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Preface to ”Zirconia and Innovative Biomaterials for
Dental and Biomedical Applications”

The use of zirconia in the biomedical field was initiated in the early 1970s, and the application

of zirconia as a prosthetic material in dental-related applications was unlocked in the 1990s. Very

recently, many scholars established the use of zirconia in the dental and biomedical field as an implant

and as a scaffold. Thus, zirconia and zirconia-based materials have a wide range of applications in

the biomedical and dentistry fields owing to their excellent mechanical properties, aesthetics, and

biocompatibility. This Special Issue critically explores the art and state of zirconia surface treatments

(mechanical/chemical/physical), which are a significant challenge in implantology in designing

implant biomaterial using advanced technologies which have evolved rapidly to enrich the biological

and osteointegration process of dental implants. The surface characteristics are proposed to improve

the capacity of anchorage into the bone which determines the long-term clinical success rate. In

addition, digital technology (CAD/CAM and 3D printing) in dentistry plays a crucial role in the

fabrication of dental restorations and prostheses because of its efficient manufacturing process with

high accuracy in a short time. The perfectibility of technology and the suitability of materials are

considered the ultimate requisite for the future.

With an increase in age-related pathologies and associated illnesses worldwide, there is a

necessity for the advancement of biomaterials to substitute tissue loss and boost regenerative

mechanisms, as well as to ensure the healing process. Bioceramics, polymers, and metals are such

materials that have been used to repair and restore bone and dental defects, especially for the

reconstruction/regeneration of hard tissues. To achieve three-dimensional tissue regeneration, the

porous scaffold with multifunctional properties was fabricated using additive manufacturing and

conventional techniques.

Sangwon Park and John G. Fisher

Editors
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Abstract: The design of zirconia-based scaffolds using conventional techniques for bone-regeneration
applications has been studied extensively. Similar to dental applications, the use of three-dimensional
(3D) zirconia-based ceramics for bone tissue engineering (BTE) has recently attracted considerable
attention because of their high mechanical strength and biocompatibility. However, techniques to
fabricate zirconia-based scaffolds for bone regeneration are in a stage of infancy. Hence, the biological
activities of zirconia-based ceramics for bone-regeneration applications have not been fully investi-
gated, in contrast to the well-established calcium phosphate-based ceramics for bone-regeneration
applications. This paper outlines recent research developments and challenges concerning numerous
three-dimensional (3D) zirconia-based scaffolds and reviews the associated fundamental fabrication
techniques, key 3D fabrication developments and practical encounters to identify the optimal 3D
fabrication technique for obtaining 3D zirconia-based scaffolds suitable for real-world applications.
This review mainly summarized the articles that focused on in vitro and in vivo studies along with
the fundamental mechanical characterizations on the 3D zirconia-based scaffolds.

Keywords: 3D zirconia-based scaffold; bone-regeneration applications; composite; coating; fabrica-
tion techniques; bioceramics

1. Introduction
1.1. General Overview of Zirconia Bioceramics

Zirconium dioxide (zirconia) was first discovered by the German chemist Martin
Heinrich Klaproth in 1789 [1]. The use of zirconia in the biomedical field emerged in
1969, as it is a promising alternative to alumina and metal for the construction of hip
prosthesis in orthopaedic applications [2]. Zirconia is an oxide form of zirconium (strong
transition metal), which does not exist in pure form in the Earth’s crust. It is found in the
minerals baddeleyite and zircon. Zirconia is a polycrystalline ceramic that exhibits three
different crystallographic phases depending on the temperature and pressure: monoclinic
(M), tetragonal (T) and cubic (C) [3]. Pure zirconia with a monoclinic structure is stable
at room temperature and up to 1170 ◦C and has inferior mechanical properties to the
other two phases. The transition from the monoclinic phase to the tetragonal phase
occurs between 1170 ◦C and 2370 ◦C, accompanied by approximately 4–5 vol% reduction.
Zirconia shrinks to the cubic phase above 2370 ◦C and up to the melting point (2680 ◦C) [4].
The transformation of the tetragonal zirconia lattice into the monoclinic phase occurs
with approximately 3–4% volume expansion upon cooling. This phase-transformation
behaviour of zirconia results in crack propagation over time, because of the internal stress
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produced during cooling. The aforementioned phenomena can be inhibited by the addition
of a relative amount of metallic oxides (also known as ‘dopants’ or ‘stabilising oxides’)
such as Y2O3, MgO, CaO and CeO2 [5]. This doped zirconia exhibits a unique property
known as ‘transformation toughening’, and it is considered a key advantage for biomedical
applications in orthopaedics and dentistry [5,6].

1.2. Inevitability of Widespread Use of Zirconia Bioceramics in Biomedical Applications

It is well known that zirconia is available in various chemical forms; however, in the
field of biomedical research, only three types have primarily been used: yttrium-stabilised
tetragonal zirconia polycrystals (3Y-TZP), magnesium-doped partially stabilised zirconia
(Mg-PSZ) and zirconia-toughened alumina (ZTA) are the major contributors in biomedical
and dental applications [7]. The use of zirconia bioceramics in dental applications in the
form of dental prostheses started in the early 1980s and has attracted considerable attention
in the dental community [5,8]. In the early days, wide variety metal alloys were employed
in dental applications; titanium alloys exhibited clinical success rates of 92–98% yet had
minor shortcomings corrosion induced metal ion dissolution into body fluids. [9,10]. The
arrival of zirconia bioceramics was a blessing to dentistry owing to their tooth-like colour,
high fracture toughness and low-temperature conductance. Owing to its high flexural
strength (900 MPa) and non-reactivity with body fluids, researchers successfully employed
zirconia for crown and bridge applications [11,12]. Extensive research attempts have been
made to utilise the mechanical and biological advantages of zirconia in the form of dental
posts as a synthetic tooth root to replace missing teeth [13,14]. Numerous reviews of the
use of zirconia for implant applications have been conducted and served as a potential
reference for the dental and orthopedic research community [3,7,9,10].

More importantly, after the effectual utilisation of zirconia ceramics for the construc-
tion of tooth reinforced repairs, clinicians extended the use of the valuable features of
zirconia ceramics (that is, the lower elastic modulus and higher toughness for implant-
reinforced renovations) [15]. After the commercialisation of zirconia dental implants in
1987 by Sigma Implants (Sandhause, Incermed, Lausanne, Switzerland), zirconia implants
became widely accessible. However, the use of zirconia scaffolds for comprehensive
load-bearing applications is commercially nonviable owing to various challenges, such
as scaffold fabrication and surface modification. The promising development of zirconia
implants has been documented worldwide, and several reviews have been conducted in
recent years. For instance, Soon et al., and Yin et al., summarised the recent advances
in fabrication techniques for zirconia implants [16,17]. Cionca et al., and Amleh et al.,
compared the clinical advantages and difficulties between zirconia and titanium implants
in the previous review [18,19]. These reviews provide a basic understanding of the ori-
gin and evolution of zirconia bioceramics from dental prostheses to biomedical implant
applications.

1.3. Commencement of Zirconia over Calcium-Phosphate Scaffolds in Bone-Regeneration
Applications

Bone-tissue regeneration using synthetic biomaterials with an identical chemical com-
position to human bone has developed as a pioneering and favourable strategy for the
restoration of bone defects [20]. Calcium phosphate (CP) has chemical and biological
behaviours identical to those of natural bone, and calcium phosphate-based materials have
been extensively studied by various research groups worldwide [21–23]. However, they
have their own faintness in terms of mechanical properties, which is a major concern for
load-bearing applications [24]. More importantly, CP-based materials are biodegradable
in nature when subjected to the human body and fail to support the reconstruction pro-
cess because they do not maintain their original shapes [25]. To overcome this calamity,
researchers used a composite formation strategy, blending calcium phosphate with me-
chanically strong and biologically inert zirconia [26]. It is well known that zirconia has
an elastic modulus, fracture toughness and osseointegration properties similar to those
of human bones [27]. Since traditional two-dimensional (2D) biomaterials cannot retain
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three-dimensional (3D) architectures, 2D designs have a limited ability to mimic the multi-
dimensional extracellular background, which is essential for promoting cell feasibility and
functionality [28]. The design of synthetic bone-graft materials in the form of 3D porous
scaffolds loaded with tissue-activating features or precise cells to launch bone restoration
is an innovative approach [29,30].

In recent times, considerable research attention has been focused on the progress of
engineering techniques for developing CP biomaterials in the form of 3D scaffolds [31,32].
In a recent review, Ryan et al., reported that the available 3D-printing techniques have
matured sufficiently to formulate 3D porous CP scaffolds [33]. Additionally, they stated
that 3D-printed CP scaffolds must reach the level 1 preclinical stage to confirm effectiveness
in a large animal before bone-regeneration checks are performed for human trials. However,
the synthesis of 3D zirconia-based scaffolds remains in a stage of infancy because of the
lack of availability of 3D fabrication techniques [34].

Few 3D fabrication techniques have been successfully investigated for fabricating 3D
zirconia-based scaffolds.

The evolution of the fabrication techniques for the fabrication of 3D zirconia-based
scaffolds over time is presented in Scheme 1. As shown, 3D zirconia-based scaffold fab-
rication via the sponge replica technique for bone-regeneration application started in the
late 2000s. However, the use of modern 3D fabrication techniques for 3D zirconia-based
scaffolds started very recently. According to the types of 3D fabrication techniques, this
article can be divided into three main sections: conventional, hybrid and digital (Scheme 2).

Scheme 1. Evolution of 3D zirconia-based scaffolds (with regard to the scaffold fabrication technique) for bone-regeneration
applications.

Scheme 2. Overview of the 3D fabrication techniques for zirconia-based scaffolds, along with the surface optimisation
tactics using coating and composite strategies.
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Originally, researchers investigated zirconia-based scaffolds using conventional mould-
ing approaches, including sponge replicas, freeze-drying, pore-formers and salt leaching.
Even though the conventional techniques for fabricating zirconia-based scaffolds are eco-
nomical, the precise formation of complex structures is difficult [34]. Thus, in recent
years, researchers have used 3D digital techniques as alternative methods for fabricating
zirconia-based scaffolds, as for other biomaterials. In the following sections, we discuss the
roles of previously reported composite/coating approaches in enhancing the mechanical
and biological properties of zirconia-based scaffolds. The most common composite and
coating materials used for the bioengineering of zirconia-based scaffolds are presented in
Scheme 3.

Scheme 3. (a) Composite materials and (b) coating materials for bioengineered zirconia-based
scaffolds.

Thus, this review systematically summarises the challenges and advancements in the
development of 3D fabrication techniques for 3D zirconia scaffolds and their role in bone-
regeneration applications for the first time as per the author’s knowledge. We focused on
studies in which the biological activity of zirconia scaffolds was successfully demonstrated
in vitro and in vivo. Finally, guidance for future research directions for formulating optimal
zirconia scaffolds via conventional and modern 3D digital techniques is provided. More
importantly, we comprehensively addressed the gap between the academic reliability and
clinical reliability of various 3D zirconia scaffold techniques for bone regeneration. We
hope that this review will draw attention to the production of 3D zirconia scaffolds and
promote their clinical implementation.

2. 3D Zirconia-Based Scaffolds via Conventional Technique
2.1. Sponge Replica Technique

The polymeric sponge replica method is the most popular technique for producing
interconnected porous bioceramics. This method is known for its simplicity. It involves the
coating of open-cell polymeric foam with the desired bioceramic slurry and subsequent
thermal treatment to burn-out the polymeric foam and obtains a bioceramic with a 3D
structure similar to that of the original polymeric foam [35]. The composite/coating design
mixture of biocompatible materials and bioinert porous zirconia-based scaffolds have
been studied extensively by multiple research teams [36]. By fixing bioinert zirconia scaf-
folds as a mainstream loadbearing framework, several scholars have fabricated advanced
coating/composite formations using biocompatible and osteoinductive bioceramics.

Hydroxyapatite (Ca10(PO4)6(OH2), HA) is a well-known material in the calcium-
phosphate family owing to its analogous properties to human bone components and has
been employed for bone replacement [37]. Tricalcium phosphate (β-TCP), which is com-
monly referred to as bone ash, has a chemical formula of Ca3(PO4)2. Similar to HA, TCP is
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rich in calcium and phosphorus, which can induce new-bone construction [38]. β-TCP has
been formulated directly in the form of scaffolds and tested for bone-tissue regeneration
applications [39]. Similarly, the biphasic calcium phosphate (BCP) bioceramic—a mixture
of TCP (Ca3(PO4)2) and HA (Ca10(PO4)6(OH2)—has been used as a bone-craft material be-
cause it has a good chemical bone-bonding property and a greater bioresorption capability
than HA and TCP individually [40]. BCP promotes the growth of osteoblasts/osteoclasts
in a more habitual fashion than pristine HA and TCP [41]. Our literature assessment indi-
cated that HA, TCP and BCP are the calcium-phosphate ceramics that are predominantly
employed to formulate bioengineered zirconia scaffolds. In the following sections, we com-
prehensively discuss the approaches and scientific advancements of calcium-phosphate
incorporation into zirconia scaffolds and zirconia incorporation into calcium-phosphate
scaffolds, which have been investigated by numerous bone-tissue engineers.

Initiation of the application of CP-altered zirconia-based scaffolds for bioactivity,
an enhancement was started in 2003. Kim et al., proposed a biocompatible HA coating
(dip-coating) on the surface of a zirconia scaffold (synthesised via the sponge replication
technique) [42]. In particular, to minimise the chemical conversion reaction between HA
and zirconia, a fluorapatite (FA) layer was adopted as an intermediate. The authors found
that the strength of the HA-coated zirconia scaffolds increased by a factor of 7 (compared
with the HA), which is encouraging for load-bearing applications. Furthermore, the in vitro
results confirmed that the surface-treated porous zirconia scaffolds significantly promoted
the growth and proliferation of the osteoblast cells compared with untreated zirconia
scaffolds. It is known that FA-inserted HA surface-treated zirconia scaffolds provide
enriched bone-tissue regeneration properties. In 2004, Kim et al., varied the external
coating with different calcium-phosphate coatings via the powder slurry method (TCP,
HA, FA) or in the form of composites including TCP + HA and HA + FA on sponge
replication technique-derived zirconia scaffolds [43]. Before the direct CP coating was
formed, the zirconia scaffolds were coated with FA as an intermediate layer to minimise
the interaction between the CP and the zirconia scaffolds. The authors found that the cell
evolutions depended on the coating environment. For example, from the cell-differentiation
output of MG63 cells, the alkaline phosphate establishment was found to be enriched in
surface-treated scaffolds HA (HA, HA + FA and HA + TCP) compared with pure TCP- and
FA-coated scaffolds. In 2004, the same group studied the effects of coating zirconia with HA
via the sol-gel and slurry methods [44]. The dissolution rate in the case of the sol-gel-slurry
coating was higher than that for the slurry coating. Additionally, the authors controlled the
dissolution rate by adjusting the annealing temperature of the sol-gel HA layer. Osteoblast
proliferation was confirmed by biological assessments using human osteoblast-like cells
(MG63 cells).

After the successful formulation of zirconia scaffolds into strong and bioactive scaffolds
via apatite dual-layers inner FA layer and an HA outer layer on the zirconia scaffolds, Kim
et al., further authorised the clinical prospects of bioengineered zirconia scaffolds by perform-
ing in vivo studies on a rabbit calvarial defect model in 2008 [45]. To recognize the geometrical
impacts on the bone-regeneration activities, the authors varied the porosity and pore size of
the scaffolds. Remarkably, the bioengineered scaffold exhibited a higher porosity (~84–87%)
and compressive strength (~7–8 MPa) than pure apatite-based scaffolds (~74% and ~2 MPa,
respectively). Furthermore, according to the in vivo studies on the rabbit calvarial defect
model, they proposed that the new-bone construction ensued effectively within the pore
channels of all the apatite-engineered zirconia scaffolds, where the bone regeneration phases
were similar to those of the pristine HA scaffold. Thus, Kim et al., confirmed the capability
of apatite-engineered zirconia scaffolds for bone-regeneration applications by succeeding
fundamental studies from in vitro to in vivo amendments, which is crucial for realising any
academic research activities persevering further to real-world standards.

Likewise, in 2012, An et al., performed in vivo studies on a fabricated zirconia-HA com-
posite [20]. The authors constructed zirconia/HA scaffolds via the conventional replication
(polyurethane foam-scaffold) technique by dipping polyurethane sponge in the zirconia/HA
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slurries. The authors demonstrated that the compressive strength of the zirconia/HA scaffold
increased from 2.5 to 13.8 MPa with an increase in the zirconia content from 50 to 100 wt%.
Additionally, the authors found that the biological activity of the zirconia/HA scaffold was
superior to that of pristine zirconia alone. More importantly, in vivo examination using fibrin
gel comprising bone marrow-derived stromal cells (BMSCs) loaded with a zirconia/HA
bioceramic scaffold offered a promising 3D surrounding for BMSC persistence and enriched
the bone restoration near the implanted scaffold. The definite fabrication of the zirconia/HA
scaffold via the polyurethane foam-scaffold technique and its successful bone regeneration
in eight-week-old male SD rats are presented in Figure 1. Thus, An et al., demonstrated that
bioinert zirconia can be used as an effective bone-generation material for larger bone defects
with the aid of bioactive HA composite formation.

Interestingly, platelet-rich plasma (PRP) was introduced as a bone-growth-supporting
agent to HA/zirconia scaffolds by Latifi et al., and Shahsavari-pour et al. [46,47]. In particular,
zirconia scaffolds were produced via the polyurethane foam-replication technique and sub-
jected to FA coating and HA coating via the slurry technique, followed by PRP/heparin sulfate
(HS) impregnation to obtain HA/zirconia/PRP scaffolds. Scanning electron microscopy (SEM)
of the HA/zirconia scaffolds revealed their high porosity, where the pores were impregnated
with PRP gel, and the high-resolution SEM outputs of the PRP-impregnated HA/zirconia
frameworks revealed nanoscale porosity (Figure 1b). Enriched osteoblastic proliferation
and mineralisation of MG-63 cells were observed for the PRP/HS-impregnated scaffold. To
examine the bone-restoration capability of the HA/zirconia scaffold with and without PRP,
the authors performed an in vivo experiment, creating a rectangular bone defect in a rabbit
mandible and replacing the defect using custom designed rectangular scaffolds (Figure 1c).
The in vivo studies were conducted for a period of 8 weeks, and the HA/zirconia/PRP
scaffolds were found to repair the artificial bone defects. The authors reported that the HA-
zirconia scaffolds with and without PRP accurately imitated the bone mandibular properties
in the short-term studies. Nonetheless, long-term observations revealed that PRP played no
role in enhancing the synergic regenerative properties. It has been proposed that PRP has
osteoinduction and antimicrobial activities.

Figure 1. (a) Fabrication of the zirconia/HA scaffold via polyurethane foam-scaffold technique and
its successful bone-regeneration in eight-week-old male Sprague dawley (SD) rats. Image is used
from An et al., reprinted with permission from Elsevier [20], copyright© 2012. (b) PRP-impregnated
HA/zirconia frameworks: (A–C) high-resolution SEM outputs of the PRP-impregnated HA/zirconia
frameworks. (c) In vivo experiment for PRP-impregnated HA/zirconia frameworks; (B) in vivo
demonstrations via a rectangular bone defect in the rabbit mandible and replacement of the defect
using the deliberately designed rectangular scaffolds. Image used from Shahsavari-pour et al. [47],
reprinted with permission from Elsevier, copyright© 2018.
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Utilisation of β-TCP as a bioactive composite for tailoring the structural properties
of zirconia scaffolds was proposed by Alizadeh et al., in 2014 [48]. In detail, the 3D β-
TCP/zirconia (yttrium-stabilised) scaffold composite formation is favoured by external
slurry mixing of β-TCP/zirconia at different wt% ratios (zirconia.Y2O3/β-TCP: A1:50/50,
A2:40/60 and A3:30/70) and subsequent sponge formation using a polyurethane sponge
(polyurethane foam-replica technique). The authors studied the physical and mechanical
outputs with diverse β-TCP/zirconia ratios. They established that the porosity of the
β-TCP/zirconia scaffolds can be changed from 65% to 85%. Subsequently, the authors
confirmed that the compressive strength varied from 4.95 to 6.25 MPa with an increase in
the zirconia content from 30% to 50%. The in vitro biological activity of the β-TCP/zirconia
scaffolds was characterised using human endometrial stem cells, and it was found that
the cell attachment and proliferation were enriched for the β-TCP/zirconia scaffolds
with a ratio of zirconia.Y2O3/β-TCP 30/70. Conversely, Mohammad et al., reported that
reinforcing the HA (75 wt%) matrix with 25 wt% zirconia enhanced the apatite-layer
formation on the surface of the porous scaffold and increased the compressive strength to
approximately 13.2 MPa [49].

A porous monolithic functionally gradient FG/BCP/zirconia scaffold with a can-
cellous bone structure was designed via the conventional polyurethane foam-replication
technique by Lee et al. [50]. To recover the bioactive properties and reduce the amount of
microdefects, the BCP/zirconia and BCP slurries were treated on the monolithic zirconia
scaffold as an in-between layer and an external layer, respectively. The dimensions of
the knitted pores and supports were approximately 100–250 µm and 110–300 µm after
multilayer addition, which were appropriate for bone-renewal. The biological activity of
FG/BCP/zirconia was evidenced by the rapid proliferation and cell attachment of the
osteoblast-like MG-63 cells.

The use of dual bioceramic β-TCP/HA coatings on a polyurethane foam-replication
technique-derived zirconia composite scaffold was described by Song et al. [51], and in vitro
cellular-behaviour measurements provided evidence for the MC3T3-E1 pre-osteoblastic
cell activity. Compared with titanium, the osteoblast activity on the surface-activated β-
TCP/HA/zirconia composite scaffold was higher. Additionally, the osteoblast activity was
mainly affected by the microstructure rather than the coating group. The short duration of
the cellular-level investigation and the partial distribution of the coating materials in the
interconnecting pores were limitations of this study that must be addressed in the future.

Furthermore, Lee et al., extended the BCP/zirconia scaffold study to design a unique
multilayer BCl/zirconia scaffold with immobilised collagen surface modification (Col-
BCP/zirconia) via a polyurethane foam-replication technique [52]. The average pore
size of the scaffolds was in the range of 160–500 µm, which was sufficient for inducing
new-bone growth [53]. In vitro cell proliferation and differentiation studies (MC3T3-E1
pre-osteoblast cell) revealed that the collagen-modified Col-BCP/zirconia scaffold was
superior to the unmodified scaffolds. Collagen inclusion improved the cytocompatibility of
the BCP/zirconia scaffold without affecting the bulk properties. More importantly, in vivo
examinations of the Col-BCP/zirconia scaffold implanted into rabbit femurs after 1 and 5
months indicated that they have considerable promise for new-bone formation compared
with the BCP/zirconia scaffold (Figure 2). Thus, the pioneering research outcomes highlight
the importance of the Col-BCP/zirconia scaffold as an artificial bone material.
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Figure 2. (a) Histological analysis of BCP/zirconia and Col-BCP/zirconia scaffolds 1 and 5 months
after implantation in the femurs of rabbits, observed via Villanueva bone stains at low and high
magnifications. HB: host bone; M: bone marrow; B: new-bone formation. (b–d) Histological analysis
of Col-BCP-zirconia scaffolds after 5 months of implantation in the femurs of rabbits, observed via
different methods. (b) Villanueva bone stain: HB, host bone; M, bone marrow; B, new-bone formation;
S, scaffold. The SEM image in (c) is magnified in (d). The energy-dispersive X-ray spectroscopy
profiles of P, Q and K were taken from (c). Images used from Lee et al. [52] reprinted with permission
from Elsevier, copyright© 2015.

Additionally, 58S bioactive glass (BG58S)—a combination of calcium/phosphate
units and silicate units—was reported to quickly bond with bone and stimulate bone
formation, and it has been widely studied for dental implant applications [54]. This highly
advantageous feature of BG58S was employed to modify the surface activity of zirconia
scaffolds for the first time by Guimaraes et al., in 2019 [55]. Initially, zirconia scaffolds
were designed using the conventional polyurethane foam-replication technique, with
average pore diameters of 318, 423 and 564 µm, validating the 3D open-cell constructions.
The BG58S coating was applied by immersing the zirconia scaffolds in a BG58S sol-gel
solution. The coating thickness was controlled by optimising the viscosity of the sol-gel
solution and altering the immersion rate, as shown in Figure 3a–f. The authors verified the
in vitro biocompatibility of the zirconia scaffolds with and without the BG58S coating by
employing MG-63 osteoblast-like cells (Figure 3g–i). The cell feasibility and proliferation
were enhanced with a reduction in the pore size. Additionally, the scaffolds with the
BG58S coating enhanced the cell viability and promoted cell proliferation, highlighting
the importance of the chemical composition on the surface. The results of this study
emphasise the significance of the chemical configuration on the surface, aperture diameter
and microporosity in the utilisation of zirconia scaffolds as bone grafts.
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Figure 3. SEM images of 3D zirconia scaffolds (a,b) 564-Z, (c,d) 423-Z and (e,f) 318-Z at low (left) and high (right)
magnifications. SEM images of MG-63 osteoblast-like cells on the uncoated 564-Z, 423-Z and 318-Z (g,i,k) and coated
564-Z.BG, 423-Z.BG and 318-Z.BG (h,j,l) scaffolds after 2 d of cultivation. Images used from Guimaraes et al. [55] reprinted
with permission from Elsevier, copyright© 2019.

