental implants, crowns, or bridges [19] It is very chemically stable, so it protects
surrounding tissues from any release of toxic materials, it also supports
osseointegration and some studies state a reduction of biofilm to the surface,
therefore avoiding rejection of the implant or inflammations. With these results
and osseointegration index in the same ratio as titanium implants, zirconia-
based materials have an advantage of a tooth-like appearance, which makes

them preferable for implantation [24].

Although zirconia is widely accepted as a dental material, its mechanical
properties are nowhere close to natural dentin. An important parameter

representing these differences is Young’s modulus, where for natural dentin it
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varies between 10-30 GPa, but for zirconia, it is roughly 10 times more (~200
GPa) [20], [25] Vicker’s hardness of zirconia also surpasses one of natural teeth,
the hardness of enamel varies from 250 HV to 380 HV and for dentin it is only
~50 HV, whereas the hardness of zirconia ceramic is ~1200 HV [25], [26]. These
differences can cause an early failure of implants and are a reason behind the
wear of surrounding natural teeth. These limitations have been a challenge for
the current market and the development of new and modern materials for

dental applications [27].

1.2  Additive manufacturing

American society for testing and materials (ASTM) defines additive
manufacturing (AM) as “a process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies.” This manufacturing technique, also known as 3D-printing, is
usually based on computer-aided design (CAD), which is later sliced into layers
by suitable software and introduced to a 3D printer to proceed to computer-
aided manufacture (CAM) [28]. Layer-by-layer production allows for the
creation of complex shapes and significantly reduces material waste in
comparison with more traditional subtractive manufacturing, where the desired

shape based on the CAD model is cut from a block of material [29].

Many believe that with the development of additive manufacturing we have
entered a new stage of industrial revolutions, also that AM can surpass
traditional ways of manufacturing and its challenges and keep up with the fast

development of the current generation [30].

The first patent for the 3D-printing machine was registered by Charles W.
Hull on August 8", 1984 [31], although it was called an Apparatus for the

production of three-dimensional objects by stereolithography [29]. His idea
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came from long production times of prototypes, and he continued to obtain
multiple patents related to additive manufacturing, including one for standard
tessellation language format (STL), which connects the CAD with the 3D printer
[32]. Since then, additive manufacturing went through numerous
transformations and many new types of printers have been developed, with
stereolithography being still the most used technique [33]. In 1992 Scott Crump
[34] patented the fused deposition modeling and the world was set for a
manufacturing revolution, as commented previously. But it wasn’t until 1993
that the “3D-printer”, which was able to print plastic, metal, and ceramic parts,
was patented by two professors from the Massachusetts Institute of
Technology, Michael Cima and Emanuel Sachs [35]. Nowadays, additive
manufacturing occupies numerous fields including anything from the

automotive industry to living human tissue [32].

Additive manufacturing production techniques can be categorized based on
the type of curing, and deposition of the type of material used. Constantly new
approaches to AM are being developed and new combinations of techniques

are being investigated.
The main categories of additive manufacturing are:
1. Vat polymerization

This category is based on selective curing of photopolymer resins, usually
with UV light. The manufactured part is submerged in a tank with liquid resin,
and the light is selectively directed through it, curing one layer at a time. Vat
polymerization includes multiple printing techniques, but 3 most commonly
used are (i) stereolithography (SLA), which uses a single beam light source; (ii)
direct light processing (DLP), which is based on a digital projection of the entire

layer; and (iii) continuous liquid interface production (CLIP), what is similar as
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DLP, but in addition, the whole platform moves continuously, what makes the

printing process faster than the other two techniques [36], [37].

2. Material extrusion

This category can be divided into two smaller categories:

a) Filament based, where already prepared polymer filament is remelted to be
extruded in the desired shape and then it rapidly solidifies. These 3D printers
are commercially available at low prices and are also a popular choice for home
or small companies. The technical term for filament-based additive
manufacturing is fused deposition modeling (FDM), or it can also be found as

fused filament fabrication (FFF) [36], [38].

b) Direct ink writing (DIW), where the “ink”, usually is in a paste-like composition
and is extruded through a nozzle under pressure [36]. This technique will be
further discussed in Section 1.2.1, as it was used as a manufacturing method in

this thesis.
3. Powder bed fusion (PBF)

In PBF powders are melted or sintered selectively using an energy source to
produce parts. After sintering one layer, the next layer of powder is evenly
distributed over the powder bed and a new layer is sintered. The unsintered
material is used as a support for the printed piece. These 3 techniques are the
most common in the PBF category: (i) selective laser sintering (SLS), which is
used for plastic; (ii) direct metal laser sintering (DMLS), used for metals,
including alloys; and (iii) selective laser melting (SLM), which is also used for
metals, but as it also melts and sinters the metal material, only single metals can

be used [36], [39].
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4. Material jetting

Printed parts are produced by deposition of droplets of liquid material on the
printing bed and subsequently followed by curing with heat or UV light. This
process allows multiple materials, including photopolymers, waxes, metals, and

ceramics [36], [40].
5. Binder jetting

Binder jetting manufacturing is a combination of PBF and material jetting,
the powdered material is deposited in a single layer on the printing bed and then
the liquid binder is deposited in the places of curing. This method is mostly used

for sands, ceramics, and metals [36], [40].
6. Direct energy deposition (DED)

This technology, also known as direct metal deposition, works similarly to
FDM, but with metal materials. Metal in the form of powder or wire is melted
in the printer head, either with a laser beam or with an electron beam, and then

extruded and cooled [36], [41].
7. Sheet lamination

Layers of the manufactured piece are stacked together and then cut to the
shape or sheets of the material are first cut to the shape and then stacked. It
was originally developed for paper models in architecture, but nowadays it can

be used in a variety of materials, even metals [36], [42].

More detailed information and other printing techniques including materials
used, including ceramics [43], [44], for each individual technology can be seen
in Figure 1-5. For an easier understanding of the figure, the abbreviations used

are listed in the Table 1-2.
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Figure 1-5: Classification of AM technologies. Adapted from reference [36]
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Table 1-2: Abbreviations of AM technologies from Figure 1-5

Abbreviation AM technology Abbreviation AM technology
SLA Stereolithography MJF Multi Jet Fusion
DLP Digital Light Processing SLS Selective Laser Sintering

Direct Metal L
Continous Digital Light rect Vietal Laser

CDLP f DMLS/SLM Sintering / Selective
Processing .
Laser Melting
FDM Fused Deposition Modeling EBM Electron Beam Melting
M) Material Jetting LENS Laser Engineering Net
Shape
NPJ NanoParticle Jetting EBAM Electron Beam Additive
Manufacturing
DOD Drop On Demand LOM Laminated O?JeCt
Manufacturing
BJ Binder Jetting

1.2.1  Direct ink writing (DIW)

As it was mentioned previously, direct ink writing has an extended
explanation here since this technique was the manufacturing method used in
this study. Direct ink writing belongs to the material extrusion category of
additive manufacturing, and it is one of the most versatile from a wide range of
techniques. It is thanks to a wide variety of materials that can be used for
manufacture, as long as they have required rheological behavior during
extrusion. As described above in DIW the material in a viscoelastic form is
extruded through a nozzle based on a computer model in a layer-by-layer
fashion. It was first patented in 1997 by Cesarano and Calvert [45] as a printer
for complex ceramic scaffolds, since then polymers, glass, metals, or cements
have been used. It can be easily modified to the requirements of the material
and therefore it is having a great potential for developing new materials for the
additive manufacturing industry [30]. The typical process of DIW includes a CAD

model of the desired structure, which is sliced with slicing software to create a
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layer-by-layer model, and then the extrusion itself. The model of a typical DIW

printer can be seen in Figure 1-6.

The printing quality is limited by nozzle diameter, printing speed, and
pressure of extrusion. The smaller diameters can provide a higher resolution of
printed pieces, but that also requires higher extrusion pressure and slower
printing time to avoid clogging the nozzle or tearing the extruded filaments. One
of the great advantages of the DIW is its unique ability to print continuous
filaments at room temperature, therefore the printability of the ink is mostly
dependent on the rheology of the printed material. The printability can be also
adjusted with printing speed, usually 5-50 mm/s, or with extrusion pressure
[30]. After the deposition, the scaffolds can be solidified either by drying on air,
or other external processes can be involved. For example, in the case of ceramic
materials, the printing process is normally followed by the drying process and

then the printed parts are sintered at high temperatures.

Compressed
v air
.
«—>
Ink XY-axis
Nozzle
Built object

e e
Built platform IZ-axis

Figure 1-6: Direct ink writing assembly [130]
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1.2.2  Additive manufacturing of ceramic materials

Ceramics, which are represented mostly by nitrides, carbides, and oxides are
high-demand materials due to their excellent properties such as high
strength, resistance to corrosion, electrical insulation properties, thermal
stability, inertness, and biocompatibility. These properties ensure their
application in almost all industrial fields, such as aerospace, automotive,
and energetic industries, and they are also a favorable material for the
biomedical field [41]. However, their brittleness and high hardness are often a
challenge for shaping already sintered components, this type of processing
introduces microcracks and defects. Another disadvantage of machine
processing is the high cost, as they need to be shaped by diamond. Estimates
say it could represent up to 70% of production costs [44], [46]. Many of
their applications require complex shapes and fast manufacturing, which is
a challenge for traditional methods of production. Methods like gel casting,
injection molding, cold isostatic pressing, and others are all based on molds,
where either dry method (powder mix is directly shaped in the mold), or wet
approach, powder mix is mixed with a liquid carrier and then shaped into a
mold. Therefore, the final shapes depend on the limitations of the molds.
Additive manufacturing can be a solution to complex shapes, such as porous
structures, pieces with hollow spaces (macro-pores), or microscale pieces [30],

[44], [47], [48].

There are two main types of additive manufacturing of ceramics, either with
required post-processing, or direct sintering of pieces during manufacturing.
In the case of a single-step process, the powder base is directly sintered during
the manufacturing process and no further processing, except surface
finishes, is required. Multistep production is based on printing the green
body, which is usually produced from the polymer-based paste and needs

to be sintered 43
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separately [44]. The majority of AM technologies for ceramics belong to
multistep production. However, Juste et al. [49] developed an SLM technique to
produce ceramic parts in one step and DED was explored and successfully
executed [43], [49]. Multistep AM techniques include many of those mentioned
at the beginning of this section, namely photopolymerization techniques, binder
jetting, extrusion techniques, fused deposition, and direct ink writing [44], [50].
Recent development in new printing machines and extensive research on
material modifications have improved the previous challenge of the
achievement of high-density specimens, where densities over 96% have

been reached by multiple researchers [21], [50], [51].

The main objective of this work is the development of new zirconia-based
composite material for the biomedical field, particularly for dental applications.
As this area requires high-end customization of products, AM is becoming a go-
to manufacturing process, as the final product can be based on real data from a
patient. Even though there still are many challenges in the AM processes
including surface quality, resolution and dimensional accuracy, and shrinkage of
the specimen [41]. A list of recently successful manufacturing methods for

zirconia-based final products applied in dentistry can be found in Table 1-3.
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Table 1-3: Different dental restoration specimens produced by additive manufacturing from

zirconia. The table has been adapted from the following reference [52].

AM Technology Application Reference
Dental crown [53]
Direct Inkjet printing
Dental bridge framework [54]
Root analogue implants [55]
Direct light processing
Dental implant [56]
Dental bridges [57]
Dental crown [58]-[61]
Stereolithography
Implant-supported AM crown [62]
Dental implant [63]
Lithography-based
Occlusal veneers [64]

process

1.3 Polymeric materials

Before the discovery and development of synthetic polymers, such as
acrylates, natural sources were modified and used as plastic materials. The first
example of such materials were horns and hoofs of animals, and it was found
that if these were heated, they could be molted in different shapes and that
they hardened back to their original state after cooling. Another example of
natural polymeric materials is shellac, which is still widely used today [65]. The
current applications include numerous surface protective formulations,

adhesives, cosmetics, and applications in the pharmaceutical industry and also
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electrical industry, more detailed information about properties and future
aspects can be found in the following reference [66]. It is a natural resin
produced by insects (Coccus Lacca), which infest fig trees. It was used for more
than a thousand years in India before it was described in the scientific work
of John Huyglen von Linschoeten in 1596 [67]. The first applications
included protective wood and metal coatings, but later it was also used as

phonograph discs [68].

In 1735 natural rubber was developed in France from a resin from South
American trees (Hevea brasiliensis). It has a polyisoprene structure and was
primarily used as an eraser for pencils. With further study of natural rubber and
incorporation of solvents into the production ways, rubber could be molded into
various shapes. However, the mechanical properties did not allow for multiuse
in many areas. Over a century later (1844), Dr. Charles Goodyear Jr. discovered
that the properties of such natural rubber were significantly improved after the
addition of sulfur [69]. The new material was still flexible, but the glass transition
was significantly lower. Added sulfur bonded with unreacted carbon-to-carbon
double bonds and based on the added amount, the flexibility and hardness can
be managed to desired values. This process still used today was named
vulcanization. With further development of manufacturing processes in the 19t
century, such as extruding, pressing, and shape molding, vulcanized rubber

revolutionized the production of day-to-day products [68].

As this work focuses on materials used in stomatology, another historically
significant natural polymer that should be mentioned is gutta-percha, also
known as a corallite. It is a natural polymer with a structure very similar to that
of natural rubber, with the only difference being a trans conformation instead
of the cis conformation of natural rubber (Figure 1-7). Small differences on the
molecular level project themselves significantly in the means of physical

properties. Gutta-percha in comparison with natural rubber is hard and tough
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and has a high melting point and low flexibility. This thermoplastic polymer was
first introduced to the western world by Dr. W. Montomerie and it was soon
applied to multiple areas and improved with various additives. One of the
interesting applications includes the insolation of the first underwater
communications cables, where this polymer was used until the development of
polyethylene at the beginning of the 20" century. For this work, a far more
interesting application of gutta-percha was its application as a temporary filling
material for emergencies in dentistry. Temporary crowns were also prepared,
but the most widely used application was, and still is used, endodontic root

canal filling [68].

CHZM}*

H H CH,
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Ane CHz/ \CH3 i CI—IZ/ \CHzm

Gutta-percha ( trans-1,4-polyisoprene)  Natural rubber ( cis-1,4-polyisoprene)
Figure 1-7: Gutta-percha and natural rubber molecules [131]

The first half of the 20" century brought the world well-known polymers such
as Bakelite, polystyrene, polyvinyl chloride, urea formaldehyde, polyester,
nylon, epoxy resins, and many more [70]. This development was driven by a
desire to find a synthetic replacement for natural rubber. This period, also
sometimes referred to as the age of thermoplastics, was the time when the
principles of polymerization were discovered. In 1920, Dr. Herman Staudinger
referred to “macromolecules” in relationship with polymers [71], [72]. One
hundred years after, Staudinger is still recognized as the father of polymer
chemistry. The first synthetic fiber polymer nylon was patented in 1937 by

Carothers [73] since then the development of new polymers accelerated.

As there is a great number of different types of polymers, some basic

classification is required. Figure 1-8 shows the main characteristics of how the
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polymers can be divided into groups. Based on the source the polymers can be
divided into natural, synthetic, and semi-synthetic, the type of polymerization
process divides the entire population into two groups, polymerization by
addition, where monomer molecules react together to form a polymer chain
with no side product of the reaction, whereas during condensation reaction
monomers are linked together with the formation of side products, usually in
the form of small molecules, such as H,O, HCl or ammonia. However, other
authors consider ring-opening polymerization (ROP) as another class of growth
polymerization process. Ring-opening polymerization is a reaction where cyclic
monomers after initiation break the ring and form a linear structure, with the
exception of 6-membered rings [74]. Another important classification is the one
based on the microstructure homogeneity of polymer chains, which will be
different depending on the arrangement of the monomers or on the different
polymer mixture compositions. A homopolymer is a polymer made from many
copies of a single repeating unit, whereas copolymers are made of two or more
different monomers, which are alternating in the structure [74], [75]. For
example, acrylate polymers in many cases are built as copolymers to ease
manipulation and obtain the required properties [76]. Another strategy that is
extensively employed in plastic technology is to combine different polymer
matrices to obtain a new polymer, which is called blend. The proportion of each

polymer will play an important role in the final properties of the blend material.
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Figure 1-8: Classification of polymers. Adapted from references [70], [74].

Developing new polymers is an active field of research, and discoveries are
made daily. The application of new materials in dentistry has always been
closely linked to the development of new technologies. There has always been
a demand for better, easy-to-use materials with superior mechanical and
aesthetical properties, including high biocompatibility. Since its discovery, the
usage of resin materials in dentistry has been exponential [68]. As this work
focuses on acrylate polymers in dentistry, the following part will only include

those polymers relevant to this research.

1.3.1. Acrylate polymers

Acrylic polymers, produced from acrylic acid were not discovered until 1901,
even though acrylic acid and its derivates were known and characterized
decades earlier. The first to produce clear, solid polymers of this acid was Dr.
Otto Rohm, and since then a great variety of acrylate polymers were
manufactured. By the 1930s poly(methyl acrylates) emerged, used as a

safety
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glasses, followed by poly(methyl methacrylates) (PMMA), which were harder
and are commonly known as Plexiglas™. By the end of the decade, those
polymers were commercially available in the form of powders and used for
fabric finishes, coatings, and acrylic-based paints. The acrylic polymers are made
of polymers and copolymers of acrylic and methacrylic acids, their esters,
acrylonitriles, and acryl amides [68], [74]. So, acrylate polymers like PMMA can

be considered structurally as derivatives of acrylic acid.

All the above-mentioned acrylic monomers contain a characteristic vinyl
group, which appears on the terminal end of the monomers (Figure 1-9).
Characteristic is an unsaturated carbon-to-carbon double bond with three
hydrogens and one bond available for substitution at the alpha carbon. For
acrylates, this group is occupied by carboxylic acid and the starting material,
called acrylic acid is created. For further functionalization, the hydrogen of the
acid group is substituted. For example, if substituted with a methyl group, the
methyl methacrylate monomer is created. Other examples of such substitution
are ethyl methacrylate, hydroxyethyl methacrylate, t-butyl methacrylate, or n-
butyl methacrylate [68].

Methyl Ac_ryl_ate
methacrylate building
monomer block

CHs o CHy CH~le
|
~A~CHz ¢ COOR
COOCH, \ Acrylic
acid
CH2= ?H
Meth lat coox
ethacrylate -
building block A;g’;‘(’;:g're
CH,
|
COOR CN

Figure 1-9: Monomers derived from acrylic acid. Adapted from reference [132]
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1.3.2. Acrylate polymers in dentistry

The first acrylate polymer valuable for dental applications was poly(methyl
methacrylate) (PMMA) processed by heat. It was a great hit in inlays, crowns,

and partial denture making [68].

PMMA is an amorphous, but high-strength rigid polymer, with great
dimensional stability. It can be polymerized by suspension, solution, or by
emulsion and the Tgreaches 105 °C. It is quite inert towards chemicals, however,
not towards organic solvents, transparent, and has great impact resistance in
comparison with polyacrylates, which are softer, and because they are missing
the extra methyl group, the polymeric chains are less rigid. Another important
property of PMMA is biocompatibility [77]-[79], however, it could cause allergic
reactions [80]. Polymethacrylates are usually shaped into finished products,
whereas polyacrylates are used based on their flexibility and extensibility [68],

[74].

To improve the mechanical properties of the methacrylate polymers,
difunctional monomers were developed, and pioneered by Dr. Rafael Bowen
[81]. His research was based on modifications of epoxy resins, where he
substituted epoxy groups with methacrylate and produced a high molecular
weight monomer (M = 512.6 g/mol), called bisphenol A glycerolate
dimethacrylate (Bis-GMA), or Bowen'’s resin. Thanks to its additional functional
groups, such as benzene rings, it has more hydrogen bonds, which in turn results
in the very viscous form of monomer (n = 1369 Pa s) [82]. Mostly Bis-GMA is
synthesized from bisphenol A and glycidyl methacrylate, or diglycidylether of
bisphenol A (DGEBA) and methacrylic acid. The synthesis road of the first one is
shown in Figure 1-10. To improve the mechanical properties of the methacrylate
polymers, difunctional monomers were developed and pioneered by Dr. Rafael

Bowen [81]. His research was based on modifications of epoxy resins, where he

51



Chapter 1

substituted epoxy groups with methacrylate and produced a high molecular
weight monomer (M = 512.6 g/mol), called bisphenol A glycerolate

dimethacrylate (Bis-GMA), or Bowen’s resin.

o HO "™ OH O
glycidyl methacrylate bisphenol A glycidyl methacrylate

OH Bis-GMA OH
Figure 1-10: Synthesis of Bis-GMA [93]

Furthermore, the Bis-GMA molecule has a lower shrinkage ratio (~ 7.5%) in
comparison with PMMA, thanks to the cohesive energy ratio and the higher
molecular weight of the middle part of the molecule [83]. Another advantage is
also its good biocompatibility demonstrated in several studies [84], [85].
However, in recent years multiple works on leaching assays demonstrated
monomer release and some cytotoxicity [86], [87]. Thus, more investigations are
necessary in this field. Nowadays, new Bis-GMA-free dental resins are being

investigated [88], [89].

To ease the manipulation with such viscous monomers, like Bis-GMA, they
are usually mixed with lower-molecular-weight monomers, also called viscosity
controllers [90]. In the case of this study, it was triethylene glycol dimethacrylate
(TEGDMA) with a molecular weight of 286.3 g/mol and viscosity n = 0.05 Pa s
[82]. Some other viscosity controllers are ethylene glycol dimethacrylate
(EGDMA), ethylene diglycol dimethacrylate (DEGDMA), and 2-hydroxyethyl
methacrylate (HEMA), or 1,10-decanediol dimethacrylate (DDDMA or D3MA)

[87]. However, the ratio of the two monomers should be carefully monitored,
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as the addition of low molecular weight monomers increases polymerization
shrinkage and can shorten the van der Walls distances by 50%. Except for
polymerization shrinkage, the type of viscosity controller affects conversion, the
reactivity of matrix, mechanical properties, and water absorption [68], [91],
[92]. Other common methacrylate monomers used in dentistry are Bis-EMA,
what is ethoxylated bisphenol A glycol dimethacrylate, bisphenol A
dimethacrylate  (Bis-DMA), urethane dimethacrylate (UDMA), and
bis(acryloyloxymethyl) tricyclo [5.2.1.02,6] decane (TCD-DI-HEA) (Figure 1-11)
[93].

Forp D Dpde gt

Bis-GMA TEGDMA
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Figure 1-11: Methacrylate monomers used in dentistry [93]

Difunctional methacrylate monomers in dentistry are usually polymerized by
radical polymerization, where the double bonds of ending vinyl groups are the
active sites of the polymerization reaction. Based on the creation of free radicals
the polymerization can be initiated chemically (self-curing), thermally, or by a
photoinitiator [94]. Typically, in dentistry photopolymerization is the main
technique sometimes paired with self-curing polymerization if the placement
cannot be reached by light [94]. Although in the case of dentures or PICN
thermopolymerization is used [95], [96]. An example of such polymerization
thermally initiated by benzoyl peroxide is shown in Figure 1-12, where R

represents the core of the used monomer [97]. During the polymerization
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reaction, excessive crosslinking is present, which causes rapid changes in the
viscosity of the system. The propagation and termination of the reaction are
controlled by chemical processes, but with growing viscosity, the movement of
the molecules is reduced. This is a cause for termination reaction to be
controlled by diffusion, which slows it down. Slower termination influences the
number of free radicals in the system and therefore the propagation speed is
increased. This phenomenon is quite usual for methacrylate polymerization and
is also called autoacceleration. After a rapid speed increase of reaction, the still-
growing viscosity causes also propagation reaction to be controlled by diffusion,
which is followed by a rapid decrease of the reaction, also known as

autodeceleration [98], [99].
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Figure 1-12: Radical polymerization of methacrylate monomers with benzoyl peroxide (BPO)
as initiator. From top to bottom: Initiation, propagation, and polymerization [97].