As mentioned previously, in 2020, Gouveia et al., used the protocol reported by
Guimaraes et al., in 2019 for the synthesis of 58S bioactive glass and the fabrication of porous
zirconia scaffolds reinforced with 58S bioactive glass [56]. Additionally, polyurethane
sponges with 4, 60 and 80 pores per inch were fabricated. Moreover, the authors described
an additional processing route that involved coating the pre-sintered zirconia scaffold
template (1150 ◦C) with bioactive glass, followed by sintering at 1500 ◦C. The infiltration
process occurred. Along with this processing step, an additional process was conducted,
which involved BG58S coating and heat treatment at 600 ◦C.

Pristine zirconia grafts were studied for dental implant applications in the early 1980s
because of their excellent aesthetic appearance and bioinert properties. However, in the
available literature, there are limited research articles on the use of pristine zirconia grafts
for bone-repair applications. Zhu et al., (2015) reported the optimisation of porous nano-
sized zirconia scaffolds via a replica technique with a sufficient porous structure as that of
a cancellous bone [57]. The porosity and pore size of the scaffold were controlled by chang-
ing the sintering conditions. The tremendous cell adhesion and enhanced proliferation
of BMSC cells were observed after 14 d of incubation for a scaffold with 75.2% poros-
ity. Additionally, the scaffold exhibited suitable mechanical properties for load-bearing
applications.

Recently, Kim et al., (2018) studied the bone-formation abilities of pristine zirconia
grafts engineered using the polyurethane-based sponge replication technique [27]. The
designed grafts were subjected to in vivo studies to replace the bone defects in rabbit
calvaria and compared with commercial graft materials including Osteon II (Os) and
Tigran PTG (Ti). Even though the experimental groups achieved a great extent of new-bone
development than compared with the defect group, the differences in the results among
the experimental designs were insignificant owing to the similar granule sizes, shapes and
porosities of the graft materials. Hence, it is important to design highly porous zirconia
scaffolds with a definite bone size and shape using advanced techniques or to alter the
surface of zirconia for enhancing the bioactivity.
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Askari et al. [58] targeted the advancement of a computational framework (together
with experimental confirmation) to regulate the mechanical characteristics of zirconia foams
with different pore sizes (manufactured using the foam replica method) for bone-tissue
reestablishment applications. Micro-computed tomography (CT) images were filtered to
separate noise and smooth margins before fabricating 3D zirconia foams with an adaptive
body-centred cubic background framework. The authors verified and scrutinised the stress
distributions and magnitudes, scaffold deformation, stresses and plastic strains using the
developed micro-CT-based finite-element model. The model was capable of depicting the
mechanical stimuli on cells and the confined stress effort in the scaffolds.

2.2. Freeze-Drying Technique

Rather than fabricating zirconia in the form of a 3D structure, the 3D bioactive coating
layer can be targeted over the zirconia surface. For example, the development of a thick,
scaffold-like HA coating on durable zirconia substrates via a freeze-drying-assisted tech-
nique for fabricating porous scaffold-like HA/zirconia composites was proposed by Jiang
et al. [59]. In vitro tests confirmed that the porous scaffold-like HA/zirconia composites
were bioactive. Additionally, the 3D-HA coated onto the core zirconia retained sufficient
mechanical properties for load bearing.

The foregoing studies mainly involved the use of calcium phosphate-based bioceram-
ics with bone-like properties to reproduce the bone-graft activities of zirconia scaffolds.
However, Teimouri et al., in 2015 established the use of inorganic polyoxometalates (POMs)
with a unique biological property to promote the biological activity of zirconia by con-
structing a POM/zirconia/silk fibroin nanocomposite framework via the freeze-drying
method [60]. The in vitro bioactive behaviour of the POM/zirconia/silk fibroin in simu-
lated body fluid (SBF) was examined, and a uniform distribution of fibroblast cells on the
POM/zirconia/silk fibroin composite scaffold was observed. The authors introduced a
unique method for enhancing the bioactivity of bioinert zirconia; however, in vivo studies
must be conducted to observe the effects of inorganic POMs in the human biological envi-
ronment. The authors performed another study based on silk fibrin (SF) and nano-zirconia;
however, the POM polymer was replaced by chitosan (2%) to fabricate a biocomposite
scaffold with an interconnected porous structure using a freeze-drying technique [61]. The
compression strength and modulus of the composite scaffold were twofold higher than
those of the polymer scaffold (SF/CS) owing to the existence of zirconia in the polymer
matrix. Moreover, in an evaluation of human gingival fibroblast (HGF) cells, the composite
scaffold exhibited higher biocompatibility.

Recently, a comparative investigation of the physical and biological properties of
chitosan-nano-HA (CS-nHA), chitosan-nano-zirconia (CS-nZrO) and chitosan-nano-calcium
zirconate (CS-nCZ) porous composite scaffolds (Figure 4a) fabricated via freeze-drying
for bone-reestablishment applications was performed by Gaihre et al. [62]. The in vitro
activity of the OB-6 pre-osteoblast cells was superior to that of the extended filopodia on
CS-nHA and CS-nZrO compared with the CS-nZrO composite scaffolds (Figure 4). The
authors expected to investigate further studies on the osteogenic capability of CS-nZrO
composite scaffolds.

2.3. Pore Former/Space Holder Technique

The vacuum slip casting technique was used to construct an alumina/zirconia com-
posite scaffold with the aid of expanded polystyrene (EPS) beads (acting as pore formers)
by Liu et al. [63]. The designed scaffold exhibited homogeneously circulated intercon-
nected pores. The alumina/zirconia composite scaffold was further coated with a thick
bioactive glass (58S33C) layer. The bioactive glass-coated alumina/zirconia scaffolds exhib-
ited optimal porosities (60–66%), high strength (5.42–7.52 MPa) and enhanced bioactivity
(apatite-layer formation in the SBF solution after 24 h). The authors showcased multiple
bioactive glass-coated macropores as permanent scaffolds for bone-tissue restoration.
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Figure 4. (a) SEM images showing the highly porous morphology of the scaffold surface (A,C,E,G) and magnified images
showing the surface of the scaffold wall (B,D,F,H); the scale bars indicate 100 and 2 µm for the scaffold surface and the pore
wall surface, respectively. (b) SEM images (A–H) showing the morphology of pre-osteoblast attached and proliferating along
the surfaces of different scaffolds; the scale bars indicate 20 and 50 µm in the images taken on days 7 and 14, respectively.
Images used from Gaihre et al. [62] reprinted with permission from Elsevier, copyright© 2019.

In one of the reported studies, the bone-growth activities of yttria-stabilised zirconia
(YSZ) and magnesium-stabilised zirconia (MgSZ) porous scaffolds were compared (the
scaffolds were formed using EPS beads) [64]. The MC3T3-E1 pre-osteoblast cell activity on
the YSZ was enriched owing to the surface chemical dissimilarities between the YSZ and
the MgSZ. However, the authors claimed that both YSZ and MgSZ porous ceramics can be
effective scaffolding materials for cortical bone, because of their comparable mechanical
and biological properties.

2.4. Solvent Casting and Salt Leaching

Solvent casting and particulate leaching are among the simple and time-effective
techniques for producing bioceramic scaffolds with the desired porosity [65]. Unique
PLA-HA-YSZ nanocomposite scaffolds with diverse compositions were fabricated via
solvent casting and particulate leaching by Ziaee et al. [66]. Among all the ratios tested, a
PLA15%—HA-15%YSZ nanocomposite scaffold exhibited the highest compressive strength
and SBF activity. The compressive strengths of the scaffolds were reduced after they were
soaked in SBF, and the scaffolds containing HA underwent larger strength reductions than
those containing YSZ.

In 2018, Mokhtar et al., conducted a case study to assess the efficacy of a custom-
made porous zirconia scaffold along with a buccal trapezoidal flap for closure of oroantral
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fistula [67]. This study was performed on 10 patients suffering from oroantral defects
due to extraction of the first and second premolars in a maxillary region with dimensions
of approximately 6–9 mm. Initially, a virtual bone model with defects was constructed
using the stereolithography photopolymer-based 3D-printing technique from cone-beam
computed tomography (CBCT). The zirconia scaffold was prepared via solvent casting
and the salt-leaching technique, and the fitness was assessed with the bone model before
the sterilisation process. Clinical (extraoral and intraoral examinations) and radiologi-
cal (CBCT) assessments were performed before and after surgery. Postoperative clinical
follow-up evaluations were performed at 2 weeks, 1 month and 3 months. A radiographic
examination was conducted after 2 weeks using panoramic radiography. CBCT was per-
formed after 3 months to evaluate the bone formation; the bone density was compared with
that during preoperative CBCT. The intensity of pain and frequency of minor complications
(postoperative bleeding/edema) were significantly reduced over time, while the bone den-
sity increased by approximately 41.2%. The authors found that the zirconia scaffolds with
interconnected porous structures enrich the formation of new bone in oroantral defects.

3. Fabrication of 3D Zirconia-Based Scaffolds via the Digital Technique
3.1. Computer-Aided Design/Computer-Aided Milling (CAD/CAM) Technique

After the acclaimed applications of zirconia ceramics in dental crowns and implants,
zirconia ceramics were expected to dominate the biomedical field. However, the direct
utilisation of zirconia scaffolds to reconstruct bone is also initiated in the maxillofacial
reconstruction area in the dental field. Aftan et al., developed an innovative method for
mandibular reconstruction [68]. The authors designed a patient-specific zirconia pros-
thesis via the CAD/CAM technique using a zirconia block. They employed the zirconia
prosthesis technique for the restoration of mandibular flaws in a human trial. This case
study was performed on 20 patients for 62 months, with defects caused by mandibular
trauma, tumours, and congenital abnormalities, which required surgical resection and
reconstruction. A few patients underwent two surgeries; the Boweman Conroyd appliance
was placed in the first surgery, and it was replaced by the predesigned zirconia prosthesis
in the second surgery. The zirconia prosthesis was designed according to the patient defects
and surrounding anatomical structures using a 3D CAD model. Milling was performed
on the zirconia block, followed by sterilisation. For the placement of a dental implant,
the authors voluntarily created a hole in the prosthesis. The results were encouraging,
with a 95% success rate, and the reconstruction did not affect the mandibular function or
aesthetics. Minor complications (pain and edema) were reported.

It is well known that CAD/CAM is a destructive technique that cannot produce zirco-
nia scaffolds with high porosity. Recently, an interesting approach for designing zirconia
scaffolds with ~40% porosity and a multilayer assembly via CAD/CAM was proposed
by Marques et al. [69]. The distinctive design strategy involves 5-axis milling (XYZ axes
and rotating axes (A and B axes)) that allows the part to move 360◦ in both directions and
20◦ towards the front and back [69]. A schematic of the zirconia scaffolds designed using
the CAD/CAM model is presented in Figure 5a. The scheme comprehensively illustrates
the process of designing complex zirconia scaffolds using a modified CAD/CAM model,
followed by mechanical testing (compression testing), whereby the Young’s modulus val-
ues were found to be associated with the host bone. The rapid diffusion behaviour of
water inside the channels of the zirconia scaffolds was established using capillary testing.
Likewise, to replicate the endosseous implant, the authors demonstrated implant insertion
imitation practice, wherein the implant exhibited superior fixation at the early stage of
implantation. Tribological tests revealed that the cavities/valleys inside the scaffolds were
loaded by bone. Even though the authors mimicked the bone implantation of the zirconia
scaffolds via tribological tests, it is essential to verify the cell activity of the scaffolds in the
biological environment.
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Figure 5. (a) Schematic of zirconia scaffolds designed via a CAD/CAM model. Image used from
Marques et al. [69] reprinted with permission from Elsevier, copyright© 2019. (b) Detailed illustration
of the design and milling of 3D-tailored CAD/CAM zirconia space-maintaining strategies for a rat
femur. Image used from Tetre et al. [70] reprinted with permission from Elsevier, copyright© 2021.

To all the above, most recently, Tetre et al., revealed a unique method for evaluat-
ing bone reconstruction using zirconia scaffolds in the rat femur via a 3D-CAD/CAM
approach [70]. A thorough illustration of the design and milling of 3D-tailored CAD/CAM
zirconia space-maintaining strategies for a rat femur is presented in Figure 5b. As shown,
a 3D-customised assembly was produced with different heights. The authors verified
the guided bone regeneration (GBR) abilities of the rat femur via Gomori’s trichrome
histomorphometrical examination. The authors monitored GBR activation at different time
intervals (2, 4 and 8 weeks) and found that the Haversian system was present in freshly
grown bone. Thus, the tailored milled zirconia scaffold in this study provided a detailed
understanding of progressive bone-tissue construction. The successful bone-reconstruction
ability of the zirconia scaffold highlights the effectiveness of the 3D-tailored CAD/CAM
technique for extending its application to various orthopaedic applications.

3.2. Extrusion-Based Techniques
3.2.1. Multi-Pass Extrusion Technique

Following the clinical success of an extrusion-based technique to fabricate zirconia
scaffolds for dental applications, the design of 3D zirconia scaffolds for bone-regeneration
applications has been widely studied [23]. Lee et al., analysed this technology even before
the worldwide upsurge in zirconia scaffolds for dental applications [71]. They fabri-
cated HA-coated micro-channelled fibrous Al2O3-(monoclinic, M-zirconia)/(tetragonal,
t-zirconia) composite scaffolds via the multi-extrusion process in 2004 [72]. In a prelimi-
nary study, they developed a multi-extrusion printing technique for designing zirconia
composite scaffolds with good mechanical properties. In another study, the research group
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varied several printing parameters, including the pore-gradient rate, extrusion ratio and mi-
crostructure, to optimise the experimental conditions for the fabrication of Al2O3-zirconia
composite scaffolds [73]. Their fabrication technique involved the mixing of bioceramics
using the polymer ethylene vinyl acetate, followed by extrusion. The extrusion process is
repeated to build a constantly porous core assembly with alternating Al2O3 and zirconia
layers. Using this custom design, the authors constructed various scaffolds (both individual
scaffolds and binary mixtures) over the subsequent years to achieve unique interconnected
architectures [71,74,75]. Later, in 2006, they demonstrated the in vitro understanding of
Al2O3-(M-zirconia)/t-zirconia composite scaffolds with well-established 3D-interconnected
micropores using human osteoblast-like MG-63 cells. The MG-63 cells were attached on
the rough outer layer as well on the micropores inside the scaffold body [75]. In the fol-
lowing years, owing to the repeated efforts of Lee et al., various structural advantages
have been implemented, yielding diverse zirconia composite scaffolds that are useful for
bone-regeneration applications. For example, using the multi-extrusion process, Lee et al.,
constructed bone-like continuously porous TCP/TCP-(t-zirconia)/t-zirconia composites
(originally, they used HA that transformed into TCP during heat treatment) (Figure 6a) [76].
To rectify the microcracks upon sintering due to thermal expansion mismatch issues, the
authors made the boundary amongst the pores with three types of laminates (Figure
6b–d). Cross-sectional SEM study confirmed the uniform pore channels and the absence of
delamination and cracks after the sintering process. The Haversian channel dimension and
outer cortical sample size were linked at diverse sintering temperatures, and their values
were recognised to be 86 µm, 10.3 mm and 53 MPa, respectively. Furthermore, complete
adhesion and distribution of osteoblast-like MG-63 cells were observed in in vitro survival
studies of the artificial cortical bone developed by the authors (Figure 6e–j).

Figure 6. (a) Schematic of the multi-pass extrusion process. Photographs taken before extrusion and after sintering (b)
arranged filaments and shell before final (3rd) extrusion, (c) sintered bodies at 1500 ◦C, (d) enlarged SEM image of the pores.
SEM images of MG-63 cell morphologies on TCP/TCP-(t-zirconia)/t-zirconia composites at incubation times of 15 min (e,h),
30 min (f,i) and 60 min (g,j). Images used from Lee et al. [76] reprinted with permission from Elsevier, copyright© 2011.

The combined mechanical and biological outputs of the TCP/TCP-(t-zirconia)/t-
zirconia scaffolds in this study were proven to be an ideal composite favourable for syn-
thetic cortical bones such as toe joints and finger replacements. This was followed by
the authentic demonstration of TCP/TCP-(t-zirconia)/t-zirconia scaffolds as an artificial
cortical bone. Lee et al., constructed porous multilayer HA/t-zirconia scaffolds via a
multi-extrusion process comprising concentric laminated structures and micro-channelled
groups [77]. Microstructural studies revealed that the HA/t-zirconia scaffold consisted
of alternating units of HA, HA/t-zirconia and t-zirconia. The mechanical properties of
the scaffolds varied significantly with the increasing temperature. The scaffold sintered
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at 1400 ◦C exhibited a high compressive output (20 MPa), and no cracks were observed,
whereas the sample sintered at 1500 ◦C exhibited a noticeable crack (Figure 7a–f).

Figure 7. Photographs of HAp/t-zirconia composites sintered at 1300 ◦C (a,b), 1400 ◦C (c,d) and 1500 ◦C (e,f). Confocal
microscopy images of osteoblast cell proliferation on an HAp/t-zirconia composite scaffold sintered at 1400 ◦C for 3 days
(g,i,k) and 7 days (h,j,l). Reprinted with permissionfrom Lee et al. [77], copyright© 2012.

The Haversian passage and interior dimensions were calculated to be 80 µm and
1.9 mm, which were favourable for cell development. Furthermore, in vitro osteogenesis
was confirmed by the uniform proliferation of osteoblast-like MG-63 cells (Figure 7g–l).
Additionally, the multi-extrusion methodology was employed by Lee et al., to construct
a macroporous channelled scaffold comprising a thin zirconia covered with a sacrificial
background layer made of PCL/BCP, which undergoes degradation to promote new-
bone formation [78]. The zirconia-PCL/BCP multilayer scaffold with the unidirectional
cylindrical channels exhibited 78% porosity, along with an acceptable compressive strength
(12.7 MPa). The in vitro proliferation of osteoblast-like MG-63 cells inside the pore wall of
the zirconia-PCL/BCP multilayer scaffold was confirmed by SEM. Unfortunately, there
is not much acknowledgement of Lee et al.’s advancements. We take this opportunity to
provide a comprehensive summary of their research results. This will provide readers with
a better understanding of the evolution and progress of 3D zirconia scaffolds, promoting
their use as standard materials for bone-tissue engineering.

3.2.2. 3D-Bioplotter Technique

Sapkal et al., used the extrusion-based technique and 3D-Bioplotting to construct
3D β-TCP/zirconia composite scaffolds with diverse architectures for healing large bone
deficiencies [79]. Scaffolds (0◦–90◦, 0◦–45◦–135◦–180◦, 0◦–108◦–216◦ and 0◦–72◦–144–36◦–
108◦) tactically designed by the authors with diverse filament alignments (Figure 8a–h)
were systematically subjected to mechanical and biological testing evolutions. The in vitro
bioactivity capability of the β-TCP/zirconia composite scaffold to replicate the human-bone
environment was assessed using MG-63 human osteosarcoma cells. Among the samples
tested, the β-TCP/zirconia composite scaffold with the 0◦–72◦–144◦–36◦–108◦ filament
orientation exhibited the best mechanical strength and cell-breeding capability.

Moreover, they concluded that the β-TCP/zirconia composite with a 70/30 ratio is
favourable for large-size bone-repair applications. The authors proposed future research
directions to extend their research to the next level, i.e., the insertion of Haversian canals
inside the β-TCP/zirconia composite scaffolds, for imitating blood vessels and stimulating
vascularisation.

Fu et al., highlighted the importance of zirconia reinforcement in β-Ca2SiO4 scaf-
folds for bone-tissue engineering constructed via the 3D printing of silicone resin-loaded
CaSiO3/zirconia fillers using the extrusion-based 4th Bioplotter [80]. The amount of zirconia
incorporated into CaSiO3 was varied from 0 to 15 mol%, and the scaffolds were denoted
as (0Zr-C2S, 5Zr-C2S, 10Zr-C2S and 15Zr-C2S). The β-Ca2SiO4/zirconia scaffolds designed
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in this study exhibited a rough surface and micropores, as indicated by the SEM results in
Figure 9a–p, which are important features for mimicking bone behaviour. The engineered
β-Ca2SiO4/zirconia scaffolds with a woven macropore network exhibited a high porosity
(~67%) and compressive strength (~6.1 MPa) favourable for load-bearing bone reconstruction.
The enhanced biological activity of the 15Zr-C2S scaffolds in the in vitro rat bone marrow mes-
enchymal cells encouraged the authors to examine the new-bone formation capability in a real
biological environment (in vivo studies). A histological examination revealed that the bone
restoration was more pronounced in 15Zr-C2S scaffolds than in a pure β-Ca2SiO4 scaffold
implanted in rat deficiency zones (Figure 9q,r). In summary, zirconia incorporation induces
dual properties to β-Ca2SiO4 scaffolds (i.e., improved mechanical strength and controlled
degradation of Ca and Si), which is essential for renewed bone growth.

Figure 8. Photographs (a–d) and SEM images (e–h) of Sintered β-TCP/zirconia scaffolds with
different laydown patterns and (a,e) 0◦–90◦, (b,f) 0◦–72◦–144◦–36◦–108◦, (c,g) 0◦–108◦–216◦ and
(d,h) 0◦–45◦–90◦–135◦, respectively. Reprinted with permission Images used from Sapkal et al. [79],
copyright© 2017.

3.2.3. Fused Deposition Modelling (FDM) Technique

Sa et al., fabricated reinforced BCP scaffolds with different amounts of zirconia
(BCP/zirconia) in 2018 via the FDM 3D-printing technique [81]. A photograph of the
FDM process employed by Sa et al., to design zirconia-reinforced BCP scaffolds. SEM of
the BCP/zirconia scaffold with overall dimensions of 6.0 × 6.0 × 3.0 mm3 revealed that
the pore size was 350 µm (Figure 10). Incorporation of 10% wt% zirconia powder into
the BCP scaffolds enhanced the compressive strength without degrading the bioactivity.
The authors verified the in vitro bioactivity of the BCP and BCP/zirconia scaffolds in
the presence of human mesenchymal stem cells (hMSCs) by comparing the fluorescence
staining of the hMSCs with BCP and BCP/zirconia scaffolds. The BCP/zirconia scaffolds
exhibited improved expression of bone morphogenic protein-2 compared with the pristine
BCP scaffolds. The synergistic effects of zirconia-stimulated scaffolds in achieving an active
culture upon osteogenic differentiation of bone tissues were proposed by Sa et al.

In addition to the traditional bioceramics, biopolymers have been investigated for
bone-regeneration applications because of their easy processability and controlled degra-
dation amount.

Polycaprolactone (PCL) is the most widely studied biopolymer because of its poor
mechanical properties and poor hydrophilicity. PCL alone cannot be used directly as a
bone-tissue framework. Hence, similar to most of the bioceramic designs, researchers
have attempted to include zirconia to enhance the mechanical properties of PCL [82]. For
instance, Wang et al. [83] embedded nano-zirconia with different weight ratios (5, 10 and
20 wt%, i.e., PZ5, PZ10 and PZ20, respectively) into PCL (PCL/zirconia) through the melt
mixing method and fabricated ordered scaffolds using the extrusion-based 3D-printing
technique. They have found that the pristine PCL, the PCL/zirconia scaffolds exhibited
improvements of 50% and 40% in the compressive strength and Young’s modulus, respec-
tively. Furthermore, the improved hydrophilicity and better water-adsorption ability of the
PCL/zirconia scaffold are conducive to cell bonding and nutrient passage. For instance,
an in vitro bioactivity survival test of PCL/zirconia scaffolds using the MC3T3 cells via
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laser confocal microscopy revealed that the cell growth rates of the PCL and composite
scaffolds (PZ5, PZ10 and PZ20) at 1, 3 and 7 d were >90%. The PZ20 scaffold exhibited
superior MC3T3 cell distribution, and the degree of cell proliferation varied with respect
to the zirconia content. Thus, the strategic design of PCL/zirconia scaffolds proposed by
Wang et al., confirmed the effectiveness of zirconia incorporation in transforming the PCL
into a potentially feasible scaffold for bone-tissue restoration.

Figure 9. (a–p) SEM images of (a) 0Zr-C2S, (b) 5Zr-C2S, (c) 10Zr-C2S and (d) 15Zr-C2S scaffolds,
with SEM fracture surface images from (i,m) to (i–p). In vivo results for 0Zr-C2S and 15Zr-C2S
scaffolds (q) histological and (r) quantitative analysis results for newly formed bone. Reprinted with
permission from Fu et al. [80], copyright© 2019.

Figure 10. SEM images of the BCP/zirconia scaffold. The left image shows a pore size of approx-
imately 350µm and printed lattice width of 500µm. The right side depicts a granular surface of
the 3D-printed scaffold after printing and sintering. Images used from Sa et al. [81] reprinted with
permission from Willey and sons, copyright© 2018.

3.2.4. Robocasting/Direct Ink Writing (DIW) Technique

Robocasting, i.e., DIW, techniques allow the design of high-quality complex ceramic
structures via optimal formulation and deposition of colloidal ceramic ink/paste that
flows through the printing nozzle with a high solid loading content to form a 3D con-
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struct with open porosity and are widely used owing to their cost-effectiveness and easy
processing [84].

Few attempts to fabricate zirconia scaffolds using robocasting for replacing bone
defects have been reported. The formulation of a zirconia suspension with high solid
loading and the optimal rheology plays a crucial role in printing; thus, Brazete et al.,
investigated the dispersibility of zirconia powder (45 vol%) in a homogeneous aqueous
suspension with different ratios (0.3%, 0.5%, 0.8%) of anionic dispersant (Dolapix CE
64) [85]. With 0.3 wt% dispersant, the suspension exhibited shear-thinning rheological
behaviour. Furthermore, the authors deliberated the optimised 0.3 wt% dispersed ink with
higher zirconia loading of 48 vol% for robocasting.

In 2015, Li et al., reported the fabrication of 3D cylindrical and woodpile-like 3D
zirconia scaffolds with interconnected scaffolds via the DIW technique [23]. The DIW
design proposed by the authors comprises three major parts: the computer-aided system
(CAD), extrusion needle and X-Y-Z platform. They unlocked the access to design 3D
zirconia tissue engineering scaffolds with water-based zirconia ink having a zirconia
content of 70 wt%. The zirconia ink was printed into layer-by-layer ordered 3D zirconia
scaffolds. The compressive strength of the 3D zirconia scaffolds (10 MPa) was higher than
that of the HA scaffolds. The in vitro proliferation of HCT116 cells on the 3D zirconia
scaffolds was verified using a microscope. Thus, the authors successfully proposed the
possibility of the DIW method to design scaffolds with precise control of the porosity for
advanced bone-tissue engineering applications.

Recently, Kocylo et al. [86] engineered 3D zirconia scaffolds with 61 and 75.3 vol%
porosity via the direct ink-writing method. The SEM results in Figure 11 confirm the unifor-
mity of the zirconia scaffolds with good control in thread and pore openings. With changes
in the porosity level, the compressive strength of the printed zirconia scaffolds varied
between 20.8 and 62.9 MPa. The authors applied multi-surface alteration tactics involving
a dual apatite FA/HA coating to the 3D zirconia scaffolds for obtaining zirconia/FA/HA
composite scaffolds (originally proposed by Kim et al. long ago for 3D zirconia scaffolds).
For comparison, they applied the HA/HA coating to the 3D zirconia (zirconia/FA/HA
scaffolds). The authors performed an in vitro investigation to understand the bioactiv-
ity and dissolution properties of the zirconia/FA/HA and zirconia/FA/HA composite
scaffolds, which were immersed in SBF and a physiological saline solution (0.9%, NaCl)
for 28 d. The zirconia scaffolds with the FA/HA coating exhibited enriched bioactivity
and slower dissolution than the zirconia scaffolds with the HA/HA coating. In contrast
to other reported studies, Stanciuc et al., developed a new platform with the processing,
structural characterisation and interaction of human primary osteoblast cells of a robocast
ZTA scaffold [87].

3.3. Photopolymerisation-Based Techniques

Since the introduction of photopolymerisation (PP) based 3D printing by Hull in
1986 [88], it has been claimed that PP-based practices have considerable potential for
producing 3D bioceramic scaffolds with high accuracy [89].

3.3.1. Digital Light Processing (DLP)

DLP technology has been widely studied for the fabrication of ceramic parts, as
it can produce complex ceramic structures with a high precision, fast processing and a
high accuracy compared with other 3D-printing technologies. The slurry suspension was
prepared by optimising the solid loading of the ceramic, organic monomer, dispersant
and photoinitiator, and the slurry was irradiated with ultraviolet light. The rheological
property of the ceramic suspension is a key factor in the 3D-printing process and affects the
quality of the final product. However, the use of DLP technology in the biomedical field has
been restricted owing to the incorporation of the photosensitive resin and photoinitiator
which is known to be cytotoxic, into the slurry. Therefore, successive de-binding and
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sintering processes must be developed before this scaffold can be employed for bone-tissue
regeneration [90].

Figure 11. Optical images of 3D periodic zirconia scaffolds with different minimum separation distances
between rods (a) 0.7 mm, (b) 0.9 mm and (c) 1.8 mm and corresponding top-surface images (d–f),
respectively. The inset SEM image shows the high degree of sintering achieved within the filaments.
Image used from Kocylo et al. [86] reprinted with permission from Elsevier, copyright© 2021.

Few in vitro investigations of zirconia-based scaffolds fabricated using the DLP tech-
nique have been reported. In 2020, Cao et al., evaluated the biological activity and mechan-
ical strength of a zirconia/HA porous scaffold fabricated via DLP (Figure 12) [91]. They
added HA at various concentrations (0%, 10%, 20% and 30%) to zirconia to enhance the
bioactivity of the porous scaffold with partial degradation. With the increasing HA content,
the degrees of cell proliferation and differentiation of MC3T3-E1 cells increased, while the
compressive strength decreased. However, HA10% exhibited improved strength compared
with the control (zirconia) scaffold.

Figure 12. Illustration of the fabrication and testing process. Image used from Cao et al. [91],
reprintedwith permission from Elsevier, copyright© 2020.

In contrast, Zhang et al., fabricated a porous zirconia toughened HA composite
scaffold for bone-tissue engineering using the DLP 3D-printing process with HA as the
primary ratio of the scaffold; additionally, a small amount of zirconia was used as a
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structural stabiliser [26]. The ceramic powder (60 wt%) with a high solid loading into the
suspension by modifying the surface of the HA nanoparticles with two organic modifiers
(KH570 and oleic acid) before adding to the acrylic resin and for improved dispersion
was proposed. Castor oil phosphate was added to reduce the viscosity of the ceramic
suspension. The authors reported that the incorporation of zirconia into HA reduced the
decomposition of the HA phase and promoted densification during the firing process.
The de-binding and sintering of the printed scaffold were performed in a vacuum high-
temperature furnace to avoid the generation of internal cracks and defects in the sintered
ceramic parts, which are caused by the internal pressure created inside the samples during
sintering. The mBMSC exhibited no cytotoxicity in the 3 wt% zirconia group and exhibited
increased cell proliferation over a period of time.

3.3.2. Selective Laser Sintering (SLS) Technique

SLS is a well-established additive-manufacturing technique that employs laser energy
as a primary source to fuse powder particles into the desired 3D architecture [92]. It
has been widely studied in the field of biomedical applications for the fabrication of 3D
structures. Shuai et al., for the first time attempted to fabricate a nano-zirconia-reinforced
calcium silicate (CaSiO3) porous scaffold (CaSiO3/nano-zirconia scaffold) via the SLS
technique for bone-recreation applications with improved mechanical properties [93]. The
authors found that increasing the amount of nano-zirconia resulted in superior mechanical
properties. However, when the zirconia concentration exceeded 30%, the zirconia affected
the sintering, caused unsolicited agglomeration and degraded the materialising ability. An
in vitro analysis revealed that the CaSiO3/nano-zirconia (20%) scaffolds had the ability to
mock bone features by forming a bone-like apatite layer and promoting superior assembly
of MG-63 cells. The authors concluded that the porous scaffolds with the addition of 20%
of nano-zirconia exhibited good biocompatibility and mechanical properties.

3.4. Electrospinning

Electrospinning is a unique method in which an electric field induced by a high direct-
current voltage between a roller connection and a needle tip is used to spin bioceramic
fibers with a constant diameter into an interconnected flexible bioceramic scaffold [94–96].
With the increasing demand for scaffolds with nano-to-microscale simulation of the configu-
rations of the extracellular matrix (ECM), in 2016, Gazquuez et al., proposed the fabrication
of YSZ nanofiber oriented scaffolds for bone-tissue restoration via electrospinning a mix-
ture of YSZ and polyvinylpyrrolidone [97]. In contrast to rigid bone ceramics, the designed
YSZ scaffolds have excellent flexibility at the macroscale (Figure 13a). In an in vitro bioac-
tivity survival test using hMSCs outputs, the nanofibrous YSZ scaffolds supported the
attachment and proliferation of the seeded mesenchymal stromal cells, as confirmed by
SEM and hMSC phalloidin staining analyses (Figure 13b–g). The authors proposed an
alternative approach for designing flexible zirconia scaffolds to traditional fragile ceramics
for bone-tissue engineering. In a recent study, Thakare et al., focused on the engineering of
PCL/zirconia composite nanofiber scaffolds by varying the amount of zirconia from 6% to
30% via the electrospinning process [98].

The interwoven PCL/zirconia composite nanofiber scaffolds fabricated by the author
had high material stability and porosity, which are favourable for imitating the dynamic
atmosphere of natural tissues. Compared with the pristine PCL scaffold, PCL/zirconia
composite nanofiber scaffolds exhibited controlled degradation, swelling and superior
bioactivity. Additionally, the PCL/zirconia composite nanofiber scaffolds were nontoxic, as
indicated by a cell-viability test using the 3T3 mouse fibroblast cell line. This study further
confirmed that electrospinning can be used to fabricate PCL/zirconia composite nanofiber
scaffolds that are favourable for tissue-engineering.
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Figure 13. (a) Flexibility of YSZ nanofiber mats. Characterisation of the cell morphology and actin
cytoskeleton organisation of hMSCs after 3 d of culturing in BM. Representative SEM images of
hMSCs on (b) microwave-annealed (MW 5 ◦C/min) nanofiber scaffolds, (c) conventional oven-
annealed (CO 5 ◦C/min) nanofiber scaffolds and (d) YSZ bulk disk scaffolds. Representative images
of actin cytoskeleton organisation of hMSCs on (e) microwave-annealed (MW 5 ◦C/min) scaffolds,
(f) conventional oven-annealed (CO 5 ◦C/min) scaffolds and (g) YSZ bulk disk scaffolds (actin
filaments labelled with phalloidin are shown in green, and nuclei labelled with DAPI are shown in
blue). Images used from Gazquez et al. [97], reprinted with permission from ACS, copyright© 2016.

Additionally, Esfahani et al., conducted electrospinning of polyamide 6(PA6)/HA
on the surface of the ZTA nanocomposites with improved bioactivity suitable for bone-
repair applications [99]. Even though this study did not involve electrospun scaffolds, the
embedding of 6(PA6)/HA is an innovative strategy that can be used in future research
involving the fabrication of electrospun 6(PA6)/HA/zirconia scaffolds. Later, various
researchers investigated different precursors and design strategies for fabricating flexible
zirconia scaffolds via electrospinning [100–102]. Even though they successfully spun
zirconia scaffolds and claimed that they are potentially suitable for bone-tissue engineering,
there is a lack of in vitro and in vivo studies supporting these claims.

4. Hybrid Techniques

In contrast to the foregoing replica techniques, Feng et al., designed an acrylonitrile
butadiene styrene (ABS) template with organised channel openings using a 3D Rapid
Prototyper to construct zirconia scaffolds with different shapes (cubic and cylindrical)
and porosities [103]. The authors coated the zirconia scaffolds with mesoporous bioglass
(MBG) to enhance their bioactivity. For the cubic and cylindrical samples, the MBG coating
increased the compressive strength from 34.22 to 55.01 MPa and from 44.35 to 123.32 MPa,
respectively. The cell proliferation of BMSCs on coated and uncoated samples indicated
better biocompatibility.

Sapkal et al., developed a biocomposite scaffold by infusing 10%, 20%, 30%, 40%
and 50% zirconia with a β-TCP background via an indirect casting technique. The ABS
was first printed using a conventional 3D printer, followed by the impregnation of a
zirconia/β-TCP ceramic slurry and subsequent annealing to obtain a zirconia/β-TCP
bioceramic scaffold. Osteosarcoma cell line (MG-63) results and compressive-testing results
for a sample with a zirconia content of 30% indicated that it was suitable for bone-tissue
engineering. Scaffold fabrication with proper porosities suitable for cortical and cancellous
bone must be verified [104].
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In the aforementioned studies, the direct fabrication of flexible zirconia-containing
composite scaffolds via electrospinning was demonstrated. However, a pioneering method-
ology combining the traditional sponge replica and modern electrospinning methods for
fabricating an artificial small bone was reported by Lee et al., in 2011 [105]. Zirconia-
BCP/polymethylmethacrylate-PCL-HA (zirconia-BCP/PMMA-PCL-HA) was engineered
by combining the sponge replica and electrospinning techniques. First, to mimic the
cancellous bone, the authors fabricated a zirconia/BCP scaffold with an interconnected
porous structure via the conventional sponge replica technique (zirconia and BCP were
prepared separately for comparison). To mimic the Haversian canal zone of the bone,
PMMA-PCL-HA nanofibers were fenced around a steel wire with a diameter of 0.3 mm.
Finally, the osteon-like flexible fibers were collected and wrapped onto the zirconia/BCP
scaffold and again electrospun with PMMA-PCL-HA fibers to produce the desired scaffold
(Figure 14). The outstanding cell sustainability properties (MG-63 osteoblast-like cells)
confirmed the cytocompatibility of the intentionally fabricated artificial bone (zirconia-
BCP/PMMA-PCL-HA scaffold). The synthetic bone-like scaffold proposed by Kim et al.,
that aims to replicate finger and toe bones represents a significant pioneering achievement
but requires further in vivo testing before clinical implementation.

Figure 14. Photographs (a–d) and schematic (e) of the production of artificial bone. (a) A bundle of
wires attached to the zirconia/BCPscaffold; (b) zirconia/BCP scaffold surrounded by bundles; (c)
bundles surrounded by PCL/PMMA/HA; (d) after the steel wires were removed. Reprinted with
permission from Lee et al. [105], copyright© 2011.

Recently, Sakthiabirami et al., fabricated porous zirconia 3D scaffolds via FDM [106].
The scaffolds were subjected to composite coating (Zn-HA/glass) on glass-impregnated
zirconia to endorse hybrid roles with good mechanical and biological properties. Fur-
thermore, the constructed scaffold was embedded with a biopolymer (alginate/gelatin)
to obtain the ECM of the bone prototype (Figure 15a). The compression strength of the
composite-coated scaffold and the biopolymer embedded on the composite-coated scaffold
was approximately 20% higher than that of the pristine zirconia scaffold. Interestingly, the
biopolymer-surrounded zirconia scaffolds were able to retain their shape, whereas the zir-
conia scaffolds without the biopolymer shattered into pieces (Figure 15b). This significantly
affected the toughness of the biopolymer-embedded scaffold (Figure 15c). In vitro studies
of hybrid scaffolds using dental pulp cells (DPCs) revealed enriched cell adhesion and cell
differentiation. The authors suggested that their dynamic hybrid approach is suitable for
load-bearing bone restorations; however, this should be confirmed via in vivo tests.
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Figure 15. Microscopic images of (a) ZC and (b) ZCB. Digital photograph of (c) ZC and (d) ZCB after
the compression test. Cell-attachment analysis using FE-SEM of the (e) Z and (f) ZC groups. Images
used from Sakthiabirami et al. [106] reprinted with permission from Elsevier, copyright© 2021.

A summary of the zirconia-based scaffolds discussed in the previous sections that
have been used for bone-regeneration applications over the past two decades is presented
in Table 1. This table indicates not only the various types of scaffolds examined but also the
composites/coatings used for the surface modifications. Since the bioactivity of zirconia-
based scaffolds determines their clinical success, this review focused on the in vitro and
in vivo outputs, along with the mechanical properties for load-bearing applications.

Very recently, Weng et.al summarized the properties and construction of ZrO2 and
its composite materials [107]. Moreover, we have observed substantial development that
has been lately accomplished in this theme. However, a review article summarizing the
development trend of zirconia-based scaffolds with respect to the evolution of 3D fabri-
cation techniques is not documented yet so far. Thus, this review presents a complete
summary of the designs and strategies of 3D fabrication techniques towards highly effi-
cient 3D zirconia-based scaffolds centered on biological (in vivo/in vitro) and mechanical
developments.

5. Prospects and Challenges

The non-degradability of zirconia-based scaffolds is a major bottleneck of zirconia-
based in comparison with other calcium phosphate bioceramics-based bone-tissue engi-
neering applications. Considerable research attention has been directed toward resolving
this concern, and zirconia-based scaffolds have seen advancements over the decades
owing to the repeated efforts of bone-tissue engineers. The successful long-term use of
zirconia-based implants in dental applications has been validated via clinical trials with
90% survival rates. Even though zirconia-based ceramics are found to undergo fracture in
the earlier stage, the absence of surplus parasitic reactions indicates that zirconia can cause
no harm to the surrounding biological environments. Hence, zirconia-based scaffolds with
3D porous architectures can provide sufficient osteointegration; once, the bone-remodelling
initiated earlier fracture will not be a major issue.

In this paper, we comprehensively reviewed the evolution of 3D zirconia-based scaf-
folds over the years, detailing different fabrication techniques, e.g., the conventional foam
replica technique and modern 3D-printing methods. As indicated by the pie chart in
Scheme 4a, the majority of the zirconia-based scaffolds were fabricated using the conven-
tional sponge replication technique owing to its simplicity and rapidity. This cost-effective
method produces the scaffolds with sufficient porosity and mechanical stability. However,
the ability of the conventional sponge replication technique to construct scaffolds with the
required porosity and a precise size and shape, which is critical for defining cell migration
and tissue growth, is limited. Following the sponge replication technique, numerous
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conventional methods, including salt leaching, freeze-drying, foam replicas, solvent casting
and particulate leaching, have been proposed for designing zirconia-based scaffolds.

Scheme 4. (a) Assessment of the recent research articles on zirconia-based scaffolds based on the fabrication techniques,
(b) comparison of the recent research articles on zirconia-based scaffolds based on in vivo and in vitro studies.

In the design aspects, pursuing the finest scaffold design for bone-repair applications
has greatly increased; the recent evolution of 3D-printing techniques for designing 3D
bioceramic scaffolds has encouraged bone-tissue engineers to construct 3D zirconia-based
scaffolds with precise dimensions and interconnected porosity. Even though 3D printing
is well established for calcium-based bioceramics aimed for bone-tissue engineering, few
studies have been performed on 3D-printing techniques, including extrusion-based, DIW,
DLP and SLS techniques, for fabricating zirconia-based scaffolds for bone-tissue engineer-
ing. This clearly indicates that 3D-printing techniques are still in a stage of infancy. Among
the few studies reported thus far, a multi-extrusion technique-derived 3D zirconia-based
scaffold exhibited considerable promise, with improved mechanical and biological prop-
erties. However, the surfactants, organic solvents and binders used for the 3D-printing
process must be carefully selected, as they can be harmful to host cells and tissues. Given
the limited number of reports on zirconia-based scaffolds fabricated via 3D-printing tech-
niques, it may be challenging for future bone-tissue researchers to clearly understand the
degradation, mechanical stability and bone-regeneration ability of 3D-printed zirconia
scaffolds in load-bearing applications in human biological environments.

To address the poor interfacial compatibility between the zirconia scaffolds and in-
coming cells, three main strategies have been employed by bone-tissue engineers: surface
reformation, interface-phase introduction and crystal-structure variation [108]. For in-
stance, in the early 2000s, Lee et al., made a significant contribution to enhancing zirconia
scaffolds for bone-regeneration applications by optimising diverse coating and fabrication
techniques. The dual apatite FA/HA coating approach for nullifying the direct chemical
transformation between the HA and zirconia scaffolds has been a pioneering outlook con-
sidered for future research. Additionally, bone-tissue researchers have included bioactive
materials in zirconia scaffolds (resulting in composite scaffolds) for improving the bioactiv-
ity. Even though bioactive coating/composite formation increases the interfacial bonding
strength, there are unresolved challenges to be addressed in future studies. For example,
the inclusion of secondary phases in the zirconia scaffolds induces the chemical transfor-
mation of zirconia into undesired parasitic phases, which can reduce the strength [109].
Additionally, the mechanical and physical impacts of secondary bioactive coatings must be
considered before practicing in bone defect locations.
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Finally, it is essential to discuss the clinical possibilities of zirconia-based scaffolds.
The direct comparison of the strength of the zirconia-based scaffolds to the strength of
the natural bone (cortical bone) lacks among the reviewed articles, which is very essential
to understand the ability of zirconia-based scaffolds to satisfy the critical bone defects
requirements. In most of the collected literature, the in vitro studies focused on validating
the metabolic activity of osteogenic cells (Scheme 4b). Surprisingly, there is a lack of in vivo
proof of zirconia-based scaffolds in animal biological environments. Previous reports
suggested that there is a large inconsistency between the in vitro performance and the
in vivo performance [110]. In most of the reviewed literature on zirconia-based scaffolds,
little attention was paid to the in vivo evolutions. In particular, zirconia-based scaffolds
formulated via polymeric replication have been subjected to in vitro and in vivo evolutions.
Indeed, polymeric replication-formulated zirconia-based scaffolds have been demonstrated
to replicate hard-cortical and spongy-cancellous bone.

Few 3D scaffolding technologies have been commercially available, among which
CAD/CAM is commonly used and the most dependable. After the successful fabrica-
tion of zirconia-based scaffolds for dental applications using the CAD/CAM technique.
Apart from the in vitro and in vivo performance, 3D zirconia-based scaffolds fabricated
using the CAD/CAM technique has been successfully employed for human mandibular
reconstruction. Even though 3D-printed zirconia-based scaffolds were claimed to be the
best possible alternatives to the conventional technologies, few in vivo studies support
the clinical possibilities of 3D-printed zirconia-based scaffolds. Hence, it is essential to
closely monitor the in-depth reproduction of natural mechanical and biological induce-
ments and the rate of vascularisation of 3D-printed zirconia-based scaffolds in the in vivo
environment. Multifaceted research should be targeted to systematically appreciate the
perspective of 3D printing in bone-restoration applications.
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6. Conclusions

The primary goal of the scaffold is to get completely absorbed and replaced by body
tissue. However, in large defects, scaffold or implanted artificial bone materials like HA
or TCP are not absorbed completely and remained for a long time in vivo studies. And
the healing period of each bone is different from several weeks to several months (ex.
Femur 6 months). Until now researchers are not able to control the absorption rate of
scaffold depending on new bone formation. Over the past 20 years, the zirconia-based
scaffold has played a substantial role in critical-sized bone-defect applications, following
the tremendous success of modern restorative dentistry. For the large sized loading
area, a zirconia-based scaffold that has comparable strength to that of natural bone is
needed to support bone formation during the long healing time. However, it remains
challenging for orthopaedic experts and bone-tissue researchers to heal critical-sized bone
deficiencies using zirconia-based scaffolds, owing to the immature fabrication techniques
and unfavourable composite/coating materials for enhancing the bioactivity. Clinically
feasible possibilities for promoting surface activation, along with appropriate 3D fabrication
practices, are likely to be a focus area for future zirconia-based -scaffold design. The
advancements in material engineering in association with biomechanical engineering could
be critical in determining zirconia-based scaffolds as a successful biomaterial. Undoubtedly,
with the expansion of advanced 3D-printing technology and unique coating strategies, the
liability of zirconia-based scaffolds for critical-sized bone-replacement applications is not
far away.
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patite, DIW—Direct ink writing, FDM—Fused deposition modelling, DLP—Digital light process-
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mal stem cells, L929—Murine fibroblast cells, PBS—Phosphate buffered saline, HGF—Human
gingival fibroblast cells, OB6—Murine bone marrow-derived osteoblastic cells, HCT116—Human
colon carcinoma cells, HOB—Human osteoblast cells, hMSC—Human mesenchymal stem cells,
DPCs—Dental pulp cells.
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Abstract: To prepare a photocurable ceramic suspension for use in commercialized additive manu-
facturing equipment, the effects of the rheological properties of zirconia particles added to a binder,
and the presence or absence of a silane coupling agent on the particles was evaluated. To this end,
three experimental groups (ZSs, ZMs, ZLs) and three control groups (ZS, ZM, ZL) were designed
depending on the size of the underlying zirconia particles. The test-group zirconia suspensions were
prepared through silanization, which was not applied to the control-group suspensions. Depending
on the particle size, viscosity differences between the test and control groups were 16,842, 18,623, and
12,303 mPa·s, respectively. Compared to the other groups, the viscosity of the ZLs group suspension
decreased by 70.98–88.04%. This confirmed that the viscosity of the suspensions was affected by the
particle size and the presence of silane coating. The dispersion stability of the zirconia suspensions
was evaluated over 20 days. A sedimentation test confirmed that the sedimentation rate of the ZLs
group was slower than those of the other groups. This study aimed to optimize the suspension man-
ufacturing method to effectively be utilized in further commercializing zirconia three-dimensional
(3D) printing and could also help to develop various medical applications.

Keywords: additive manufacture; dispersion stability; silane coupling agent; viscosity; zirconia suspension

1. Introduction

Zirconia is an oxide ceramic with excellent mechanical properties, and it can overcome
the problems of low strength and low hardness of the existing ceramic prosthesis materials.
For this reason, zirconia has attracted considerable interest in the field of dentistry because
of its esthetic appearance with a similar color to that of human teeth [1–3].

Over the years, zirconia prostheses have been manufactured using several methods,
including the cutting of pre-sintered and fully sintered zirconia by using CAD/CAM
(computer-aided design/computer-aided manufacturing) or CM (copy-milling) systems [4,5].
Zirconia prostheses processed using CAD/CAM systems may have rough scratches or de-
fects on their surfaces, which eventually develop into cracks after sintering and may reduce
their strength [1,6,7]. For this reason, in the dental field, additive manufacturing-type three-
dimensional (3D) printing technology has recently been introduced as a manufacturing
process that provides high precision. Photopolymerization-based technology (photocuring
additive manufacturing) employs a liquid solution that is solidified owing to the pho-
tocuring reaction of a photosensitive resin under ultraviolet (UV) irradiation. Successive
layers are stacked on top of the last layer [8–10]. In addition, with photocuring additive
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manufacturing, it is possible to achieve high precision, excellent surface quality, and high
printing speeds [11–16].