Commercial difunctionalized methacrylates are used in dentistry as resins or
sealants, however not as pure material but as dental composites. These

composites consist of a base made of multiple different monomers and a filler.
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Fillers are used to enhance mechanical and physical properties. Macro or
nanoscaled fillers vary in shape and size as well as in dispersion, orientation,
and surface modifications. A plethora of fillers has been studied [100]-[104],
where some of the most important are silica-based glasses, metals, ceramics,
natural minerals, and pre-polymerized particles. They can affect the final
strengths, hardness, toughness as well as the polymerization shrinkage.
Nevertheless, the most critical point that should be mentioned is the final
aesthetics of the tooth filling [82], [105]. Therefore, the next section will
introduce a relatively new concept to obtain hybrid materials with
performances improved in comparison to the individual examples shown

above, which could be useful for future uses in dentistry.

1.4 Polymer-infiltrated ceramic networks (PICN)

Polymer-infiltrated ceramic networks (PICN) can be defined as porous
pre-sintered ceramic blocks, which are infiltrated with polymer matrix
based on capillary action [106]—-[109]. Based on the glass infiltrated ceramic
systems, the first PICN was developed and commercialized by VITA
Zahnfabrik (Bad Sackingen, Germany) under the commercial name of VITA
ENAMIC , in 2012 [110]. The ceramic scaffold covers 86% of PICN whereas
the polymeric network of UDMA and TEGDMA makes 14% of the final
material as listed by VITA Zahnfabrik [111]. The composition of this feldspar

ceramic scaffold of this hybrid material is listed in Table 1-4.
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Table 1-4: Chemical composition of ceramic scaffold of commercial PICN (VITA ENAMIC®) [111]

Component Percentage (%)
Silicon dioxide SiO; 58-63 %
Aluminum oxide Al,O3 20-23%
Sodium oxide Na;O 9-11%
Potassium oxide K,O 4-6%
Boron trioxide B,O3 05-2%
Zirconia ZrO, <1%
Calcium oxide Ca0 <1%

This new system was developed based on the demand for new materials,
which would be exhibiting mechanical properties more similar to natural dentin
[112]. The manufacturing process consists of preparing the ceramic scaffold,
sintering the porous scaffold, surface activation, capillary penetration of the
ceramic voids, and thermal polymerization of the dental resin [113]. Presently
they are manufactured in form of blocks, which are later modified with
CAD/CAM technology, thus subtractive methods are used to produce the final
pieces. Interpenetrated network of two materials makes the final product
possess intermediate properties of the two ones, which makes it an ideal
material for dental applications [109]. As mentioned earlier, pure ceramics
exhibit high hardness and brittleness, which causes faster wear of surrounding
natural teeth, mechanical failure, and discomfort for the patient [114]. Even
though the less sufficient mechanical properties of the polymeric resins could
be improved with inorganic fillers, the high content of filler particles makes
the manipulation almost impossible due to the very high viscosity of

the resin
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composites [109], [113]. Therefore, the continuous ceramic material with
capillaries filled with resin results in the desirable combination of both
components of PICN [108], [115]. Another advantage of PICNs is their easier
machinability, as they can be milled rapidly in very low thickness, they become
less brittle, have high damage resistance, and are more resistant to marginal

chipping [116].

Since the development of PICN, multiple studies were done to properly
characterize aesthetic [117] and mechanical properties, such as hardness,
elastic modulus, flexural strength, or fracture toughness [112], as well as their
biocompatibility [116]. Comparison of some mechanical parameters of various
PICN with human dentin and enamel are listed in Table 1-5. One of the main
reasons to mimic the properties of natural teeth is the wear resistance of
surrounding teeth. Xu et al. [108] observed that the wear mechanism of PICN is
comparable with natural teeth. Other authors also observed satisfying wear

properties of PICN in comparison with other materials [107], [114], [118].

Based on multiple studies the mechanical properties such as hardness,
flexural strength, and elastic modulus are in proximity to those of natural teeth.
It should be noted, that as this material is quite a novelty in the dentistry field,
most of the studies were performed on VITA ENAMIC® (Table 1-5). Some other
properties of the material were also studied, for example Ozarslan et al. [121]
studied the roughness and color shade of VITA ENAMIC®, whereas Zhawi et al.
[122] analyzed flexural damage and resistance to fatigue content with satisfying
results. Material with similar properties, which is often used as a comparison to
PICN is Cerasmart by GC (Leuven, Belgium). However, this hybrid material is

based on filler technology, rather than infiltration [115], [123], [124].
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Table 1-5: Comparison of mechanical properties of different PICN composites and natural enamel

and dentin testes in vitro over the last 10 years.

Vickers Elastic Flexural Fracture
Composite hardness modulus strength toughness Ref.
[HV] [GPa] [MPa] [MPal/2 m]
Silica
TEGMA/ 200-300 13-22 - - [118]
UDMA
VITA ENAMIC® - 23.5 - - (108]
Silica
TEGMA/ 301 - - - [114]
UDMA
VITAENAMIC® 192 - - - (114]
FELDSPAR
TEGMA/ 107-220 1628  130-160 - [112]
UDMA
Silica
TEGMA/ 300 205 100 ; [119]
UDMA
3Y-TZP
TEGMA/ 40-92  14.5-38.8  58-90 0.8-1.4 [120]
UDMA
3Y-TzP
Bis- 160-300  28-58 110-240 1.5-3.5 [106]
GMA/TEGMA
[108], [112],
Enamel 270-420  48-105 - 0.4-1.5 (118]
Dentin 20-90 16-25 - 2239 1108 [112],

[118]
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In the case of Li et al. [106], they developed their own PICN samples, where
the ceramic used was 3Y-TZP, as it is one of the most used ceramics for dental
restorative materials. The porous scaffolds were manufactured by cold isostatic
pressing and the filling material was Bis-GMA/TEGDMA copolymer in a 50:50
ratio, respectively. Thermal copolymerization was initiated with benzoyl
peroxide and occurred at 70 °C at atmospheric pressure. The four different
sintering temperatures for preparing porous scaffolds in the range from 1000 °C
to 1150 °C were observed, where the lather was chosen as the most suitable for
dental application. It was preferred based on mechanical properties the most
resembling natural teeth such as flexural strength (240.9 MPa), fracture
toughness (1.55 —3.69 MPa%? m), elastic modulus (28.6 to 58.8 GPa), and

hardness (3.1 GPa). Part of this thesis was inspired by this study.

More recently, Sodeyama et al. [119] have developed a printable PICN,
where the silica skeleton is 3D-printed by SLA, then sintered and subsequently
filled with 3 different polymeric resins, the system filled with heat or
photopolymerized TEGDMA and heat polymerized UDMA/TEGDMA copolymer.
They obtained an elastic modulus of 18-21 GPa, corresponding to natural dentin
as well as rest of the mechanical properties (Table 1-5, reference [119]) They
were also able to 3D-print a crown model, which maintained stable after the

application of the sintering step.

Biocompatibility assays have proven, that such materials are biocompatible.
For example, Grenade et al. [116] have tested PICN against human gingival
keratinocytes cells with similar results to pure zirconia and titanium samples.
Cui et al. [125] have proven that the already good biocompatibility of PICN can

be improved by modification with hydroxyapatite.

It should be mentioned, that even though the properties seem to be superior
to other dental materials, the long-term application could not be properly

evaluated, because of the short availability on the market [109]. However, Banh
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et al. compared various clinical trials with follow-up periods of 2-3 years where
the success of implantation was superior to 96%. PICN used in these trials was

all VITA ENAMIC® based [126].

Based on all the aspects described in this chapter, the following chapters
focus on the fabrication of PICN with the novelty of production of the ceramic
scaffold by additive manufacturing, to be able to control the porosity and the
geometry of the final product. The employed method was DIW to produce the
green body and the sintered scaffolds were later filled with Bis-GMA/TEGDMA
copolymer, as it is a commonly used resin in restorative dentistry. Also,

numerous modifications were explored and described.
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Chapter 2

Objectives

The main objective of this thesis is the preparation of a hybrid
material, composed of zirconia ceramic and acrylate polymers, for
future implementation in the dentistry field. The aim of development of such
system is to benefit from rather different material properties and create
material applicable in the biomedical field. Along the side of mastering
the assembly of such composite, various other modifications are
explored to achieve the most suitable properties required for the final

product. Therefore, the specific objectives can be divided into five areas:

1. Manufacture porous 3 mol% yttria-stabilized zirconia polycrystal (3Y-
TZP) scaffolds with suitable macroscale porosity using direct ink writing
(DIW) technology. In doing so, appropriate printing paste composition
based on zirconia powder and Pluronic hydrogel was studied to obtain,

after sintering, printed samples with good structural integrity.

2. Define the methodology to infiltrate biocompatible methacrylate
copolymers in the porous zirconia scaffold, taking into account the 3D
geometry. In this sense, adhesion of Bis-GMA/TEGDMA copolymer to

zirconia is characterized, as well as copolymer composition.

3. Evaluate chemical and physical properties of the manufactured
composite, including mechanical response, as well as its resistance
towards bacterial growth. Explore also the biocompatibility of hybrid
material with human cells, to ensure possible application in the

biomedical field.

4. Improve osseointegration of zirconia materials using plasma deposition

of polydopamine/acrylate copolymer, and concurrently study the
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Objectives

antimicrobial activity of such modified surfaces.

Explore and implement modification of hybrid composites with silver
nanoparticles stabilized in phenolated lignin matrix to detect potential
antimicrobial activity. Develop and verify methodology for the proper

nanoparticles adhesion to composite surface.
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Chapter 3

Abstract

This chapter describes the manufacturing of an innovative polymer-
infiltrated ceramic network (PICN) produced by additive manufacturing. The
preparation of cubic structures printed by perpendicular layer-by-layer
deposition of yttrium-stabilized tetragonal zirconia polycrystal (3Y-TZP) and
Pluronic® hydrogel ceramic paste is described. The specimens fabricated by
DIW, also called robocasting, with 50% infill and 50% of pores, as feed setup, are
characterized in this chapter. As a filling material to produce PICN samples, a
well-known biocompatible adhesive, which is widely used in the dentistry field;
the bisphenol A glycerolate dimethacrylate (Bis-GMA) and tri(ethylenglycol)
dimethacrylate (TEGDMA) copolymer was used to reinforce the pores of the 3D-
printed ceramic structure. The proper infiltration and adhesion of the
copolymer to the zirconia structure were explored. The infiltration of the
zirconia structure with the copolymer was supported by previous activation of
the surface with 3-(trimethoxysilyl)propyl methacrylate (y-MPS), i.e. with sol-gel
technology. The correct infiltration of pores, based on the gravimetry, was
determined, and also, the mechanical properties of the specimen undergoing
compression tests were described. Moreover, the aspect of resistance towards
bacteria was tested, where Gram-negative Escherichia coli and Gram-positive
Streptococcus salivarius bacteria lines were tested against all the stages of
manufacturing of the composite.

This chapter was adapted from the following publication: L. Hod&sov3, J. Sans, B.
G. Molina, C. Aleman, L. Llanes, G. Fargas, E. Armelin, “Polymer infiltrated ceramic
networks with biocompatible adhesive and 3D-printed highly porous scaffolds,”

Additive  Manufacturing, vol. 39, p. 101850, Mar. 2021, doi:
10.1016/j.addma.2021.101850.
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3.1 Introduction

Nowadays, 3D-printing is a well-established and suitable technology for the
dentistry industry [1], [2]. The range of dental devices that can be processed
with 3D printing technologies is wide, including teeth restorations, dental
appliances, orthodontic and prosthodontic models, dentures, orthodontic
splints, dental trays, utensils, surgical guides, crowns, and bridges, among others

(3]-1[8].

Within the above context, some companies have specialized in designhing and
fabricating sophisticated 3D-printers for the dental market (e.g., 3D Systems
Inc., EnvisionTEC Inc., Stratasys Ltd., and others). The availability of such speedy
printers together with advanced software is transforming the dental field. A
number of healthcare companies have launched their commercial activity based
on additive manufacturing (NextDent B.V., Hybrid Technologies USA, Glidewell
Laboratories Inc., etc). Several production methods are available, such as
selective laser sintering (SLS),[9] direct metal printing (DMP),[10] selective laser
melting (SLM),[11] stereolithography (SLA)[12][13] and digital light processing
(DLP),[14][15][16] among others [4], [5], [17]. In this sense, the robocasting
process allows obtaining dental pieces without shape restrictions, high
dimensional precision, smooth finishing, efficiency, repeatability, and cost-

effectiveness [18], [19].

Although lots of different classes of materials are being used for 3D-printing
technologies[20]- [25], among them, ceramic compounds are the most widely
used for dentistry applications. The most important classes in the biomedical
field are alumina (a-AlxO3), spinel (MgAl,04), and zirconia (ZrO3) [26]. Yttrium-
stabilized zirconia (YSZ) [27] has shown great promise in many challenging
situations (for example, in single-tooth restoration and long-span bridges) due

to its advantageous properties with respect to other dental materials, such as
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the excellent aestheticism (brightness, refraction, coloring finishing), chemical
resistance, improved mechanical behavior compared to alumina and spinel,
bending strength and fracture toughness, high ionic conductivity, low thermal
conductivity at high temperature together with relatively high thermal
expansion coefficient, and high thermal stability of degradation-resistance [5],

[28].

Despite its excellent properties, the major shortcoming of YSZ material is the
low resistance to crack growth compared to metal implants, i.e., it behaves as a
brittle material when subjected to impacts. Depending on the fabrication
method and sintering temperature, the mechanical properties of zirconia vary
substantially (fracture toughness ~25-60 GPa, flexural strength ~ 150-250 MP3,
elastic modulus ~ 200-220 GPa).[29][30] Aiming to overcome this drawback and
driven by the demands to design restorations with a real tooth-like function,
fracture toughness and flexural strength of YSZ have been improved by
following several approaches. For example, Srigurunathan et al. [31] have
explored the benefits of doping ZrO, powder with rare-earth elements on the
mechanical and optical properties of this material for biomedical applications.
On the other hand, polymer-infiltrated-ceramic-network (PICN) materials have
emerged in recent years, inspired by glass-infiltrated ceramic [32] structures
[33]- [36]. Pioneering work developed by Li et al. [30] demonstrated an
enhanced mechanical performance improvement of polymer-infiltrated zirconia
ceramics using bisphenol A glycerolate dimethacrylate (Bis-GMA) and
tri(ethylenglycol) dimethacrylate (TEGDMA) prepared by the conventional solid-
state ceramic process. Resistance to crack extension was substantially
increased, as compared to the one exhibited by the porous zirconia ceramic
precursors. Thus, the infiltrated polymer acted as the plasticizers do in polymer

transformation, reducing the rigidity of the matrix.
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Unfortunately, ceramic computer-aided printing is easier for solid substrates
pieces than for porous scaffold designs. This is mainly due to the weight of
ceramic compounds that may lead to the bowing of filaments after the
deposition and, therefore, user dissatisfaction. To overcome these problems,
the direct-write assembly of materials with fugitive inks, developed by Lewis and
co-workers [37], [38], and nowadays commonly referred to as robocasting or
robotic direct deposition of ink filament, is a suitable option to retain both the
shape of the scaffolds during fabrication and the dimensional stability of the

ceramic filaments after the sintering process.

From all of the above-mentioned aspects, we can conclude that it is
extremely difficult to obtain porous architectures from ceramic inks with
additive manufacturing. Once the filaments are sintered at high temperatures,
they usually break or deform. In this work, we were able to prepare stable 3D
ceramic scaffolds by controlling several printer parameters (nozzle diameter,
deposition speed, ink concentration) and by adding a polymer adhesive to
reduce the stress of the scaffold filaments. For it, a strategy of zirconia surface
functionalization with 3-(trimethoxysilyl) propyl methacrylate) [39], [40], was
useful for the covalent adhesion of the biocompatible acrylate polymer. The
idea of PICN fabrication with direct polymer infiltration aims to create a dental
implant with superior properties, such as a long lifespan, mechanical properties
mimicking natural enamel and dentin to reduce mandibular bone stiffness, easy
fabrication with the possibility of personalized design, and ceramic-polymer
interface without bacterial growth and adhesion promotion. Until now, PICN
studies have been addressed with solid YSZ samples, in which porosity changes
uniquely depending on the sintering temperature and fabrication method (hot-
pressing or cold-isostatic pressing). The novelty of the present work relies on

the obtaining of a well-controlled scaffold arrangement by establishing a pre-
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fixed porosity, for the polymer infiltration, with the help of 3D-printing

advanced equipment.

The properties of the whole scaffold will depend on the piece geometry,
surface modification, and porosity, among other parameters. Furthermore,
zirconia crowns have been used as an alternative to the common gold, alumina,
and lithium disilicate crowns as well, and is due, in part, to its excellent
antimicrobial behavior compared to the formers [41], [42]. However, the
surface modification and geometry of biomaterial scaffolds will affect both the
growth and adhesion of bacteria commonly found in the oral cavity [43]. Thus,
detailed material characterization is necessary, as well as the investigation of
the influence of such aspects on its microbial activity. The success of dental

restoration therefore will be due to the success of avoiding biofilm formation.

The forecast growth of digital dentistry was calculated to be 23.2 % from
2018 to 2023, and it will represent a global market of 5.06 billion USD by 2023,

which justifies the need for more investigations in this field [14], [15], [44].

3.2 Experimental procedure
3.2.1 Materials

3Y-TZP (3 mol% yttrium- stabilized tetragonal zirconia polycrystal) with an
average particle size of 300 nm (measured by SEM) and ceramic density of 6.05
g-cm3, was provided by SEPR Saint-Gobain ZirPro under the commercial name
CY3Z-R. The theoretical value of ceramic density (CY3Z-R grades) was taken from
the technical datasheet available on the Saint-Gobain website. Pluronic® F-127
hydrogel; y-MPS (3-(trimethoxysilyl) propyl methacrylate); Bis-GMA (bisphenol
A glycerolate dimethacrylate); TEGDMA (triethylene glycol dimethacrylate) and
BPO (benzoyl peroxide, Luperox®A75,) were all provided by Sigma-Aldrich.

For antimicrobial activity assays, Gram-negative Escherichia coli (E. coli) and

Gram-positive Streptococcus salivarius (S. salivarius) bacteria lines were used.
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The other reagents employed for the bacteria culture media growth will be

described in section 3.2.4
3.2.2 3D-printed ceramic samples manufacturing

Porous zirconia structures were prepared from 25% Pluronic® F-127 hydrogel
(25% w/w of Pluronic and 75% w/v of water) and 3Y-TZP powder at a 30:70
weight ratio, respectively. They were 3D-printed by the robocasting method
(Figure 3-1a-b) at Saint-Gobain Research Provence (France),' employing a 3D
Dima Elite dispenser (Nordson Dima, Netherlands) equipped with DimaSoft
CAD/CAM software. Zirconia scaffolds were printed as 1.5 x 1.5 x 1.0 cm3cubes
with 50% infill of zirconia using an 800 um cylindrical nozzle for extrusion of
ceramic paste from a syringe (Figure 3-1b), subsequently dried for 2 days in a
chamber with a controlled relative humidity of 90%, and for 2-3 days at 45%
humidity chamber. Afterward, a two-stage sintering process at 700°C and
14509C, for 1h and 2h respectively (Figure 3-1c), was applied to obtain a stable
tetragonal composition of zirconia particles. The heating and cooling
temperature rates have been kept constant and equal to 3 2C/min. During the
sintering process ~20 % shrinkage occurs within specimens’ dimensions due to
the degradation of the Pluronic® hydrogel and ceramic compactness, as will be

discussed in the results section.

3.2.3 Dip-coating method to obtain the polymer-infiltrated ceramic networks
(PICN)

Here, for a good swelling and adhesion of the polymeric adhesive to the 3D-
printed ceramic samples composed of aligned filaments and macropores, a
simple surface modification strategy was employed: (i) activation of the zirconia

surface with a silane coupling agent, and (ii) in-situ copolymerization of

! The candidate has recieved a training and performed 3 stays (2 months) to print all the samples,
under the European project AMITIE (Marie Sktodowska Curie Grant Agreement n°734342)
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methacrylate polymer. The ceramic scaffolds were carefully cleaned by
immersion in distilled water, subsequently dipping in ethanol solvent (96%), and
drying through airflow. In parallel, a solution of y-MPS (24 mmol of liquid silane
in 100 mL of 3:1 ethanol:water volume ratio) was prepared and left under
magnetic stirring, for 1 h, for the silane hydrolysis. Afterward, the 3D-printed
zirconia samples were submerged in such solution for 1 h, removed, and left to

wring thoroughly to eliminate the excess of liquid.

For the obtaining of Bis-GMA/TEGDMA copolymer, with a molar ratio of
40:60 wt. %, covalently bonded to the 3D-printed zirconia cubes, the following
procedure is exemplified. Previously to the immersion of the samples, a viscous
solution of 39.5 wt. % Bis-GMA, 59.5 wt. % TEGDMA and 1.0 wt. % of BPO, as
initiator, was prepared. The monomers were weighed in an analytical balance.
Due to the high viscous property of Bis-GMA, the total amount of TEGMDA was
adjusted to complete 99 wt. %. The catalyst amount was maintained constant.
The whole system was stirred for 1 h at room temperature to start the
copolymerization reaction. After the radical polymerization initiation, the silane-
activated pieces were immersed for 1 h in the methacrylate viscous solution.
Then, samples were carefully removed from the solution, the excess liquid was
left to drain, and the pieces were placed in a glass petri dish, covered with
aluminum foil before being transferred to the oven. The complete
polymerization reaction was carried out by placing the samples in a JP Selecta
Vaciotem-T vacuum oven, for 10 h at 115°C (Figure 3-1d). Subsequently, the 3D-
printed PICN samples were cleaned with distilled water and ethanol before they
were used for characterization studies. Two more molar ratios of Bis-GMA and
TEGDMA were also prepared with the same procedure: 30:70 wt. % and 50:50
wt. %. For the quantification of the amount of copolymer infiltrated, the samples
were weight before and after the final process. All of the above-mentioned

compositions were characterized by FTIR and Raman spectroscopies as well as
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by thermal analysis. Finally, the 40:60 Bis-GMA/TEGDMA copolymer was further
investigated with XPS and Raman confocal analyses. In addition, bacterial

cultures were conducted to assess its antimicrobial activity.
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3.2.4  Physical-chemical characterization

In order to evaluate the chemical structure of all PICN samples, from the
silane surface functionalization to the copolymer-infiltrated samples,
spectroscopy (FTIR-ATR, micro-Raman, and XPS) and thermal analyses were
performed. Infrared absorption spectra were recorded with a Fourier
Transformation Infrared Spectrometer (FTIR) Jasco 4100, equipped with an ATR
accessory and heating accessory Heated Golden Gate Controller by SPECAC.
Spectra were obtained in a range of 4000-600 cm™ and after the accumulation

of 63 scans.

Raman spectra and 3D-mapping images of 3D-printed zirconia with
infiltrated polymer network were obtained using Renishaw’s inVia Qontor
Raman microscope and Raman Environment (Wire™) software. The
spectrometer is equipped with a Leica DM2700 M microscope for confocal
measurements and LifeTrack technology for rough and curved surfaces. The
spectra were recorded in the range of 4000-100 cm™ and with a source of 532

nm, due to the hybrid nature of the whole implant model.