To ensure that the prostheses manufactured using the zirconia additive manufacturing
method exhibit clinically applicable physical performance, a high content of zirconia
particles (40–60 vol.%) must be included in the binder [15]. Here is where the problem
arises: as the zirconia particle content increases, the viscosity, light scattering, and refractive
index of the suspension increase; and the dispersion, stability, and fluidity of the particles
in the suspension decrease, which adversely affect the 3D printing process and act as
an obstacle for obtaining better mechanical properties. [17–25]. As the fraction of solid
particles added to the binder increases, the possibility of collisions between the particles
increases, and these interparticle collisions hinder particle movement in the suspension.
During particle collision, friction adds additional shear force, which leads to an increase
in viscosity (Figure 1a). When the solid fraction reaches its maximum value (ϕmax), the
force required to shear the sample increases significantly owing to interparticle interactions
and exceeds the required shear stress [26]. At certain solid fraction values, when the
interparticle interactions intensify, shear thinning is observed. The viscosity difference
between small and large particles decreases at higher shear rates because the particles are
rearranged favorably in the flow direction (Figure 1b) [26]. Suspensions containing spheres
of both sizes exhibit shear thinning; however, the phenomenon is more pronounced in the
suspension prepared using the smaller spheres.
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Figure 1. (a) The viscosity of sphere-bearing suspensions versus solid fraction under a constant shear
rate and constant sphere size. (b) Shear-rate dependence of small and large spheres for a continuous
solid fraction (Grey spheres indicate the particle, whereas red spheres denote the particle collision
which occurs due to increased solid fraction and arrows indicate the shear stress).

To improve the behavior of and solve the problems associated with zirconia suspen-
sions that contain a high fraction of solid particles, studies are being conducted to achieve
low viscosity while maintaining a high particle content by subjecting the particles to surface
treatment using a silane coupling agent [27–33]. In general, a large number of hydroxyl
groups are present on the surface of ceramic particles; and, as a result, these particles
have hydrophilic properties, and they tend to aggregate [34]. The silane coupling agent
transforms the hydrophilic surface of ceramic particles into a hydrophobic surface. The
hydrophobic anchoring head group and hydrophilic end chain create a steric barrier that
ensures uniform dispersion of particles in suspensions [35]. For this reason, silane coupling
agents modify the surface of ceramic particles and increase their dispersion stability [20],
improve their interfacial adhesion, and facilitate the preparation of high-volume-fraction
suspensions. The aim of the present study is to optimize the suspension’s poor rheological
properties through identifying the factors that affect zirconia suspensions with a silane
coupling agent in various particle sizes for possible utilization in further photocurable
additive manufacturing or other techniques. In addition, the poor rheological properties of
the high-content zirconia suspensions were enhanced, which would positively affect the
3D printing process.

36



Materials 2023, 16, 1670

2. Experimental Details
2.1. Experimental Material

In this experiment, three types of zirconia powders (TZ-3Y, TZ-3YS-E, Tosho, Anjo Shi,
Japan; TZY-3, Qingdao Terio Corporation, Qingdao, China) were used to prepare a zirconia
suspension (Table 1). Methyltrimethoxysilane (MTMES, SAMCHUN Chemical, Seoul,
Korea) was used as a silane coupling agent to modify the surfaces of the zirconia powders.
The suspension was prepared using a UV-curable resin as the base, which was a mixture of
1,6-Hexanediol diacrylate (HDDA, Sigma Aldrich Inc., St. Louis, MO, USA), photocurable
resin (XYZPRINTING rigid, New Taipei City, Taiwan), photoinitiator (Irgacure 819, Ciba
Specialty Chemicals, Basel, Switzerland), and a dispersant called Disperbyk (BYK-180, BYK,
Chester, NY, USA).

Table 1. Zirconia particle sizes considered in this study.

Powder Code Commercial Size (nm)

TZ-3Y ZS 40
TZ-3YS-E ZM 90

TZY-3 ZL 300–600

2.2. BET Analysis

In BET analysis, the surface of the samples meets a gas at a series of pressures that
will absorb the surface and the walls of the pores in the samples. Various gases could be
used; however, nitrogen is the most common absorbate. The reason is that N2 is a diatomic
non-spherical, and it has a quadrupole moment. This will lead it to preferentially absorb to
the surface and remain for longer. So, the surface area and pore volume of the powders
were analyzed by conducting N2 adsorption/desorption measurement at 77.3 K by using a
surface area and pore-size analyzer (BELSORP-mini II, Microtracbel, Osaka, Japan).

2.3. Particle Size Analysis and Zeta Potential Measurement

We used DLS )Zetasizer NanoZS90, Malvern Instrument Ltd., Worcestershire, UK)
to measure and compare the particle size and surface charge of the zirconia particles.
Dynamic Light Scattering (DLS), is a precise, non-invasive, fast, reliable, technology that
is well established for size measurement and study of the size distribution of particles
in submicron sizes. Samples were dispersed in ethanol and 1 mL of each sample was
transferred to a quartz glass cuvette. The measurements were performed thrice, and the
averages of the three values were used in this study.

2.4. Silane-Coated Zirconia Powder Manufacturing

To apply silane coating on the selected zirconia particles (ZS, ZM, ZL), distilled water
and ethyl alcohol were mixed in a ratio of 20:1. Acetic acid (64-19-7, Daejung Chemicals
Co., Ltd., Busan, Republic of Korea) was added and stirred into this solution until the
solution pH was 4, as measured using a pH meter (OROION STAR A21, ThermoFisher,
Waltham, MA, USA). MTMES (2 mL) was added to the prepared pH 4 solution and stirred
at 40 rpm for 60 min at 50 ◦C to form silanol. Approximately 25 g of each of the three
zirconia powders of various particle sizes was added to 50 mL of the silanol solution and
stirred at 500 rpm for 25 min to achieve homogeneous mixing. Then, the solutions were
dried for 24 h at 80 ◦C in a drying oven (p-6 Planetary Mill, Fritsch, Co., Ltd., Idar-Oberstein,
Germany). Thereafter, the dried zirconia powders were classified using a 100 µm sieve, and
the final silane-coated zirconia powders (ZSs, ZMs, ZLs) were obtained. This experiment
was subdivided into six groups: three control groups (ZS, ZM, ZL) and three experimental
groups (ZSs, ZMs, ZLs). A flowchart of powder modification with silane is presented in
Figure 2.
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2.5. Fourier-Transform Infrared Spectroscopy (FT-IR)

This technique uses IR radiation to determine the chemical structures of the samples.
When the radiation passes through the sample, some radiation will absorb and some of
them will be transmitted. This spectrum acts like a fingerprint to determine the chemical
structures. The chemical structures of the zirconia particles included in the control and
experimental groups and the presence of silane coating on them were determined in the
range of 450–5000 cm−1 using Fourier-transform infrared spectroscopy (FTIR, Spectrum
400, Perkin Elmer, Waltham, MA, USA).

2.6. Observation of Surface-Treated Zirconia

We used a transmission electron microscope (field-emission transmission electron
microscope, JEM-2100F, JEOL Ltd., Akishima, Japan) to observe and compare the coating
morphologies of MTMES on the surfaces of the nanoparticles in the experimental and
control groups.

2.7. Slurry Preparation

Zirconia photocuring suspensions were prepared with a volume fraction of 40 vol.%
by using zirconia powders from the three experimental and three control groups. MTMES
was added to suspensions belonging to the experimental groups; and HDDA, resin, and
photoinitiator were used as binders in a ratio of 7:3:0.1 for mixing all the powders. In the
end, Disperbyk (BYK-180, BYK, USA) was added to all the suspensions. To ensure the
homogeneous mixing of the suspensions, they were stirred in a vacuum for 200 s by using
a planetary centrifugal mixer (ARV-310, Thinky Corp., Tokyo, Japan). The compositions of
the prepared solutions are summarized in Table 2.
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Table 2. Experimental groups used in this study (vol.%).

Group
(40 vol.%) Zirconia HDDA Resin Silane Photo

Initiator Disperbyk Total
wt. (vol.%)

Control
ZS 40.00 39.54 15.47 0 0.50 4.48 100
ZM 40.00 39.54 15.47 0 0.50 4.48 100
ZL 40.00 39.54 15.47 0 0.50 4.48 100

Experiment
ZSs 40.00 35.93 14.06 5.07 0.45 4.48 100
ZMs 40.00 35.93 14.06 5.07 0.45 4.48 100
ZLs 40.00 35.93 14.06 5.07 0.45 4.48 100

2.8. Observation of Colloidal Stability

The colloidal stability of the prepared zirconia suspensions was visually observed to
determine their stability and the effect of the added dispersant. To this end, suspensions
containing less than 1 vol.% of zirconia particles were used. Approximately, 10 mL of each
suspension was poured into separate glass vials, and their stability was observed for up to
2 weeks (0, 5, 10, 15, and 20 days) until a clear sign was observed.

2.9. Viscosity

The viscosity values of the suspensions belonging to each group were measured using
a viscometer (DV3T, Brookfield Engineering Laboratories, Stoughton, MA, USA). For this
goal, various types of spindles exist and they were used based on the sample viscosities.
The disk spindles produce accurate and reproducible results in the viscosity range of our
suspensions.

To this end, the suspensions were placed at the center of a circular plate, and the
distance between the plate and the spindle (CP4005, Brookfield Engineering Laboratories,
Stoughton, MA, USA) was set to 2 mm. The viscosity was measured by changing the
rotational speed of the cone at a constant temperature. Each group was measured at a shear
rate of 1.2 to 20/s at 25 ◦C.

3. Results
3.1. Brunauer–Emmett–Teller Analysis

Brunauer–Emmett–Teller (BET) analysis was performed to determine the pore size and
specific surface area of the selected zirconia particles (Table 3). Among the selected zirconia
particles, the measured specific surface area and average pore size of ZS were 15.344 m2g−1

and 58.3 nm, respectively; those of ZM were 9.3932 m2g−1 and 31 nm; and those of ZL
were 11.4 m2g−1 and 34.4 nm. These results confirmed that the total pore volume differed
depending on the average pore size, which affected the specific surface area as well.

Table 3. BET results of different powders.

Powder (Code) Surface Area [m2/g]
Total Pore Volume

(p/p0 = 0.990)
Mean Pore Diameter

[nm]

TZ-3Y (ZS) 15.3 0.22 58.3
TZ-3YS-E (ZM) 9.4 0.05 31

TZY-3 (ZL) 11.4 0.1 33.4

3.2. Particle Size Analysis and Zeta Analysis

Through dynamic light scattering, we measure and compare the particle size and sur-
face charge of the zirconia particles. The respective results are demonstrated in Figures 3 and 4.
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3.3. Surface Treatment Analysis of Zirconia Particles

FE-TEM was used to identify the presence or absence of silanol coating on the control
and experimental group particles, and depicted in the following Figures 5 and 6.
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(c) ZMs ×100K, (d) ZMs ×200K, (e) ZLs ×100K, and (f) ZLs ×200K. Arrow indicate silane coating on
the zirconia particle.

3.4. FT-IR Analysis

To prove the effect of silane coating on the zirconia particles, the chemical reactions of
the powders belonging to the control and experimental groups were analyzed by means of
FT-IR spectroscopy (Figure 7).

42



Materials 2023, 16, 1670Materials 2023, 16, 1670 9 of 13 
 

 

 
Figure 7. FT-IR spectra of various zirconia particles before and after silane coating. 

3.5. Stability and Sedimentation Evaluation of Zirconia Suspensions 

In the sedimentation test of the prepared zirconia suspensions belonging to both 
groups, they were visually evaluated from day 0 to day 20 to confirm their stability [5]. It 
was confirmed that the zirconia particles precipitated to different degrees over the set pe-
riods of 5, 10, 15, and 20 days. After 10 days, rapid particle precipitation was observed in 
the control groups. 

Moreover, rapid precipitation was observed in the experimental ZSs group. After 20 
days, ZMs and ZLs remained as suspensions, and their dispersibility was maintained, as 
could be observed with the naked eye (Figure 8). 

 
Figure 8. Sedimentation picture of suspensions with increasing days of before and after silane coat-
ing. 

Figure 7. FT-IR spectra of various zirconia particles before and after silane coating.

3.5. Stability and Sedimentation Evaluation of Zirconia Suspensions

In the sedimentation test of the prepared zirconia suspensions belonging to both
groups, they were visually evaluated from day 0 to day 20 to confirm their stability [5].
It was confirmed that the zirconia particles precipitated to different degrees over the set
periods of 5, 10, 15, and 20 days. After 10 days, rapid particle precipitation was observed in
the control groups.

Moreover, rapid precipitation was observed in the experimental ZSs group. After 20 days,
ZMs and ZLs remained as suspensions, and their dispersibility was maintained, as could
be observed with the naked eye (Figure 8).
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3.6. Viscosity

The viscosity of the zirconia suspensions belonging to the control and experimental
groups were evaluated; and the rheological behaviors of the suspensions depending on the
zirconia particle size, and the presence or absence of silane coating are depicted in Figure 9.

Materials 2023, 16, 1670 10 of 13 
 

 

3.6. Viscosity 
The viscosity of the zirconia suspensions belonging to the control and experimental 

groups were evaluated; and the rheological behaviors of the suspensions depending on 
the zirconia particle size, and the presence or absence of silane coating are depicted in 
Figure 9. 

 
Figure 9. The viscosity of various zirconia suspensions before and after silane coating. 

4. Discussion 
The results of the Brunauer–Emmett–Teller (BET) analysis confirmed that the total 

pore volume differed depending on the average pore size, which affected the specific sur-
face area as well. Particle size analysis was performed to confirm the change in particle 
size depending on whether the particles were subjected to surface treatment. In the case 
of the experimental groups (ZSs, ZMs, ZLs: 18.49 ± 0.14, 268.66 ± 17.35, 570.06 ± 570.24 nm, 
respectively), an increase in particle size was confirmed. In particular, the particle size of 
the ZLs group was the largest (Figure 3). By contrast, while ZSs had the smallest particle 
size among the experimental groups treated with silane, its particle size did not change 
significantly post-treatment. Owing to the high specific surface areas of ZM and ZL, their 
surfaces may not have been adequately coated with silane regarding the limited amount 
of it. It was confirmed that the organic coating of particles could be affected by various 
factors, such as particle size, pore size, pore area, and the amount of organic material used 
for coating. These factors should be adjusted and optimized depending on the character-
istics of the particles [23,26,36]. 

The zeta potential measurements confirmed that the control groups exhibited weak 
anodic characteristics, while the zeta potential of the experimental groups changed to ca-
thodic after silane treatment. This electrode reversal occurred because of the silanol treat-
ment, and it was confirmed that the zeta potential value increased as the size of the parti-
cles in the experimental groups increased. The higher the absolute value of the repulsive 
electric force of a colloid suspended in a liquid, the higher the potential difference in the 
diffusion layer, which affects the uniform dispersion of the particles [37,38]. The ZLs 
group had the highest zeta potential value, and its viscosity and suspension stability was 
expected to improve because of the silanol treatment. 

Figure 9. The viscosity of various zirconia suspensions before and after silane coating.

4. Discussion

The results of the Brunauer–Emmett–Teller (BET) analysis confirmed that the total pore
volume differed depending on the average pore size, which affected the specific surface
area as well. Particle size analysis was performed to confirm the change in particle size
depending on whether the particles were subjected to surface treatment. In the case of the
experimental groups (ZSs, ZMs, ZLs: 18.49 ± 0.14, 268.66 ± 17.35, 570.06 ± 570.24 nm,
respectively), an increase in particle size was confirmed. In particular, the particle size of
the ZLs group was the largest (Figure 3). By contrast, while ZSs had the smallest particle
size among the experimental groups treated with silane, its particle size did not change
significantly post-treatment. Owing to the high specific surface areas of ZM and ZL, their
surfaces may not have been adequately coated with silane regarding the limited amount of
it. It was confirmed that the organic coating of particles could be affected by various factors,
such as particle size, pore size, pore area, and the amount of organic material used for
coating. These factors should be adjusted and optimized depending on the characteristics
of the particles [23,26,36].

The zeta potential measurements confirmed that the control groups exhibited weak
anodic characteristics, while the zeta potential of the experimental groups changed to
cathodic after silane treatment. This electrode reversal occurred because of the silanol
treatment, and it was confirmed that the zeta potential value increased as the size of
the particles in the experimental groups increased. The higher the absolute value of the
repulsive electric force of a colloid suspended in a liquid, the higher the potential difference
in the diffusion layer, which affects the uniform dispersion of the particles [37,38]. The ZLs
group had the highest zeta potential value, and its viscosity and suspension stability was
expected to improve because of the silanol treatment.

In the case of the ZSs group, the presence of a silane coating could not be confirmed. By
contrast, in cases of the ZMs and ZLs groups, the presence of a silane coating was confirmed.
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In addition, we were able to confirm that the coating layer on the ZLs group particles was
thicker because the number of particles and their specific surface area increased as the
particle size decreased, even though the same quantities of zirconia particles and silane
coupling agent were used across groups. The capacity of the limited silane coupling agent
leads to differences in the coating thickness of the particles depending on the coating effect
under various conditions (e.g., size, surface area, surface environment) [24,26].

To ensure effective silane coating of zirconia particles, it is necessary to determine the
appropriate ratio of particle size to coating agent.

Among the results of the FR-IR spectroscopy of the silane-coated experimental groups,
stretching vibrations of the characteristic C-H bands of silane appeared close to 1411.1 cm−1,
1273.1 cm−1, and 1102.9 cm−1 in the spectra of ZMs and ZLs. Moreover, –CH3 oscillations
were observed at 3024.7 cm−1 and 2841.2 cm−1 [23,39]. Among the control groups, which
were not coated with silane, only ZrO2-derived –OH bands at 3438.2 cm−1 and 1624 cm−1

and a Zr-O-derived band at 1124.5 cm−1 were observed [11]. The peaks at 1411.1 cm−1 and
1273.1 cm−1 were attributed to CH stretching (CH=CH2) due to the silane coating [40,41].
These results demonstrated that the silane coupling agent was coated on the zirconia
particles.

The sedimentation test of the prepared zirconia suspensions confirmed that the zirco-
nia particles precipitated to different degrees over the set periods of 5, 10, 15, and 20 days.
After 10 days, rapid particle precipitation was observed in the control groups.

Moreover, rapid precipitation was observed in the experimental ZSs group. After
20 days, ZMs and ZLs remained as suspensions, and their dispersibility was maintained,
as could be observed with the naked eye (Figure 8). This result could possibly be ascribed
to the surface treatment of the ceramic particles, which increased their affinity toward the
organic system of the photopolymerizable binder, and helped to maintain excellent particle
dispersion and stability [42].

All the zirconia suspensions, prepared using a zirconia volume fraction of 40 vol.%, ex-
hibited non-Newtonian shear-thinning behavior under shear rates of 1.2–20/s−1 (Figure 8).
It was confirmed that the viscosity of these suspensions increased as the size of the added
zirconia particles decreased. Compared to the viscosities of ZSs and ZLs, the viscosities of
these suspensions decreased by 72.62–80.28% owing to the applied shear rates.

The viscosity values of the suspensions belonging to the experimental group were
lower than those of the suspensions belong to the control group (Table 4).

Table 4. Change in viscosity with shear rate.

Shear Rate ZS
(mPa·s)

ZSs
(mPa·s)

ZM
(mPa·s)

ZMs
(mPa·s)

ZL
(mPa·s)

ZLs
(mPa·s)

20 s−1 18,026 10,015 7047 6418 5789 4935
1.2 s−1 152,685 135,843 103,697 85,074 42,407 30,104

This result was ascribed to the fact that the powders belonging to the experimental
group reacted more effectively than those belonging to the control group and were better
dispersed in the binder containing a dispersant that was involved in interparticle electro-
static interactions [43]. To realize uniform layer formation in the products manufactured
using digital light processing (DLP), an additive manufacturing process, the suspension
must have the appropriate viscosity characteristics and shear-thinning behavior to ensure
that the photocuring mechanism and fluidity are maintained [44].

5. Conclusions

This study demonstrates the influence of zirconia particle size and the surface treat-
ment using a silane coupling agent for the preparation of a suspension with optimal
rheological properties. Based on the results, it is significant that the characteristics of
candidate particles should be adequately analyzed before selecting them for use to ensure
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effective surface treatment and 3D additive manufacturing. In addition, a zirconia suspen-
sion with excellent features can be prepared by determining the appropriate ratio of coating
agent suitable for the characteristics of the particles at hand. Although our experiments
have a few limitations, for instance, different ratios of silane-coating agents were not used,
we believe that the results of this study will act as a potential candidate in the field of
ceramic additive manufacturing.
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Abstract: This study evaluated the effect of UV absorbers on the dimensional accuracy of zirconia
specimens fabricated by additive manufacturing using a digital light process. Zirconia suspension
for additive manufacturing was prepared by setting the volume fractions (0, 0.005, 0.05, and 0.1%) of
various UV absorbers. The effect of UV absorber content was evaluated through curing thickness,
geometric overgrowth model design, linear deviation, and microstructure evaluation before and after
sintering. Statistical analysis was performed by Kruskal–Wallis H and post-tested by the Bonferroni
correction method. There was no significant difference in the cure depth according to the presence or
absence of the UV absorber, the difference in geometric overgrowth was from 2.1 to 12.5%, and the
overgrowth significantly decreased as the amount of added UV absorber increased. This result may
contribute to improved precision of 3D multilayer ceramic products.

Keywords: UV absorbers; zirconia; additive manufacturing; cure depth; geometric overgrowth

1. Introduction

With the development of digital dentistry, computer-aided design/computer-aided
manufacturing (CAD/CAM) system zirconia prostheses have gained attention for satis-
factory esthetics, high biocompatibility, and improved mechanical properties compared to
existing dental ceramics [1].

Zirconia ceramic also has a variety of different applications other than dental implants
and frameworks [2–4], such as electrolyte [5,6] and monolithic support for solid oxide fuel
cells [7], as a part of cutting tools and blades [8], for elaborate molds [9] and other precision
components in thermal and mechanical applications [10].

Currently, zirconia prostheses are fabricated by subtractive manufacturing using a
CAD/CAM system. A completely sintered zirconia prosthesis is obtained by milling and
sintering a pre-sintered zirconia block. Studies show that 15–30% (approximately 20%) of
linear shrinkage occurs due to sintering [11]. However, the exact shrinkage rate is compen-
sated for by setting the enlargement rate according to the manufacturer’s instructions for
the zirconia block. Prosthesis fabrication through subtractive manufacturing has certain
disadvantages, including the consumption of materials from milling burs or remaining
blocks, the possibility of microcracking due to surface roughness or defects, and difficulty
reproducing complex structures [12–15].

Three-dimensional printing techniques (or additive manufacturing) have gained pop-
ularity in various fields, such as temporary prostheses, splints, and model manufacturing,
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due to the ability to consume less material than subtractive manufacturing and reproduce
complex structures [16–18]. With the recent development of additive manufacturing, stud-
ies have aimed to apply these techniques to prosthetic manufacturing in dentistry. Studies
using various 3D printers, such as photopolymerization digital light processing (DLP),
stereolithography apparatus (SLA), selective laser sintering (SLS), and spraying polyjet
printers, are being introduced for zirconia additive manufacturing [19–23].

The photopolymerization method shows relatively higher precision, faster manufac-
turing speed, and higher surface roughness among these techniques. Therefore, it is more
likely to be used in manufacturing dental prostheses [24]. The DLP uses a projector, modi-
fied to produce a specific wavelength, and a digital micromirror device to cure the liquid
resin in layer units. Although the precision is lower than the SLA method, using a laser
scanner, DLP shows excellent accuracy in small prints, such as crowns, and is advantageous
due to its high manufacturing speed and relatively inexpensive equipment cost [7,25].

In dentistry, strength and precision are enormous challenges when manufacturing
zirconia prostheses by DLP additive manufacturing. The process requires a zirconia
photopolymer suspension, generally including zirconia powder, photosensitive resin, pho-
toinitiator, and dispersant. For zirconia to have high strength, a high zirconia volume
fraction is required, creating difficulty in obtaining an appropriate degree of dispersion and
viscosity [26]. After mixing, it is crucial to have a well-dispersed suspension with relatively
low viscosity to ensure precise additive manufacturing [27,28]. A study by Jang et al. [29]
on the production of zirconia using DLP additive manufacturing showed that a volume
fraction of zirconia of 58 vol% was the maximum range possible to achieve homogeneous
mixing. As the volume fraction increases, the 3-point bending strength increases. However,
the study reported that the viscosity increased rapidly to 56 vol%.

Geometrical overgrowth was introduced as a factor affecting manufacturing accuracy
using DLP additive manufacturing zirconia [29,30]. Geometrical overgrowth refers to
light scattering during the photopolymerization of the zirconia suspension, resulting in
the over-curing of the surrounding. Light scattering occurs due to the high refractive
index, polycrystalline grain structure, and relatively large grain size of zirconia [29–31]. A
previous study [29,32] reported the evaluation of curing depth and geometrical overgrowth
of additive manufacturing according to the volume fraction of zirconia and showed that the
geometrical overgrowth by light scattering increased as the volume fraction increased, and
a decreased curing time caused light scattering. A reduction in curing time could adversely
affect cure depth. The photopolymerization method in ceramic additive manufacturing
showed that overgrowth increased as the exposure time and area increased [30,33]. Based
on the previous report, once the slurry and printing parameters were optimized, the layer
lines played a minor role in the strength [34], which eventually highlights the importance
of printing overgrowth optimization. Literature shows few laboratory studies on the geo-
metrical overgrowth of additive manufacturing of zirconia. Mitteramskogler et al. [30,35]
added a UV absorber to the suspension composition to suppress overgrowth due to light
scattering during ceramic additive manufacturing. The UV absorber absorbs UV rays
and converts them into thermal energy [36]. It can also control the penetration depth of
UV rays and prevent proper dispersion and over-curing [37–39]. While the UV absorber
is mainly studied as a polymer stabilizer by adding it to the photopolymer suspension,
further studies on its effectiveness as a light scattering inhibitor and controlling overgrowth
in zirconia additive manufacturing are needed.

Additive manufacturing using commercially available photopolymer resin for 3D
printing not only controls but also compensates for the curing contraction of the resin and
has shown clinically acceptable precision for manufacturing crowns and other prosthe-
ses [27]. It is necessary to compensate for the shrinkage due to sintering and evaluate
and control geometrical overgrowth to obtain stability and precision in dental prostheses
during the additive manufacturing of zirconia prostheses. Therefore, this study aimed to
assess the degree of geometrical overgrowth based on the UV absorber of DLP additive
manufacturing zirconia and also looks to increase the accuracy of additively manufactured
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zirconia prostheses in dental practice. Moreover, we aimed to assess the influence of UV
absorbers on the dimensional accuracy of zirconia shaping fabricated by DLP additive
manufacturing.

2. Materials and Methods
2.1. Zirconia Suspension Preparation

Zirconia photopolymer suspension was prepared based on the acrylate series com-
mercialized with zirconia powder (TZ-3Y; Tosoh, Tokyo, Japan), and Table 1 shows the
mechanochemical properties of each material [29]. The other additive agents included a
photoinitiator (Irgacure 819; Ciba Specialty Chemicals, Basel, Switzerland) and dispersant
(BYK-180; BYK Inc., Wesel, Germany) added based on the previous study [29]. The volume
fraction of the zirconia was calculated to be 54 vol% to prepare a suspension. Trimethoxysi-
lane (MTMS; Sigma-Aldrich Inc., Saint Louis, MO, USA) was added for silane treatment,
and hydroxyphenyl-triazine (Tinuvin-477; BASF, Ludwigshafen, Germany) was added as
a UV absorber (Orange 3, Sigma-Aldrich, Saint Louis, MO, USA) [40] Table 2 shows the
composition of zirconia suspension for each group. The UV absorber volume fraction was
divided into four groups, with added 0, 0.005, 0.05, and 0.1 vol%, respectively. A planetary
centrifugal mixer (ARV-310; Thinky Corp., Tokyo, Japan) was used for homogenous mixing.

Table 1. Materials and their properties.

Materials Density (g/mL) Refractive Index
(325 nm)

Viscosity (25 ◦C,
mPas)

Ceramic Zirconia 6.05 2.15 -

Photopolymer
HDDA * 1.02 1.45 9

IBA ** 0.98 1.47 8
PBPGDA *** 1 1.44 15

Additive agents Photoinitiator 1.19–1.21 - -
Dispersant 1.075 - -

Silane coupling agent MTMS **** 0.955 1.371 -
UV absorber Hydroxyphenyl-triazine 1.08 - -

* 1,6-Hexanediol diacrylate, ** Isobomyl aceylate, *** Propoxylated neopentyl glycol diacrylatemtms, and ****
Methyltrimethoxysilane.

Table 2. Composition of zirconia suspension.

Group Zirconia Photopolymer Silane Coupling Agent Dispersant UV Absorber Total (Vol%)

o

54

27.62

6.28 12.1

0 100
A5 27.60 0.005 100

A50 27.43 0.05 100
A100 27.24 0.1 100

2.2. Fabrication of Specimen via Additive Manufacturing

Figure 1 shows the specimen for this study was designed in nine hollow structures as
a 2 mm square of 20 mm × 20 mm × 1 mm using CAD software (SolidWorks 2016, Dassault
Systems Corp., Vélizy-Villacoublay, France) was then converted to a standard tessellation
language (STL) file for additive manufacturing. Zirconia specimens were prepared using
DLP equipment (Octave Light R1, Octave Light Ltd., Shatin, Hongkong) (wavelength
365–405 nm), setting the thickness of each layer to 50 µm and the exposure time to 4 s
(n = 5) [31].

2.3. Geometrical Overgrowth Evaluation

Geometrical overgrowth occurs by curing a specimen into a wider area than the
existing area exposed to the light source resulting from the light scattering effect of zirconia
particles [31]. This experiment measured the degree of reduction of the nine hollow
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square structures. The overgrowth observed in the experiment was compared to the
STL file standard in length and area. Figure 2 shows the length was measured using a
stereomicroscope (EGVM-452M; EG Tech, Gwangyang, South Korea) by one person at a
specific position throughout the study (n = 5).
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Figure 3 shows the area measured using image analysis software (ImageJ software,
National Institutes of Health, Bethesda, MD, USA). Geometrical overgrowth was quantified
by calculating the difference between the actual measured and the designed size (2 mm).

Materials 2022, 15, x FOR PEER REVIEW 4 of 10 
 

 

tessellation language (STL) file for additive manufacturing. Zirconia specimens were 
prepared using DLP equipment (Octave Light R1, Octave Light Ltd., Shatin, Hongkong) 
(wavelength 365–405 nm), setting the thickness of each layer to 50 µm and the exposure 
time to 4 s (n = 5) [31]. 

 
(a) (b) 

Figure 1. (a) Schematization of the STL file of the specimen. (b) The square hole (2 × 2 mm) for 
geometrical overgrowth measurement. 

2.3. Geometrical Overgrowth Evaluation 
Geometrical overgrowth occurs by curing a specimen into a wider area than the 

existing area exposed to the light source resulting from the light scattering effect of 
zirconia particles [31]. This experiment measured the degree of reduction of the nine 
hollow square structures. The overgrowth observed in the experiment was compared to 
the STL file standard in length and area. Figure 2 shows the length was measured using a 
stereomicroscope (EGVM-452M; EG Tech, Gwangyang, South Korea) by one person at a 
specific position throughout the study (n = 5). 

 
Figure 2. Measurement of linear deviation using a stereoscopic microscope. 

Figure 3 shows the area measured using image analysis software (ImageJ software, 
National Institutes of Health, Bethesda, MD, USA). Geometrical overgrowth was 
quantified by calculating the difference between the actual measured and the designed 
size (2 mm). 

 
Figure 3. Measurement of area deviation using image analysis software. Figure 3. Measurement of area deviation using image analysis software.

2.4. Cure Depth

Cure depth was measured to evaluate the effect of the UV absorber during lami-
nation. Under the same conditions as the DLP 3D printer, a distance of 20 cm, a light
of 100 mW/cm2, and a light exposure time of 4 s were maintained. Figure 4 shows the
final cured thickness (n = 3) based on the volume fraction of the UV absorber, which was
measured using digital vernier calipers (n = 3).

2.5. Microstructural Analysis

The conditions for degreasing and sintering were set based on the results of previous
experiments [39]. The microstructure and surface of the specimens were observed before
and after sintering, and the defects were observed using a field emission scanning electron
microscope (FE-SEM; JEOL) (ISO-13356) based on the UV absorber volume fraction [38].
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2.6. Statistical Analysis

All statistical analyses were performed using SPSS 21.0 (SPSS Inc.; Chicago, IL, USA).
All results were tested for significance at the p < 0.0083 level. As normality was not satisfied
in the Shapiro–Wilk test, the Kruskal–Wallis, a nonparametric test, was performed. The
post hoc test was performed using the Bonferroni correction method.

3. Result and Discussion
3.1. Geometrical Overgrowth Evaluation

It is essential to evaluate the strength and precision of additive manufacturing of
zirconia dental prostheses using DLP. Geometric overgrowth, caused by over-curing re-
sulting from the light scattering effect, is a factor that can affect precision. Light scattering
is affected by the volume fraction of zirconia, the difference in refractive index between
the zirconia powder and the medium, and the curing time [28–30]. Jang et al. [29] reported
that zirconia has a refractive index of 2.1, which is 20–27% higher than silica and alumina.
Thus, the degree of light scattering is large, and the cure depth is limited. In this study,
a UV absorber was added to the 54 vol% zirconia photopolymer suspension to evaluate
the degree of overgrowth. The cure depth was measured to ensure sufficient curing for
additive manufacturing.

Figures 5 and 6 and Table 3 show the degree of overgrowth by subtracting the length
and area of each specimen measured manufactured based on the UV absorber ratio by the
designed value. In all the groups, the void structure decreased and showed an overgrowth
pattern. As the UV absorber ratio increased, the degree of overgrowth tended to decline.
In terms of length, the average degree of overgrowth was 40 µm in the A100 group and
251 µm in the O group. Regarding the ratio, the length showed an overgrowth rate of 2.1%
in the A100 group and 12.5% in the O group, and the area showed an overgrowth rate of
8.5% in the A100 group and 12.25% in the O group. Significant differences were observed in
the length and areas of the O group and the A50 and A100 groups without a UV absorber
(p < 0.0083). No significant difference was observed based on the UV absorber ratio.

The results highlight that the group prepared by adding 0.05% and 0.1% UV absorber
to the zirconia suspension (A50 group, A100 group) showed a significantly greater degree
of overgrowth in length and area than the group without the addition of UV absorber
(Group O). Our previous study [29] measured geometrical overgrowth according to the
volume fraction of zirconia, showing an overgrowth rate of 33.52% at 54 vol%, higher than
the results obtained in the current study. Despite the differences in the composition of the
UV absorber and suspension, a geometrical overgrowth can be considered a factor that
influences the larger exposure area and longer cure time than the specimen in this study.
Geometrical overgrowth can be affected by the presence or absence of a UV absorber, as
shown in this study, in addition to factors such as curing time, light quantity, exposure area,
and difference in suspension composition [7,24,29,30].

The results show that the geometrical overgrowth was the lowest in the A100 group,
containing 0.1% UV absorber, with overgrowth rates of 2.1% and 8.5% in length and area,
respectively. When the overgrowth rate of the length was lower, the overgrowth was not
constant by region, and the periphery of the rectangle tended to be rounded. Thus, we
assumed that there was a difference in the area when the length was measured at a certain
intermediate position. Additional studies are needed on the degree of overgrowth and the
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direction and pattern of overgrowth according to the specimen shape for precise additive
manufacturing of zirconia.
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3.2. Cure Depth

Zirconia prostheses are generally manufactured by setting the layer thickness between
25 and 100 µm during DLP additive processing [17]. The pre-sintered body is additively
manufactured according to the fixed layer thickness. If the curing depth is lower than
the layer thickness, delamination may occur between layers, causing micro-defects and
deterioration of properties [7]. Therefore, attempts to suppress light scattering by adding
a UV absorber or adjusting the curing time should consider whether the cure depth is
sufficient beyond the set layer thickness.

In this study, the thickness of the laminated layer was set to 100 µm and measured to
check whether adding a UV absorber affects layering. Figure 6 and Table 4 show there was
no significant difference in the cure depth based on the UV absorber. All groups showed
a cure depth of 100 µm or more. The cure depth was obtained at a uniform intensity of
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light and distance and measured using digital vernier calipers (n = 3). Surface defects
and microstructures were analyzed using a field emission scanning electron microscope
(FE-SEM; JEOL). The specimens were sintered at 1450 ◦C to observe the surface after
sintering.

3.3. Microstructural Analysis

Figure 7 shows the cross-sectional microstructure of the zirconia specimen before and
after sintering between the final selected A100 group specimen and the control group O
group specimen. It confirmed that a 100 µm layer and slight microcracks were visible before
sintering in both groups (Figure 7a). It is judged that the microcracks are generated during
the cleaning process after printing is completed, suggesting caution is needed even during
the post-treatment process. In Figure 7b, the cross-section of each specimen after sintering
was observed. After sintering, it was confirmed that each printing layer confirmed before
sintering had healing and simultaneous defects. It is judged that defects occurred due to
the characteristic of zirconia shrinking during heat treatment. Compared to the control
group, the lower cure depths of A100 did not provide adhesion to cause perfect healing
between each layer. Figure 7c shows the high magnification of each sintered specimen.
The grain sizes of 0.46 (±0.06) and 0.58 (±0.083) nm of the A100 group and O group can
be confirmed, and also, it is confirmed that group O shows a difference of about 100 nm.
However, there was no significant difference in each group. It is due to similar grain growth
and powder characteristics since the experiment was performed under the same degreasing
and sintering conditions.
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Table 3. The mean and standard deviation of length and area.

Group Length (µm) Area (mm2)

A5 20 ± 657.4 0.426 ± 0.043
A50 122 ± 62.3 0.355 ± 0.051

A100 40 ± 50.4 0.338 ± 0.071
O 251 ± 37.1 0.490 ± 0.050

Table 4. The mean and standard deviation of cure depth.

Group Cure Depth (µm)

A5 113.55 ± 1.09
A50 112.27 ± 1.33

A100 113.21 ± 1.27
O 115.01 ± 1.14

4. Conclusions

This study investigated the degree of geometrical overgrowth when a UV absorber
was added to the additive manufacturing of zirconia using DLP. When evaluating the over-
growth rate, the length measurement ranged from 2.1% to 12.5%, and the area measurement
ranged from 8.5% to 12.25%. Results showed a significant difference in the overgrowth
between the groups without the UV absorber (Group O) and the group with 0.05% and
0.1% (A50 group and A100 group). The degree of overgrowth was the smallest in the A100
group and the highest in the O group. Length measurement revealed an average value of
40 µm in the A100 group and 251 µm in the O group. The average area was 0.490 mm2

in group O. There was no significant difference in the cure depth in the groups with and
without the UV absorber. Cure depths of 100 µm or more were observed in all groups. No
surface defects or laminated zirconia layers were observed in the specimen after sintering
in all groups. Thus, the geometrical overgrowth of pre-sintered bodies decreased when the
UV absorber was added to the DLP-based additive manufacturing of zirconia, suggesting
the possibility of increased accuracy of additive manufacturing of zirconia. Thus, sintering
shrinkage compensation, reflecting geometrical overgrowth, is necessary to increase the
accuracy in the additive manufacturing of zirconia.
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Fracture Resistance of CAD/CAM Implant-Supported
3Y-TZP-Zirconia Cantilevers: An In Vitro Study
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UNIPRO–Oral Pathology and Rehabilitation Research Unit, University Institute of Health Sciences (IUCS),
CESPU, 4585-116 Gandra, Portugal
* Correspondence: asergio.silva@iucs.cespu.pt; Tel.: +351-224157100

Abstract: (1) Introduction: Implant-supported fixed complete dentures are mostly composed of
cantilevers. The purpose of this work was to evaluate the fracture resistance of zirconia (Prettau®,
second generation, or Ice Zirkon Translucent, first generation) with cantilever lengths of 6 and
10 mm, and zirconia’s fracture resistance in relation to an average bite force of 250 N. (2) Materials
and methods: Forty structures were created in CAD/CAM and divided into four groups: group
A (6 mm cantilever in IZT), group B (10 mm cantilever in IZT), group C (6 mm cantilever in Pz),
and group D (10 mm cantilever in pz). The study consisted of a traditional “load-to-failure” test.
(3) Results: A statistically significant result was found for the effect of cantilever length, t(38) = 16.23
(p < 0.001), with this having a large effect size, d = 4.68. The 6 mm cantilever length (M = 442.30,
sd = 47.49) was associated with a higher mean force at break than the 10 mm length (M = 215.18,
sd = 40.74). No significant effect was found for the type of zirconia: t(38) = 0.31 (p = 0.757), and
d = 0.10. (4) Conclusions: All the components with cantilever lengths of 6 mm broke under forces
higher than 250 N. Cantilevers larger than 10 mm should be avoided.

Keywords: cantilever length; fracture; bite force; CAD/CAM; implant-supported prosthesis; zirconia

1. Introduction

The global elderly population will reach about 400 million in 2050, [1] which will
increase partial or total edentulism. In the case of complete dentures, their stability and
retention can be obtained through dental implants allowing fixed rehabilitation, or through
the oral mucosa, in which dental adhesives, in the case of removable rehabilitation, play
a fundamental role [2,3]. Fixed prostheses on implants are prostheses that have stability
and retention, supported by dental implants, and they have been used for more than three
decades. Osseointegrated dental implants have revolutionized prosthetic treatments and
have become a fundamental alternative in the quality of life of populations [2–5]. However,
implant-supported fixed rehabilitation can cause problems due to the anatomical and
morphological conditions of the patient, which condition the selection and distribution of
implants [2]. Computer-aided design and computer-aided manufacturing (CAD–CAM) can
be used in different production techniques, namely, the subtractive milling and additive
manufacturing. Regarding these two techniques, Valenti et al. showed that there is no
significant difference between them in terms of the hardness, roughness, marginal discrep-
ancy, fracture load, trueness, or internal fit. Furthermore, the additive manufacturing does
not allow continuous mastication forces for a long period of time, being mostly used in
provisional crowns and fixed partial dentures [6].

This is a determining factor in the design of prosthetic structures. Therefore, implant-
supported fixed complete dentures, commonly known as hybrid prostheses, are mostly
composed of cantilevers [7], that is, a multiple retainer with one or more unsupported free
ends [8], thus allowing the prosthesis to extend to at least the first molar [2]. The use of
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cantilevers in fixed prostheses on dental implants is beneficial in places with unfavorable
anatomical characteristics, namely, reduced alveolar ridges [9]; however, the placement
of implants can be compromised due to their proximity to certain structures, such as the
maxillary sinuses, the roots of adjacent teeth, and the inferior alveolar nerve [8]. However,
long cantilevers should be avoided due to their biomechanical properties, which can lead
to prosthesis fracture [5,7] as well as loss of bone around the implants [5]. As such, it is
recommended that mandibular cantilevers do not exceed 20 mm, and ideally, they should
be less than 15 mm in length [8]. Approximately half of patients rehabilitated with fixed
prostheses containing cantilevers have long-term complications [2]. These can be due to
high occlusal load, but also due to poorly distributed occlusal forces, which can lead to the
loss or fracture of implants used to retain dental prostheses, which happens most often at
the beginning of the arm of the cantilever. In order to avoid this type of fracture, shortening
the mesiodistal, buccolingual/palatal length of the cantilever is recommended [2]. Thus,
for a rehabilitation with implants to be successful, it is necessary that implant-supported
prostheses are resistant to fracture [10].

Aesthetics plays a very important role in our society; as such, oral rehabilitation must
take into account aesthetic requirements by using materials that meet the expectations of
patients [11,12]. However, this should not compromise the strength, clinical success, and
longevity of dental prostheses. The stress caused during their use can be transferred to the
implants, to the bone, or to the supporting structures, which highlights the importance of
the choice of material [13,14]. Zirconia differs from other materials due to the phenomenon
called transformation hardening, with three pure forms of zirconia having been identified,
depending on the temperature at which it is found [11].

Due to their aesthetic properties, there has been a substantial increase in the use
of zirconia and ceramics in prosthetic rehabilitation [9,11,12]. This increase is due not
only to the aesthetic component, but also due to these materials’ high fracture resistance
and other mechanical properties [11], their excellent biocompatibility, and their physical
properties [9,11,15]. These materials can be used in the elaboration of crowns, posts,
fixed partial dentures, abutments, and structures on implants [9]. Currently, yttrium-
stabilized tetragonal zirconia (Y-TZP) is the ceramic material that has the highest fracture
resistance [16], and it is the ceramic material most used as a rehabilitation material in high
stress areas due to its high strength [15]. It should be noted that today, the elaboration
of zirconia structures is more optimized, accurate, and reliable, due to the development
of computerized CAD–CAM systems [12,17–20]. They may be a viable alternative for
full-arch implant-supported rehabilitations, being able to achieve high 5-year survival rates
with minimal prosthetic complication rates since they were not subject to chipping and
wear, even if work needs to be performed to improve their esthetics [21,22]. However, their
medium- to long-term clinical outcomes cannot yet be evaluated [23–25].

Finite element analysis studies [26] showed that when force was applied over the
cantilevers, the highest stress was concentrated in the distal posterior screw-access openings
(SAOs), which is the zone with the minimum cross-sectional connector area (CSCA) because
of the screw opening passing through it. This means that distal SAOs are the zones that
are supposed to fracture when excessive strength is applied over the cantilever. This
type of prosthesis distal extension fracture is directly related to the cantilever [27]. The
other type of fractures are fractures, that occur between the distal SAOs and not involving
them, are hypothesized to be more likely concerned with other causes, such as tension
in the screw-retained structure, material defects, or excessive thinness of the zirconia
framework [26,27].

An incidence of 5.6% prosthetic failure rate is described in most of the articles, but
clinically we can observe a higher percentage that is not described [28].

Thus, this work has as its main objective to evaluate the fracture resistance of different
cantilever lengths (CL) (6 and 10 mm). It also attempts to determine which of the zirconia
forms (Prettau® or Ice Zirkon Translucent) of lengths of 6 mm and 10 mm are more resistant
to fracture, and to evaluate the fracture resistance of zirconia under an average bite force of
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250 N. The null hypothesis tested is that the frameworks with a cantilever length of 6 mm
have the same fracture force of the frameworks with a cantilever length of 10 mm. The
limits of this study are those understood for an in vitro study and the application of force
was performed only in one direction, excluding the application of oblique forces.

2. Materials and Methods
2.1. Materials

All materials used in this study were selected based on their importance and usefulness
in dentistry, as well as their stability under normal conditions of use and storage. All
materials and chemicals were used in accordance with manufacturers’ standards.

The materials used in this study were two different types of zirconia that belong to
the same brand. One of the materials used was Ice Zirkon Translucent (IZT) (Zirkonzahn®,
Gais, South Tyrol, Italy), and the other was Prettau® Zirconia (PZ) (Zirkonzahn®, Gais,
South Tyrol, Italy), as described in Table 1.

Table 1. Zirconia characteristics.

Zirconia Flexural Strength Vickers Hardness (HV10)

Ice Zirkon Translucent 1200–1400 MPa 1250 HV10
Prettau® Zirconia 1000–1200 MPa 1250 HV10

The interfaces used, as well as the screws, were from IPD® (Mataró, Barcelona, Spain).
These interfaces were selected because they are compatible with internal hexagon implants.

2.2. Methods

A standard laboratory protocol was established and applied at the Laboratório de
Investigação em Reabilitação Oral e Prostodontia, UNIPRO—Oral Pathology and Reha-
bilitation Research Unit, University Institute of Health Sciences (IUCS), CESPU, Gandra,
Portugal, to test all selected samples.

2.2.1. Preparation of the Sample

In this study, 40 CAD/CAM frameworks were prepared and divided into four groups:
group A (10 frameworks with a 6 mm cantilever in Ice Zirkon Translucent), group B
(10 frameworks with a 10 mm cantilever in Ice Zirkon Translucent), group C (10 frameworks
with a 6 mm cantilever in Prettau® Zirconia), and group D (10 frameworks with a 10 mm
cantilever in Prettau® Zirconia) (Figure 1). All the structures were implant-supported by
two internal hexagon analogs with a 4.1 platform, and fixed on a titanium base, with there
being a distance of 15 mm from their centers. They were all manufactured 4 mm high and
3 mm wide by IPD® (Mataró, Barcelona, Spain). A titanium base was prepared so that
it could be adapted to the support table to fix the testing machine, Instron®, Electropuls
E10000 Linear-Torsion (Norwood, MA, USA), on which the two internal hexagon analogs
with a 4.1 platform were coupled together.

The framework has a rectangle milled shape with linear polished edges.

2.2.2. Elaboration of Zirconia Structures

The structures were digitally executed using a CAD/CAM system (Zirkonzahn® Gais,
South Tyrol, Italy) (Figure 2a,b). Two body scans (IPD®, Mataró, Barcelona, Spain) were
placed on the base analogues and they were read in the Scanner S600 (Zirkonzahn® Gais,
South Tyrol, Italy) in order to be able to use a digital library and thus ensure that the
structure would be well adapted to the interfaces (Figure 2c). Interfaces with a height of
3.5 mm were used.

After the structures were digitally executed, they were milled using the M1 machine
from Zirkonzahn® (Gais, South Tyrol, Italy). After this, they were removed from the
zirconia blocks using a turbine and diamond drill, removing only the zirconia supports.
The frameworks were sintered in a Zirkonofen 600 EV oven (Zirkonzahn®, Gais, South
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Tyrol, Italy). The IZT structures were placed in the oven at a maximum temperature of
1400 ◦C (gradual rise of 8 ◦C/min, 2 h at maximum temperature, and cooling of 8 ◦C/min
until room temperature was reached), under which their dimensions contracted by 20%.
In turn, the PZ structures were placed in the oven at a maximum temperature of 1600 ◦C
(gradual rise of 6 ◦C/min, 2 h at maximum temperature, and cooling of 6 ◦C/min until
room temperature was reached), under which they contracted in size by 19.95%.
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Figure 2. CAD/CAM elaboration of zirconia frameworks: (a) 6 mm cantilever; (b) 10 mm cantilever;
(c) body scans.

In order to complete the test structures, the interfaces were screwed to the base
(previously prepared) at 35 N using a torque wrench. The structures were cemented to the
interfaces with Maxcem EliteTM resin cement (Kerr®, Kloten, Switzerland), following the
manufacturer’s instructions. Teflon tape was placed in the access channel to the interface
screws to prevent the entry of cement. After polymerization, all excesses were removed.

2.2.3. Compression Test to Measure the Fracture Resistance Strength of Different
Cantilevers

The titanium base, with the implant analogs made for the study, was attached to the
Instron® fixation support table, as shown, allowing its connection to the Instron® testing
machine, the Electropuls E10000 Linear-Torsion.