The chemical structure of the y-MPS monolayer was evaluated using XPS due
to the nanometric dimensions of the film. The equipment used was a SPECS
system equipped with a high-intensity twin anode X-ray source XR50 of Mg/Al
(1253 eV/1487 eV), operating at 150 W, placed perpendicular to the analyzer
axis, and using a Phoibos 150 MCD-9 XP detector. The spectra were recorded
with a pass energy of 25 eV in 0.1 eV steps, for the survey and narrow scans, at
a pressure below 6x10-9 mbar. As the internal reference, the C 1s peak with a
binding energy of 284.8 eV was used. The atomic percentage of each element
was determined by dividing the peak area of the most intense XPS signal of each
element by the corresponding sensitivity factor and expressing it as a fraction of

the sum of all normalized peak areas. High-resolution XPS spectra were acquired
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by Gaussian/Lorentzian curve, fitting after S-shape background subtraction, for

the following elements: C 1s, O 1s, Si 2p, and Zr 3d.

The thermal analysis was performed with differential scanning calorimetry
(DSC) was carried out with Tzero technology and TA instrument Q100 to obtain
calorimetric data of Bis-GMA/TEGDMA copolymers. Experiments were
performed with heating and cooling rates of 10°C/min, under a nitrogen flow,
and with 5 mg of sample for each measurement. The equipment was calibrated
with indium. Tzero calibration required two experiments: the first was

performed without samples, while the second uses sapphire disks.

Thermal degradation was observed up to a temperature of 600°C, under a
nitrogen flow, and using a Q50 thermogravimetric analyzer (TGA) by TA
Instruments. Approximately 10 mg of the copolymer was placed into the

equipment and a heating rate of 10°C/min was applied.

The scaffold porosity (Pscaffoid) Of each sample was calculated by dividing the
scaffold’s weight (mscafrold) by the theoretical weight of a scaffold with 100% infill

(mtheoretical):

Mscaffo
Pscagfora = (1 — 22 ) x 100 (Eq. 1)

Mtheoretical

The scaffold’s theoretical weight (Mtheoretical) Was determined by a density
equation using the density of material (6.05 g/cm?3) and the volume of the
scaffold was calculated from the dimensions of the sample. Up to five mass
measurements were taken to determine the porosity of the 3D-printed zirconia
scaffold, with a 50 % of hollow structure, using a Mettler Toledo analytical

balance (maximum capacity 81/120 g, repeatability £ 0.01/0.1 mg).
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The success of polymer infiltration (I) into the pores was calculated with the

following equation:

= (M)x 100 = (%) x 100 (Eq. 2)

MPpPICN(T) PPICN(E) X VPICN

where mpicn is the weight of PICN composite and mpicn) is the theoretical weight
of PICN specimen with 100% pores infiltrated. The latter, in turn, was calculated
from the experimental density (pricn) of composite and volume (Veien) of
composite determined from dimension measurements. The experimental
density of composite (pricnig)) Was individually determined for each sample using
the density of zirconia and the density of the copolymer (1.18 g/cm3), according

to equation 3:

_ Pscaffold Pscaffold
PpicN(E) = (1 T T 100 ) X Pzirconia T 100 X Pcopolymer (Eq. 3)

The experimental density of the zirconia filaments was measured by using a
gas displacement pycnometer (Micrometrics Instrument Co., model AccuPyc
1330). The equipment determines density and volume with a pressure change
of helium atmosphere in a vial with calibrated volume. Afterward, the density is

calculated by dividing weight by the measured volume of a sample.

Morphology characterization and proper infiltration of polymer into zirconia
structure were observed by SEM using a Focused lon Beam Zeiss Neon 40
instrument, commercialized by Carl Zeiss (Germany). In order to avoid electron

discharge, samples were carbon-coated using Mitek K950 Sputter Coater before
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analysis. The accelerating voltage for obtaining morphology micrographs was 2

kV.

The side part of the copolymer infiltrated samples was appropriately
polished by hand with silica carbide sandpapers, gradually evolving from P 600
to P 2500 level of abrasion before the analysis, to obtain a smooth surface for
the observation of polymer-ceramic interface. SEM was also employed to
observe the bacterial colonies formed on the surface of PICN hybrid material,

after antibacterial activity experiments (Section 3.2.4).

Compression strength was measured while undergoing a compression test
performed by an Instron 8511 compression machine, with a maximum load of
10 kN. The implied pressure rate for the experiment was 0.5 mm/s and the
overall maximum pressure applied was ~7 kN. The results are represented as

stress-strain curves (Section 3.3.3).

3.2.5 Antibacterial activity

To evaluate the antimicrobial activity, the bacteria adhesion, and growth of
two different lines, have been investigated in the presence of zirconia 3D-
printed scaffolds, zirconia 3D-printed scaffolds with y-MPS coating, and PICN
hybrid material with a composition of 40:60 Bis-GMA/TEGDMA copolymer.
Within this context, Escherichia coli (E. coli) and Streptococcus salivarius (S.
salivarius), as Gram-negative and Gram-positive microorganisms, respectively,
were employed. The bacteria were grown aerobically in Luria-Bertani (LB) broth
culture (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH 7.2) in advance, 7 x
10° colony-forming units (CFU) per mL being seeded in 10 mL LB broth medium
after 24h. For antimicrobial assays, 7 x 10° of CFU/mL were seeded in sterile
vials containing the specimens and fresh 10 mL of LB broth. For the control
sample, bacteria were cultured in a sterile vial without the presence of any

additional material. Both sample lines, including control samples, were stored,
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and incubated for 24 h at 37°C and 90 rpm. Then, the turbidity of the solutions
was analyzed using UV absorbance, 200 pL of bacteria solution for all the
samples was placed in a 96-well plate and measured at A= 595 nm in a
microplate reader (EZ Read 400- Biochrom, UK) with ADAP 2.0 Plus Data

Analysis Software.

A similar procedure was utilized for bacteria adhesion assays. However, after
seeding the samples in fresh LB broth for 24 h, they were lightly washed with
distilled water and incubated again for 24h, before counting. The counting was
carried out by UV spectroscopy, employing the same procedure described
above. The absorbance data were then compared with the control, which was
prepared with 7 x 10° of CFU/mL seeded in sterile vials containing fresh 10 mL

of LB broth without specimens.

The results of both experiments (i.e., antimicrobial activity and adhesion) are
expressed in terms of relative cell viability to the control, and the average of 3
replicates of each type of sample was performed with both bacteria lines.
Statistical analyses were performed with a confidence level of 95% (p <0.05)

using the Student's T-test.

Confocal laser scanning microscopy (LSM), which was performed using a Carl
ZEISS LSM 800 equipment capable of performing epifluorescence techniques,
was employed to observe bacteria colored with a blue fluorescent dye (Hoechst
33342).

3.3 Results and discussion

3.3.1  3D-printing of yttrium-stabilized tetragonal zirconia ceramic with high
porosity

3D-printed cubes with controlled height, width, and length, as well as
controlled hollow structure, were successfully extruded by robocasting

manufacturing after the optimization of the printer trials (Figure 3-2a).
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Filaments were printed layer-by-layer in a perpendicular fashion, creating a grid-
like structure, with macropores (Figure 3-2b). Those macropores imparted high
porosity to the ceramic scaffold, allowing better penetration of polymeric resins
in comparison to the classical method of PICN with polymer inside micropores.
As commonly occurs, after the sintering process from 7002C to 14509C, the
samples lose about 20 % of the original printed dimensions, being the final size
of 1.2 x 1.2 x 0.8 cm>. Due to this variation in sample dimensions and scaffold
pore size, the proper ratio of Bis-GMA and TEGMA monomers was adjusted for
the full infiltration of the copolymer inside the ceramic devices. A representative
example of the PICN pieces with the copolymer film with 50:50 wt. % of Bis-
GMA/TEGDMA composition is displayed in Figure 3-2c.

Figure 3-2 (a) Photograph of 3D-printed zirconia cube with stable dimensionality and pores formation
upon drying and sintering processes. (b) SEM micrograph of zirconia filaments after printing and
sintering processes. (c) Photograph of one PICN cube with 50 wt. % filled of 40:60 Bis-GMA/TEGDMA
copolymer (gloss aspect over the filaments and inside the pores represents the copolymer coating and
filling materials). (d) Photograph of 3D-printed ceramic with Bis-GMA/TEGDMA copolymer (lateral
view).
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The major drawback of the 3D-printing process was the effective control of
the mixture viscosity, which is highly dependent on the temperature and
relative humidity of the mixture and printer rooms. By maintaining both
parameters constant, it was possible to obtain reproducible pieces. Another
relevant aspect to be taken into consideration was the printer head. Using a
nozzle of 800 um in diameter, homogenous filaments diameter (704 £ 22 pum),
pore sizes (422 + 45 um wide), and the dimensional stability of the whole piece
was reached. Despite such parameters being well controlled, the printed
ceramic samples with a 50% infill configuration had a slightly larger base than
top dimensions upon drying and sintering processes, as can be seen from the
photograph taken of one piece (Figure 3-2d, lateral view). It should be noted
that, among over 25 printed pieces, a few samples (2-3) had some irregular

edges and non-homogenous porosity. However, when using a smaller nozzle

(580 um), the dimensional integrity was completely lost (Figure 3-3).

Figure 3-3: 3D-printed ceramic samples with 50% infill of zirconia after sintering, printed by using
a printer head with tip diameter of 580 um. Photographs were obtained using a DinoLite camera.

Gravimetric measurements are the most direct method of determining the
porosity of solid materials. The experimental value for the scaffold porosity was
calculated by gravimetry, taking into account the density of zirconia after

sintering. The value found was 5.86 + 0.08 g/cm?, which represents 97 % of the
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theoretical value. The proper polymer infiltration, after the adhesive curing
reaction, was also measured by gravimetry. The free scaffold percentage
obtained was practically equivalent to that fixed in the printer setup (49.98 +
2.75 %), confirming the good control offered by the advanced printer equipment
and robocasting setup. After the polymer infiltration, it decreases substantially
and, practically all the empty space is filled by the biocompatible adhesive. The

success of polymer infiltration obtained was 87.5 + 6.6 % (Table 3-1).

Table 3-1: Porosity of 3D-printed zirconia scaffolds (Eq. 1) and 3D-printed zirconia samples with
Bis-GMA/TEGDMA copolymer infiltrated (Eq. 2)

3D-printed zirconia 3D-printed zirconia
Sample
scaffold with copolymer infiltrated
Porosity (%) (Eq. 1) Infiltration (%) (Eq. 2)
#1 48,76 96,00
#2 45,93 85,00
#3 52,82 92,27
#4 52,02 79,57
#5 50,35 84,65
Average 49,98 +2.75 87.50 £ 6.56

On contrary, such a percentage of polymer in composite materials is not
possible to find by conventional methods. For example, Li et. al. [30] obtained
34.7-46.3 % of porosity after the conventional cold isostatic pressing and
sintering process at temperatures varying from 1000 to 1150 2C. The higher the
sintering temperature, the lower porosity was recorded, and therefore, a
smaller number of pores were infiltrated. The Bis-GMA/TEGDMA copolymer
content achieved, after the infiltration, varied from 12.3% to 18.4%, suggesting
that the infiltration of such viscous copolymer is easier with bigger pores. In a
recently published review, Bobbert and Zadpoor [45] highlighted the

importance to control pore size, porosity, and fiber orientation in synthetic bone
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biomedical implants, like autografts, allografts, and xenografts. Such critical
parameters affect cell seeding efficiency, cell viability, cell proliferation, and cell
differentiation. In this work, by employing the robocasting technology, the
porosity of specimens, the pore sizes, and the ceramic filament diameter were
designed prior to the ceramic manufacture, and all those critical parameters
were conserved after sintering. We have demonstrated that the pores were
successfully filled with the methacrylate copolymer (Figure 3-2c-d) and thus, we
have obtained the PICN hybrid material. Therefore, the present work represents
an advantage and key advance concerning the state-of-art in PICN technologies.
The final properties of the resulting hybrid material are expected to be better

controlled in comparison with those obtained using conventional methods.

3.3.2 Chemical structure and adhesion of the interpenetrating-polymer
network to the 3D-printed ceramic devices

The use of silanization as a process to promote the further deposition and
covalent bonding of other layers onto metal surfaces has been extensively
reported [46]- [48]. Moreover, organosilane compounds in silica-based
ceramics have also been extensively explored and, indeed, the organic-inorganic
layer represents a good interface for the further deposition of other coatings
[39], [47], [49]. However, silanization studies on zirconia-based ceramics are
scarce and, typically, the silane content over zirconia is inferior to those
observed for glass substrates. Caravaca et al. [50] have recently reported that
the covalent bonding of 3-aminopropyldimethylethoxy silane (APDMES),
directly on the surface of zirconia (3Y-TZP), was promoted after sample surface
cleaning with cold plasma treatment. In such a study, the aim was to enhance
the stability and biointegration of zirconia with the osteoblast-like cells, as an
optimization process to obtain biologically compatible dental implants with

enhanced biointegration.

Although the adherence of methacrylate polymers is usually good (i.e., they
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have been used as the main component in adhesive applications for many years,
including dentistry adhesive bonding by photopolymerization), the failure of
adhesion has several clinical implications [51]. In the present study, silanization
of zirconia has been employed to transform the inert sintered zirconia surface
into a functionalized one, and to actuate as a coupling agent for the covalent
bonding between Bis-GMA/TEGDMA copolymer and the porous ceramic cubic
prototype to prolong the stability of the adhesive layer over time. For this
purpose, y-MPS was chosen as the coupling agent since it forms a stable
monolayer with ceramic and metal surfaces, and it is the most used
organosilane compound reported for dentistry applications [52]. The presence
of terminal carbon-carbon double-bond groups is intended to help the
copolymerization with Bis-GMA and TEGDMA monomers, during the radical

polymerization steps (Scheme 1).

CI)CHg (@]
HaCO-Si—_~ )J\T,/CH2
OCH ©
3 CHz
v-MPS
HsC CHj
i i
HQC})LO/Y\O O/Y\O)'kaHz
CHa OH OH CHs
Bis-GMA
0 CHs
HZC%O/\/O\/\O/\/O%CHE
CHj (@]
TEGDMA

Scheme 1: Chemical structures of organosilane (y-MPS) and monomers (Bis-GMA and TEGDMA) used
for the zirconia functionalization and the preparation of the infiltrated polymer network, respectively.
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The presence and successful application of y-MPS to the zirconia scaffold
were detected by XPS analyses. In order to obtain a better understanding of the
chemical bonds established after the polymerization reaction, all three modified
surfaces of PICN manufacture were analyzed: zirconia scaffolds (3D-printed
samples), zirconia scaffolds with y-MPS silane layer, and zirconia scaffolds with

silane monolayer and Bis-GMA/TEGDMA copolymer.

The survey spectra of all three types of samples are represented in Figure 3-4
where a peak representing Si 2p is clearly visible and therefore proves
silanization of the 3Y-TZP scaffold. Figure 3-5a represents the XPS high-
resolution spectra of 3D-printed zirconia sample after sintering. As it can be
seen, two main peaks of Zr—O bonds appear at 181.5 eV and 183.9 eV,
corresponding to Zr 3d 5/2 and 3d 3/2 orbitals from ZrO, structures [53].

—3Y-TZP =
: 3 = ©
-~ Silane - T
= N N
8 Copolymer ) |
.; a
= ol
3 % | /™~
= !
I
0 100 200 300 400 500 600

Binding energy (eV)

Figure 3-4: Survey XPS spectra of 3D-printed zirconia (3Y-TZP), 3D-printed zirconia with y-MPS silane
monolayer (silane) and 3D-printed zirconia/y-MPS/Bis-GMA/TEGDMA (copolymer).

A great difference in the Zr 3d binding energies was observed for samples
with the y-MPS layer (Figure 3-5b), which exhibited a shift of +1.13 eV with

respect to the pure 3Y-TZP that was attributed to the creation of new Zr—O-Si
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bonds on the ceramic surface [54]. The Si 2p and O 1s XPS high-resolution
spectra confirm the well-established covalent linkages of Zr—O—-Si in the ceramic-
silane interface and the Si—C in the interface of silane-copolymer (Figure 3-5).
Figure 3-5c represents the binding energies for the 3D-printed sample with
silane coating, where the peak at 99.1 eV was attributed to Zr—O-Si bonds [54],
and the peak at 102.4 eV was assigned to Si—0O-Si, which corresponds to the core
of y-MPS molecules [50], [55]. The detection of Si—-O-Si bonds, with higher
intensities than those of Zr—O-Si linkages, suggest that an organosilane network

is formed on the surface of the 3D-printed zirconia.

For the copolymer infiltrated sample (PICN), the two peaks obtained for Si 2p
orbitals (Figure 3-5d) represent uniquely the linkages of y-MPS with Bis-
GMA/TEGDMA structure (Si-C, 104.0 eV) [56], and silane network (Si—O-Si,
102.0 eV) [50], [57]. Si—C peak is quite wide and cannot be distinguished, in case
it also covers other Si—O bonds (for example, Si-OH or Si—O—C from hydrolyzed
and methylated silane, respectively). Moreover, atomic concentration data
(Table 3-2) show that the amount of silane detected for the hybrid ceramic-resin
sample (PICN scaffolds) is significantly lower than the amount detected over

zirconia functionalized with y-MPS silane layer (1.15 % and 9.18 %), respectively.
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Table 3-2: Atomic concentrations of elements analyzed by XPS for 3D-printed zirconia, 3D-printed
zirconia with y-MPS silane monolayer; and 3D-printed zirconia/y-MPS/Bis-GMA/TEGDMA
copolymer.

Sample Element Atomic percentage (%)

C1ls 36.43

3D-printed zirconia scaffolds O1s 42.78
Zr 3d 20.78

Cls 50.89

3D-printed zirconia scaffolds O1ls 36.85
with y-MPS Zr 3d 3.08

Si 2p 9.18

C1ls 82.57

3D-printed zirconia scaffolds
with Bis-GMA/TEGDMA O1s 15.56

copolymer infiltrated
Si 2p 1.15

The establishment of Zr—O-Si linkages on silanized 3D-printed zirconia
samples can also be explained when evaluating the O 1s orbital. The pristine
sample showed O 1s deconvoluted peaks at 527.5 eV, 529.1 eV, and 530.5 eV,
which are mainly associated with Y-0, Zr—O, and O-H bonds, respectively
(Figure 3-5g). After silanization, the intensity of the peaks associated with the
Zr-0, and O—-H bonds (529.1 eV and 530.3 eV, respectively) decreases and a new
linkage related to Si—O-Si siloxane bonds appears at 531.4 eV (Figure 3-5) [58].
The PICN surface presents a little variation on the O1s neighborhood, where a
much higher contribution of C—-0—C/0-H, C—0/C=0 bonds (532.6 eV, Figure
3-5i), belonging to the methacrylate copolymer (Bis-GMA/TEGDMA) coating,
was achieved and less Si—-O—C bonds were detected [59] Figure 3-5e,f represent
the C 1s spectra of silanized and PICN samples. The silanized sample (Figure
3-5e) displays four main peaks at 282.1, 284.5, 286.6, and 288.6 eV, which have

been attributed to the Si—C bond from the silanization, and the C-C, C-0, and
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C=0 bonds of y-MPS molecule [60], [61], respectively. For the Bis-GMA/TEGDMA
infiltrated sample (Figure 3-5f), the C 1s spectrum deconvolution is similar to
that of the silanized sample, showing four peaks at 283.2 eV (Si—C), 284.5 (C-C),
286.1 (C-0), 288.5 (C=0), in accordance to previous reports [62], [63]. Small
differences are observed in the relative intensities of the peaks detected for the
PICN with respect to that of the silanized samples. Thus, the relative intensity
for peaks associated with Si—C, and C—C bonds are slightly lower for the former
sample than for the latter one, while the opposite effect occurs for the peak of
the C-0 bonds originating from the copolymer. In a conclusion, the correlation
among high-resolution spectra of Zr 3d, Si 2p and O 1s proves that y-MPS is
adhered to the zirconia surface, actuating as a coupling agent for the adhesion
of the methacrylate copolymer resin. The survey spectrum for each sample is
shown in Figure 3-4 and Table 3-2 lists the atomic percentage of Zr 3d, Si 2p, O

1s, and Cl1s atoms.
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Figure 3-5: XPS high-resolution spectra of: (a, b) Zr 3d; (c, d) Si 2p; (e, f) C 1s; and (g-i) O 1s. Samples

identification: 3D-printed zirconia platforms (a, e); 3D-printed zirconia with y-MPS silane monolayer
(b, ¢, f); and PICN scaffolds (d, g).
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The copolymer adhesion was investigated by Raman and SEM analyses. For
this characterization, the 40:60 Bis-GMA/TEGDMA ratio was chosen as the most
suitable proportion for the zirconia pore infiltration. Figure 3-6a shows a 3D map
of the PICN side zone after cutting and polishing it until a satisfying surface
finishing was reached. The Raman image identifies the main regions in the cubic
section of the sample with a 40:60 Bis-GMA/TEGDMA copolymer. It clearly
evidences the infiltration of the polymer inside of the pores. As it can be seen,
the mapping analysis enables discrimination between the different components
of the hybrid material according to their nature. The red color represents the
copolymer, while the green color shows the single filaments of a 3D-printed
structure. Raman mapping analysis allowed the identification of the main
absorption bands of the 40:60 Bis-GMA/TEGDMA copolymer and the 3Y-TZP
zirconia scaffold is displayed in Figures 3-6b and 3-6¢, respectively. The Raman
shift of the copolymer was previously reported [61], and the main absorption
bands are associated with C=C, C=0, =C-H, and C-H groups. Furthermore, 3Y-TZP
absorption bands from 100 to 1100 cm?™ correspond to the standard
representation of sintered 3Y-TZP zirconia reported in the literature [64], [65].
The 3Y-TZP sintered samples showed to adopt mostly the tetragonal phase with
characteristic sharp bands of the different Raman modes at approximately 145,
263, 320, 465, 612, and 643 cm™ (Figure 3-6¢). Further characterization of the
other copolymer ratios studied in the present work is described below and the

results correspond with the previous report on the material [66].
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Figure 3-6: (a) Confocal 3D mapping of copolymer-infiltrated cubic sample (in green, are visible
zirconia filaments and in red the copolymer inside of the pores). Raman spectra of: (b) the 40:60 Bis-
GMA/TEGDMA copolymer, and (c) the 3Y-TZP zirconia structure.

Figure 3-7 represents the FTIR spectra of different Bis-GMA/TEGDMA
copolymer ratios (50:50, 40:60, and 30:70) tested for the infiltration of ceramic
scaffolds. Comparison of such spectra allows a better understanding of
copolymerization reaction and composition reached for each ratio. The wide
peaks at 3444 cm™ and 2920 cm™ correspond to the hydroxyl groups and C-H
stretching, respectively, from aromatic rings of the Bis-GMA monomer. The
broad peak at 2920 cm™ also includes methylene and methyl groups of the
copolymer. The 1714 cm™ absorption band is attributed to the carbonyl group
from ester linkages in the Bis-GMA and TEGDMA monomers. The peaks at ~1634
cm?, which belong to aliphatic C=C double bonds, indicate the success of the
copolymerization reaction. Aromatic double C=C bonds attributed to the Bis-
GMA monomer are represented by a peak at 1507 cm™. The multiple peaks at
1294, 1244, and 1162 cm™ represent the C-O stretching bands from ether
linkages on TEGDMA units [60].
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Figure 3-7: FTIR spectra of three copolymers prepared using different monomer ratios. The functional
groups associated to the Bis-GMA and TEGDMA units depend on the copolymer ratio.