The Instron® Electropuls E10000 LT is a dynamic and fatigue testing machine with
linear dynamic capacity of ±10 KN, linear static capacity of ±7 KN, linear stroke of 60 mm,
torque capacity of ±100 Nm, torsion stroke of ±135◦, and daylight 877 mm opening,
which allows both static and dynamic axial and torsional tests, in accordance with ISO
7500-1:2018. It has a calibration accredited force according to ISO 7500-1 and ASTM E4
standard of up to 5 meganewtons. The fixture support table was attached to the machine to
adapt the simulation structures, so that all the models were adjusted and produced equal
compression. In this way, the test structures were parallel to the transport table.
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The test structures (bars with cantilevers and interfaces) were screwed to the titanium
base, as shown in Figure 3a, at 35 N using a torque wrench. The study consisted of a
traditional load-to-failure test in which a static load was used, 2 mm from the end of
the cantilever arm (Figure 3b), which progressively increased by 1 mm/min towards the
structure until the fracture occurred (Figure 3c,d), as described in Alshiddi et al.’s study [9].
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Figure 3. Fracture resistance tests. (a) Titanium-based bolted structure; (b) start of the static load,
2 mm from the end of the cantilever arm; (c) fracture of the 6 mm cantilever; (d) fracture of the
10 mm cantilever.

The number of samples that was used for each zirconia type was 10 replicates
(10 cantilevered frameworks) with 6 mm and 10 mm cantilever lengths. In this way, the
fracture resistance force of each type of structure was measured 10 times, and the values
were recorded in newtons (N).

Test results were transferred to WaveMatrix® version 2.0 Dynamic Test Software
(Instron®, Norwood, MA, USA). This software allows users to define and run tests and
acquire data for a wide variety of dynamic and quasi-static applications. Then, all the
values and data were transferred to Microsoft Office Excel®, version 16.0 (Redmond, WA,
USA) where the statistical analysis of the obtained data was performed.

2.3. Statistical Analysis

Data were analyzed with R, version 4.1.2 (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria). Initial data inspection included normality assessment of
force at break (standard) measured in newtons (N), using the Shapiro–Wilk test, which is ap-
propriate for sample sizes lower than 50. Levene’s test was used to assess the homogeneity
of variance. Considering the results of the tests, parametric tests were implemented. De-
scriptive statistics are presented as means (M) and standard deviations (SD). Boxplots were
also used to plot the distribution of force at break, with points added that corresponded to
the sampling observations. Observation overlap was avoided by including a jitter function.
Independent samples t-tests were used to compare force at break according to the type of
zirconia (Translucent and Prettau), cantilever length (6 mm and 10 mm), and the type of
zirconia stratified by each cantilever length. Cohen’s d was calculated for effect size, with
0.2 considered a small effect size, 0.5 a medium effect size, and 0.8 a large effect size.

The interaction between the type of zirconia and cantilever length was assessed
using factorial ANOVA. Partial eta squared (ηp

2) was used to assess effect size, with
0.01 considered a small effect size, 0.06 a medium effect size, and 0.14 a large effect size

One-sample t-tests were used to compare the mean forces at break under the limit of
250 N.

Statistical significance was considered for p < 0.05. A higher threshold (marginal
significance, p < 0.10) was considered when the sample size was 10 or lower.

3. Results

A total of 40 component samples were enrolled in a 2 × 2 design that considered the
type of zirconia (Translucent and Prettau) and the cantilever length (6 mm and 10 mm). The
resistance to fracture was assessed with the force at break (standard) measured in newtons
(N). Table 2 and Figure 4 show results for the independent effects of the type of zirconia and
cantilever length on force at break. A statistically significant result was found for the effect
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of cantilever length, t(38) = 16.23 (p < 0.001), with this having a large effect size, d = 4.68.
Lengths of 6 mm (M = 442.30, sd = 47.49) were associated with a higher mean force at break
when compared with lengths of 10 mm (M = 215.18, sd = 40.74). No significant effect was
found for the zirconia type: t(38) = 0.31 (p = 0.757), d = 0.10.

Table 2. Force at break (standard) (N) according to type of zirconia and cantilever length.

Type of Zirconia Cantilever Length

Translucent
(n = 20)

Prettau
(n = 20) t-Test 6 mm

(n = 20)
10 mm
(n = 20) t-Test

Force at Break
(Standard) (N)

322.62
(137.09)

334.86
(110.41)

t(38) = 0.31 (p = 0.757)
d = 0.10

442.30
(47.49)

215.18
(40.74)

t(38) = 16.23 (p < 0.001)
d = 4.68
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Figure 4. Force at break (standard) (N) according to type of zirconia and cantilever length.

Table 3 and Figure 5 show results for the independent effect of the type of zirconia
stratified by cantilever length (6 mm and 10 mm). For the 10 mm length, a marginal effect
was detected, t(18) = −2.01 (p = 0.070), with this having a large effect size, d = 0.90. The
Prettau Zirconia components showed a higher mean force at break (M = 232.18, sd = 16.83)
than the Ice Zirkon Translucent components (M = 198.18, sd = 50.79). No marginal or
significant effect was detected for the 6 mm cantilever length.

Table 3. Force at break (standard) (N) according to type of zirconia stratified by cantilever length
(6 mm and 10 mm).

Cantilever Length = 6 mm
(n = 20)

Cantilever Length = 10 mm
(n = 20)

Translucent
Zirconia
(n = 10)

Prettau
Zirconia
(n = 10)

t-Test
Translucent

Zirconia
(n = 10)

Prettau
Zirconia
(n = 10)

t-Test

Force at Break
(Standard) (N)

447.05
(51.84)

437.54
(44.97)

t(18) = 0.44
(p = 0.667)
d = 0.20

198.18
(50.79)

232.18
(16.83)

t(18) = −2.01
(p = 0.070) ‡

d = 0.90
‡ p < 0.10.
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Figure 5. Force at break (standard) (N) according to type of zirconia stratified by cantilever length
(6 mm and 10 mm).

Next, the interaction between the type of zirconia and cantilever length was studied
by conducting a factorial ANOVA (Table 4, Figure 6). The initial effects of the type of
zirconia and cantilever length were assessed. Cantilever length showed a significant effect,
F(1,36) = 272.46 (p < 0.001), a large effect size, ηp

2 = 0.88, and a higher mean force at break
for 6 mm, as previously shown. No significant effect was found for the type of zirconia:
F(1,36) = 0.79 (p = 0.379), and ηp

2 = 0.02. The interaction between the type of zirconia
and cantilever length was also not statistically significant: F(1,36) = 2.50 (p = 0.273), and
ηp

2 = 0.07, meaning that the cantilever length effect of 6 mm was independent of the type
of zirconia.

Table 4. Factorial ANOVA for the effect of type of zirconia and cantilever length on force at break
(standard) (N).

n M SD Factorial ANOVA

Zirconia Cantilever

Translucent
6 mm 10 447.05 51.84 Zirconia effect

F(1,36) = 0.79 (p = 0.379), ηp
2 = 0.0210 mm 10 198.18 50.79

Total 20 322.62 137.09

Prettau
6 mm 10 437.54 44.97 Cantilever effect

F(1,36) = 272.46 (p < 0.001), ηp
2 = 0.8810 mm 10 232.18 16.83

Total 20 334.86 110.41

Total
6 mm 20 442.30 47.49 Zirconia x Cantilever effect

F(1,36) = 2.50 (p = 0.273), ηp
2 = 0.0710 mm 20 215.18 40.74

Total 40 328.74 123.02

Finally, force at break was compared to the limit of 250 N under the null hypothesis
of H0: µ ≤ 250 N vs. the alternative of H1: µ > 250 N. Comparisons were made that
considered all samples as a whole and by group (Table 5). Unilateral one-sample t-tests
showed statistically significant differences (p < 0.001) for all samples of a 6 mm cantilever
length, regardless of the zirconia type, indicating that the required force to break the
components is higher than 250 N for components with a cantilever length of 6 mm. All
components with a 6 mm cantilever length broke under forces higher than 250 N. On the
contrary, for the cantilever length of 10 mm, the null hypothesis was not rejected (p > 0.999)
for both Ice Zirkon Translucent, with just two (20%) components of which broke under
forces higher than 250 N, and Prettau Zirconia, with just 1 (10%) component of which broke
after applying forces higher than 250 N.
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Figure 6. Force at break (standard) (N) interaction between type of zirconia and cantilever length.

Table 5. Unilateral one-sample t-tests for assessing limits of force at break (standard) (N).

Tests for Mean > 250 N Proportion of
Components > 250 N

n M SD t-Tests n (%)

Zirconia Cantilever

Translucent
6 mm 10 447.05 51.84 t(9) = 12.02

(p < 0.001) 10 (100%)

10 mm 10 198.18 50.79 t(9) = −3.23
(p > 0.999) 2 (20%)

Total 20 322.62 137.09 t(19) = 2.37
(p = 0.015) 12 (60.0%)

Prettau

6 mm 10 437.54 44.97 t(9) = 13.19
(p < 0.001) 10 (100%)

10 mm 10 232.18 16.83 t(9) = −3.35
(p > 0.999) 1 (10%)

Total 20 334.86 110.41 t(19) = 3.44
(p = 0.002) 11 (55.0%)

Total

6 mm 20 442.30 47.49 t(19) = 18.11
(p < 0.001) 20 (100%)

10 mm 20 215.18 40.74 t(19) = −3.82
(p > 0.999) 3 (15.0%)

Total 40 328.74 123.02 t(39) = 4.05
(p < 0.001) 23 (57.5%)

Figure 7 shows that all the components included in the study needed to be submitted
to forces higher than 250 N to break. As previously shown, all components with a cantilever
length of 6 mm required a force higher than 250 N to break. In the whole sample, the
minimum and maximum forces at break were 143.07 N and 501.58 N, respectively.
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Figure 7. Force at break (standard) (N) for all components included in the study and the
considered limits.

4. Discussion

For fixed implant rehabilitations, namely, rehabilitations with structures with can-
tilevers, the CL is a very important factor to take into account, as it influences the longevity
of the rehabilitation. In this study, we tested the fracture resistance of different lengths
of cantilevers, 6 and 10 mm, and also the resistance of two different types of zirconia, Ice
Zirkon Translucent and Prettau® Zirconia. For this purpose, 40 frameworks were made and
tested: 20 frameworks with a 6 mm cantilever, of which 10 were in Ice Zirkon Translucent
and 10 were in Prettau® Zirconia, and 20 frameworks with a 10 mm cantilever, of which
10 were also in Ice Zirkon Translucent and in Prettau® zirconia.

Tirone et al. reported on the CL or the thickness of the zirconia around the screw
access opening (SAO) to the fracture of the structure [29], and their results were in line
with those found in our study, because the SAO was the zone where there was a fracture in
the zirconia structures. In order to overcome this problem, Alshiddi et al. used a thickness
increase of 0.5 mm around the distal SAO in order to reinforce it [9]. In our study, the
value used around the SAO was the predefined value of the CAD/CAM program, namely,
0.5 mm, in order not to modify the values that are established for use in the elaboration of
structures of implant-supported zirconia prostheses.

With regard to CL, the results obtained in this study corroborate what is described by
several authors [2,9,29]. Bearing in mind that the ideal cantilever length should not exceed
9 mm, in this study, structures with 6 mm and 10 mm cantilevers were tested in order to
test their resistance to fracture. A higher force was required to cause fracture in 6 mm
structures (a mean force of 442.30 N) than in 10 mm structures (a mean force of 215.18 N). It
was also found that when a force was applied to the cantilever, the greatest stress point
was concentrated in the distal SAO, with there being a smaller cross-sectional connector
area due to access to the SAO, these being the areas where fracture is expected.

Bite force (BF) is an important component of mastication as well as masticatory func-
tion [30]. The measurement of BF allows us to determine the average BF values of a given
population, thus helping us choose the most suitable and resistant materials during pros-
thetic rehabilitation. Based on Takaki et al.’s study, in which they reported a mean BF of
285.01 N for women and 253.99 N for men [31], and Levartovsky et al.’s study, in which
they reported an average BF of between 258.5 N and 175.8 N [32], we used an average
BF reference value of 250 N. Taking into account this average BF value and analyzing the
results obtained, we can see that all structures with a 6 mm cantilever required a force
greater than the average reference value for fracture to occur, unlike structures with a
10 mm cantilever, of which only three structures resisted forces greater than 250 N (one in
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PT and two in IZT). However, Van Vuuren et al. reported an average BF of 430.4 N [33],
and, taking this value into account, we can see that only structures with a 6 mm cantilever
can resist this average BF, given that the mean fracture values found in this study were
437.54 N in PT and 447.05 N in IZT. Taking into account these mean BF values and based on
the results of this study, we can say that in terms of longevity of prosthetic rehabilitations,
structures with 6 mm cantilevers have a higher fracture resistance behavior than those
found in cantilevers 10 mm long. Regarding the type of zirconia used (Ice Zirkon Translu-
cent and Prettau® Zirconia), they performed similarly in terms of fracture resistance, with
there being no statistically significant differences between them.

Y-TZP, a widely developed ceramic rehabilitation material [34], is considered the most
resistant and robust ceramic material available [35]. Clinically, stratified crowns after pro-
longed use have shown fissures or fractures, leading to rehabilitation failure [12,36,37]. This
problem has been solved with the introduction and development of monolithic zirconia,
which is manufactured in CAD/CAM. The first generation of 3Y-TZP was developed to be
the strongest, accepting loads of up to 1200 MPa [24]. In this type of rehabilitation, all the
ceramic layering is removed, thus preventing one of the reasons for its failure [34,36,37].

In this study, the differences in the average strength of materials were not considered
significant. IZT presented an average fracture resistance of 322.62 N, while PZ presented
an average fracture resistance of 334.86 N. However, even though the difference in the
strength of the different materials was minimal, the fracture strength of the 10 mm cantilever
PZ obtained better results than that of the IZT, the former requiring an average force of
232.18 N compared to the latter’s 198.18 N. Meanwhile, the 6 mm cantilever PZ required
an average force of 437.54, and the IZT required an average force of 447.05 N.

The framework shape was not evaluated in this study, but some studies suggest
that geometry influences the material behavior and fracture, e.g., a conventional shape
(linear, e.g., our framework design); convex shape (1.0 mm curve in the direction of the
occlusal surface); concave shape (1.0 mm curve in the direction of the gingival surface).
The different results, for example, in Tsumita et al.’s study of the mechanical strength in
different framework shapes, showed that the fracture load for the convex shape was the
highest; however, critical cracks in the veneer porcelain were seen in the convex shape,
but not in the other two shapes [38]. These cracks occurred from the lower margin of the
pontic framework towards the gingival surface of the medial and distal connectors of the
pontic framework. Such failure is not clinically acceptable. Because of the geometry of
the convex shape, it was difficult for the frameworks located on the gingival side of the
connector where stress concentrates; thus, the veneer porcelain received the tensile stress
directly, and cracks were initiated at a low load value. In addition, the final fracture load
was high, because the shape of frameworks resembled a reverse catenary, and thus received
the loading stress as compressive stress. The fracture load for the concave shape was
significantly higher than that for the conventional shape; the veneer porcelain cracking load
for the concave shape was significantly greater than that for the convex shape. In terms
of bridge engineering, the concave shape resembled a catenary; however, by arranging
a framework without a pontic–connector interface where stress concentrates in an area
of maximum principal stress, the load could be evenly dispersed throughout the lower
margin of the frame.

Conventionally cast noble (gold/silver–palladium) or not noble (Co–Cr) metal alloys
are the most traditionally employed materials for full-arch implant-supported rehabilita-
tions, reporting high clinical performances with optimal clinical implant and prosthetic
survival rates in the long term. However, various alternative materials are available today,
such as titanium, zirconia, and several polymers including carbon-fiber frameworks, pro-
viding corrosion resistance, biocompatibility, and great mechanical characteristics, with
satisfactory clinical outcomes [28].

Further comparative clinical studies, possibly randomized clinical trials with a longer
follow-up time, are needed in order to validate the use of new materials and define their
specific clinical indications.
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5. Conclusions

In the present study, it was found that there was a big difference in the fracture
resistance of the cantilevers used, and, taking into account the average BF, fracture strength
was much higher in the 6 mm cantilevers compared to the 10 mm cantilevers.

Regarding the type of zirconia, IZT or PT, we found that there were no statistically
significant differences regarding their strength in the two cantilever lengths (6 and 10 mm).

Taking into account the average BF of 250 N, in the 6 mm cantilever, the IZT and
PT did not show significant differences in fracture resistance, both presenting an average
fracture force greater than 250 N. On the other hand, in the 10 mm cantilevers, the IZT
and the PT obtained inferior results in relation to this mean BF value in terms of fracture
resistance, with both presenting a lower mean fracture force.
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Abstract: Plasma treatment on a zirconia surface prevents bacterial contamination and maintains
osteoblast activity. To assess the degree of adhesion of Porphyromonas gingivalis on a zirconia surface
after non-thermal plasma (NTP) treatment, specimens were treated with plasma for 60, 300, and
600 s, after which P. gingivalis was inoculated onto the surface and incubated for 48 h. To assess
osteoblast activity after NTP treatment, osteoblasts (MC3T3-E1) were dispensed onto the specimens
contaminated with P. gingivalis immediately after NTP for 60 and 120 s, followed by incubation for
48, 72, and 96 h. P. gingivalis was cultured after 60 s of NTP treatment of zirconia. The NTP and
control groups showed no significant difference (p = 0.91), but adhesion was significantly increased
following NTP treatment for 300 s or longer (300, 600 s groups) (p < 0.05). After NTP treatment of P.
gingivalis-contaminated zirconia, osteoblast activity significantly increased at 72 and 96 h (I60 and
I120 s group) in the groups treated with plasma (p < 0.017). Application of NTP to dental zirconia
implants for 60 s not only inhibits the proliferation of P. gingivalis, which causes peri-implantitis but
also increases osseointegration on zirconia surfaces contaminated with P. gingivalis.

Keywords: zirconia implant; non-thermal plasma; peri-implantitis; inhibition of biofilm formation;
osteoblast viability

1. Introduction

Titanium and its alloys are widely used in dental implants [1]. However, because of
adverse immunological reactions to titanium and the cosmetic limitations of metals, there
is a growing need for new implant materials [2–4]. Zirconia can be used in patients with
titanium allergy and shows it has advantages over titanium for use in oral areas where
aesthetics require the use of a material with a color similar to that of natural teeth [5–7].
In addition, compared to titanium implants, zirconia has excellent biocompatibility and
shows a lower adhesion of bacteria, thereby reducing the risk of peri-implantitis [8–12].

Periodontitis-related bacteria colonize exposed implants in the oral cavity within two
weeks of implantation, and the entire range of subgingival flora develops within four
weeks. Unlike natural teeth, implant prostheses do not possess periodontal ligaments,
and the implant surface and alveolar bone are osseointegrated. Therefore, they are vul-
nerable to bacterial infection, leading to a high rate of alveolar bone loss in the presence
of peri-implantitis, an inflammatory condition similar to periodontitis in which biofilms
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are formed on implant surfaces [13,14]. A biofilm consists of several species of bacterial
flora, Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Fusobacterium
nucleatum, known as “red complexes”, participate in late colonization [15]. Particularly,
biofilms related to failed implants comprise gram-negative bacilli [16]. Among them,
P. gingivalis is a gram-negative bacillus that influences plaque maturation and is mainly
observed in well-differentiated subgingival plaques. Therefore, measuring P. gingivalis
levels in advanced peri-implantitis can predict the prognosis of implants.

Atmospheric-pressure plasma can be used to treat peri-implantitis [17]. Non-thermal
atmospheric pressure plasmas, also known as cold atmospheric plasmas or low-temperature
atmospheric pressure plasmas, can be generated under atmospheric conditions and at low
temperatures, facilitating their clinical application to the dental treatment area [18,19].
When plasma is applied to biomaterials, chemical changes lead to alterations in surface
properties such as hydrophilicity, as the oxidized layer on the surface changes based on the
chemical composition of the process gas, without changing the surface shape [20]. Yoo et al.
reported changes in the shape of a colony of cultured bacteria on a plasma-applied titanium
surface, with more than 80% of the cells killed [21], whereas Duske et al. [22] reported that
plasma treatment increased the initial adhesion of osteoblasts and promoted bone fusion,
by reducing the contact angle of the surface, which increased hydrophilicity.

Most studies have been performed in vitro by applying plasma to titanium [17]. Stud-
ies of plasma treatment of zirconia have focused on improving physical properties such
as increasing the bonding strength of restoration [23,24]. Recently, changes in biological
properties during the plasma treatment of zirconia were evaluated, including studies on
cell activity [25], and improving osseointegration [26,27]. However, zirconia implants, peri-
implantitis associated with zirconia implants, and inhibition of advanced peri-implantitis
have not been widely examined.

Here, we investigated the effect of non-thermal plasma (NTP) treatment of zirconia
surfaces on P. gingivalis adhesion and osteoblast activity in zirconia contaminated with
P. gingivalis to determine the duration of plasma treatment that is clinically advantageous
or both bacterial adhesion and osteoblast activity.

There were two null hypotheses. The first null hypothesis was that the adhesion of
P. gingivalis would not differ after NTP treatment of zirconia. The second null hypothesis
was that osteoblast adhesion would not differ in zirconia inoculated with P. gingivalis, even
after NTP treatment of zirconia.

2. Materials and Methods
2.1. Materials
2.1.1. Samples

Fully sintered zirconia was prepared in disk-shaped specimens (diameter 15 mm,
thickness 2.5 mm, Zirmon®, Kuwotech, Gwangju, Korea) and ground and polished with
#800 SiC abrasive paper while injecting water in a polishing machine (LaboPol-5, Struers
Co., Catcliffe Rotherham, UK) to give the specimens an even surface roughness. All
specimens were washed for 20 min with acetone, alcohol, and distilled water using an
ultrasonic cleaner. After drying at 25 ◦C, they were sterilized in an autoclave (HS-3460SD,
Hanshin Medical Co., Incheon, Korea).

2.1.2. Artificial Saliva

To recreate the oral environment, artificial saliva was prepared by adding 1% mucin
(M1778, Sigma-Aldrich, St. Louis, MO, USA) to the adherence buffer, as described by
Li et al. [28].

2.1.3. Bacterial Culture

Porphyromonas gingivalis (KCOM 2804), an anaerobic, gram-negative anaerobic bac-
terium that causes peri-implantitis, was obtained from the Korean Collection for Oral
Microbiology (Gwangju, Korea) and cultured. P. gingivalis strains in tryptic soy broth
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medium (BD Biosciences, Franklin Lakes, NJ, USA) were cultured at 37 ◦C in an anaerobic
chamber (Forma Anaerobic System 1029; Thermo Fisher Scientific, Waltham, MA, USA). A
single colony formed on the solid medium was inoculated into and cultured in a liquid
medium to prepare bacteria at a concentration of 1.5 × 107 colony-forming units (CFU)/mL.

2.1.4. Osteoblast Culture

A mouse osteoblastic cell line (MC3T3-E1 Subclone 4, ATCC CRL2593, Rockville,
MD, USA) was cultured at 37 ◦C in a CO2 incubator at 5% CO2 (Forma Series II 3111
Water Jacketed CO2 Incubator, Thermo Fisher Scientific) inα-minimum essential Medium
Gibco-BRL, Grand Island, NY, USA) containing 10% fetal bovine serum and 100 U/mL of
penicillin. The culture medium was changed every three days, and the MC3T3-E1 cells were
subcultured until enough cells were obtained for the experiment. Cells from generations
4–7 were used in the experiment.

2.2. Methods
2.2.1. NTP Treatment at Atmospheric Pressure

NTP at atmospheric pressure was applied to a zirconia specimen at a rate of 10 L/min
and power of 300 W using a gaseous mixture containing Ar2 (99.2%) and O2 (0.8%) with an
atmospheric pressure plasma generator (PGS-200, Expantech Co., Gyeonggi-do, Suwon,
Korea). During plasma application, the length of the flame was maintained at 20 mm. The
zirconia specimen was fixed in place with a circular jig and was rotated at 300 rpm. As the
specimen rotated, the plasma alternated between left and right to ensure even application
to the specimen. The reciprocation was set at 10 s per rotation and repeated automatically
to match each instance of plasma application (Figure 1).

Figure 1. Even non-thermal plasma treatment of the specimen.

2.2.2. Assessment of Surface Characteristics

Energy-dispersive X-ray spectroscopy (EDX) (S-4700, Hitachi, Tokyo, Japan) and X-
ray photoelectron spectroscopy (XPS) (VG Multilab 2000, Thermo Fisher Scientific) were
performed to assess changes in the surface chemical composition of the specimens due
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to plasma treatment. To compare the changes in hydrophilicity, 4 µL of distilled water
was dropped on the surface; after 10 s, the angle between the surface and water droplet
was measured using a video contact angle meter (Phoenix 300, SEO, Kromtek, Selangor,
DE, Malaysia). The average of the contact angles was calculated from the analysis of
three specimens per group. Changes in the surface structure of the specimens, as well
as bacterial and cell adhesion following the plasma treatment were observed using a
scanning electron microscope (SEM) (S-4700, Hitachi) after coating the specimens with
gold-palladium alloy using a Cressington sputter coater (108 auto, Cressington Scientific
Instruments, Watford, UK).

2.2.3. Assessment of Bacterial Adhesion to Specimens after Plasma Treatment

All specimens were sterilized, and there were ten specimens in each experimental
group. Bacterial adhesion to the specimen after plasma treatment was assessed in a crystal
violet assay. Plasma-treated specimens were placed in a multi-well plate, and 1 mL of
artificial saliva was dispensed into each well and stirred at room temperature for 2 h to
coat the specimens. The artificial saliva was removed by aspiration and dried naturally
for 15 min. Liquid medium (1.5 × 107 CFU/mL) was dispensed into each specimen and
incubated for 48 h under anaerobic conditions. The specimens were carefully washed with
phosphate-buffered saline (PBS) (Welgene, Daegu, Korea) after transferring to a new well
plate, to measure the amount of P. gingivalis attached to the specimen surface. After staining
with 0.3% crystal violet solution for 10 min, the solution was removed by aspiration and
washed twice with PBS. After the specimens were naturally dried for 15 min, 400 µL of
destaining solution (80% ethyl alcohol + 20% acetone) was dispensed onto the specimens
and decolorized for 1 h. The destaining solution (200 µL) was transferred to a 96-well
plate and the absorbance was measured at 595 nm using a microplate reader (VersaMax™,
Molecular Devices, Sunnyvale, CA, USA).

2.2.4. Assessment of Osteoblast Activation after NTP of Specimens Contaminated with Bacteria

The specimens were placed in a multi-well plate, and 1 mL of artificial saliva was
dispensed into each well and stirred at room temperature for 2 h to coat specimens. The
artificial saliva was aspirated, and the specimens were allowed to dry naturally for 15 min.
The liquid culture medium (1.5 × 107 CFU/mL) was dispensed onto each specimen and
incubated for 48 h under anaerobic conditions. The specimens on which the bacteria were
cultured were treated with NTP for 60 s and 120 s (Figure 2). Immediately after the plasma
treatment, osteoblasts (MCT3-E1; 4 × 104 cells/mL) were dispensed onto the specimens
and incubated in a CO2 incubator set at 5% CO2 and 37 ◦C. After incubation for 48, 72,
and 96 h, osteoblast activation was assessed using a water-soluble tetrazolium salt (WST-8)
assay. WST-8 reagent (100 µL; EZ-Cytox, Itsbio, Inc., Seoul, Korea) was dispensed into each
well, and the specimens were cultured in an incubator set at 37 ◦C and 5% CO2. When the
color orange developed into 100 µL of the solution was transferred from each well into a
96-well plate and absorbance was measured at 450 nm with an absorbance meter (ELISA
reader: ELx 800UV, Bio-Tek Instrument., Winooski, VT, USA). The contrasting wavelength
was set to 630 nm. All specimens were sterilized, and each group was divided into
30 specimens, and 10 specimens were used at each time.

2.2.5. Observation of Adhesion and Morphology of P. gingivalis and Osteoblasts

After each incubation period, the medium was removed from each well, and bac-
teria and cells not adhering to the specimens were carefully washed away with PBS. To
obtain SEM images, cells on the specimens were fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde as primary fixatives at room temperature for 2 h. After washing with
PBS three times (10 min each), the cells were dehydrated in an ethanol gradient (40%, 50%,
60%, 70%, 80%, and 90%) for 5 min at each concentration, and then in 100% ethanol twice
(5 min each). The specimens were immersed in hexamethyldisilazane for 15 min and dried
on a clean bench for 1–2 h. the dried specimens were coated with platinum for 60 s in a
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vacuum using a sputter coater (E-1030, Hitachi), and cell adhesion was observed using
SEM (FE-SEM S-4700, Hitachi).

Figure 2. Specimens on which bacteria were cultured and treated with non-thermal plasma.

2.2.6. Statistical Analysis

Statistical analysis was performed using SPSS 21.0 software (SPSS Inc., Chicago, IL,
USA). The statistical significance of the crystal violet assay result after 24 h was determined
by one-way analysis of variance at a significance level set at p < 0.05. Tukey’s test was used
as a post-hoc test to evaluate the significance of differences between groups. Data from the
WST-8 assay after 48, 72, and 96 h did not meet the assumption of normality. The statistical
significance of WST-8 assay after 48, 72, and 96 h was tested using Kruskal–Wallis test.
The significance level was set at p < 0.05. The Mann–Whitney test was used as a post-hoc
test to determine the significance between groups, and type I errors were corrected using
Bonferroni’s method. The significance level was set at p < 0.017.

3. Results
3.1. Surface Characteristics

Figure 3 shows that the structure of the zirconia surface did not differ before and
after NTP treatment for the different treatment durations. The elemental content on the
surface before and after plasma treatment was measured, and changes after treatment were
confirmed, using EDX analysis (Figure 4).

A microscopic amount of Ar was detected in the zirconia specimen treated with NTP
for more than 300 s. The weight ratio and element ratios for each group are listed in Table 1.
The carbon peak decreased in the 60, 300, and 600 s groups following NTP treatment of the
zirconia surface compared to in the untreated control group, according to the XPS results.
In the carbon 1 s spectrum, the peak was at 28,813.03 counts/s in the control group, whereas
the peaks were 12,121.69, 9411.18, and 13,346.04 counts/s in the 60, 300, and 600 s groups,
respectively (Table 2).
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Figure 3. Field emission-scanning electron microscopy surface images (a) control group, (b) 60 s
group, (c) 300 s group, (d) 600 s group (×3000).

Figure 4. Energy-dispersive X-ray spectroscopy elemental spectrums of the (a) control group, (b) 60 s
group, (c) 300 s group, (d) 600 s group.
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Table 1. Elemental value following plasma treatment.

Element
Group

Control 60 s 300 s 600 s

Weight Atom Weight Atom Weight Atom Weight Atom

O 28.58 * 69.53 27.77 68.67 26.73 67.53 26.90 67.66
Zr 71.42 30.47 72.23 31.33 73.24 32.45 72.95 32.18
Ar - - - - 0.02 0.02 0.16 0.16

*: %, sum is 100%.

Table 2. X-ray photoelectron spectroscopy C1s & O1s counts/s following plasma treatment.

Element
Group

Control 60 s 300 s 600 s

Carbon (C1s) 28,813 * 12,121 9411 13,346

Oxygen (O1s) 148,403 171,896 129,183 153,686
*: counts/s.

Changes in the oxygen 1 s spectrum slightly increased when plasma was applied to
the specimens for 60 s, with no significant difference when plasma was applied for 300
and 600 s. Figure 4 shows the changes in the contact angle of the zirconia surface because
of NTP treatment. The contact angle decreased in the NTP-treated groups (60, 120, 180 s
group) compared to that in the untreated control group. The average contact angle was
53.83◦ in the control group and 25.98◦, 23.29◦, and 21.56◦ in the 60, 120, and 180 s groups,
respectively (Figure 5). Particularly, the contact angle spread immediately after distilled
water came into contact with specimens treated with plasma for more than 300 s. The
number of specimens used in the experiment was three pieces for each group.

Figure 5. Water contact angle of specimens. (a) control group, (b) 60 s group, (c) 120 s group,
(d) 180 s group.
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3.2. Biological Response
3.2.1. Bacterial Adhesion after NTP Treatment on Specimens

The group treated with NTP for 60 s showed no significant differences from the control
group, whereas P. gingivalis adhesion was significantly increased in the groups treated with
plasma for 300 and 600 s (p < 0.05) (Figure 6).

Figure 6. Crystal violet assay after plasma treatment. *: Significant difference at p < 0.05.

3.2.2. Osteoblast Activation after NTP Treatment of Bacteria Contaminated Specimens

After 48 h, osteoblast activity was significantly increased in the group treated with
plasma for 60 s; after 72 and 96 h, osteoblast activity was significantly increased in all plasma-
treated groups (I60 s, I120 s) (Figure 7) (p < 0.017). The plasma-treated groups showed
approximately two- and four-fold higher activity than the control group (I; inoculated
bacteria and no NTP treatment) after 72 and 96 h, respectively.

3.2.3. Microscopic Assessment of P. gingivalis and Osteoblast Adhesion

P. gingivalis cultured on plasma-treated specimens was observed using SEM (Figure 8).
After 48 h of bacterial culture, P. gingivalis was attached to the specimen in the form of
bacilli in an oval shape. The shape did not significantly change according to the duration
of plasma application, and the size remained similar at approximately 5 µm. P. gingivalis
was more densely attached to the specimens of the groups treated for 300 and 600 s than to
those of the control group and the group treated for 60 s.
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Figure 7. Evaluation of MC3T3-E1 cell viability. **: Significant difference at p < 0.017.

Figure 8. Field emission-scanning electron microscopy images of P. gingivalis cultured for 48 h after
non-thermal plasma treatment in the (a) control group, (b) 60 s group, (c) 300 s group, (d) 600 s group
(×5000).

Zirconia specimens contaminated with P. gingivalis were treated with NTP, and the
adhesion of osteoblasts was observed using an SEM (Figure 9). More bacteria were de-
stroyed immediately after NTP treatment than in the control group. Additionally, bacterial
destruction was more extensive in the 120 s group than in the 60 s group (Figure 9a–c). At
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24 h after osteoblast injection, osteoblasts adhered in the NTP treated groups (I60, I120 s
group) (Figure 9d–f). On the surface on which the dispensed osteoblasts were incubated
for 48 h, osteoblast adhesion was higher in the plasma-treated groups. In the control group,
bacteria and cells could not adhere to the specimens and were destroyed (Figure 9g–i). In
the plasma-treated groups, osteoblast adhesion on the surface of the 72-h-incubated speci-
mens was higher than that in the 48-h-incubated specimens, whereas, in the control group,
more bacteria and cells were destroyed in the specimens incubated for 72 h than in those
incubated for 48 h (Figure 9j–l). On the surface of 96 h incubated specimens, osteoblasts
were abundantly distributed in the plasma-treated groups, whereas both bacteria and cells
died in the control group (Figure 9m–o). Overall, as the incubation period increased, the
control group exhibited the death of both osteoblast cells and bacteria, whereas, in the
plasma-treated group, osteoblasts were attached to and richly distributed on the surface,
and activated.
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4. Discussion

Changes in the hydrophilicity of biomaterials promote cell adhesion and growth [25,29].
NTP treatment increases hydrophilicity by altering the chemical composition on the surface
of biomaterials [30]. Duske et al. [22] reported that the adhesion and differentiation of os-
teoblasts showed the greatest increase when plasma was applied to a titanium surface using
argon gas containing 1% oxygen as a process gas. The plasma process conditions described
by Duske et al. were referenced when formulating our study; in our experiments, the shape
of the zirconia surface did not change after NTP treatment, which is consistent with the
results of studies in which atmospheric plasma was applied to other surfaces [31]. However,
the contact angle with the surface decreased after plasma treatment compared to that on
the non-plasma treated surface and further decreased with the treatment duration. We
assessed the hydrophilicity of the surface and confirmed the functional groups determining
the surface charge. The carbon peak on the surface of zirconia decreased with atmospheric
plasma in proportion to the plasma treatment duration, and Ar was detected. Based on the
detection of trace Ar when NTP was applied for more than 300 s, changes in the chemical
composition of the surface may have increased when plasma was applied for more than
300 s. Previous studies [32,33] reported that after plasma application, the concentrations of
CO/CO and O=CO increased and free radicals were generated by the plasma, separating
the CC/CH bonds, thereby inducing the generation of OH and O groups, which are related
to hydrophilicity. As carbon adversely affects cellular activity, removing carbon from the
surface can enhance the adhesion, proliferation, and differentiation of osteoblasts [34,35].
In contrast, bacterial adhesion and differentiation react differently to the hydrophilicity of
biomaterials. Bacterial adhesion is more favorably achieved on hydrophobic or nonpolar
surfaces than on hydrophilic surfaces [36,37]. In contrast to the findings of Yoo, et al. [21],
who reported that zirconia had an antibacterial effect on Streptococcus mutans culture after
NTP treatment, we found that adhesion of P. gingivalis increased after plasma application.
Bacterial adhesion is determined by the effects of various interactions between the bacterial
film and biomaterial surface, such as hydrogen, ionic, and covalent bonding. Depending
on whether the bacterial cell membrane was formed, the difference in adhesion after NTP
treatment between S. mutans and P. gingivalis may be because S. mutans is a gram-positive
coccus, and P. gingivalis is a gram-negative bacillus. Liu et al. [38] suggested that bac-
teria adhere better to hydrophobic surfaces than to hydrophilic surfaces, whereas Boks
et al. [39,40] reported that Staphylococcus epidermidis adheres better to hydrophilic surfaces.
S. mutans has been reported to be hydrophobic [41], and P. gingivalis exhibits both hy-
drophilic and hydrophobic characteristics [42]. Therefore, the increased hydrophilicity due
to atmospheric-pressure plasma treatment on the zirconia surface decreased the adhesion
of hydrophobic S. mutans and increased the adhesion of P. gingivalis.

According to Ange et al. [43], the adhesion of bacteria increases as the roughness
of the surface increases. Therefore, in this study, in order to reduce the roughness of
the zirconia surface, all the specimens were finally polished for 60 s with #800 SiC grit
abrasive paper after the specimen was prepared, and a smooth surface was created with
the same roughness. Huh et al. [44] report the zirconia surface polished with diamond
and SiC for 60 s did not cause any surface changes and was clinically acceptable. There
was no change in surface roughness before and after plasma treatment, and there was
no physical change in the dimensional properties of the zirconia surface before and after
plasma treatment. This is in agreement with the findings of Shon et el. [27]. Additionally,
Guo et el. [45] reported that plasma treatment increased osseointegration without changing
the zirconia surface structure.

We investigated the activity of osteoblasts after plasma sterilization of zirconia contam-
inated with P. gingivalis. When the duration of plasma treatment was set to be identical to
the duration of assessment of P. gingivalis adhesion activity, all P. gingivalis were destroyed
in more than 300 s, leaving only debris; this was considered an unsuitable condition for as-
sessing osteoblast activity after plasma sterilization treatment of zirconia contaminated with
P. gingivalis. Therefore, considering the clinical use time, the experiment was performed for
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60 and 120 s, during which not all P. gingivalis were destroyed. The first null hypothesis of
this study (i.e., there would be no difference in the degree of adhesion of P. gingivalis when
zirconia was treated with NTP) was thus rejected. The second null hypothesis, which was
that there would be no difference in the degree of adhesion of osteoblasts even if zirconia
inoculated with P. gingivalis was treated with NTP, was also rejected. The results of the
WST-8 assay in which osteoblasts were cultured for 24 h in the specimen not treated with
NTP after inoculation with P. gingivalis indicated that absorbance was higher than that
of the plasma-treated specimens under the same conditions; this can be attributed to the
fact that not only osteoblasts but also P. gingivalis attached to the specimens reacted with
WST-8 reagent [46]. However, in specimens not treated with plasma, after 48 h, P. gingivalis
did not increase in number and eventually died, and osteoblasts did not exhibit growth.
Both the bacteria and osteoblast cells were killed at 72 h. Guo et al. [47] suggested that
lipopolysaccharide, a toxic substance continuously secreted from killed bacteria, inhibits
osteoblast differentiation, and induces apoptosis. Osteoblast culture after plasma treatment
of specimens contaminated with bacteria has not been widely evaluated. Duske et al. [48]
incubated osteoblasts obtained after plasma treatment and after physical intervention,
on the surface of a titanium disk contaminated with a bacterial film, to compare the two
treatment methods. Their results suggested that a combination of the two treatments is the
most effective method for treating peri-implantitis. Annunziata et el. [49] reported that the
argon plasma technology could be efficiently used to decontaminate/sterilize previously
infected titanium implant surfaces.

In this study, osteoblasts existed between sterilized bacterial remnants when culturing
osteoblasts after only plasma treatment without physical intervention. Although not
accompanied by physical procedures, osteoblast activity in the groups treated with plasma
for more than 60 s increased over time compared to that in the untreated control group.
Physical intervention is important in the treatment of peri-implantitis but is associated with
a risk of infection and bleeding during surgical procedures. Therefore, when oral implants
are exposed because of advanced peri-implantitis, plasma treatment alone can increase
osteoblast adhesion and disinfection efficacy in patients who cannot undergo physical
procedures because of various conditions including systemic diseases. As a limitation of
this study, only P. gingivalis was tested among various bacteria causing peri-implantitis,
and additional research on other peri-implantitis-causing bacteria is needed.

5. Conclusions

We investigated osteoblast activity after plasma sterilization of zirconia contaminated
with P. gingivalis and determined the optimal plasma treatment duration for obtaining
clinically favorable outcomes in terms of both bacterial contamination and osteoblast
activity. We determined that although treatment with NTP for 60 s did not increase the
adhesion of P. gingivalis, it increased the adhesion of osteoblasts and resulted in sterilization
effects. However, when P. gingivalis was cultured after 60 s of NTP treatment of zirconia,
there was no significant difference from the control group (p = 0.91), but the adhesion was
significantly increased in the group treated with plasma for 300 s or longer (300 and 600 s
groups) (p < 0.05). Thus, treatment with NTP for more than 60 s may lead to an increase in
bacterial adhesion rather than antibacterial effects. In the treatment of inflammation around
zirconia, using NTP maybe a beneficial alternative for patients who cannot be treated with
physical intervention due to conditions such as systemic diseases. However, among the
various bacteria that cause peri-implantitis, its use is limited to P. gingivalis, and additional
research is needed on the treatment of inflammation and osseointegration of NTP on other
dental materials such as titanium materials contaminated with other types of bacteria.
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Abstract: Applying antibacterial coatings to dental implant materials seems reasonable but can have
negative influences on desired cell adhesion and healing. In this study, zirconia abutment specimens
interacting with gingival tissue were used. The aim was to compare the influence of machined or
coated zirconia surfaces on the adhesion and proliferation of human gingival fibroblasts (HGF-1).
Surface modifications were performed using atmospheric plasma coating with hydroxyapatite, zinc,
and copper. Zirconia specimens were divided into four groups: hydroxyapatite, hydroxyapatite with
zinc oxide (ZnO), hydroxyapatite with copper (Cu), and an untreated machined surface. After the
characterization of the surface conditions, the morphology of adhered HGF-1 was determined by
fluorescence staining and subjected to statistical evaluation. The visual analysis of cell morphology by
SEM showed flat, polygonal, and largely adherent fibroblast cells in the untreated group, while round
to partially flat cells were recorded in the groups with hydroxyapatite, hydroxyapatite + ZnO, and
hydroxyapatite + Cu. The cell membranes in the hydroxyapatite + ZnO and hydroxyapatite + Cu
groups appeared porous. The results show that HGF-1 adhere and proliferate well on machined
zirconia, while plasma coating with hydroxyapatite or hydroxyapatite mixtures does not lead to
increased adhesion or proliferation.

Keywords: ceramic implant; atmospheric plasma spraying; abutment; human gingival fibroblasts

1. Introduction

A dental implant can be used to replace a tooth, including the root, by screwing
an artificial root replacement into the jawbone. Through Branemark et al., implantology
has become an integral part of dentistry [1]. With increasing experience and the further
development of implant surfaces, the scientific focus has changed from investigating
osseointegration to investigating the peri-implant soft tissue.

Accumulations of plaque and bacteria on implant surfaces are known to lead to
the inflammation of the peri-implant or surrounding tissue as well as the gingiva, thus
contributing to treatment failure [2,3]. In numerous studies, the bacterial plaque biofilm has
been shown to be a crucial factor in the development of peri-implant mucositis [4]. It is this
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plaque biofilm that triggers an initial immune response in the host soft tissue, comparable
to that on natural teeth [5].

In peri-implant mucositis, plaque accumulation is the main etiologic factor, and peri-
implantitis is also plaque-associated, making it clear that insufficient peri-implant soft tissue
facilitates submucosal plaque accumulation or implant/abutment surface contamination [6].
Thus, an immobile keratinized mucosa around the dental implant can protect against
bone loss.

If the composition of gingival tissue on a healthy tooth is compared with that on
a dental implant, similarities and minor differences become apparent. The differences
concern the percentage distribution of the tissue types as well as the morphology and
organization of the cells [7], and these differences result from the absence of root cement.
Instead of a direct attachment, there is more of an adhesion of the supracrestal connective
tissue. These fibers also do not run vertically into the root cementum as in the natural
tooth, but mainly run parallel to the abutment surface [7]. Additionally, the gingiva around
natural teeth has a higher proportion of blood vessels than the peri-implant soft tissue [8].

Fibroblasts appear to have less contact with the implant surface than with natural
teeth. This seems to be limited to fibroblasts only, as collagen fibers, for example, seem to
occur normally on implant surfaces [9].

Knowing that the main factor of peri-implant inflammation is bacterial adhesion, many
techniques of antibacterial treatment have been developed. For example, there are various
techniques for mechanical debridement using ultrasound, air abrasion, or laser or antibiotic
therapy [10]. Because these techniques do not always work, there are considerations
made to create an antibacterial implant surface. One technique for coating implants is
atmospheric plasma spraying (APS), which is the most widely used technique for coating
implants among thermal spraying methods [11,12]. Plasma coatings of hydroxyapatite on
(metallic) implants have been used in dentistry and orthopedics since the 1980s [13]. To
date, this process has mostly been used on metallic substrates, with a few also considering
other materials, such as PEEK or composites [14,15]. In most cases, this technique is used
to create a more attractive surface for better implant healing. However, it is also possible to
apply antibacterial elements on the surface [16].

The purpose of this study was to investigate whether treating zirconia surfaces with
an additional coating of hydroxyapatite and antibacterial substances leads to a surface
that is attractive to fibroblasts. The surface properties after coating and the influence of
machined or coated yttrium-stabilized zirconia surfaces on the adhesion and proliferation
of human gingival fibroblasts were analyzed.

2. Materials and Methods
2.1. CAD/CAM Fabrication of Zirconia Specimens

The specimens were provided by VITA Zahnfabrik (Bad Säckingen, Germany). They
were made of yttrium-stabilized zirconia (3-YSZ), which is used as a one-piece, cylindrocon-
ical screw ceramic implant (ceramic.implant, vitaclinical; VITA Zahnfabrik, Bad Säckingen,
Germany) [17].

The specimens were provided as circular discs with a diameter of 13 mm and a height
of 2 mm. They all had a machined surface when supplied.

2.2. Surface Treatment

The modification of the sample surfaces was carried out at the Leibniz Institute for
Plasma Science and Technology e.V. (INP, Greifswald, Germany) using plasma spray coat-
ing. In this process, ceramics or metals are partially or completely melted by means of
a thermal plasma and deposited onto surfaces at speeds of up to 450 m/s. The coating
was applied using the plasma spray torch Oerlikon Metco MultiCoat, F4MB-XL (Darm-
stadt, Germany). The powders used were “Metco 6902” (hydroxyapatite), “Metco 55”
(copper) (Oerlikon metco, Kelsterbach, Germany), and zinc oxide (>99% purity) (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany). One sample was sprayed with pure hydroxyap-
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atite, while hydroxyapatite was mixed with 3 wt% copper and 3 wt% zinc oxide for the
other two sets of samples, respectively, according to a previous publication [18]. To obtain
a uniform mixing of the powders, the powder mixture was treated for 2 h in a rotary mixer.
The particle size of the powder varied between 0.5 and 180 µm (Table 1). The plasma spray
process was carried out at a spray distance of 8.5 cm with a gas mixture of 40 slm argon
and an admixture of 5 slm nitrogen. The spraying procedure was repeated until a dense
layer was produced (19.75 µm and 36.49 µm were reached (Table 1)).

Table 1. On the left: Particle sizes of the powder hydroxyapatite (HAp), copper (Cu), and zinc oxide
(ZnO) used. The median particle size (d(p)) and range are listed in µm. On the right: The coating
thicknesses of the surfaces after the coating procedure are shown in µm.

Particle Sizes of the Powder Coating Thickness

Powder d(p)
(µm) Range (µm) Powder Thickness

(µm)

HAp 93.78 20–180 HAp 36.49
Cu 67.79 20–130 HAp + 3wt% Cu 32.94

ZnO 2.60 0.5–50 HAp + 3 wt% ZnO 19.75

2.3. Surface Characterization

X-ray photoelectron spectroscopy (XPS) measurements were carried out to determine
the composition of the coatings (Axis Supra DLD, Kratos, Manchester, UK). For this purpose,
line scans with a distance of 0.5 mm were made over the coatings.

The surface roughness was investigated with the optical measuring system Ali-
cona InfiniteFocus and the computer software Alicona IFM 3.2 (Alicona Imagine GmbH,
Raaba/Graz, Austria). For this purpose, the test specimens were aligned at an angle of 90◦

below the objective lens to ensure the most direct possible view of the surface.
Twelve images (each 508.86 × 407.09 µm) of each group were recorded at 20× magni-

fication. Each of the images was computer analyzed at three different measurement areas
(100 × 100 µm) with respect to the surface texture Sa (in µm).

The data were checked for normal distribution using the Kolmogorov–Smirnov test
(GraphPad Prism, Version 9.0.1, GraphPad Software, La Jolla, CA, USA). Since the data
were not normally distributed, significance was determined using the Kruskal–Wallis test
and post hoc test via Dunn’s multiple comparisons (alpha level 0.05).

2.4. Cell Culture

The specimens were placed into 24-well plates using sterilized forceps, each without
touching the surface, and disinfected in 70% ethanol for 20 min. Subsequently, the test
specimens were washed three times with phosphate-buffered saline (PBS) (PAN-Biotech
GmbH, Aidenbach, Germany) for 5 min each.