These findings are also supported by the Raman spectra, which are shown in
Figure 3-8. As discussed above for FTIR spectra, the intensity of the aliphatic C=C
double bond at 1637 cm™ increases with the amount of Bis-GMA in the
copolymer. The intensity of the peak at 2931 cm™ also increases with the
amount of Bis-GMA in the copolymer. Thus, the latter absorption band is
associated with the methyl groups, as the Bis-GMA monomer has twice as many

CHs groups in comparison to the TEGDMA unit. The detected functional groups

correspond and are consistent with previous studies.[61] [62]
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Figure 3-8: Raman spectra of Bis-GMA/TEGDMA copolymers prepared using 30:70, 40:60 and 50:50
ratios. The spectra show visible differences, depending on monomers ratios.

The behavior of the copolymer with temperature was examined using
differential scanning calorimetry. Figure 3-9a indicates that, although the Tg of
all copolymers is approximately -60 °C, this parameter experiences a slight
increase with the amount of Bis-GMA. This has been attributed to the mobility
of the latter monomer, which is lower than that of TEGDMA. This low mobility
of Bis-GMA is caused by the presence of two benzene rings and multiple
hydrogen bonds, the latter promoting the formation of strong intermolecular

forces among the molecules.[63]

Thermogravimetric analysis in Figure 3-9b clearly shows a two-step
degradation. The first degradation weight loss, which occurs at 311 °C is
assigned to a non-homogenous network and, possibly, the formation of primary
cycles. This is followed by the second step at 395 °C, in which the main

copolymer network broke down.[67] The copolymer is completely degraded at

108



Chapter 3

600 °C. The two decomposition steps were very similar for all copolymer ratios,

evidencing that monomers have reacted in the proper way.[60]
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Figure 3-9: (a) DSC and (b) TGA curves for the copolymers prepared using three Bis-GMA/TEGDMA
copolymer ratios.

As mentioned before, the main aim of this work was to achieve successful
infiltration of the ceramic scaffold with methacrylate resin to obtain stable
structures for future dental applications. As well known, dental implants
manufactured with ceramic material are generally considered to be hard and
brittle in nature [29]. Ceramics can be toughened by reinforcement with other
materials [68], [69]. The polymer adhesive is intended to toughen the porous
zirconia scaffold by reinforcing its filaments and amortizing the impact or

tensions generated over the long time-implanted prosthesis.

SEM micrographs displayed in Figure 3-10 demonstrate the properly
infiltrated pores (Figure 3-10a) and the excellent adhesion in copolymer-zirconia
interfaces (Figure 3-10b). The lack of gaps or vacancies at the interface points
(Figure 3-10b) is observed, even after mechanical manipulation of the sample
(cutting and polishing treatment). This result supports our strategy of
silanization and further Bis-GMA/TEGDMA deposition for the preparation of the

PICN devices, in terms of two-stage synthesis and without additional surface
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activation. The proposed strategy represents an easy method to reinforce

hollow 3D-printed zirconia scaffolds.

Figure 3-10: SEM micrographs of PICN samples, proving the adhesion and infiltration of pores by Bis-
GMA/TEGDMA deposition after silanization: a) low magnification image of two infiltrated pores; and
b) high magnification image of the polymer-ceramic interface.

3.3.3 Compression test

As the mechanical performance of a dental implant is an important aspect of
a material design, the compression strength of the specimen was measured. The
compression strength of zirconia scaffolds was compared with the PICN sample
and with a sample printed with 100% infill of zirconia filaments. The behavior of
specimens, while undergoing compression was recorded in the means of stress-
strain curves, which are displayed in Figure 3-11. Due to the morphology of the
3D-printed cubic samples, it was not possible to obtain homogeneous height
curves. Therefore, the data were recorded until a breakage or load limit of ~7
kN. There is a significant difference between the three samples, as can be seen
by the photographs of pieces after being broken under pressure load (Figure
3-11, inset). In the case of zirconia scaffold without polymer infiltrated (Figure
3-11, blue curve), the cube loses its mechanical integrity at only 2.1 % of
elongation at break (&) and the strength resistance diminishes. On the other
hand, in the case of PICN samples, it resisted to start breaking until 3 % of ¢,
whereas the pieces resist the stress force applied (Figure 3-11, red curve). The

drops along
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the curve show breakage of small parts of the PICN sample, especially in corners,
but the core of the infiltrated sample stays undamaged even at 7 kN. This fact
demonstrates that the mechanical properties can be compared with samples

with 100% infill cubic structure (Figure 3-11, green curve).
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Figure 3-11: Stress-strain curves obtained after the compression test, at 0.5 mm/s of pressure rate,
for the 3D-printed zirconia scaffold, 3D-printed zirconia with copolymer infiltrated (PICN sample), and
3D-printed cube with 100 % infill of zirconia filaments. Insets: photographs taken after the pieces
ruptures or until reaching the pressure force of 7 kN.

3.3.4  Antimicrobial activity of PICN devices

In this study, we are combining three different materials: a zirconia
substrate, an organic-inorganic anchoring molecule, and a copolymer adhesive.
Each one has different surface properties and different behavior over bacteria
proliferation. The organosilane compound is supposed to not be in direct
contact with saliva, therefore, its bacterial property is of less importance.
However, with time, saliva can penetrate the abutment of zirconia and reach
the titanium screw implants under the zirconia abutment. Streptococcus
salivarius is one of the microorganisms present in saliva and responsible for

dental caries [70], whereas Escherichia coli is the most commonly used type of
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Gram-negative bacterial line and is considered a model organism in
microbiological studies [71]. Such microorganisms were chosen to evaluate the

bacterial activity on the new material.

Therefore, to ensure the possible application of the new composite in the
biomedical field, the antimicrobial activity and bacteria adhesion of all stages of
the composite preparation were tested. Figure 3-12 summarizes the
antimicrobial behaviour of each sample. The control, which was the same as for
the proliferation or adhesion tests, consisted of bacteria seeded in sterile vials
(i.e., without additional materials) using optimal conditions for promoting their
growth. As expected, zirconia scaffolds showed lower bacterial growth than the
control (Figure 3-12a), due to their inert structure, as previously reported by El-
Ghany and Sherief [72]. On the other hand, 3D-printed scaffolds with y-MPS
silane monolayer and PICN samples did not experience significant changes after
24 h of bacteria incubation. However, the S. salivarius bacteria colonies rose
slightly on this hydrophilic surface compared to the E. coli organisms and the
control (Figure 3-12a), showing a preference for this compound. On other hand,
the error deviation is also high in S. salivarius, suggesting that such results
should be taken carefully [52]. The 3D-printed structures with infiltrated
polymer showed similar relative viability of bacteria growth in either S. salivarius

or E. coli media.
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Figure 3-12: Antimicrobial activity of composites tested with E. coli and S salivarius bacterial lines for
plane zirconia scaffolds (marked as Zirconia), scaffolds coated with y-MPS (marked as Silane) and PICN
scaffolds (marked as Copolymer): a) bacterial growth and b) bacterial adhesion, both recorded after
24h. Results marked with stars are confidence level where p <0.05, using the Student's T-test.

On contrary, E. coli proliferation is higher in silane and copolymer surfaces
than S. salivarius microorganisms (Figure 3-12b). It was also evidenced in the
SEM images (Figure 3-13 and Figure 3-14). Bacteria growth is favored by the
media, whereas bacteria adhesion depends on several factors: surface
roughness, material hydrophilicity, presence of charges, superficial tension, and

others.

In general, the bacteria proliferation on the surface of any of the studied

samples was found to be limited, the lowest values being obtained for the 3D-
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printed zirconia substrate with Bis-GMA/TEGDMA copolymer coating (78.5+ 1.3

% and 61.6 = 5.2 % in E. coli and S. salivarius, respectively).

In the case of the zirconia scaffolds alone, the antimicrobial behaviour
observed from growth and adhesion tests was similar [72]. However, the S.
salivarius proliferation increases in 24 h due to the preference of such
microorganisms for rough surfaces. The roughest surface of zirconia filaments
(Figure 3-2b) usually promotes microorganism adhesion compared to polymer
smooth surfaces. After zirconia filaments covering with the copolymer, such
proliferation decreases (Figure 3-12b), proving that filaments are well coated by

the copolymer.

Figure 3-13: SEM micrographs of E. coli colony at the surface of PICN sample: a) overview of filaments
and pores covered by copolymer (low magnification, x100), b) higher magnification of image a)
(x250), c) microorganism growth on zirconia filaments (x10000), and d) microorganism growth on
scaffold pores (x50000). The red circle in image c) shows one example of bacteria inside filament
micropores.
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Careful evaluation of the copolymer samples allowed discrimination
between E. coli and S. salivarius, the former showing a slightly higher adhesion
of E. coli bacteria than the latter. SEM micrographs of E. coli bacteria attached
to the surface of the composite (Figure 3-13a-d) reveal that the copolymer
forms a small valley between the filaments in which the colonies of bacteria are
mostly accumulated. Another important observation is that bacteria can
proliferate inside some of the superficial micropores of the zirconia filaments,
supposedly not fully covered by the adhesive (Figure 3-13c, circle inside),
making difficult their removal. If SEM micrographs at low magnification, from
filaments and pores covered by the adhesive and incubated in E. coli and S.
salivarius, respectively, are compared (Figure 3-13b and Figure 3-14b), big

colonies are mostly observed inside valleys.

Figure 3-14: SEM micrographs of S. salivarius colony at the surface of PICN sample: a) overview of
filaments and pores covered by copolymer (low magnification, x100), b) higher magnification of image
a) (x250), c) microorganism growth on zirconia filaments (x5000), and d) microorganism growth on
scaffold pores (x15000).
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Thus, SEM images prove that the topography of the samples has a
remarkable influence on bacteria proliferation. Our results demonstrate that
the antimicrobial properties of 3Y-TZP infiltrated with Bis-GMA/TEGDMA are
similar to those of pure zirconia, which make it a suitable hybrid material for the
medical field [50], [73]. Studies on cell proliferation and cell adhesion, with
osteoblast MG-63 cells, to observe the biocompatibility of the new system will

be presented in the next Chapter.

3.4 Conclusions

In this work, the feasibility of fabrication of dimensionally stable and highly
porous zirconia scaffolds (50 % of voids) by combining two technologies,
robocasting manufacturing, and polymer-infiltrated ceramic network, has been
proved. The use of a high-tech 3D-printer, with precise control over the ink paste
deposition, was the key to the success achieved with cubic geometry processing
and stability, containing 49.98 + 2.75 % of pores among ceramic filaments. After
the sintering step, a reduction of only 20 % of the original printed dimensions,
with no mismatch in the compactness of the ZrO, filaments was observed by

digital images.

Another successful strategy was to promote the adhesion of Bis-
GMA/TEGDMA copolymer (40:60 ratio) by the previous functionalization of the
3Y-TZP filaments with y-MPS organosilane compound. The pores of the 3D-
printed scaffolds were almost completely filled, obtaining an infiltration density
of 87.50 £ 6.56 %, which is not possible to reach with conventional ceramic
production methods. The filaments are well impregnated by the copolymer, as
checked by optical and SEM analyses, and the polymer infiltrated scaffold is
more resistant to filament rupture if compared to the non-infiltrated one, as
demonstrated by the compression test. The scaffold architecture plays an

important role in bacteria adhesion and proliferation. The novel zirconia
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scaffolds prepared using polymer-infiltrated ceramic network and 3D-printing

technologies exhibit antimicrobial properties similar to that of 3Y-TZP, as has

been demonstrated by the adhesion and proliferation tests with E. coli and S.

salivarius bacteria. This study is the preliminary approach to exploring the cell

viability and mechanical properties of the new scaffold composite for dental

implants. Therefore, this second part of the project will be presented in the next

Chapter.
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Abstract

This chapter focuses on further characterization of polymer-infiltrated ceramic
networks as a material for dental application. Materials designed for such
applications need to resist fracture while they undergo extreme forces, not
forgetting the hostile environment of the oral cavity. In the following chapter 3D-
printed porous zirconia scaffolds with 50% infill were infiltrated with Bis-
GMA/TEGDMA copolymer. The proper scaffold deposition and morphology of
samples with 50% zirconia infill were studied by means of X-ray computed
microtomography and scanning electron microscopy. Mechanical properties of
prepared PICNs were observed under compression test and compared to unfilled
scaffolds as well as to 100% infill samples with the help of an Infrared Vic 2D™
camera. The microtomography proved the homogeneous distribution of pores
throughout the whole sample, whereas the presence of the biocompatible
copolymer among the ceramic filaments, resulting in a safety “damper”, preventing
crack propagation and securing the desired material flexibility, as observed by the
infrared camera in real-time. Moreover, the biocompatibility of the composite
material was ascertained with MG-63 cell viability assay. The results of this study
represent a challenge for future dental implant applications, demonstrating that it
is possible to combine the fast robocasting of ceramic paste and covalent bonding

of polymer adhesive for hybrid material stabilization.
This chapter was adapted from the following publication: I'. Hodasova, C. Aleman, L.
J. del Valle, L. Llanes, G. Fargas, and E. Armelin, “3D-printed polymer-infiltrated ceramic

network with biocompatible adhesive to potentiate dental implant applications,”
Materials, vol. 14, no. 19, pp. 1-14, 2021, doi: 10.3390/ma14195513
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4.1 Introduction

Nowadays, the most important metal used in dental implants and jaw fixation is
titanium [1]. Per-Ingvar Branemark, a Sweden physician and research professor,
successfully integrated a titanium screw into a human subject in 1965, changing the
dental landscape [2]. Since then, several materials have been investigated and not
only pure metals were explored but also metals, ceramics modified with
biocompatible coatings, and polymers. Some examples include calcium phosphate
and hydroxyapatite (HA) [3]-[6]; some metal alloys, such as nickel-titanium (NiTi),
stainless steel, and Vitallium (a cobalt-chrome alloy composed of 65% Co, 30% Cr,
and 5% Mo) [7]; ceramic cements like alumina (Al>O3), spinel (MgAl,O4) and zirconia
(zrOy) [4]; and polymers such as sulfonated poly(ether-ether-ketone) (PEEK),
poly(methylmethacrylate) (PMMA), and polylactic acid (PLA) [8]-[11].

Zirconia (ZrO;) was first reported as being used in dental implantation surgery in
1975 when Cranin and co-workers employed zirconia and alumina (Al,Os) to coat
Vitallium alloy [7]. Many decades later, several studies revealed some important
advantages of zirconia concerning materials, for example, minimal local or systemic
adverse reactions, biocompatibility with bone and soft tissues, excellent tissue
response, and superior esthetic appearance, among others [12]-[15]. Zirconia has
excellent mechanical and esthetic properties for orthodontic restorations, such as
tooth-like natural coloration and it is suitable for the fabrication of single crowns,
fixed partial dentures, and implant abutments in the dentistry field. However, the
two most important drawbacks involved with this type of ceramic, from a clinical
point of view, are chipping fractures and spontaneous failure caused by accelerated
aging (known as low-temperature degradation) [16]-[20], as previously stated in the

Introduction chapter.

From ancestral civilizations to the present day [1], there has been a continuous

search for the best biomaterial for dental implants and orthodontic tools for oral
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cavity and jaw fixation. For example, Schiinemann et al. [15] have recently discussed
the relevance of the correct ceramic surface modification to enhance
osseointegration properties. Satisfactory bone-to-implant contact (BIC) values and
a substantial reduction in bacterial biofilm adhesion were found in machined
zirconia implants when compared to titanium ones. Moreover, it was reported that
zirconia-based implants with bioactive coatings, such as calcium phosphate
ceramics and bioactive glasses, can speed up the osseointegration process for both

zirconia and titanium implants.

Currently, zirconia restorations are manufactured by either soft- or hard-milling
processes. However, nowadays, additive manufacturing is at the top of the most
important fabrication methods for the fast production and reproducibility of pieces
[21]-[23]. 3D-printing technology permits facile assembly and, depending on the
scaffold configuration, it can also be used to control the mechanical stability of the
pieces by combining different materials (ceramic—polymer, ceramic—metal, metal-

polymer) and different geometries [24]—[26].

While advancements in 3D-printing technology have increased the effectiveness
of dental prototype fabrication, the desired final property of the material itself is
still the key aspect setting the limitations of the fabrication process. Fortunately, we
were able to create—following a robocasting route—a new polymer-infiltrated
ceramic network (PICN) with 50% infill of solid yttria-stabilized tetragonal zirconia
(3Y-TZP) filaments and 50% of macropores filled with methacrylate polymer, in a
cubic geometry, a detailed description can be found in Chapter 3 [27]. The work
demonstrated that different architectures can be explored, combining the
robocasting process and the direct interfacing of biocompatible polymer adhesives
inside ceramic dental implants. This approach should allow the reduction in Young’s
modulus of zirconia (~200 GPa) to values closer to dentin (20-25 GPa) [28]-[30],
without the loss of adaptive modulation to teeth [31]. Therefore, the present work

aims to investigate the morphology, crystalline structure changes, and hardness of
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PICN after 3D-printing fabrication more in-depth, as well as the biocompatibility of

the system when in contact with human cells.

4.2 Materials and Methods
4.2.1 Materials

Zirconia powder was provided by SEPR Saint-Gobain ZirPro under the commercial
name CY3Z-R, (Le Pontet Cedex, France). It consists of 3 mol% yttria-stabilized
tetragonal zirconia polycrystal (hereafter denoted as 3Y-TZP), with a particle size of
about 300 nm. The ceramic density is 6.05 g-cm™, after the sintering process.
Pluronic® F-127 hydrogel (25% w/v); y-MPS (3-(trimethoxysilyl)propyl
methacrylate); Bis-GMA (bisphenol A glycerolate dimethacrylate); TEGDMA
(triethylene glycol dimethacrylate) and BPO (benzoyl peroxide, Luperox®A75) were
all supplied by Sigma-Aldrich (Madrid, Spain) and were used to prepare the polymer-

modified pieces.

4.2.2 Preparation of 3D-Printed Cubic Samples, Ceramic Functionalization, and
Copolymer Covalent Deposition

The detailed procedure for scaffold fabrication, printer model, polymer
infiltration, drying processes, and weight ratios of each system was reported in
Chapter 3.2 and will not be repeated here. The hybrid material thus produced
received the name PICN, as previously indicated. The whole process was illustrated

in Figure 3-1 (Chapter 3).

4.2.3 Scaffold Characterization

In Chapter 3, section 3.3.4. we already described the equipment and methods
used for the characterization of chemical structures of both, the ceramic component
and the copolymer adhesive. In this section, the most relevant methods are related
to the crystallinity and morphology of the 3Y-TZP structure, the PICN micro-

morphology, and compression tests to evaluate the mechanism of failure.
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The crystalline structure of 3Y-TZP was investigated by means of X-ray diffraction
(XRD). The equipment used was a Bruker D8-Discover diffractometer (Billerica, MA,
USA) with a vertical goniometer (Bragg-Brentano configuration 0-20), XYZ-
motorized stage mounted on a sample holder, and provided with a PSD Lynx-Eye
detector. The data were collected in the 26 range from 10° to 80° with an angular
step of 0.02° at 1 s per step and a fixed incidence angle of 1°. Cu Ka. radiation was
obtained from a Cu X-ray tube operated at 40 kV and 40 mA. The average crystal

size was estimated using the Debye-Scherrer equation:
t = KA/B cos OB (1)

where t is the size of the crystalline domains, K is a dimensionless shape factor
(default value = 0.9 when using a Cu Ko source), A is the X-ray wavelength (0.15417
nm), B is the line broadening at half of the maximum intensity, and 6B is the Bragg

angle for tetragonal and monoclinic diffraction peaks.

The topography of zirconia filaments and grain size were investigated using
scanning electron microscopy (SEM). The study was carried out using a focused-ion-
beam Zeiss Neon 40 scanning electron microscope (Carl Zeiss, Oberkochen,
Germany) and equipped with an energy-dispersive X-ray (EDX) spectroscopy system.
Secondary electrons detector (SE) was employed to study the topography of the
surfaces and an immersion lens detector (InLens) was preferred for high lateral
resolution. The scanning was carried out at 5 kV. The samples were mounted on a
double-sided adhesive carbon disc and sputter-coated with a thin layer of carbon to

prevent sample charging problems.

The structure, pore distribution, and overall architecture of zirconia 3D-printed
scaffolds (50% infill) were analyzed with an X-ray computed microtomography
(micro-CT) Skyscan 1272 by Bruker (Kontich, Belgium). The measurement was

performed at a source voltage of 100 keV and a current of 100 pA, with an isotropic
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pixel size of 4.6 um. The analysis and the scan stacking were performed with Nrecon

and CTAn software from Bruker.

The Vickers hardness of the empty 3Y-TZP scaffold and the copolymer-infiltrated
composite were obtained using a DuraScan 10 G5 unit by Emco-Test (Kuchl, Austria).
Abraded 3D-printed samples were used, with and without infiltrated copolymer. The
hardness imprint was made on the filament area of each sample using an applied

load of 7 kN; thus, the data measured are reported as HV10.

The failure mode of the 50% infill 3D scaffold, 100% infill 3D scaffold, and polymer
infiltrated 3D scaffold under pressure was observed with an Infrared Vic 2D™
camera and analyzed with Vic 2D software from Correlated Solutions, Inc. (Irmo, SC,
USA). Vic-2D software uses optimized algorithms to provide full-field displacement
and strain data for mechanical testing on planar samples. Definite in-plane
movement can be determined for every point within the measurement surface, as
well as by using the Lagrangian strain tensor. For this analysis, the samples were
abraded to attain straight sides that were exposed to the camera recording.
Compression tests were conducted using an Instron 8511 universal testing machine,
under a displacement rate of 0.1 mm/s. As a result, the high-stress areas and crack
propagation were recorded in real-time until the sample cracked or until a maximum

applied force of 7 kN was reached.

The chemical composition of the adhesive was investigated by infrared
spectroscopy. The infrared spectra of Bis-GMA/TEGDMA copolymer and pure
monomers were measured with an FTIR 4700 Jasco spectrophotometer (Madrid,
Spain). The equipment is coupled to an attenuated total reflection (ATR) accessory
(Specac model MKII Golden Gate Heated Single Reflection Diamond ATR). For this,
32 scan accumulations and a resolution of 8 cm™ were chosen for spectra
acquisition in the wavenumber range from 4000 cm™ to 600 cm™. The spectra are

reported as a percentage of transmittance versus wavenumber.
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4.2.4 Human Cells Adhesion and Proliferation

MG-63 cells (derived from human osteosarcoma; ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM). It contains 4500 mg/L of glucose, 110
mg/L of sodium pyruvate, and 2 mM of L-glutamine, complemented with 10% fetal
bovine serum (FBS); 50 U/cm? penicillin, 50 mg/mL streptomycin, and L-glutamine 2
mM at 37 °C, in a 10% humidified atmosphere with CO, and air in the proportion of
5% and 95%, respectively. Culture media were changed every two days, as standard
protocol. For the sub-culture, cell monolayers were rinsed with PBS solution
(phosphate buffer saline) and detached by incubating them with 2 mL TrypLETM
(Gibco, Amarillo, TX, USA) for 2—5 min at 37 °C. The incubation was stopped by re-
suspending in 5 mL of fresh medium. For cell counting, a Neubauer camera and a

dye (trypan blue, 4%) were employed.

3D scaffolds were placed in 12-well tissue culture plates and sterilized by
exposure to UV light for 15 min for each side of the cube. A culture medium (4 mL)
was added to each well to cover the scaffolds. Then, 100 uL containing 2 x 10*
cells/well to rate cell adhesion, and 5 x 10* cells/well for a cell proliferation assay,
were seeded in each well. The plates were incubated for 24 h to check the cellular
adhesion and, further, for 7 days to determine the cell proliferation. In parallel, the

control was performed in each without any scaffold.

The percentage of cells adhered (after 24 h) and proliferated (after 7 days) was
determined through an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay [32]. The procedure consisted of washing each well per triplicate
with PBS and adding 4 mL of culture medium to each well. Afterward, 200 pL of MTT
(3 mg/mL) were also added and incubated for 4 h. Then, the samples were washed
again (twice) with PBS and the specimens were deposited in a new plate. Finally, 2
mL of dimethyl sulfoxide (DMSO) were subsequently added to each well to measure

the absorbance (570 nm) in a microplate reader (Biochrom EZ-Read 400, Fisher
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Scientific, Madrid, Spain), after 15 min of gentle stirring. Three replicates were
evaluated, and the corresponding values were averaged for its plot representation;
statistical analysis was performed by ANOVA software, followed by the Tukey test

(OriginPro v8).

4.3 Results and Discussion
4.3.1 Hybrid Material Characterization

The fabrication of dense and geometrically complex ceramic structures through
3D-printing technology by using polymer-derived ceramic precursors is relatively
easy with 100% infill of ceramic deposition. However, the preparation of 3D-printed
highly porous structures is rather difficult, due to the sample deformation.
Considering that the objective of this study was the development of a hybrid
material intended for dental applications, the most important properties to be
evaluated for the new PICN material are the mechanical resistance and
osseointegration via a cell viability test. The first property will be affected by the
piece’s geometry, the proper infiltration of polymer adhesive to create the PICN
structure, and the crystal structure of the zirconia filaments after the robocasting
and sintering processes. In this regard, the geometry was fixed to have the maximum
percentage of macropores as possible without the loss of the CAD/CAM 3D cubic
design, characterized by a layer-by-layer zigzag filament deposition and the number
of layers being 10 (Figure 4-1, inset image). Proper polymer infiltration has been

discussed in depth in the previous Chapter 3.3.1-3.3.2.

It is well known that the monoclinic and cubic phases of zirconia are less
mechanically stable than the tetragonal ones, and that phase changes are usually
observed after aging, hydration, or temperature increase [33]-[35]. The XRD
spectrum of the 3D-printed material shows typical changes that have been reported
in the literature [25]. After the robocasting and sintering processes, both tetragonal

and monoclinic phases coexist. However, in this study, the comparison of spectra

136



Chapter 4

from the powder and the 3D-printed piece (Figure 4-1) indicates that the tetragonal
phase is predominant, whereas the monoclinic one decreases substantially [34].
Moreover, a lack of broadening of the (111) peak confirms that there is no
overlapping with other phases (e.g., the rhombohedral one). Similarly, the (002) and
(200) peaks at 34.8° and 35.3°, associated with the tetragonal phase, have
converged into pure tetragonal phases when compared to the spectrum of the
powder. This further indicates that this phase is concentrated in regions of less than
1 um from the surface; it should be noted that, for an incidence angle of 1° with Cu
Ka radiation, the penetration depth is ~0.3 um. The XRD peaks of the sintered 3D-
printed body were indexed against the standard reflection pattern of tetragonal (t-

ZrO,; JCPDS #50-1089) and monoclinic (m-ZrO,; JCPDS #37-1484) zirconia.

(101) t
(202) m + t

(220) m + t

4--(11]) m

Intensity (a.u.)
-+---(111)m

-——-L(110)m

20 25 30 35 40 45 50 55 60 65 70 75 80

20 (deg.)

Figure 4-1: XRD spectra with an incident angle of 1° of: (a) 3Y-TZP powder and (b) 3D-printed sample,
after the robocasting and sintering process, up to 700 °C and 1450 °C. The inset represents the cubic
geometry designed by layer-by-layer zigzag filament deposition to create macropores for further
copolymer infiltration.
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The crystalline size of the tetragonal lattice was found to be 35 nm and 51 nm,
before and after robocasting, respectively (Table 4-1). From these data, it is clear
that the tetragonal structure is formed after the rearrangement of monoclinic
nanocrystallites. The size of these nanocrystals tends to be slightly higher in the case

of the 3D-printed samples than in the case of the powder ones.

Table 4-1: Application of the Debey—Scherrer (equation 1) for 3Y-TZP powder and 3D-printed

zirconia cubes.

Sample Phase 20 Cos(@®) B(rad) t(nm)
Monoclinic 28 0.970 0.005 28
3Y-TZP powder
Tetragonal 30 0.966 0.004 35
Monoclinic - - - -
3D-printed
Tetragonal 30 0.966 0.003 51

The computed tomography technique (commonly referred to as micro-CT)
allowed 3D- and 2D-investigations of the marginal and internal gaps produced by
the computer-aided manufacturing of zirconia scaffolds, within the range of a few
micrometers (Figure 4-2). The ceramic scaffold obtained was found to be very stable,
even though 50% of the volume of the cubic pieces—generated through robocasting
of ten zig-zag layers of zirconia filaments (Figure 4-2a)—is composed of voids. In
Figure 4-2b, it is possible to envisage the direction of the filament deposition. The
images also reveal the shrinkage of the whole structure after the sintering step,
corresponding to a contraction of about 20%. According to the micro-CT image in

Figure 4-2c, the average size of macropores is 380.11 + 51.77 pum.
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Figure 4-2: a) CAD/CAM 3D design of the simple cubic geometry of zirconia. Reprinted from Ref. [27]
with permission; Copyright Elsevier 2021, (b) three-dimensional micro-CT image and (c) cross-sectional
micro-CT image of the sintered 3D-printed scaffold, with a 50% feed infill of zirconia. The dashed arrow
in (b) indicates the direction of filament deposition in one single layer.

The successful deposition of zirconia filaments was only possible thanks to the
mixing of 3Y-TZP powder with Pluronic® hydrogel under vacuum, which helped to
avoid bubbles, and, thanks to the employment of an adequate printer nozzle (800
pm in diameter), which avoided particle agglomerations and the formation of
defects during the printing process. In Figure 4-3, the morphology of the 3Y-TZP
zirconia powder has been compared with that obtained after the robocasting
process. As can be seen, the zirconia powder has a spherical morphology with
particle diameters at a micrometric scale (109 + 25 um, Figure 4-3a). After the
robocasting deposition and sintering, the particles have been reduced to 448 + 71
nm (Figure 4-3b). In the same micrograph, inter-particle voids left by the hydrogel
degradation can be also visualized. The porosity of such dense filaments was
determined and reported (Chapter 3.3.1) by gas displacement pycnometry, being
very low (3%). Thus, such microporosity is not presumed to affect the copolymer
infiltration of macropores, strategically created to reinforce the 3Y-TZP zirconia
scaffolds. Once the material was printed and sintered at high temperatures, the SEM
images at low magnification revealed the good stability of the zirconia filaments
(Figure 4-3c), corroborating that observed previously by micro-CT (Figure 4-3b). The
surface topography was inspected by employing the InLens detector (Figure 4-3d)
and secondary electrons detector (Figure 4-3e). As can be seen, the filaments exhibit

a granular texture and are perfectly deposited layer-by-layer.
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Figure 4-3: SEM micrographs of (a) 3Y-TZP powder; (b) zirconia paste after robocasting and sintering;
(c) 3D-printed zirconia filaments and macropores created by the robocasting architecture; (d,e) high
magnification micrographs with a detail of 3 well-arranged filaments. All images were taken with an
InLens detector, with the exception of Figure (e) where the secondary electrons detector (SE) was
employed to better visualize the surface texture of the filaments.

The PICN pieces, with the zirconia scaffold voids filled by the copolymer adhesive,
were polished and the infiltrated polymer was analyzed by ATR-FTIR spectroscopy,
comparing the main chemical bonds of cured copolymer with the pristine
monomers (Figure 4-4); the O—H stretching appearing at ~3400 cm™ belongs to the
Bis-GMA units. This compound also produces O—H bending vibrations but the latter
couple with other vibrations and produce complex bands in the fingerprint region,
coinciding with that of ester and ether groups (1000-1200 cm™). The spectra of
monomers also show a sharp absorption band, corresponding to the C=C stretching
wavenumber at 1635 cm™, which has been reduced in the copolymer spectrum,
evidencing successful radical copolymerization. The presence of aromatic rings from
the Bis-GMA monomer also manifests in the region between 900 and 800 cm™.
Moreover, the extensive presence of methylene groups can be confirmed by the
absorption band at 1452 cm™?, corresponding to scissoring frequencies [36,37]. The
intensity of functional groups associated with the Bis-GMA and TEGDMA units

depends on the copolymer ratio.

140



Chapter 4

100

90 4 ~ é
OH  CH,CH,
T 80 =
< E
® 70 | E
2 w0 5
S £
£ 50 £
E 40 2 CH (aliphatic)
0 = CH (aromatic)
% 30 1 — Bis-GMA monomer C=0 (ester) —_—
'I—- 20 i = TEGDMA monomer
. | COC (ester and ether)
w0l — Bis-GMA/TEGDMA copolymer (40:60 wt. %) COH (alcohol)
0 T T T T T T T r T T
3800 3400 3000 2600 1800 1600 1400 1200 1000 800 600

Wavenumber (cm-)

Figure 4-4: FTIR spectra of Bis-GMA/TEGDMA copolymer in the PICN sample, after curing at 110 °C,
and the respective monomers used for the copolymer synthesis.

4.3.2 Mechanical Tests

In previous Chapter 3.3.3 it was demonstrated that 3D-printed zirconia with 50%
zirconia infill and PICN (3D-printed zirconia 50% infill, reinforced with Bis-
GMA/TEGDMA copolymer) exhibit different mechanical resistance to compression
forces. In this work, the reasons for such distinct behavior have been elucidated by
recording the deformation of filaments in real-time during compression tests, using

an infrared camera.

As explained in previous Chapters, the PICN material is intended to be used in
the dentistry field, combining biocompatible ceramic and polymer adhesive. The
dental implants are subjected to direct compression and abrasion forces with teeth.
Therefore, it is important to evaluate its hardness and mechanical response under
compression forces. Vickers hardness tests were conducted on the 50% infill scaffold
and the polymer-infiltrated one. The Vicker’s hardness of the hollow scaffolds (50%
infill) was 1414 + 176 HV10 whereas, for the PICN scaffolds, it was lower (1078 + 49
HV10). The lower hardness of the PICN sample can be explained by its higher
flexibility and resistance to breaking under pressure, due to the filling of the zirconia

macropores with Bis GMA/TEGDMA copolymer, which is a softer material. In
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summary, the filled macropores transform a rigid and brittle ceramic into a more
compliant and softer material. Lin et. al. [38] have reported Vicker’s hardness values
of 14.5-24.6 HV 0.1, for different compositions of Bis-GMA, TEGDMA, and urethane

dimethacrylate 3D printed 100% infill samples.

Other authors have reported different grades of “dense” polymer-infiltrated
ceramics varying from 59 to 72% [39]. The hardness (HV5) decreased by a factor of
3.1 GPa to 6.1 GPa for 72% infill and 59% infill, respectively, compared to the 100%
dense ceramic (6.41 GPa). Obviously, the absolute values cannot be compared to
those obtained in the present work, due to different architectures and polymer-
ceramic compositions. However, the tendency is the reduction of hardness in all
cases. Thus, it is expected that the copolymer filling can absorb part of the load
applied to the rigid zirconia filaments, reducing the intrinsic hardness of the ceramic.
The hypothesis of the copolymer acting as a “safety cushion”, preventing crack
propagation and securing the desired material flexibility, was supported by the
response recorded using an infrared camera (Figure 4-5). Here, three types of 3D-
printed samples were evaluated: 50% zirconia infill (Figure 4-5a—c, video 50%); 100%
zirconia infill (Figure 4-5d—f, video 100%); and PICN (Figure 4-5g—i, video PICN). The
videos can be accessed and downloaded at the following link:

https://www.mdpi.com/1996-1944/14/19/5513 as supplementary information to

our work, from which this chapter has been adapted [40].

142


https://www.mdpi.com/1996-1944/14/19/5513

Chapter 4

Low deformation High deformation

Figure 4-5: Digital images progress of deformation in the 3D-printed scaffolds, under a compression
experiment: (a—c) 50% infill of 3D-printed zirconia, (d—f) 100% infill, (g—i) PICN sample (50% infill
of 3D-printed zirconia with infiltrated copolymer). Dashed yellow arrows indicate the direction of
filaments breaking, orange arrows indicate the crack propagation and yellow dashed circles show the
zone with high deformation under compression, characterized by a deep red color.

The breaking of the first filament and crack propagation starts at 0.55 kN in the
case of zirconia scaffolds with macropores (video 50%). Failure initiates in a filament
at the bottom of the cubic piece and extends to the top face very quickly (Figure 4-
5c). As expected, the 100% infill 3D-printed sample was found to be more resistant
than the 50% infill one. In this case, the deformation is distributed along filaments
placed in the middle of the sample, being one of the edges, indicated by the red
color and highlighted by circles in Figure 4-5d,e, the zone subjected to higher
stresses. The cracking and, soon afterward, the complete breaking of the samples

with 50% and 100% infill is indicated with an orange arrow in Figure 4-5c,f. For the

latter percentage, complete breaking occurs under 1.4 kN of compression force.

As can be seen in Figure 4-5g—i, for the same test with the PICN sample, the
copolymer holds up the filaments and reduces the amount of stress applied to the

sample. With the images and the video recorded (video PICN) for the piece cross-
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section, it is possible to visualize that the blue zones (low deformation) are located
in the interface of the zirconia filaments and polymer adhesive. Such observations
of the compression-induced cracks indicate that the polymer network causes lower
crack deflection than the 100% infill ceramic material (video 100%). Moreover, the
3D-printed sample with infiltrated polymer achieves values of maximum strength
that are twice those observed for pieces without polymer (Table 4-2), without
breaking (i.e., it resists compression forces higher than 1 kN). Table 4-2 summarizes
the stress-strain mechanical properties until complete breakdown. Altogether,
these findings led to the conclusion that a PICN hybrid material can be a good

candidate to replace pure zirconia implants in the near future.

Table 4-2: Stress-strain data from the compression tests.

Omax! Obreak Ecompression 2
Sample

(MPa) (MPa) (%)
3D-printed zirconia 50% infill 86 51 4.1
3D-printed zirconia 100% infill 124 124 5.2
PICN 102 102 5.2

Notes: 1 & = strength, € = percentage of compression resistance until breaking or with a maximum

of compression force. 2 Maximum compression percentage until the sample’s breaking.

4.3.3 In Vitro Human Cell Adhesion and Proliferation

In a previous Chapter 3.3.4, it was shown that Escherichia coli and Streptococcus
salivarius bacteria are not able to proliferate on the 3D-printed PICN scaffolds with
Bis-GMA/TEGDMA acrylate adhesive in 7 days. This is an important issue since
bacterial infections can cause the rejection of dental implants due to their spread to
the jawbone and other structures of the oral cavity, causing a risk of peri-implantitis.
In this study, the cell viability of the new system to support the bone and
surrounding tissue integration of the new ceramic—organic material was explored.

Figure 4-6 shows the percentages of viability for adhesion and proliferation of the
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bone-derived epithelial cells (MG-63 cells) that were seeded on the 3D scaffolds.
Low adhesion percentages of 41 + 5% and 35 + 7%, respectively, are shown in
zirconia scaffolds (3Y-TZP) and in zirconia scaffolds with a silane coating (y-MPS)
(Figure 4-6a). These percentages were significantly lower (p < 0.05) than those
measured for cell adhesion of PICN samples, i.e., 68 * 12%. Although, this
percentage is high, a significant part of the cells seeded in the well-drained area
toward the plate surface, suggesting that a block with a larger surface area on the
upper face could improve the percentage of adhesion and retention of the cells in

the 3D scaffold.

b)

100 ,
80 -
60 -
40

20 -

Relative viability (%)
Relative viability (%)

Figure 4-6: Viability of osteogenic MG-63 cells in the 3D scaffolds. Quantification of cellular adhesion
(a) and proliferation (b). Above each bar, images of the MTT reaction by viable cells, appearing as
diffuse or dark spots, are shown. * p < 0.05 vs. control, ** p < 0.05 vs. copolymer (ANOVA-Tukey’s
test).

The proliferation results indicate that the three types of 3D scaffolds prepared
were compatible with cell growth (Figure 4-6b). The percentages of cell viability at

7 days of culture were 66 + 7% and 55 + 7%, for zirconia scaffolds (3Y-TZP) and
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zirconia scaffolds with a silane coating (y-MPS). However, they were significantly
lower than the control (p < 0.05). In this same direction, cell proliferation is
noticeable in the 3D scaffolds coated with silane and copolymer (PICN), where the
percentage of viability was 87 £ 5%, which was not different from the control.
Qualitative support of the above findings and statement is given in Figure 4-6, which
shows digital photographs of the 3D scaffolds with viable cells visualized as dots or
diffused dark coloration on the surface of the scaffolds. It is quite pronounced in the
zirconia scaffold with a silane coating and Bis-GMA/TEGDMA copolymer. It can be
concluded that the best results, regarding both adhesion and cell proliferation, were

obtained for PICN samples.

Several works have demonstrated the viability of zirconia material towards
human-osteoblast cells [14], [39], [41]. Carinci et al. [42] were able to express
various genes from an osteoblast-like cell line (MG-63) cultured on zirconium oxide
discs, proving that the ceramic surface is able to promote important cell functions,
such as immunity, vesicular transport, and cell cycle regulation. On the contrary,
silane compounds do not significantly affect cellular adhesion and viability, they are
preferably used as a coupling agent for active biomolecules, like the polysaccharides

and proteins used as coatings for implants [43], [44].

As described in more detail in the following Chapter 6, a catechol-ethylene glycol
dimethacrylate copolymer adhered to Y-TZP zirconia discs was tested with MG-63
cells, finding relative viability of 100% and 93% for cell adhesion (24 h) and cell
proliferation (7 days), respectively. In the present study, the relative viability of MG-
63 cells was 87 + 5% (Figure 4-6b), thus validating the prompt biocompatibility of

the acrylate copolymer.

Therefore, the insertion of acrylate copolymers on zirconia has demonstrable
advantages for bioactivity, since they can induce the cell adhesion essential for
subsequent bone proliferation. The PICN samples studied also display a good

correlation regarding structural integrity and biocompatibility. Future work needs to
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be performed in order to focus on its application in clinical practice. In this sense,
mechanical properties, together with cell viability and reduced bacteria proliferation
as explained in Chapter 3.3.4, should be proved in complex 3D-printed geometry

that is used for dental implants.

4.4 Conclusions

Here, the successful obtaining of a stable and mechanically resistant PICN 3D-
printed scaffold with a biocompatible copolymer acrylate inside the structure
macropores was described. The superior cohesion of 3Y-TZP particles in the ceramic
layer-by-layer filaments, after sintering, together with the very stable zigzag ceramic
configuration, strategically designed to create the 50% infill cubic structures, led to

the obtaining of promising hybrid material for dental applications.

For the first time, it was possible to demonstrate that the copolymer infiltrated
among the ceramic filaments, created by CAD/CAM design, acts as a mechanical

stabilizer and adhesion promoter at the same time.

The compression-testing, combined with the in situ observation of cracking
phenomena with an infrared camera, led to the conclusion that PICN samples have
a larger capability to resist higher deformation than 50% infill ceramic scaffolds.
Moreover, the presence of the polymer also aids in decreasing the ceramic

hardness, both properties being desirable for using zirconia material in dentistry.

The results of MG-63 cell adhesion and proliferation of PICN, compared to 3D-
printed zirconia without copolymer adhesive, are also a positive point for future

biomedical applications.
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Chapter 5

Abstract

This chapter focuses on the further functionalization of surfaces of 3D-
printed PICN, where antimicrobial modification is explored. The antimicrobial
properties of the polymer-ceramic composites were achieved by coating them
with non-cytotoxic and environmentally safe silver nanoparticles embedded in
a phenolated lignin matrix (Ag@PL NPs). Enzymatically phenolated lignin was
used as a bio-based reducing agent, to obtain these silver nanoparticles. Ag@PL
NPs dispersed in silane (y-MPS) solution were then deposited on the surface of
PICN samples. The presence of the NPs and their proper attachment to the
surface were analyzed with spectroscopic methods (FTIR, Raman), and X-ray
photoelectron spectroscopy (XPS). Homogeneous distribution and particle size
(13.4 £ 3.2 nm) were observed by transmission electron microscopy (TEM)
images. The functionalized samples were tested against Gram-positive (S.
aureus) and Gram-negative (P. aeruginosa) bacteria, validating their
antimicrobial efficiency. The bacterial reduction of S. aureus and P. aeruginosa
was 90 % and 73 %, respectively, in comparison with the pristine surface of PICN.
Based on the obtained data, the functionalized PICN could be used in dentistry,
as it shows a high reduction of bacteria in comparison with not-functionalized
PICN and also presents high biocompatibility as demonstrated with human

fibroblast (BJ-5ta) and keratinocytes (HaCaT) cells.
This chapter was adapted from the following publication: I'. Hodasova,* A. G.
Morena*, T. Tzanov, G. Fargas, L. Llanes, C. Aleman, E. Armelin, “3D-printed

polymer-infiltrated ceramic network with antibacterial bio-based
silver nanoparticles,” ACS Applied Bio Materials, accepted for publication.

*These authors contributed equally.
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with antibacterial bio-based silver nanoparticles, antimicrobial and cell viability screening

5.1 Introduction

In recent years, yttria-doped zirconia has gained a lot of attention as yttrium
oxide (Y203) prevents crack propagation in sintered zirconia ceramics [1]-[3].
However, there are still certain drawbacks of the material that prevent its use
as a one-piece biomedical prosthesis, like in dental implants, which are
composed of titanium screws, polymeric adhesives, and ceramic crown parts
[4], [5]. The most important concerns are related to the high brittleness and high
Young’s modulus of zirconia, which is incompatible with that of alveolar bones
[6]; and also its high surface roughness and porosity [7], which are ideal for
bacteria growth if compared to titanium implants [8] for example. In Chapter 3,
we have successfully combined biocompatible adhesive copolymer with 3D-
printed yttria-stabilized tetragonal zirconia scaffolds (3Y-TZP) with 50 % infilled
macropores to palliate crack propagation in 3D-printed polymer-infiltrated-
ceramic-network (PICN) scaffolds under compression forces (Chapter 4.3.2).
Moreover, the hybrid materials conserve their biocompatibility promoting the

growth and proliferation of MG-63 osteoblast cells on their surface.

The developed PICN was inspired by the natural composition of teeth,
comprised of inorganic and organic components [9], [10]. The infiltration of
polyacrylate adhesives in a macro-porous ceramic 3D-printed material was
expected to prolong the lifespan of the implant since the polymer adhesive
corrects the brittleness problem of the ceramic material [11], [12].
Improvement of 3D-printing techniques has made the design and production
fast and easy, providing products of high-end quality [13]- [18]. As was
discussed in Chapters 3 and 4, the main advantage is that the design of the pore
size and distribution can be controlled with CAD/CAM processes and, therefore,
adjusted according to the necessity of the application, which is not possible
using traditional sintering methods of compact ceramic structures [19]. PICN

sample itself does not apparently promote the growth of bacteria but does not
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have antimicrobial properties usually desirable in the biomedical field to
prevent biofilm formation [20]. Microbial infections are a continuous threat to
human health, primarily with the alarming increase of multi-drug resistant
bacteria. An important percentage of these infections are acquired at healthcare
facilities (e.g., hospitals and nursing homes) [21]. The incidence of biofilm
formation in biomedical implants and devices is a great concern due to the
difficulty to treat both the infection and the resulting surgery complications. In
fact, bacterial adhesion and subsequent biofilm formation are the major cause
of their failure. Thus, there is an urgent need of developing alternative
antimicrobial devices, prostheses, and implants to face healthcare-associated

infections.

Considering the wide spectrum of antibacterial properties of silver, it has
become one of the most popular antibacterial agents. However, in the long-
term, the devices containing silver can release Ag*, which might have cytotoxic
effects. Silver nanoparticles receive significant attention, as the form of
nanoparticles exhibits much higher reactivity in comparison with bulk material
[22], [23], which is a great advantage in treating bacterial infections. AgNPs
release metal ions that cause changes in the membrane permeability [24]
and/or induce oxidative stress [25], leading to cell death. In addition, metal ions
catalyze reactions that produce reactive oxygen species (ROS), causing the

oxidation of important cell structures like lipids and DNA [26], [27].

In order to decrease the cytotoxicity associated with metals, different
biocompatible natural polymers have been used to produce hybrid metal-
polymer NPs [23]. For instance, chitosan was used to produce biocompatible
hybrid Ag@chitosan NPs that effectively killed the Gram-positive and Gram-

negative bacteria [28].

Lignin gains sizeable attention as a renewable resource for the production of

low molar mass compounds or value-added materials [29], [30]. However, the
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processability is usually limited due to the low reactivity of lignin. Many efforts
have been made to improve the reactivity of lignin, such as methylation
(hydroxymethylation), demethylation, amination, and phenolation. The
phenolation of lignin is commonly achieved by a chemical method in which
lignin is treated with phenol under acidic conditions, leading to the
condensation of phenol with lignin side chains [31]. Recently, the green
phenolation of lignin was achieved enzymatically using the laccase/mediator
system [32]. The highly reactive phenolated lignin (PL) can be used as a reducing
agent for metals to synthesize metal NPs in an environmentally friendly route

[33].

In this work, we propose the use of bio-based silver phenolated lignin
nanoparticles (Ag@PL NPs) to impart antimicrobial activity for ceramic materials
with 3D-printed PICN scaffold architecture. Such hybrid material (ceramic and
acrylate polymer adhesive) is used in dentistry applications [34]— [36]. The non-
shedding surfaces of crowns, teeth, fixed partial dentures, or endosseous
implants facilitate the formation of thick biofilms [37]. Due to the high surface
tension of methacrylate copolymer adhered to the zirconia platforms,
antimicrobial nanoparticle adsorption by the dip-coating process does not work
properly. Thus, the surface of PICN samples has been activated with Ag@PL NPs
with the help of chemical etching and silane solution adhesion promoters.
Therefore, covalent bonds have been achieved with sol-gel technology,
employing 3-(trimethoxysilyl)propyl methacrylate (y-MPS) as an anchoring
molecule, and stable antimicrobial PICN scaffolds were obtained for the first

time.

5.2 Experimental procedure
5.2.1  Materials
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The 3Y-TZP (3 mol% yttria-stabilized tetragonal zirconia polycrystal) powder
was supplied by SEPR Saint-Gobain ZirPro (France) under the commercial name
CY3Z-R. Protobind 6000 sulfur-free lignin (Mw = 1000 g-mol?) was purchased
from Green Value (Switzerland). The Pluronic® F-127 hydrogel; y-MPS (3-
(trimethoxysilyl) propyl methacrylate); Bis-GMA (bisphenol A glycerolate
dimethacrylate); TEGDMA (triethylene glycol dimethacrylate) and BPO (benzoyl
peroxide, Luperox®A75,), gallic acid, tannic acid, 3’,5-dimethoxy-4'-
hydroxyacetophenone (acetosyringone), silver nitrate, phosphate buffered
saline (PBS), Nutrient Broth (NB) and Dulbecco’s Modified Eagle’s Medium
(DMEM) were all purchased from Sigma-Aldrich. AlamarBlue cell viability
reagent was purchased from Invitrogen, Life Technologies Corporation (Spain).
Laccase enzyme from Miceliophtora termophila (Novozym 51003) was provided
by Novozymes (Denmark). The enzymatic activity of laccase was 1322 U mL?,
where the amount of enzyme converting 1 umol of ABTS to its cation radical
(€436 =29 300 M~ cm™) in 5 mM Britton Robinson buffer with pH 5 at 40 °C. Two
bacterial strains Staphylococcus aureus (S. aureus; ATCC 25923) and
Pseudomonas aeruginosa (P. aeruginosa; ATCC 10145) and human fibroblast
(ATCC-CRL-4001, BJ-5ta) and keratinocyte (HaCaT cell line) cells were received
from the American Type Culture Collection (ATCC LGC Standards, Spain). In all
the experiments water was purified by the Milli-Q plus system (Millipore) with

18.2 MQ-cmresistivity prior to its use.

5.2.2 Synthesis of silver phenolated lignin nanoparticles (Ag@PL NPs)

Ag@PL NPs were synthesized in the laboratory of Molecular and Industrial
Biotechnology Group (GMBI, UPC), using phenolated lignin to reduce silver ions
as previously described (Figure 5-1 a) [32], [33]. Briefly, lignin was enzymatically
phenolated with tannic acid and gallic acid using the laccase/mediator method.
Lignin (10 g-L) was dispersed in sodium acetate buffer (50 mM, pH 5) where

the mediator, acetosyringone, was previously dissolved (1.5 g-L). To initiate the
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oxidative reaction. laccase at a final concentration of 13.22 U-mL* (diluted with
The PL was separated by centrifugation for 20 min at 4000g from the non-
reacted phenolic compounds and freeze-dried. Figure 5-1 b outlines the reaction
between the phenolic compounds and lignin. The phenolic content of lignin was
analyzed spectrophotometrically as was previously described [33]. The resulting
PL was dissolved in water (10 g-L), and the pH was adjusted to 8 with 1M NaOH.
Afterward, the solution was mixed with 4 mg-mLof AgNO; (lignin:silver ratio =
3:2) and sonicated at 60 °C for 2 h and 50 % amplitude (Sonics and Materials
instrument, Ti-horn, 20 kHz). The NPs were purified by centrifugation at 18000g
for 40 min. The non-reacted lignin molecules were removed by centrifuging at
500g for 10 min and the resulting pellet was re-suspended in Milli-Q water. The
disaggregation of NPs was achieved by low-intensity ultrasonication before

usage.
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Figure 5-1: Schematic representation of: (a) Ag@PL NPs synthesis and disaggregation of particles
with sonochemistry technology before incorporation to PICN scaffolds, and (b) simplified chemical
reactions between gallic- and tannic acids and lignin to obtain phenolated lignin compounds.
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5.2.3  Deposition of Ag@PL NPs in 3D-printed PICN scaffolds (Ag@PL
NPs/PICN)

The detailed procedure of highly porous zirconia scaffolds (PICN) 3D-printing
with 3D Dima Elite dispenser (Nordson Dima, Netherlands) equipped with
DimaSoft CAD/CAM software, and their impregnation with methacrylate
copolymer (Bis-GMA/TEGDMA), were described in Chapter 3.2 and Figure 5-2 a

summarizes such a procedure.

0
g -_—) =) =) T
o — Sol-gel deposition of y-MPS Curing
3 E (1 h/RT) (10 h/115°C)
@
o Bis-GMA/TEGDMA
. (1h/RT)
PICN scaffold
Washed 80°C
3x H,0 (overnight)
NaOH 1M 1-MPS/Ag@PL NPs solution
(2 h/RT) (1 hIRT) Ag@PL NPs/PICN
PICN scaffold antimicrobial 3D-printed

samples

Figure 5-2: lllustration of the design and fabrication process of antimicrobial 3D-printed PICN samples:
(a) 3D-printing of 3Y-TZP filaments with 50 % of macropores and infilled with Bis-GMA/TEGDMA
copolymer to generate the filled cubic PICN shape, and (b) PICN surface activation with NaOH and
posterior adsorption of Ag@PL antimicrobial NPs promoted by sol-gel synthesis (2-MPS in ethanol:
H20 solution). In (a) the printer's drawing has been adapted from the references, with permissions
[56], [57].

After the choice of the properly infiltrated 3D samples, PICN scaffolds were
superficially activated by dip-coating in an aqueous solution of NaOH (1M) for 2
h at room temperature (r.t.), creating hydroxyls and carboxylate groups for a
further anchoring of Ag@PL NPs (Figure 5-2 b). Then, those samples were
washed three times with distilled water, and immediately moved to another

vessel containing y-MPS/Ag@PL NPs solution (24 mmol of liquid silane in 100
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mL of 3:1 ethanol:Ag@PL NPs water solution, where the concentration of

Ag@PL NPs in water was 2.2 ug-mL?, volume ratio).

The solution was stirred with a magnetic stirrer for 1 h at room temperature
before 1 h long PICN immersion. PICN samples were then cured in a drying oven
at 80 °C overnight. The absence of particle agglomeration and the homogenous
distribution over the polymer and the zirconia filaments were checked by optical

microscopy (OLYMPUS BX51).

5.2.4 Characterization techniques

Spectroscopy techniques were used for the chemical characterization of the
different steps of obtaining Ag@PL NPs/PICN obtaining. Fourier Transform
Infrared Spectroscopy (FTIR) analysis to distinguish the main absorption bands
of the functionalized composite was performed by a Jasco 4100
spectrophotometer, which is equipped with an attenuated total reflection
accessory with a diamond crystal (Specac model MKIl Golden Gate Heated Single
Reflection Diamond ATR). In total, 64 scans in the range between 4000 and 600
cm™ were obtained for each sample with a resolution of 4 cm™. Raman
spectroscopy was carried out with a Renishaw dispersive Raman microscope
spectrometer (model InVia Qontor, GmbH, Germany) and data were analyzed
with Renishaw WIRE software. The spectrometer equipment includes a Leica
DM2700 M optical microscope, a thermos electrically cooled charge-coupled
device (CCD) detector, and a spectrograph scattered light with 2400 lines mm
or 1200 lines mm™ of the grating. Experiments were performed with a 785 nm
excitation source and with a nominal laser power between 1 mW and 100 mW
output power. The exposure time was 10 s, the laser power was adjusted to 1 %
of its nominal output power and each spectrum was collected with three
accumulations. All Raman spectra were collected in a spectral range from 600

to 4000 cm™ with the same measurement parameters.
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The distribution and size of freshly synthesized Ag@PL NPs were evaluated
by a Philips TECNAI 10 transmission electron microscope (TEM), manufactured
by Philips Electron Optics (Eindhoven, Holland) at an accelerating voltage of
100kV. The particle size was measured with ImageJ software from TEM images
and the average particle size was determined based on 100 particle size
measurements. Scanning electron microscopy (SEM) was carried out using a
Focused lon Beam Zeiss Neon40 scanning electron microscope equipped with
an energy dispersive X-ray analysis (EDX) spectroscopy system and operating at
5 kV. EDX was used to check the presence of Ag atoms on the sample surface.
To avoid sample charging problems the cubic structures were attached to a

double-side adhesive carbon disc and sputter-coated with a thin layer of carbon.

X-ray photoelectron spectroscopy (XPS) analyses were performed to observe
whether the Ag NPs were well adhered to the PICN surfaces, i.e., to prove their
conjugation with the ceramic-polymeric scaffold. Assays were performed on a
SPECS system equipped with an Al anode XR50 source operating at 150 mW and
a Phoibos MCD-9 detector. The pressure in the analysis chamber was always
below 6x10° mbar. The pass energy of the hemispherical analyzer was set at 25
eV and the energy step was set at 0.1 eV. Data processing was performed with
the Casa XPS program (Casa Software Ltd., UK). High-resolution XPS spectra
were acquired by Gaussian/Lorentzian curve, fitting after S-shape background
subtraction, for the following elements: C 1s, O 1s, Si 2p, and Ag 3d. As the

internal reference, C 1s peak with a binding energy of 284.8 eV was used.

5.2.5 Antibacterial assays

To assess the antibacterial activity of the Ag@PL NPs/PICN, an adhesion
assay towards Gram-positive S. aureus and Gram-negative P. aeruginosa was
carried out. The adhesion of bacteria onto PICN without NPs was used as a

reference to better observe the antibacterial effect of Ag@PL NPs. Prior to the
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tests, the materials were sterilized under UV light for 30 min, and sterilized
tweezers were used to manipulate the samples during the whole process. The
bacteria were grown in NB overnight at 37 2C. A dilution of the inoculum was
prepared until the optical density measured at a wavelength of 600 nm (ODsgoo)
was of 0.01 (corresponding to 10° — 10° CFU/mL). Ag@PL NPs/PICN and PICN
samples of 2.0 £ 0.2 g were incubated overnight with 2 mL of bacterial
suspension in a 24-well plate at 37 2C. The differences in the weight of the
samples were compensated by adjusting the volume of bacterial suspensions.
Then, samples were sequentially washed three times by immersion in 2 mL of
sterile PBS to remove the non-adhered bacteria. Finally, the samples were
immersed in 2 mL of fresh PBS and the bacterial cells were detached from the
Ag@PL NPs/PICN by vortexing for 1 min and sonication for 20 min in an
ultrasonic bath (SONIC 6MX Ultrasonic bath, 37 kHz). After removing the
materials from the bacterial suspensions, the number of bacteria adhered to the
Ag@PL NPs/PICN samples was estimated using the dilution method and plate
counting, obtaining the number of colony-forming units (CFU). Results are
expressed in a logarithm of number of bacteria, log (CFU-mL™). The percentage
of reduction of adhered bacteria was calculated using PICN as a reference (Eq.

1):

Adhesion reduction (%) = (AA;B) X 100 (Equation 1)

where A is the number of bacteria adhered to PICN, and B is the number of
bacteria adhered to Ag@PL NPs/PICN. Bacterial suspensions incubated in
absence of the materials, either subjected to vortexing and ultrasound, were

used as control.

5.2.6 Biocompatibility assays

The biocompatibility of the Ag@PL NPs/PICN and PICN samples was assessed

using an indirect method by growing the cells in a medium that was previously
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incubated with zirconia samples. Prior to the tests, Ag@PL NPs/PICN and PICN
samples (2 g) were incubated in 2 mL DMEM for 24 h or 7 days at 37 2C. Then,
100 uL of this medium was placed in a 96-well tissue culture-treated polystyrene
plate where 6-:10* cells per well were previously seeded. After incubation at 37
°C in humidified atmosphere of 5 % CO, for 24 h, the medium was withdrawn
and the cell viability was assessed by incubating the cells with 100 uL of
AlamarBlue (10 % v/v in DMEM) for 4 h at 37 oC. The percentage of cell viability
was estimated using the fluorescence values (Aex = 550 Nm, Aem = 590 nm) of the
wells containing only cells and AlamarBlue reagent as reference (growth
control). Wells containing only AlamarBlue reagent were used as the blank

group. The percentage of cell viability was estimated as follows:

(Fluorescence gample — Fluorescence pjank)

Cell viability (%) = X 100

(Fluorescence growth control — Fluorescence pjank)

(Equation 2)

Cell viability was also evaluated by fluorescence microscopy using the
Live/Dead Viability/Cytotoxicity kit (Thermo Fisher Scientific) which stains the
live cells in green and in red the dead ones. After removing the culture medium
from the wells, 20 pL of staining solution (0.1 % Calcein AM and 0.1 % Ethidium
homodimer-1 in PBS) was added. The samples were then incubated in dark for
20 min and later observed with fluorescence microscopy using a 10x objective
lens.

5.3 Results and discussions
5.3.1 Functionalization of PICN with Ag@PL NPs antimicrobial particles

The complete characterization of Ag NPs protected with PL was previously
introduced by Tzanov and co-workers [33]. The Ag@PL NPs used in this work

were prepared following the same procedure and the particle size diameter
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measured by TEM was like that previously reported (13.4 £ 3.2 nm) (Figure 5-3
a-d). The activation of 3D-printed PICN with Ag@PL NPs was only possible by
quenching the copolymer film surface with NaOH (1M) and, subsequently,
anchoring the protected NPs by using sol-gel technology, as described in Section
2.3. Other tested methodologies (e.g. plasma activation and a mixture of Ag@PL
NPs with Bis-GMA/TEGDMA monomers prior to copolymerization) failed and no
silver atoms could be found on the surface of the cubic structure. Although the
small size of the particles makes their observation in the SEM micrographs
difficult, Ag atoms were detected by EDX analyses (Figure 5-3 e-f) on the top
surface of the PICN 3D-printed structures attached by applying sol-gel

technology.
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10 15
Diameter (nm)

Figure 5-3: (a-c) TEM images of Ag@PL NPs at different magnifications before PICN attachment; (d)
nanoparticles distribution by size and frequency; and (e-f) SEM micrograph and EDX spectrum of
aggregated Ag@PL NPs above 3D-printed PICN scaffolds. The nanoparticle distribution and size in TEM
were analyzed with ImagelJ software and it was derived from imaging 100 particles.
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Thus, successful adhesion of the bactericide particles was proved by SEM-

EDX and, additionally, by optical microscopy (Figure 5-4).

1000 pin

Figure 5-4: Optical micrographs of the surface of PICN filaments showing the adsorption of the Ag@PL
NPs: (a-b) top (5x magnification); (c) valley (20x magnification); and (d) valley (50x magnification).

As can be seen in Figure 5-4 (a-b), the natural roughness of the zirconia
filaments facilitates the incorporation of the Ag@PL NPs promoted by the sol-
gel mixture. A closer inspection outside the top of the filaments (valleys shown
in Figure 5-4a) revealed also the homogenous distribution of the Ag@PL NPs
inside the methacrylate copolymer film, accused by the dark color particles seen
in Figure 5-4 c-d. It should be noted that the optical microscopy only allows for
observation of even distribution of the lignin macromolecules, based on what

the homogeneity of Ag@PI NPs distribution was expected.

The high roughness of the 3Y-TZP filaments, after the sintering process at
high temperatures, prevents the correct measurement of this property, and it

also difficulties the measurements of the hydrophobicity/hydrophilicity
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properties of the film, before and after the NPs incorporation.

The characterization of the hybrid material was not an easy task because
both the adhesive (acrylate copolymer) and the AgNPs have organic groups

very similar in their structures (alcohol, aromatic, aliphatic, and ethers).

Lignin is a complex chemical compound constituting up to a third of the dry
mass of plants, depending on the species. This natural biopolymer has a high
content of aromatic rings and hydroxyl groups, which were evidenced in the
FTIR spectra (Figure 5-5a). The broad and intense band at ~3400 cm™ in Ag@PL
NPs corresponds to the high number of hydroxyl groups in the lignin structure.
The broadening of such absorption band on the surface of 3D-printed Ag@PL
NPs/PICN samples proves the successful incorporation of the NPs promoted by
alkali activation. Moreover, C=C vibrations from aromatic rings of both Bis-GMA
monomer (copolymer) and lignin are reflected by sharp bands at ~1600 and
1509 cm™. The peak at 2920 cm™ also includes methylene and methyl bonds of
the copolymer and the nanoparticles. However, the most relevant absorption
bands that were identified, also in the hybrid material (Ag@PL NPs/PICN), are
those associated with the presence of ester and ether linkages at 1712 cm
(C=0) and at 1100-1160 cm™ (C-0), respectively, from Bis-GMA and TEGDMA
units, and also phenolated lignin. Lignin contains C=0 groups from unconjugated
carbonyl groups (~1705 — 1720 cm™) and in phenolated lignin the intensity of
this peak increases due to the presence of tannic acid and gallic acid (Figure 5-1
b), which also have C=0 groups [38]—[42]. Then, the high density of organic
groups with low polarity (C=C, =C-H) led us to use Raman spectroscopy to
ascertain the presence of other linkages. Figure 5-5 b represents the Raman
spectra for PICN and PICN modified with Ag@PL NPs. Clearly, the absorption
bands of C=C aromatic (~1600 cm™) are more intense than C=0 (1729 cm),
while C-H (Ar) is clearly observed at 3072 cm™ due to the complete absence of

hydroxyl absorption bands [43], [44]. Moreover, silver nanoparticles' lattice
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vibrational modes are also identified at 250 cm™ and at ~1900 cm™ in the region
of metal carbonyls, which would suggest an interaction between AgNPs and

lignin matrix and stability of the complex [45], [46].
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Figure 5-5: (a) FTIR spectra of 3D-printed PICN, dry Ag@PL NPs, and Ag@PL NPs/PICN samples. (b)
Raman spectra of PICN and Ag@PL NPs/PICN. The most relevant absorption bands are highlighted in
both cases.

Although the spectroscopy characterization confirms the well-assembled
AgNPs to the methacrylate adhesive, the nature of such bonding interactions
can only be approached by XPS. The survey spectra (Figure 5-6 a) show atoms

of C1s (~285 eV) and O 1s (~530 eV) for all samples, whereas Ag 3d (374 eV and

170



Chapter 5

368 eV) are only present in the pure Ag@PL NPs and Ag@PL NPs/PICN samples.
Moreover, the Si 2p binding energies (102 eV) are identified either in PICN or
PICN surface modified with the antibacterial particles, as expected, since the
copolymer infiltration to the pores of 3D-printed zirconia is also optimized by

sol-gel technology, as demonstrated in Chapter 3.

Particularly interesting is the absence of Zr 3d atoms (183 eV) in the survey
spectrum of PICN, belonging to the ceramic structure, confirming the well-
covered surface of all samples. High-resolution spectra (Figure 5-6 b-e) from C,
O, and Si elements confirmed the covalent bonding nature of such atoms with
the help of a silanization reaction. Therefore, after silanization, C-O-Si (288 eV,
Figure 5-6 b), O-Si (531 eV, Figure 5-6 c), and Si-O-Si and Si-O-C (103 eV and 102
eV Figure 5-6 d) appear in the PICN functionalized surface. Furthermore, the
incorporation of Ag@PL NPs in PICN scaffolds is able to maintain the active
metallic condition after the sol-gel process of application, showing similar values
of binding energies related to the Ag element (374 eV and 368 eV for Ag 3d 3/2
and Ag 3d 5/2, respectively) Figure 5-6 e).

Afterward, the evaluation of the antimicrobial and biocompatibility of the
whole system was carried out with Gram-negative and Gram-positive bacteria,

and with two cell lines, keratinocyte and fibroblast.
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Figure 5-6: (a) XPS survey spectra of PICN, dry Ag@PL NPs, and Ag@PL NPs/PICN samples. (b-e)
High resolution spectra of Ag@PL NPs/PICN sample: C 1s (b); O 1s (c); Si 2p (d) and Ag 3d (e).
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5.3.2 Effect of the presence of Ag@PL NPs in the antimicrobial properties of
PICN scaffolds

There are about 5 billion bacteria in the human oral cavity. The antimicrobial
effects of silver nanoparticles are well-known [47], [48]. If PICN scaffolds are
intended for future dentistry applications, which was the focus of the research
at its preliminary stage, the antibacterial activity of the Ag@PL NPs/PICN should
be assessed. For this study, two clinically relevant pathogens (the Gram-positive
S. aureus and the Gram-negative P. aeruginosa), also present in our oral cavity,
were chosen. The initial antibacterial activity was assessed by counting the
number of bacteria adhered to the surface of Ag@PL NPs/PICN in comparison
to that adhered to PICN surfaces (used as control) (Figure 5-7 and Table 5-1).

m PICN

m Ag@PL NPs/PICN
t 3

=2
L

Number of bacteria
(Log(CFU/mL))
[4)]

IS

*

S. aureus P.aeruginosa

Figure 5-7: The number of bacteria (S. aureus and P. aeruginosa) adhered onto 3D-printed PICN and
Ag@PL NPs/PICN scaffolds, expressed in the logarithm of viable bacteria, log(CFU/mL). Results
marked with stars are confidence level where p < 0.05, using the Student's T-test. The log (CFU/ml)
values can be consulted in Table 5-1.

The number of S. aureus adhered onto non-functionalized PICN was 5.89 +
0.55 log while it was reduced to 5.07 + 0.52 log for Ag@PL NPs/PICN,

corresponding to about 90 % reduction (calculated from CFU/mL) of bacteria
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adhered. In the case of P. aeruginosa, the number of bacteria decreased from
6.34 £ 0.77 log to 5.68 + 0.74 log, which corresponds to about 73 % reduction
(calculated from CFU/mL) with respect to the non-functionalized PICN surface.

Both percentages were calculated by using equation 1 (Section 5.2.5).

Table 5-1: Number of bacteria in log(CFU/mL) adhered to PICN and Ag@PL NPs/PICN. Control
refers to bacteria incubated in absence of the materials.

Sample S. aureus P. aeruginosa
PICN 5.89 6.34
Ag@PL NPs/PICN 5.07 5.68
Control 5.81 6.75

The antibacterial effect of Ag NPs is attributed to both their attachment to
bacterial cells and the release of Ag* ions. Some studies showed that Ag NPs
were more effective against Gram-negative bacteria, which was ascribed to
their thinner peptidoglycan layer in comparison with Gram-positive bacteria

[47]- [49].

In the present work, Ag@PL NPs/PICN were more effective against the Gram-
positive bacteria. It should be noted that we have reported higher adhesion of
Gram-negative bacteria to PICN scaffolds (without Ag@PL NPs) in our previous
Chapter 3.3.4. Moreover, Ag@PL NPs incorporated into polyurethane (PU)
foams exhibit high antibacterial activity against P. aeruginosa and S. aureus,
reaching over 4.6 and 5.6 log reduction, respectively [33]. Their higher
antibacterial capacity in the foam materials in comparison with Ag@PL
NPs/PICN hybrid materials may be due to their different NPs loads. In order to
obtain antibacterial PICN materials, we chose an Ag@PL NPs concentration
based on previous work, in which the totality of the NPs was incorporated in the
foam. However, the efficiency of the deposition of Ag@PL NPs was not 100 %,
so the final content of NPs in the materials was lower than expected. This may

explain the lower antibacterial activity of PICN scaffolds in comparison with the
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PU foams. Other factors that play an important role in bacteria proliferation are

the hydrophilicity and roughness of sample surfaces.

Unfortunately, as explained above (chapter 5.3.1), we were unable to
measure such properties. However, the samples without and with Ag@PL NPs
were prepared with similar conditions and in the same solid substrate (3D-
printed). Therefore, it is expected that these factors are similar for both samples
and would not greatly affect the results obtained.

5.3.3  Effect of the presence of Ag@PL NPs in the biocompatibility properties
of PICN scaffolds

The biocompatibility of implants is a crucial criterion for their biomedical
application. In the case of silver-containing implants, the release of Ag may
cause cytotoxicity, which is attributed to the generation of ROS, destabilization
of the cell membrane, and inactivation of essential enzymes [50], [51]. The cell
viability of pure PICN and Ag@PL NPs/PICN samples was assessed in vitro
employing two different cell models, HaCaT and BJ5ta, which are immortalized
cell lines from adult human skin with keratinocyte and fibroblast-like
morphology, respectively. The culture media previously pre-incubated with
Ag@PL NPs/PICN and PICN samples for 24 h or 7 days was used to grow the cells
for 24 h, while a fresh medium which has not been in contact with the samples
was used to grow control cells. Figure 5-8 and 5-9 a display quantitative results,
which correspond to the average of three independent replicas for each system,
and they are expressed in terms of cell viability relative to control cells.
Furthermore, the microscopy images of the cell viability study showing the cells

stained with AlamarBlue can be seen in Figure 5-8 b and 5-9 b.
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Figure 5-8: (a) Cell viability and proliferation (%) of human fibroblast-like (BJ5ta) incubated with
medium previously exposed to Ag@PL NPs/PICN and PICN samples for 24 h or 7 days. The control is
related to the media without the 3D-printed pieces. (b) Microscopy images of live/death assay of
human fibroblasts incubated with medium exposed to Ag@PL NPs/PICN and PICN for 24h and 7 days.
The assay stains (AlamarBlue) the live cells in green and the dead ones in red. One representative

image of each experimental group (three replicates) was chosen. Growth control refers to cells
incubated with fresh medium.
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Figure 5-9: (a) Cell viability and proliferation (%) of human keratinocyte cells (HaCaT) incubated with
medium previously exposed to Ag@PL NPs/PICN and PICN samples for 24 h or 7 days. The control is
related to the media without the 3D-printed pieces. (b) Microscopy images of live/death assay of
human fibroblasts and keratinocytes incubated with medium exposed to Ag@PL NPs/PICN and PICN
for 24h and 7 days. The assay stains (AlamarBlue) the live cells in green and the dead ones in red. One
representative image of each experimental group (three replicates) was chosen. Growth control refers
to cells incubated with fresh medium.
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As shown, the number of viable cells is similar to that of the control, for both
cell lines (BJ5ta and HaCaT). This behavior was maintained for Ag@PL NPs/PICN,
indicating that the functionalization with Ag@PL NPs does not have a major
impact
on the viability of the cells. Even after 7 days, the media incubated with Ag@PL
NPs/PICN only slightly decreased the viability of the cell lines down to 97 %, in
the case of fibroblast cells (Figure 5-8 a). After 7 days of incubation of Ag@PL
NPs/PICN
in the medium, a certain amount of Ag@PL NPs was probably released from the
scaffold to medium. Once in contact with the fibroblast cells, the released NPs
slightly affected the cell viability (reduction to 84 %), as can be seen in the same
plot. While the viability of keratinocyte cells (HaCaT) was slightly higher for both
Ag@PL NPs/PICN and PICN than for the control (Figure 5-9 a). Therefore, the
opposite behavior was found for keratinocytes cells. On the other hand, the fact
that HaCaT cells systematically exhibit higher proliferation than BJ5ta cells has
been attributed to the high capacity of the former to differentiate and
proliferate in vitro [52]. Overall, cell viability results for both PICN and Ag@PL
NPs/PICN samples were higher than 80 % in all cases, independently of the cell
line, which is an acceptable value for biomedical applications [53], [54] [55]. The
high cell viability values found did not decrease when PICN scaffolds were
functionalized with antimicrobial NPs, indicating that neither PICN nor Ag@PL
NPs induce cytotoxic effects in vitro against keratinocytes and fibroblasts-like
cells. This important conclusion is supported by representative microscopy
images of BJ5ta and HaCaT, in which we can appreciate the cells growth (Figure
5-8 b and Figure 5-9 b). As it can be seen, the live/dead staining represented in
the images is consistent with the viabilities displayed in Figure 5-8 a — Figure 5-9
a, most of the cells remain alive after 24h and 7 days of incubation. Thus, the
high cell viability has been associated with the biocompatibility of the control

and studied substrates.
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5.4 Conclusions

In the present work, a successful reduction of Gram-positive and Gram-
negative bacteria above the PICN surfaces functionalized with silver
nanoparticles has been achieved. Enzymatically-phenolated lignin has been
used as a reducing agent to obtain stable and biocompatible silver NPs. The
challenge of attaching Ag@PL NPs to the surface has been overcome by
combining the Ag@PL NPs with silane (y-MPS) as a coupling agent between the

zirconia surface and the polymer structure.

The permanent attachment of the NPs has been proven by multiple
techniques described above, including X-ray photoelectron spectroscopy, where
a clear peak of Ag 3d binding energy is present in the functionalized samples.
Moreover, the results show the Ag@PL NPs/PICN structure's capacity to avoid
bacteria's adhesion onto their surfaces, which is attributed to the bactericidal
effect of silver in form of NPs, without detriment to the viability of human cell
lines. Therefore, such a hybrid scaffold has demonstrated to be a promising
biomaterial for applications in one-, and two-piece implants, crowns, or

abutment screws, among other dentistry tools.
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Chapter 4

Abstract

Chapter 6 of this thesis describes the potential of polydopamine-ethylene
glycol dimethacrylate copolymer coating, to promote cell adhesion and
antibiofilm formation. This coating has been used on stainless steel in the past
with excellent results, however, the application to zirconia has not been
described. Thus, this fact makes it an interesting addition to the possibilities of
zirconia surface modifications for dentistry. In the case of this study, ultra-
smooth yttria-stabilized zirconia discs with an average roughness of 2.08 + 0.08
nm were used. The nanometric coating (250 nm) was deposited on the surface
by liquid-assisted atmospheric-pressure plasma-induced polymerization (LA-
APPiP). The successful covalent bonding of the copolymer with the zirconia
surface, thanks to the previous activation of the substrate with oxygen plasma,
was proved by X-ray photoelectron spectroscopy (XPS). Based on the results,
the LA-APPiP technique seems to be an excellent method to produce
homogenous films without the need of employing solvents and further
purification steps. To complete the study, it was observed that the zirconia discs
with the biocompatible coating allow the uniform growth of human osteoblast-
like MG-63 cells, after 7 days of cell culture.

This chapter was adapted from the following publication Hodasova, L.; Quintana,
R.; Czuba, U.; del Valle, L. J.; Fargas, G.; Aleman, C.; Armelin, E. Atmospheric Pressure
Plasma Liquid Assisted Deposition of Polydopamine/Acrylate Copolymer on Zirconia

(Y-TZP) Ceramics: A Biocompatible and Adherent Nanofilm. RSC Adv. 2021, 11 (28),
17360-17368. https://doi.org/10.1039/d1ra02054d.
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6.1 Introduction

The use of bioceramic materials in dentistry and medicine has been
increasing in the last decades due to the facile modulation of their dynamic
properties and the simplicity of the required fabrication processes [1]. For
instance, 3D-printing technology is gaining force for ceramic tools production
and has partially replaced the conventional cold isostatic pressing and sintering
process [2]-[5], as was also discussed in Chapters 3 and 4. Among ceramic
compounds, yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has shown
great promise in many applications, such as hip joint replacement, dental
implants, and long-span bridges [6]-[8]. Moreover, Y-TZP biomedical implants
offer important advantages, which can be summarized as follows: (i) high
affinity to bone tissue; (ii) biocompatible and non-carcinogenic properties; (iii)
proved nucleation site service for calcium-based mineral growth, essential for
bone restoration; (iv) avoidance of bluish discoloration, usually observed in
titanium prosthesis; and (v) light-weight when compared to metal implants and

not prone to corrode if compared to other metals as well.

Particularly, in the dental industry, there is a significant interest in producing
surface treatments on zirconia-based substrates to achieve enhanced fibroblast
adherence, decrease biofilm formation, and focus on therapeutic aims [9]-[11].
The objective is to improve osseointegration and antimicrobial activity in order
to reduce the percentage of biomaterial rejections once implanted [12]-[15]. In
addition to traditional surface pre-treatments, like chemical etching, grit
blasting or machining, laser ablation, UV-light radiation [10], [14], [16]-[18], and
coating deposition by using dip-coating methods, as the sol-gel technology [19]-
[21], there is nowadays a plethora of friendly and advantageous bottom-up
approaches that lead to the obtaining of hybrid materials of great interest. In
this sense, atmospheric plasma technology has proved to be a time- and

resource-efficient one-step process able to control the hydrophobicity of solid
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surfaces and useful to completely eradicate the use of solvents and co-additives
in the preparation of organic and inorganic cladding hybrid systems [17], [22]—
[24].

In this work, for the first time, organically modified Y-TZP discs containing
polydopamine and acrylate biocompatible polymer were successfully prepared
by applying liquid-assisted  atmospheric-pressure plasma-induced
polymerization (LA-APPiP). The nanocoating was designed to contain
polydopamine molecules [25]-[27], which promote surface adhesion due to
catecholamine groups [28] and biominerals formation [29], [30], such as calcium
phosphates and hydroxyapatites, that are responsible for the rapid
osseointegration of medical implants [31], [32]. Moreover, the acrylate
polymer, ethylene glycol dimethacrylate (EGDMA), exhibits biocompatibility,
and insignificant cytotoxicity, and is extendedly used in the dental field as an
adhesive between the titanium screw and the ceramic crown of a dental implant
[33], [34]. EGDMA as a monomer is a base for synthesizing other ethylene glycol
dimethacrylates, where a higher number of ethylene glycol functional groups
increases the hydrophilicity of such polymers [34]. It is also often used as a
viscosity controller in copolymer formations with Bis-GMA, as it has a lower
molecular weight [35]. TEGDMA, the viscosity controller monomer used in
previous chapters is also a derivative of the EGDMA compound. An in-depth

discussion on acrylate monomers can be found in Chapter 1.3.1.

Regarding dopamine units/derivatives, for instance, Lee and co-workers [36]
have demonstrated the enhanced biocompatibility of the zirconia surface
modified with 3,4-dihydroxy-L-phenylalanine (L-DOPA) films. Those authors
employed an aqueous base solution (dip-coating method) for the zirconia
surface modification. The chemical structure of the coating and the film
topography were evaluated by X-ray photoelectron spectroscopy (XPS) and

atomic force microscopy (AFM), respectively. Additionally, hybrid organic-
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inorganic surface materials are usually fabricated by layer-by-layer (LbL)
assembly [37]. However, such technology is being disused due to both: i) the
high amount of raw material and solvents resources needed; and ii) the long
synthesis process, which is not fully cost-effective and environmentally

compliant for market applications.

LA-APPiP is a powerful alternative for Y-TZP surface functionalization based
on the abovementioned drawbacks. Moreover, the dopamine and the
monomers supplied for the copolymer preparation are not only commercially
available but also relatively inexpensive reagents. Therefore, the novelty of the
present work relies on the first-time successful covalent deposition of
polydopamine-co-polymethacrylate films on the surface of a ceramic substrate
by applying atmospheric plasma deposition. Such technology offers the
possibility of fast polymer formation and it is scalable for future commercial

uses.

The physical and chemical changes on the Y-TZP surface were approached,
before and after oxygen-plasma pre-treatment, and after the nanocoating
polymerization by LA-APPiP. The precise characterization of the hybrid material
surface chemistry is of paramount importance since its properties determine
the possible practical applications in the biomedical field. As the substrate
material, zirconia is widely used in dentistry, for the cell viability and adhesion
properties evaluation, MG-63 osteoblast cells were cultured with the samples
used in the present study. MG-63 cells are one of the most employed osteoblast-
like cells used for in vitro biocompatibility approach with biomedical materials,
for example, stainless steel, titanium, zirconia, and methacrylate adhesives used

in the dentistry field.[10], [19], [38]-[40]

6.2 Experimental section
6.2.1 Materials
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AMES Group supplied yttria-stabilized zirconia (Y-TZP) rods. The fine-grained
zirconia was stabilized with a 2.5% molar of Y,0s. The chemical composition of
such sintered raw material is: ZrO, (94.55 %); Y,0s (5.2 %); and Al,03 (0.25 %).
The zirconia discs (diameter of 8.00 mm and thickness of 2.00 + 0.01 mm) were
cut from rods with IsoMet 4000 linear precision saw from Buehler using a
diamond cutting disc, polished until mirror grade with diamond polishing discs
using Phoenix 4000 polisher machine from Buehler manufacturer. Then, the
samples were cleaned in an ultrasonic bath, first with distilled water (3 times, 5
min/time), then with ethanol absolute (3 times, 5 min/time). The samples were

stored in a desiccator until use.

Ethylene glycol dimethacrylate (EGDMA, 98%) was purchased from Sigma-
Aldrich and used as received. The monomer methyl-DOPA methacrylamide
(DOMAm), methyl 3-(3,4-dihydroxyphenyl)-2-(2-methylprop-2-

enamido)propa-noate), was kindly provided by Symbiose Biomaterials, Belgium.

Human osteoblast-like MG-63 cells were obtained from American Type
Culture Collection (ATCC, USA) for the cell viability study, and Dulbecco's
phosphate buffered saline (DPBS) was obtained from Gibco (NY, USA). Milli-Q

water was used for the sample’s stability coating determination.

6.2.2  Zirconia surface cleaning and activation by atmospheric plasma

Before coating, the disc samples were exposed to Ar/02 (5% v/v 02) plasma
mixture (1.6 W-cm-2, 20 SLM) for 10 consecutive repeats of 48 s/each
repetition, to clean and activate the exposed surface in the same plasma

deposition setup described in Section 6.2.3 and illustrated in Figure 6-1.

To assess the effect of the plasma cleaning on the surface of the discs, the
standard protocol (SP) was modified by doubling the time (DT) of exposure or

by doubling the power (DP) of the plasma treatment.
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Figure 6-1: . lllustration of dielectric barrier discharge (DBD) deposition setup used to coat the zirconia
discs by the Liquid-Assisted Atmospheric Pressure Plasma-induced Polymerization (LA-APPiP) of
EGDMA and DOMAm mixtures. A disc holder was inserted in the moving table to keep a constant gap
in-between the high voltage electrodes and the table surface.

6.2.3 Plasma deposition of Poly(EGDMA-co-DOMAm) by LA-APPiP

The LA-APPiP of mixtures of EGDMA and DOMAmM was reported elsewhere
[22]. The experimental setup is schematically shown in Figure 6-1. The coating
deposition proceeded by spraying a very thin liquid layer over the surface of the
discs using a stream of very fine droplets of the liquid mixture (0.007 mmol-mL-
1, DOMAm) in nitrogen (4 SLM, 99.999%) produced using a venturi-based
nebulization system (VITO) connected to a 3D printed lineal nozzle. The thin
liquid layer was then plasma-induced polymerized by two-subsequent brief
expositions, only for a few seconds, to an atmospheric-pressure direct dielectric
discharge (DBD) plasma, generated by 10 kHz sinusoidal electrical excitation
(SOFTAL "corona generator 7010R") providing 1.6 W-cm™ and using argon (20
SLM, 99.999%) as plasma gas. The moving table, where the ceramic disc samples
(up to 24 units) and a piece of the silicon wafer (as control) were placed, acted
as the ground electrode and allowed to repeat the 8 s deposition process until

a coating thickness of approximately 250 nm on the silicon control by
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spectroscopic ellipsometry (VASE-32, J. A. Woollam Co. U.S.) was attained after
150 repeats. The new nanometric film was named as pPoly(EGDMA-co-

DOMAmMm), where “p” means plasma process.

6.2.4  Zirconia surface and pPoly(EGDMA-co-DOMAm) characterization

Several surface characterization techniques were implemented to study the
proposed hypothesis. The chemical structure of the plasma polymerized
nanocoating  (pPoly(EGDMA-co-DOMAm)) was evaluated by X-ray
photoelectron spectroscopy (XPS) and Raman techniques. The XPS equipment
used was a Kratos Axis-Ultra DLD instrument using an Al Ka source (1486.6 eV)
with a pass energy of 20 eV and an energy resolution of 0.5 eV. A flooding gun
was used to reduce the charging effect on the surface of the sample.
Photoelectron emission take-off angle was established at 0° concerning the
surface normal. The C 1s peak with a binding energy of 285 eV was used as the
internal reference. The atomic percentage of each element was determined by
dividing the peak area of the most intense XPS signal by the corresponding
sensitivity factor and by expressing it as a fraction of the sum of all normalized
peak areas. High-resolution XPS spectra were acquired by Gaussian/Lorentzian
curve fitting after S-shape background subtraction for the following elements: C
1s,0 1s, N 1s, and Zr 3d. Special attention was paid to the analysis of the plasma
cleaned sample by transferring it to the XPS equipment immediately after

surface treatment.

Raman spectra were acquired in a back-scattering geometry using a
Renishaw dispersive Raman microscope spectrometer (model InVia Reflex,
GmbH, Germany) and a Renishaw WiRE software. The spectra were acquired
with an excitation wavelength of 532 nm line of an Nd:YAG laser. The exposure
time was 5 s for each accumulation (x20) at a power of 24 mW. An X50 long

working distance objective was used to focus the laser beam on the sample
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surface. All Raman spectra were collected in a spectral range from 600 to 4000

cm™ with the same measurement parameters.

Water contact angle (WCA) measurements were taken in a drop shape
analyzer (Kruss DSA100). Static WCA values were determined using the sessile
water drop method at room temperature and constant relative humidity.
Droplet images were recorded 10 seconds after drop deposition. The contact
angle value was extracted from the 2 plL droplet shape and determined using a
numerical fit based on the Laplace-Young model in the Advance software
(Kruss). Due to the reduced size of the disc surface (approximately 50 mm?), only
one droplet was deposited on each sample. The values reported for the discs
after the ST plasma treatment and coated with the polymer coating are the
average of 3 different disc samples. The topography of the surface was analyzed
using atomic force microscopy (AFM), employing a Molecular Imaging PicoSPM
with NanoScope IV controller under ambient conditions. The tapping mode was
operated at constant deflection and the scan speed was 1 Hz for all
measurements. Various places on the sample were analyzed using 50 x 50 um?
windows, which correspond to the pictures presented in this work. The
Profilmonline software was used to analyze and calculate root-mean-square

roughness (Rq) and roughness average (Ra).

Scanning electron microscopy (SEM) was employed for pPoly(EGDMA-co-
DOMAm topography analysis. The equipment used is a Focused lon Beam Zeiss
Neon 40 instrument, commercialized by Carl Zeiss (Germany), coupled to a
secondary electron beam detector (SE). In order to avoid electron discharge,
samples were carbon-coated using Mitek K950 Sputter Coater before analysis.

The accelerating voltage for obtaining morphology micrographs was 2 kV.

The coating stability was tested by immersing Y-TZP/pPoly(EGDMA-co-
DOMAmMm) discs in a buffer solution (0.01M PBS, pH 7.4)) for 7 days. The

experiment was performed at room temperature and the discs were cleaned
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with Milli-Q water and dried in a vacuum before weighing. The weight of the
samples was determined before and after 24 h of solution exposure until 7 days,
by using a Sartorius CPA26P Microbalance (5 g x 2 ug / 5-21 g x 10 ug). Three
replicates were tested. No weight variation was observed. According to the
conditions described previously, Raman spectroscopy was used to certify the

nanocoating composition after immersion tests.

6.2.5 Invitro biocompatibility assays

The MG-63 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM with 4500 mg/L of glucose, 110 mg/L of sodium pyruvate, and 2 mM of
L-glutamine) supplemented with 10 % fetal bovine serum (FBS), 50 U/cm3
penicillin, 50 mg/mL streptomycin and L-glutamine 2 mM at 37 2C in a 10 %
humidified atmosphere of 5% CO2 and 95% air. Culture media were changed
every two days. For sub-culture, cell monolayers were rinsed with PBS and
detached by incubating them with 0.25 % trypsin/EDTA for 2-5 min at 37 2C. The
incubation was stopped by re-suspending the vials in 5 mL of fresh medium. The
cell concentration was determined by counting them with a Neubauer camera

and using 4 % trypan blue as dye vital.

The zirconia discs with pPoly(EGDMA-co-DOMAm) copolymer were placed in
tissue culture plates (TCPs) of 24-wells and fixed to the bottom of the plate, with
a small drop of silicone (Silbione® Med Adh 4300 RTV, Bluestar Silicones France
SAS, Lyon, France). Then, the system was sterilized by exposure to UV light for
15 min. The MG-63 cells were seeded in each TCP well by using the following
criteria: (i) for cell adhesion analysis, 100 uL of a suspension containing 2 x 10*
cells/well were added to each well, and (ii) for cell proliferation analysis 5 x 10*
cells/well were used. After seeding the cells, the plates were incubated for 60
minutes to allow the cell attachment to the material surface. Afterward, 1 mL of

culture medium was then added to each well. Quantification of viable cells was
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performed after 24 h and 7 days to evaluate the cellular adhesion and
proliferation, respectively. The control was performed by cell culture on the TCP

well, without pPoly(EGDMA-co-DOMAmM) decorated discs.

The percentage of cells that adhered and proliferated was determined
through the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay [41]. After 24 h or 7 days, 50 pL of MTT (3 mg/mL) was added to
each well in the plates and incubated for 4 h. After that, samples were washed
twice with PBS and the specimens were deposited on a new plate. Next, 1 mL of
dimethyl sulfoxide (DMSO) was added and the absorbance was measured at 570
nm in a microplate reader (Biochrom EZ-Read 400) after 15 min of gentle
stirring. Three replicas were evaluated and the corresponding values were

averaged.

To obtain images of the morphology of the cells after the adhesion and
proliferation assays, samples were fixed overnight with 2.5 % formaldehyde in
PBS at 4 °C and then washed five times with PBS. Samples were stained for
fluorescence microscopy. Specifically, actin was labeled with green-fluorescent
Alexa Fluor Atto-488 phalloidin dye, and the nucleus was labeled with DAPI (4',6-
diamidino-2-phenylindole). Then, the samples were observed in a confocal laser
scanning microscope (LSM 900 Zeiss) and photographed with a camera
controlled by ZEN 2.6 software (blue edition) (Carl-Zeiss Microscopy GmbH,

Jena, Germany).

6.3 Results and discussion

6.3.1 Atmospheric-pressure plasma deposition of poly(EGDMA-co-DOMAmMm)
in zirconia substrates activated by oxygen plasma

Previous works demonstrated the applicability of the LA-APPiP deposition
method to obtain biocomposites for biomedical applications [22], [23]. In such

studies, the surfaces explored were mainly stainless steel, titanium, and silicon
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wafer-substrates. For example, the method allowed the fast deposition of pine
hole-free polymeric coatings functionalized with catechol and quinone groups
that were used for the bioactivation of the coating by controlled covalent
immobilization of enzymes and biosurfactant proteins. In the present study, for
the first time, polydopamine/acrylate copolymer derivative has been used to
cover a ceramic substrate used in dentistry applications to improve the
biocompatibility of ceramic. The process involved a preliminary step of plasma
cleaning of the zirconia material to create active sites and modify the surface
wettability and, subsequently, chemical polymerization of the biocompatible
copolymer and the growth of osteoblastic cells for the evaluation of its in vitro

biocompatibility response.

The disc's topmost surface chemical composition was analyzed by XPS after
each step of the deposition process. The presence of the coating on the zirconia
disc after plasma deposition is clearly evidenced by the increase in the signals
generated from the organic components (C 1s, O 1s, and N 1s, Table 6-1).
Despite the thickness determined by ellipsometry (250 + 17 nm), which was
much higher than the deep of electron beam penetration (< 10 nm) of the XPS
equipment, the peaks attributed to the substrate (Zr 3d) were still detected in
the coated sample, even though with much lower intensities than those of
pristine and cleaned samples. The change in intensity could be related to the
topography of the nanocoating, with peak-to-valley distances larger than the
average thickness measured by ellipsometry, rather than to the presence of

pine-holes in the plasma polymer layer.
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Table 6-1: XPS atomic composition of the zirconia disc sample coated with pPoly(EGDMA-co-
DOMAm) by atmospheric plasma deposition.

Element Atomic concentration (%)
C1ls 63.0
O1s 30.7
N 1s 14
Zr 3d 4.3
Y 3d 0.6

XPS core level data was acquired for Zr 3d, O 1s, C 1s, and N 1s (Figure 6-2).
The deconvolution of Zr 3dss, Zr 3ds;,, and O 1s XPS peaks did not show
significant changes in the ZrO; environment in the pristine zirconia and after
oxygen plasma cleaning (Figure 6-2a). On the contrary, a clear reduction of the
contribution associated with the Zr-0 bond in O 1s deconvoluted peaks (528.6-
529.4 eV) was obtained (Figure 6-2b). Moreover, the standard protocol for
surface cleaning and activation of the zirconia disc successfully induced a
reduction of the atmospheric organic contaminants present on the surface of
the pristine discs (Figure 6-2 c-d). As expected, the organic character of the
plasma polymer deposited layer was evidenced by a significant shift of C 1s and
O 1s peaks intensities to higher binding energies and the occurrence of new
components, such as C=0/N—C=0 (287.7 eV), C-O/C-OH (286.5 eV) and C-
COO/C—N (285.6 eV) in C 1s high-resolution spectrum of pPoly(EGDMA-co-
DOMAmMm). Therefore, the contributions of the ester, amide, and catechol groups
were successfully detected. The C/O ratio of 2.1 was slightly lower than the
theoretical value of 2.5. In addition to the contribution of the oxygen from the
ceramic, the formation of oxygen-containing polar groups is commonly

attributed to polymers exposed to plasmas.
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Otherwise, the detection of nitrogen from DOMAm's amide groups (400.3
eV, Figure 6-2d) was more efficient after cleaning the pristine zirconia surface

with oxygen plasma.

The stability of the coating was studied by immersing zirconia discs in PBS
buffer and further evaluation of the weight loss and the chemical structure
composition by gravimetry and Raman analysis, respectively. Although the high
hydrophilicity of pPoly(EGDMA-co-DOMAmM) coatings (Section 6.3.2) would
induce the polymer detachment by water absorption, the film adhered well to
the zirconia surface and no delamination was observed, even after 7 days of
immersion in the solution. Three replicates were analyzed by gravimetry and the
film weight remained constant, confirming the efficiency of the plasma

deposition.
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Figure 6-2: XPS high-resolution spectra of the zirconia surface before and after oxygen plasma
treatment and coated with pPoly(EGDMA-co-DOMAm): a) Zr 3d, b) O 1s, c) C 1s, and d) N 1s. From
bottom to top for all the tested elments: pristine sample, plasma-cleaned sample, and coated sample.
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Raman spectra (Figure 6-3) taken from two different zones after one week
(Figure 6-3) was comparable with that of samples freshly prepared. As can be
seen, the main absorption bands appear in the range of 4000-1200 cm™ (Raman
region of 100-1200 cm™ is not shown due to the substrate interference). The
first broad and very strong absorption band at 2800-2950 cm™® corresponds to
C—H stretching (-CH,— and CHs groups) and is confirmed by a fingerprint band
at 1449 cm? (scissoring and asymmetric bending), which intensity is usually
proportional to the number of methylene in the copolymer chain. Polar groups
were also identified, showing low-intensity bands at 1552 cm® (-CH from
aromatic rings) and at 1638 cm™* and 1734 cm™ (C=0). The two late peaks belong
to amide Il (-CONH-, DOMAm), which is much less intense than amide |, and to
the ester group (—COO-, EGDMA), respectively. The absorption bands from
catechol groups of PDA usually appear at ~1350 cm™ and ~1580 cm™ (stretching
and deformation, respectively) [30]. Both absorption bands exhibit much lower
intensity than the EGDMA groups (Figure 6-3). Furthermore, the weak and broad
band observed at 3540 cm™, which corresponds to —OH stretching from catechol
rings, confirms the presence of the DOMAmM component. Our results are
consistent with previous work, in which authors demonstrated the covalent
linkage of hydroxyl groups from PDA with ZrO, molecules [37]. Thus, a lower
intensity of catechol and hydroxyl groups from DOMAmM in our system
supposedly indicates a successful covalent bond of pPoly(EGDMA-co-DOMAm)

with the substrate through aromatic and hydroxyl contributions.
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Figure 6-3: Raman spectra of zirconia disc coated with pPoly(EGDMA-co-DOMAm) nanometric film
before and after immersion of samples in PBS buffer solution for 7 days. The inset represents the optical
microscopy of the coating showing two zones analyzed after 1 week. The spectra of both points,
indicated by yellow and red stars, are similar and only one of them has been plotted.

6.3.2 Wettability and AFM investigations of zirconia/pPoly(EGDMA-co-
DOMAmMm) surface

The osseointegration of an implant is highly dependent on the following
surface context: (i) wettability, (ii) roughness, and (iii) substrate chemical
nature. First, the wettability of the samples was evaluated by comparing
different surface treatments (Figure 6-4). The pristine Y-TZP disc has hydrophilic
interaction with water molecules, having a static WCA of 72.72 + 2.02 (Figure 6-4
a). After oxygen plasma treatment (5 %v/v O, in Ar) using a standard protocol
(480 s at 1.6 W-cm™), the hydrophilicity increased by 70 % (21.32 + 1.52 Figure
6-4 b1) with respect to the pristine sample, revealing the positive effect of the

appearance of Zr—O species with charges (ZrO-, ZrOH-), and radical (Zr-0O’)
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groups induced by plasma.
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Figure 6-4: Variability of water contact angle, after oxygen plasma treatment and polymer deposition:
(a) pristine zirconia disc; (b) zirconia disc after cleaning with oxygen plasma: b1) 480 s + 1.6 W-cm?
plasma power (Standard protocol, SP); b2) 960 s + 1.6 W-cm™ plasma power (Double time, DT); b3)
480 s + 3.2 W-cm plasma power (Double power, DP); and c) zirconia/pPoly(EGDMA-co-DOMAm) disc.
Filled arrows indicate the final route followed to prepare samples for biocompatibility assays.

Kalyoncuoglu et al. [42] also demonstrated the superhydrophilic behavior of
polished zirconia substrates after O,-plasma, Ar-plasma, and CFs.plasma attack
with a reduction of WCA of about 87 %. On the contrary, an increase of O,-
plasma time cleaning, by applying two sets of plasma discharges and
maintaining the plasma powder constant (DT protocol, 960 s at 1.6 W-cm
(Figure 6-4 b2), or an increase of power force maintaining the time constant (DP
protocol; 480 s at 3.2 W-cm™) (Figure 6-4 b3), do not affect the ceramic surface
wettability. Thus, an almost unappreciated lowering of WCA values was
observed (18.12 + 1.92 and 21.1 * 1.59, respectively, for DT and DP plasma
cleaning). Once the copolymer is generated by the LA-APPiP method, the WCA
enhances (57.82 + 2.29, Figure 6-4 c), even though, as expected, it is still
hydrophilic due to the polar chemical nature of the dopamine and acrylate

monomers structure (Figure 6-1) [22], [23].

Having checked that the new polymeric coating is stable in biological solution
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and is well-adhered, AFM studies were performed to evaluate the roughness
and topography properties of Y-TZP/pPoly(EGDMA-co-DOMAmM) biocomposite.
Figure 6-5 shows the evolution of the substrate interface after each cleaning

step and after the polymerization process carried out by the LA-APPiP method.

Compared to laser-texturing ablation methods [14], [43], [44], which also
help to enhance the wettability of the zirconia surface for cell adhesion, the O»-
plasma surface treatment can be considered a "gentle" treatment. The zirconia
surface can be considered "ultra-smooth" even after the application of double
power discharge and increased plasma time, with a roughness average (Ra) from
1.6 nm to 7.3 nm (Table 6-2: root-mean-square roughness (Rq) and roughness
average (Ra) values as obtained by AFM after different oxygen-plasma pre-
treatment conditions and after plasma polymerization) and comparable to the
pristine surface (Figure 6-5). Thus, the plasma cleaning does not affect the
microstructure features of the zirconia surface. After the LA-APPiP of EGDMA
and DOMAm, the Ra increased by a factor of 3.9 with respect to the plasma
cleaned or polished zirconia (79.9 + 13.7 nm). The nanometric polymer layer is
homogeneously distributed in an area of 50 x 50 um? of the substrate, as can be

seen in Figure 6-5c.

Table 6-2: Root-mean-square roughness (Rq) and roughness average (Ra) values as obtained by
AFM after different oxygen-plasma pre-treatment conditions and after plasma polymerization.

Plasma treatment Rqg (nm) Ra (nm)
Pristine sample (polished) 2.63+0.14 2.08 £0.08
Standard protocol (SP) 2.21+0.25 1.62+£0.15
Double time protocol (DT) 9.13+1.32 7.28+1.17
Double power protocol (DP) 2.72+0.17 2.09+0.11

pPoly(EGDMA-co-DOMAm)
94.61+1393 79.85+13.71
(plasma polymerized coating)
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The formation of a wrinkle-like topography might be attributed to the
dynamic deposition (layer-after-layer) of well-adherent crosslinked polymeric
layers from very thin liquid layers [45]. The difference between the first layers
and the consecutive ones generates surface stress due to a mismatch of their
elastic properties, being the initial layers less elastic due to their adhesion to the
much more rigid zirconia surface. The results altogether support the previous
statement of a well-adherent biocompatible pPoly(EGDMA-co-DOMAmM)

nanometric film.

Therefore, the best route used for the final zirconia/pPoly(EGDMA-co-
DOMAm) discs preparation was that expressed as a), bl), and c) in Figure 6-5.
The O,-plasma cleaning has been demonstrated to be a crucial preliminary step
for the obtaining of well-adhered covalently bonded pPoly(EGDMA-co-DOMAmM)
copolymer film on zirconia surfaces.

c) [] &onm
LA-APPIP | 500 nm

x | 400 nm
300 nm
= |mm
100 nm
0nm
Ra =79.85+13.71 nm
a)
|60nm _
sonm £ %
o ERc Ra=7.28+1.17 nm
30m i
20 nm
o
0nm fo,,,} o ¥ 0nm 2o
Ra =2.08 £0.08 nm b3)
( | 60 nm
0,-plasma 50 nm Ra=2.09+0.11 nm

power 40 om
30 nm

20 nm
0nm

Figure 6-5: AFM topography images (50 um x 50 um) and roughness averages (Ra) of zirconia discs
with different pretreatments and after polymer deposition: (a) pristine zirconia disc; (b) zirconia disc
after cleaning with oxygen plasma: b1) 480 s + 1.6 W-cm2 plasma power (Standard protocol, SP); b2)
960 s + 1.6 W-<m= plasma power (Double time, DT); b3) 480 s + 3.2 W-cm? plasma power (Double
power, DP); and c) zirconia/pPoly(EGDMA-co-DOMAm) disc. Filled arrows indicate the final route
followed to prepare samples for biocompatibility assays.
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6.3.3  In vitro biocompatibility

In this study, two different materials, a zirconia substrate and a nanocoating
of a biocompatible copolymer, with different surface properties (as shown
before), have been investigated for their biocompatibility with MG-63 human
cells. The greater value of roughness leads to better wettability of the surface

and better bonding properties of the material with other systems.

The response of PDA self-polymerized on plastics, titanium, and ceramic
substrates (including zirconia) with enhanced osteoblastic adhesion towards
cells has been extensively investigated using in vitro assays [8], [28], [29], [36].
However, deep research on the effect of PDA and derivatives synthesized by
atmospheric plasma was never approached, to the best of our knowledge. As
expected, the adhesion and proliferation were different. Figure 6-6
demonstrates that the pPoly(EGDMA-co-DOMAmM) copolymer surfaces support
adhesion and proliferation of osteogenic MG-63 cells, having better adherent
cells of fibroblast type than the previously investigated PICN samples. The
macroscopic image of the pPoly(EGDMA-co-DOMAmM) copolymer discs seeded
with MG-63 cells onto the material surface (Figure 6-6 a) shows the reaction of
viable cells with the MTT reagent. The reaction corresponds to the conversion
of the MTT reagent into a dark blue formazan salt. Dehydrogenase enzymes
mediate such reactions from mitochondria and lysosomes in viable cells. In this
way, the stain of the discs is similar to the stain observed on the culture plates,
which correspond to the control. These salts can then be dissolved in some
organic solvents, e.g., DMSO, and allow quantification of viable cells (as
described in the experimental section). Also, the viability of the cells on the
surface of the material and in the total well of the culture plate was
guantitatively determined. The latter measurement indicates the possible
cytotoxicity effects induced by the release of the material or its products (i.e.

monomer, dissolvent, etc) to the culture medium. Figure 6-6 b shows that the
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cell adhesion evaluated after 24 h of culture on the surface of the pPoly(EGDMA-
co-DOMAmM) copolymer was similar to the control, and it is also shown that the
material does not have any cytotoxic effect when adhesion is evaluated in the
total well (cells attached to the material plus cells attached to the plate). Cell
proliferation (Figure 6-6 c), which is evaluated after 7 days of culture, reflects
the capacity of cell division to increase the number of cells and material
colonization. Results show that the pPoly(EGDMA-co-DOMAmM) copolymer
allows cell growth and colonization on its surface. Moreover, it was also

demonstrated that in prolonged time (7 days), the samples lack any cytotoxic

effect.
a) Before test Adhesion test Proliferation test
(24 h) (7 days)
) .
@ . Pristine Zirconia discs (Control)
e \\%g_ !
7 Zirconia/pPoly(EGDMA-co-DOMAm)
& \ . discs (Coating)
b c
) 10 ) 100 [ Wells plate
g 80 g 80 -
Z £ [ Discs
8«0 .E 60
= -
2w L
5 k]
2 2 22
0 0 -
N 24h 7 days J) . 24h  Tdays
Y Y Y
Cytotoxicity Adhesion Proliferation

Figure 6-6: Viability of osteogenic MG-63 cells with zirconia/pPoly(EGDMA-co-DOMAm) decorated
discs: (a) optical microscopy images of TCP wells plate with pristine and zirconia/pPoly(EGDMA-co-
DOMAm)discs, before and after MG-63 cells incubation; (b) cytotoxicity evaluation after 24 h and 7
days; and (c) adhesion of MG-63 cells after 24h and cells proliferation after 7 days, respectively.

Fluorescence microscopy images of MG-63 cells are shown in Figure 6-7. The
cells in extension on the surface of the material are clearly observed during
adhesion and cells in higher density during growth. High magnification

micrographs show that in both cases the cells extend their cytoplasm-shaped
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filopodia to adhere to the surface and promote cell migration in the cell
adhesion and establish contacts between cells. These results prove that the
catechol/acrylate copolymer has biocompatible characteristics in vitro and

allows the adhesion and growth of osteogenic MG-63 cells.

Adhesion Proliferation

Figure 6-7: Fluorescence optical images of osteogenic MG-63 cells adhered to zirconia/pPoly(EGDMA-
co-DOMAm)discs: (a-b) Low and high magnification images of the adhered cells, after 24h of
incubation, respectively; and (c-d) Low and high magnification images of cells proliferation, after 7
days of incubation, respectively. MG-63 cells were stained with phalloidin dye, in which the nucleus is
represented as blue color, and the cytoplasmic actin filaments are marked as green color

6.4 Conclusions

For the first time, a Poly(EGDMA-co-DOMAmM) copolymer coating has been
successfully covalently bonded to a ceramic substrate. The employment of
atmospheric plasma to activate the zirconia surface and the liquid-assisted

polymerization of polydopamine and ethylene glycol dimethacrylate monomers
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by plasma (called LA-APPiP) resulted in a fast and friendly way to obtain a very
smooth and stable nanometric film. The new ceramic coating has enhanced
human cell proliferation and adhesion, after 24 h and 7 days of incubation,

respectively; when compared to the pristine zirconia samples.

Such results open new insights for continuing the investigations of applying
the LA-APPiP method to replace less friendly approaches, like layer-by-layer
deposition, sol-gel technologies, or adsorption methods, for the obtaining of
thin films in solid substrates; which usually expend a lot of solvents and
purification steps. LA-APPiP can be extended to other materials surfaces, such
as polymers, metals, and other ceramic compounds, and can be easily scalable
for industrial applications. However, it could not be used for the polymerization
of 3D-printed zirconia substrates, like PICN production, due to the difficulty to

achieve plasma energy among the zirconia filaments.
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7. Conclusions

The last chapter of this thesis draws general conclusions based on the

results presented in previous chapters.

The idea of a combination of polymer-infiltrated ceramic networks (PICN)
with direct ink writing additive manufacturing has proven to be successful.
Carefully adjusted parameters of designed porosity (50 %) of 3Y-TZP scaffolds
and Bis-GMA/TEGDMA copolymer ratio (40:60, respectively) resulted in the
development of a manufacturing protocol with great reproducibility. The
challenging task of copolymer adhesion to the surface of inert sintered zirconia
was overcome by applying y-MPS organosilane as a coupling agent. The proper
adhesion was not only observed by multiple characterization techniques, but

also by the density of infiltration, which reached more than 87%.

As one of this thesis's main goals was to optimize the mechanical properties
of 3Y-TZP, a study of the behavior of PICN samples under compression force was
evaluated. Based on traditional testing, but also observed by the infrared
camera, it was concluded that the PICN samples can resist higher deformation
in comparison with empty porous scaffolds or 3D-printed scaffolds with zero
designed porosity. Moreover, a decrease in overall hardness was observed in
PICN samples giving them properties more similar to natural teeth than pure 3Y-
TZP. Therefore, the methacrylate copolymer adhesive actuated as a shock

absorber, as planned.

In the last part of this thesis, the surface modification of zirconia with a
proven cell adhesion promoter like polydopamine was studied. Polydopamine
and ethylene glycol dimethacrylate copolymer were for the first time applied to
the zirconia surface by the liquid-assisted plasma polymerization, a solvent-free

polymer deposition technology to various surfaces. The absence of solvents is
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advantageous and avoids subsequent purification steps and was proven to
successfully deposit the desirable nanometric film. However, this method is
unfeasible for the scope of infiltration of 3D-printed zirconia structures with
macropores due to the lack of energy to overpass the ceramic filaments. Then,
for 3D-printed scaffolds chemical copolymerization activated by catalysts is

recommended.

As the developed 3D-printed scaffolds have complex structures, the
necessity of antimicrobial properties determination was met, revealing that
although the produced PICN itself does not possess antimicrobial properties, it
does not support the excessive growth of bacteria. However, this is an important
parameter to avoid infections, and therefore future failure of the dental
material. The application of silver nanoparticles embedded in bio-based lignin
matrix (Ag@PL NPs) to the surface of PICN proved to be stable and confirmed

the reduction in antimicrobial growth on the functionalized PICN.

For every new material for biomedical application, biocompatibility is
another key parameter. In the present thesis, we approached different cell lines
to study the cell viability of PICN cubic scaffolds, PICN cubic scaffolds
functionalized with antibacterial nanoparticles, and flat zirconia discs (non-
complex geometry) functionalized with a biocompatible coating based on
polydopamine and acrylates. Either PICN scaffolds (without Ag@PL NPs) or the
zirconia samples covered with the biocompatible film showed positive results in
both, adhesion and proliferation studies, with MG-63 human osteoblasts.
However, the presence of polydopamine units in the methacrylate coating
generated by plasma polymerization seems to potentiate cell growth compared
to Bis-GMA/TEGDMA copolymer-filled samples. Thus, future studies can drive
more researchers to implement this new polymer (poly(EGDMA-co-DOMAmM))
for infiltration of macroporous 3D-printed zirconia samples intended to be used

in dentistry applications.
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At the same time, the biocompatibility assay of 3D-printed PICN scaffolds
with Ag@PL NPs showed that the viability of human cell lines was slightly
reduced concerning the sample without nanoparticles, however, was much
better for human keratinocyte cells in comparison with human fibroblasts. So,
an indirect cell viability test would be recommended to ensure that Ag atoms

have not been delivered to the media.

Overall, a new approach to PICN materials was introduced and successfully
manufactured using fast-developing additive manufacturing technology. The
new composite material was characterized in depth in the aspects of becoming
a desired material for the dental industry. The produced PICN was further
functionalized to overcome the challenges of biomedical devices and their

failure.

The future aspects of utilization of such material lie in further improvement
of the surface functionalization to improve the biocompatibility of the hybrid
system. Another future goal could also include the exchange of filing materials

and potential applications in different areas than the biomedical fields.
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