Human gingival fibroblasts (HGF-1, LOT 70001246, ATCC, Manassas, VA, USA) were
selected for study. HGF-1 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% Fetal Calf Serum
(FCS) (c.c.pro, Oberdorla, Germany), 1% penicillin/streptomycin (PAN-Biotech GmbH,
Aidenbach, Germany), and Fibroblast Growth Factor (FGF) (100 µg/mL, Sigma-Aldrich, St.
Louis, MO, USA) at 37 ◦C and 5% CO2 in a humidified atmosphere incubator. The medium
was changed daily, as this had a positive effect on cell growth. The sufficient proliferation
of fibroblasts was evident in passages five to seven, and only these passages were used for
the experiments.

To detect HGF-1 fibroblasts on the specimen’s surface, the cells were stained with 5-
chloromethylfluorescein diacetate CMFDA (CellTrackerTM Green; ThermoFisher Scientific,
Waltham, USA). For this purpose, cells were incubated in 5 µM CellTrackerTM Green for
45 min at 37 ◦C and then centrifuged and washed once with PBS (PAN-Biotech GmbH,
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Aidenbach, Germany). Then, 15,000 cells per specimen were seeded and cultured either for
24 h or for 72 h.

2.5. Confocal Laser Scanning Microscopy

To determine the adhesion and proliferation of HGF-1 on the surfaces of specimens,
images were obtained byusing a Leica TCS SP5 confocal laser scanning microscope (Leica,
Wetzlar, Germany) from all test groups (n = 12/group) at time point 1 (after 24-h cultivation)
and from all test groups at time point 2 (n = 6/group; after 24 h and 72 h of cultivation).

The test specimens were embedded in culture medium on a chamber slide. Sixteen
images were taken of each specimen, with the edge length of the captured image being
approximately 180 µm. The images/data were analyzed using the ImageJ software (https:
//imagej.nih.gov/ij/download.html, accessed on 11 February 2022). The mean value was
then determined for each test specimen and statistically evaluated. Normal distribution was
checked using the Kolmogorov–Smirnov test (GraphPad Prism, Version 9.0.1, GraphPad
Software, La Jolla, CA, USA). As the data were normally distributed, one-way ANOVA was
used for statistical evaluation as compared to the untreated control, and the significance
level was determined to be p ≤ 0.05.

2.6. Scanning Electron Microscopy

The morphological examination of the surface of the test specimens was performed us-
ing a scanning electron microscope (SEM) (Sigma VP, Carl Zeiss AG, Oberkochen, Germany)
at two time points. Time point T0 shows the three processed test specimen groups after
modification by INP in Greifswald and the control group without HFG-1. Time point T1
shows the four different surfaces after the 24 h cultivation of HGF-1 on the test specimens.

The test specimens with adhered cells had to be fixed in advance. For fixation, 18 mL
polyvinylpyrrolidone/sodium nitrite was mixed in sodium cacodylate buffer and 2 mL
glutardialdehyde and incubated for 1 h at 4 ◦C. The test samples were then rinsed with
0.1 M sodium cacodylate buffer (pH 7.3) three times for 10 min each. For glycocalyx
preparation, the test specimens were stored in arginine HCl solution at room temperature
for 18 h and then rinsed with distilled water three times for 5 min each. Then, the specimens
were placed in a solution of tannin/guanidine HCl solution at room temperature for 5.5 h
each. This was followed by rinsing for 5 min with distilled water and three times for 5 min
each with sodium cacodylate buffer. Osmylation was performed by incubating the test
specimens in 1% OsO4 in sodium cacodylate buffer for 30 min and then placing them in
sodium cacodylate buffer three times for 10 min each. For dehydration or drying, the test
specimens remained in 50%, 70%, 90%, and absolute isopropanol for 15 min each and then
in 50%, 75%, and 100% acetone (with isopropanol) for 15 min each. After transferring the
test specimens to acetone, they were coated with gold–palladium in the SDC 050 sputter
coater (BAL-TEC AG Negruet 7, FL-9496, Balzers, Liechtenstein).

Using the computer software SmartSEM (Carl Zeiss AG, Oberkochen, Germany),
standardized imaging was performed in a variable low vacuum, with a voltage of 2–10 kV
and a magnification of 500×.

3. Results

After the coating procedures, the specimen surfaces had varying surface textures
which were analyzed before the cell culture experiments took place.

XPS measurements showed the chemical composition of the coated surfaces. In the
case of the hydroxyapatite (HAp), a chemically homogeneous layer was measured: ~50 at%
O, ~15 at% C, ~15 at% Ca, ~10 at% P, <5 at% Na, and traces of Si, Mg, and F. Zr is visible
from the substrate at the edge, which can be attributed to shading by the sample holder
(Figure 1A).
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atite coating showed an uneven cloud-like surface (Figure 2B). 
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Figure 1. XPS analyses show the chemical composition of specimens after coating with hydroxyapatite
(A) and hydroxyapatite with zinc (B) or copper (C). On the right side, an additional extract is shown
for better visualization of the amount of copper.

The specimens coated with HAp in combination with 3 wt% ZnO resulted in ~50 at% O,
~15 at% C, ~15 at% Ca, ~10 at% P, and ~9–5 at% Zn, with the Zn content becoming slightly
lower towards the left edge. There were also detectable traces of F and Si. Deviations from
homogeneity were edge effects caused by the specimen holder during the coating process
(Figure 1B).

Coatings with HAp in combination with 3 wt% Cu showed a chemical composition
of ~50 at% O, ~25 at% C, ~15 at% Ca, and ~10 at% P. Cu could also be detected, but was
measured at only ~0.3 at%; the reason for this is that the Cu was masked by the HAp and the
information depth of the XPS analysis is only about 10 nm. Due to the signal-to-noise ratio,
it is not possible to say clearly whether this was oxidized or metallic copper. Furthermore,
traces of Si, Mg, and F were found (Figure 1C).

Upon visually examining the uncoated surfaces, they appeared smooth and absent of
visible irregularities, whereas the coated specimens were characterized by a white smooth
surface (Figure 2A). SEM images at 500× magnification confirmed this observation. The
untreated specimens of the control group showed a smooth surface with very fine scratches
due to the machining process. In contrast, test specimens with hydroxyapatite coating
showed an uneven cloud-like surface (Figure 2B).
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Figure 2. Morphology of specimen surfaces before cell cultivation. (A) Photos of specimens. From 
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Figure 2. Morphology of specimen surfaces before cell cultivation. (A) Photos of specimens. From
left to right: untreated, coated with hydroxyapatite, coated with hydroxyapatite + ZnO, and coated
with hydroxyapatite + Cu. (B) SEM images of specimen surfaces (500× magnification). UL: untreated;
UR: coated with hydroxyapatite; LL: coated with hydroxyapatite and zinc oxide (ZnO); LR: coated
with hydroxyapatite and copper (Cu). (C) Surface roughness (Log Sa values in µm) of untreated and
plasma-spayed surfaces. Statistically relevant differences (p < 0.05) were found between untreated
and treated specimens. *** p < 0.0005; **** p < 0.00005.
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The surfaces were also examined quantitatively. The surface texture (measured in Sa)
increased significantly for the hydroxyapatite coatings (Figure 2C, Table 2). The median
surface texture was 0.1804 µm for the untreated zirconia specimens. The values for pure
hydroxyapatite resulted in a median value of 10.55 µm, hydroxyapatite with zinc oxide
was 11.75 µm and hydroxyapatite with copper was 10.47 µm.

Table 2. Descriptive analysis of surface roughness presented in Figure 2C. Median, percentiles, and
minimum and maximum Sa values, measured in µm, are shown.

n = Median 25%
Percentile

75%
Percentile Minimum Maximum

untreated 12 0.18 0.14 0.24 0.12 0.29
hydroxyapatite 12 10.55 7.41 15.61 5.99 37.30
hydroxyapatite

+ ZnO 12 11.75 9.08 14.95 6.26 19.68

hydroxyapatite
+ Cu 12 10.47 9.47 12.80 8.88 84.59

After the detailed characterization of the chemical composition and surface properties,
the response of human gingival fibroblasts was investigated. Green value determination
after 24 h and 72 h did not yield consistent results for all materials. A positive attachment
of HGF-1 cells onto uncoated specimens in terms of number and spreading was observed
after 24 h (Figure 3A,B and Table 3). Notably, more HGF-1 cells were observed after 72 h,
indicating that the adhered cells were viable and able to proliferate (Figure 3A–C, Tables 3
and 4). In contrast, markedly fewer cells adhered to specimens with hydroxyapatite,
hydroxyapatite + ZnO, and hydroxyapatite + Cu (Figure 3A,C and Table 4). However,
despite a lower attachment of HGF-1 cells to hydroxyapatite and hydroxyapatite + ZnO,
a slightly increased green fluorescence was determined after 72 h, indicating that HGF-1
cells were viable and able to proliferate (Figure 3A,C and Table 4). In contrast, markedly
fewer HGF-1 cells were found on hydroxyapatite + Cu specimens after 72 h as compared
to 24 h (Figure 3C, Table 4), which might be attributed to the decreased adherence of the
cells. Indeed, confocal laser scanning microscopy data revealed a more round-shaped
morphology of HGF-1 cells on hydroxyapatite + Cu specimens in comparison to a more
elongated and fibroblast morphology of cells on untreated, hydroxyapatite-coated, and
hydroxyapatite + ZnO-coated specimens (Figure 3A).

Table 3. Descriptive analysis (median, percentiles, minimum, and maximum) of HGF-1 green value
after 24 h of cell cultivation measured in arbitrary units.

n = Median 25%
Percentile

75%
Percentile Minimum Maximum

untreated 12 2.99 1.86 3.51 1.076 4.318
hydroxyapatit 12 1.08 0.83 1.82 0.6126 2.277
hydroxyapatite

+ ZnO 12 1.17 0.90 1.80 0.80 2.15

hydroxyapatite
+ Cu 12 0.67 0.49 1.31 0.08 1.55

A more in-depth analysis of the morphology of HGF-1 cells seeded onto uncoated
and coated specimens was achieved using scanning electron microscopy (Figure 4). Briefly,
HGF-1 cells exhibited a typical flat and elongated fibroblast morphology on uncoated
specimens. The 500× magnification showed thin, small filamentous secretions, suggestive
of proteins and actin filaments (Figure 4).
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Table 4. Descriptive analysis (median, percentiles, minimum, and maximum) of HGF-1 green value
after 24 h and 72 h of cell cultivation measured in arbitrary units. Significant differences in the results
after 24 h and 72 h are highlighted in grey.

Cell
Cluture n = Median 25%

Percentile
75%

Percentile Minimum Maximum Significance
p ≤ 0.05

untreated 24 h 6 4.06 3.63 4.76 2.73 5.07
<0.000172 h 6 5.56 5.15 6.73 4.99 6.87

hydroxyapatite 24 h 6 1.97 1.45 2.32 1.40 2.43
0.284172 h 6 2.42 2.24 2.77 2.17 3.01

hydroxyapatite
+ ZnO 24 h 6 1.97 1.59 2.33 1.26 2.81

0.4663
72 h 6 2.24 1.95 3.24 1.66 3.33

hydroxyapatite
+ Cu 24 h 6 1.33 0.89 1.60 0.85 1.83

0.7891
72 h 6 0.97 0.77 1.14 0.71 1.30

Materials 2022, 15, x FOR PEER REVIEW 8 of 13 
 

 

with hydroxyapatite + Cu. (B) SEM images of specimen surfaces (500× magnification). UL: un-
treated; UR: coated with hydroxyapatite; LL: coated with hydroxyapatite and zinc oxide (ZnO); LR: 
coated with hydroxyapatite and copper (Cu). (C) Surface roughness (Log Sa values in µm) of un-
treated and plasma-spayed surfaces. Statistically relevant differences (p < 0.05) were found between 
untreated and treated specimens. *** p < 0.0005; **** p < 0.00005.  

Table 2. Descriptive analysis of surface roughness presented in Figure 2C. Median, percentiles, and 
minimum and maximum Sa values, measured in µm, are shown. 

 n = Median 25 % Percentile 75 % Percentile Minimum Maximum 
untreated 12 0.18 0.14 0.24 0.12 0.29 

hydroxyapatite 12 10.55 07.41 15.61 05.99 37.30 
hydroxyapatite + ZnO 12 11.75 09.08 14.95 06.26 19.68 
hydroxyapatite + Cu 12 10.47 09.47 12.80 08.88 84.59 

 
Figure 3. Adhesion and proliferation of human gingival fibroblasts (HGF-1) on uncoated and coated 
zirconia surfaces. (A) Confocal laser scanning microscopy images of specimens. HGF-1 is shown in 
green (green value) by the fluorescent dye CMFDA. Shown are representative images after 24 h and 
72 h of cell cultivation. (B) HGF-1 green value after 24 h of cell cultivation. Statistically relevant 
differences (p < 0.05) were found between untreated and treated specimens. *** p < 0.0005; **** p < 

Figure 3. Adhesion and proliferation of human gingival fibroblasts (HGF-1) on uncoated and coated
zirconia surfaces. (A) Confocal laser scanning microscopy images of specimens. HGF-1 is shown in
green (green value) by the fluorescent dye CMFDA. Shown are representative images after 24 h and
72 h of cell cultivation. (B) HGF-1 green value after 24 h of cell cultivation. Statistically relevant differ-
ences (p < 0.05) were found between untreated and treated specimens. *** p < 0.0005; **** p < 0.00005.
(C) Upon comparing results for the HGF-1 green value after 24 h and 72 h of cultivation, statistically
significant increases (p < 0.05) were found for untreated specimens. **** p < 0.00005.
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Figure 4. Representative SEM images of the specimens with attached HGF-1 cells at 500× magnifi-
cation. UL: untreated; UR: coated with hydroxyapatite; LL: coated with hydroxyapatite +ZnO; LR:
coated with hydroxyapatite + Cu.

In contrast, HGF-1 cells on coated surfaces exhibited a markedly different morphology.
On surfaces coated with hydroxyapatite and hydroxyapatite +ZnO, HGF-1 cells appeared
slightly spread out and had conspicuous deposits on the cell surface, whereas cells on
surfaces coated with hydroxyapatite + Cu were markedly smaller and, more importantly,
spherical (Figure 4). The SEM data suggested a porous membrane of HGF-1 cells on
hydroxyapatite + Cu concomitant with barely visible filamentous protein structures. Briefly,
these findings were in line with the confocal laser scanning microscopy data (Figure 3A)
and likely indicated a reduced capability of HGF-1 cells to adhere to hydroxyapatite +
Cu-coated specimens.

4. Discussion

Until now, titanium was considered the most important material for use in dental
implants. Its high load-bearing capacity and good compatibility with bone and soft tissue
makes titanium an almost perfect material. Although failures do occur, a median 10-year
implant survival rate of 94.6% has been reported [19]. One factor leading to failure of dental
implants could be the corrosion of titanium, which cannot be prevented in metals [20]. So
far, the main alternatives to titanium are made with zirconium dioxide. Some of these are
already used as dental implants, but also as abutments. Nevertheless, there is still potential
for further developments in preclinic.

For any in vitro model, there are limitations that must be considered. In this model,
only one aspect of the complex process between the abutment surface and the biosystem
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was investigated. The growth and adhesion behavior in association with other mucosal
cells, the implant environment, the loading conditions at the tissue-implant interface,
the surgical procedure for implant application, and a prolonged healing time were not
considered. These aspects can only be studied in a living organism. However, the simplicity
of the model used here enables a reproducible environment, a standardized investigation
of further cell species from the oral mucosa, and accordingly comparable results.

In addition to the material itself, the characteristics of the surface play a major role in
cellular attachment. Cells are known to behave differently on different surface morpholo-
gies, and a rough surface favors bacterial attachment [21–23]. On polished surfaces, human
gingival fibroblasts (HGF) spread without any particular orientation [24]. On the other
hand, fine micro-textures, such as grooves or clusters, may favor the cell configuration,
orientation, and proliferation of HGF [24–26]. Thus, the surface of these materials must be
characterized in addition to the proliferation itself. It is also known that surface roughness
up to 0.34 µm Sa does not prevent the attachment of HGF [27]. This could explain the
poorer proliferation and adhesion in addition to the effect of hydroxyapatite, zinc oxide,
or copper on HGF cells. Nevertheless, slightly increased proliferation was observed in all
groups except hydroxyapatite + copper after 72 h of cell cultivation. In our study, rough-
ness values in the range of 10 µm were observed (Figure 2C, Table 2). In plasma coating,
surface roughness can be influenced by the choice of powder and spray parameters [28],
and thermal post-treatment to reduce roughness is also possible. The modification of
the surface texture should be considered in further studies for a possible increase in cell
proliferation. Furthermore, it has been shown that an increase in the roughness of implant
parts with a connection to soft tissue can also lead to an increase in the inflammation of peri-
implant tissue [29]. Although it cannot be excluded that antibacterial substances would be
antagonistic, this risk must be taken into consideration when developing new abutments.

In the future, if hydroxyapatite surfaces can be made more attractive to fibroblasts
and other cells, it is also reasonable to perform a deeper investigation of adhesion and
proliferation. Changes at the DNA and protein level related to roughness have already
been shown in osteoblasts [30].

In the present study, antimicrobial essential trace elements of zinc oxide and copper
were used. The properties of zinc oxide inhibit the acid production of bacteria in the oral cav-
ity [31], and inhibition has been observed in Gram-negative bacteria [32]. The trace element
copper shows antibacterial effects on S. mutans and P. gingivalis in vitro [33]. However, se-
lective inhibition may result in the greater growth of other species [34]. Abrahamsson et al.
showed that the ideal transmucosal surface of an implant should promote the rapid growth
of soft tissue cells while reducing bacteria [35]. However, antibacterial substances should
not also have a negative influence on the cell growth of fibroblasts. A shown here, HGF-1
cells seeded onto hydroxyapatite + Cu possessed a more spherical morphology, suggesting
that the ability of the cells to adhere was hampered, which was further associated with
impaired proliferation. Whether these findings indicate that antibacterial compounds such
as Cu could have a negative effect on the adhesion and proliferation of gingival fibroblasts
remains to be elucidated in further studies.

5. Conclusions

Despite the limitations caused by the in vitro model, some findings were obtained by
using non-immortalized human fibroblasts (HGF-1) in this study. The results show that
HGF-1 cells adhere and proliferate well on machined zirconia, whereas additional plasma
coatings with hydroxyapatite or hydroxyapatite mixtures with zinc oxide and copper do
not result in increased adhesion or proliferation. Even the machined and untreated zirconia
surface appears to be sufficiently attractive to fibroblasts.
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Abstract: (1) Background: The purpose of this study was to evaluate the differences in terms of surface
characteristics (roughness, topography, microhardness) among layers for multi-layered high translu-
cent and super-high translucent zirconia and the influence of finishing and aging on surface character-
istics and microstructure. (2) Methods: Three types of translucent multilayer zirconia were evaluated:
STML (4Y-TZP); IPS e.maxZirCAD CEREC/in Lab MT Multi (4Y-TZP + 5Y-TZP); CeramillZolidfx
ML (5Y-TZP). Ninety-six plate-shaped samples (32 for a material), 16 mm × 14 mm × 1 mm size,
were cut with a precision disc, polished on both sides with sand papers and sintered respecting
the manufacturer’s protocol. Half of the specimens (16) were finished by polishing and the other
half by glazing and then equally divided into one control group and one group subject to aging
by autoclaving (1 h, 134 ◦C, 0.2 MPa), resulting in four groups of eight samples, for each zirconia.
The specimens were evaluated in three areas: cervical, medium, incisal-of each glazed or polished
surface, before and after aging. Tests were performed to determine the surface roughness using a
profilometer; the surface topography by an atomic force microscope (AFM) and a scanning electron
microscope (SEM). Microhardness was recorded using a microhardness tester. Statistical analyses
were performed using two-way ANOVA test, unpaired sample t-Test, paired sample t-Test (α = 0.05)
and Pearson’s correlation. (3) Results: Before and after autoclaving, for glazed samples significance
(p < 0.05) higher surface roughness, respectively lower microhardness in comparison with the pol-
ished group was assessed. No significant differences (p > 0.05) were reported between the three areas,
on glazed or polished surfaces of a material. Although, after aging an increase in surface roughness
was observed both on glazed and polished samples, statistical differences were found for STML
(p < 0.05). No significant differences (p> 0.05) concerning microhardness among the same areas, on
glazed and polished surfaces, recorded before and after aging, except CeramillZolidfx ML glazed
samples. (4) Conclusions: For tested zirconia materials no significant differences among layers were
registered regarding surface characteristics. Surface treatment (glazing or polishing) has a significant
impact on surface roughness and microhardness. Both before and after aging, the surface roughness
values for the glazed samples were higher than for those polished. The super translucent 4Y-TZP
material was more affected by aging compared to the super-high translucent 5Y-TZP material. The
combined material revealed similarities for each layer corresponding to the microstructure.

Keywords: multilayer zirconia; microroughness; surface topography; microhardness; aging
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1. Introduction

To eliminate disadvantages as opacity, risk of chipping, substantial reduction of dental
structure and also due aesthetics, biocompatibility and chemical stability compared to
framework or conventional metal–ceramic, monolithic zirconia restorations are widely
used in dentistry [1]. In order to obtain materials with high translucency, but also resistant,
new grades of zirconia have been developed, pre-sintered blocks being available as pre-
shaded in various tonalities or multilayered with gradients of chroma [2]. The translucent
dental zirconia generations involved modifications of the crystal structure, increasing the
content of Y2O3 (Yttrium) and cubic phase, resulting in two polycrystalline materials:
5Y-TZP and 4Y-TZP (partially stabilized zirconia with 5 mol% and respectively 4 mol%
Yttrium) [3,4]. The main phase of zirconia is decisive for the individual characteristics of
each zirconia system [5,6].

These compositional differences can influence three important clinical properties of
the material: translucency, toughness, and resistance to hydrothermal aging [7].

The strategy for improving the optical performance of material imply microstructural
variations—the higher Yttrium content influences the coefficient of thermal expansion, the
size of grains (they are larger), reduce the residual porosity, resulting fewer boundaries, less
birefringence, and scattering of the light [8], leading to higher translucency [6]. A recent
study related that 5Yis 33%, and 4Yis 13% more translucent than 3Y-zirconia (3 mol% Yt-
trium stabilized-tetragonal zirconia polycrystal) [9]. The nanoparticles zirconia is presumed
to be the next progress in evolution of this material [10–12].

In the microstructure, when stress occurs, the tetragonal phase ensures the ability
to withstand compression, stopping the progression of the micro-cracks and elimination
of microstructure defects [13], inducing transformation toughening. This mechanism is
reduced for zirconia with higher cubic content. The super translucent 4Y-TZP (fourth-
generation) contains 4 mol% Y2O3 and around 25% cubic phase. For super-high translucent
5Y-TZP (third-generation), the Y2O3 content was increased to 5 mol% and the quantity of
the cubic phase rises up to 50%, also the amount of tetragonal phase decreases, leading
to a lower possibility of tetragonal to monoclinic phase transformation, with reduction
in strength and fracture toughness [8]; that is a disadvantage of these new translucent
materials and the clinicians should use the 4Y and 5Y zirconia when the aesthetic needs
are required.

Autoclave treatment induce an accelerate aging of zirconia [14,15].
Negative effects were reported after simulated accelerating aging of zirconia—LTD

(low temperature degradation), by autoclaving [16], but limited types of materials were
evaluated in short-term aging, hence different studies on multilayered translucent zirconia
are essential for clinical applications. The aging process is associated with a slow tetragonal
to monoclinic phase transformation, 4% volume increase of particles, micro-cracks with
water penetration, grain detachment, decrease in hardness and fracture strength, surface
roughening and degradation at the surface (and subsurface) which is in contact with
moisture [1,17,18]. It was observed that hydrothermal and mechanical impact could cause
unexpected phase transformation [19]. However, cubic zirconia undergoes almost no
monoclinic transformation and hydrothermal degradation. Many studies revealed that after
aging, 5Y-TZP was less affected than 3Y-TZP, but both experienced a strength reduction [20].

It was observed that the surface roughness and the microstructure characteristics can
affect the strength of the material [21] and be relevant factors that influence the appearance,
the final color, or bacterial accumulation [22,23].

The monolithic multilayer zirconia has polychromatic, pre-colored layers—enamel
(incisal), transition 1 and 2 (medium), dentin-body (cervical)—simulating the shade and
translucency of the natural teeth; with chroma and opacity increasing toward gingival area;
the enamel layer looking the most transparent, while the dentin layer appears more opaque
owingto the considerable low values for light permeability.

Several studies have reported that the first introduced multilayer zirconia (Katana,
Kuraray Noritake), presented the same content of yttrium, respectively cubic phase in the
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layers of the material; among these being only the color difference given by the pigment
composition [24]. Later, multilayer zirconia with different composition and microstructure
in the same material (IPS e.maxZirCad Multi, IvoclarVivadent) was introduced.

The layers result as various formulations depending on the quantity of stabilizer
and chemical composition. Because of these values, potential differences in the physical
properties in the individual layers occur [6,25,26].

However, there are contradictory reports regarding the negative effects of the incorpo-
ration of oxide pigments on strength of zirconia [27,28] and by interface between layers
was evidenced 30% lower strength than the bulk of material [29].

To improve aesthetics, polishing and glazing as surface treatments are applied [23,30].
It has often been shown that the polishing ability depends on microstructure of the mate-
rial [31]. The slight polishing causes transformation nucleation usually around scratches
due to tensile residual stress [32] and an increase in the monoclinic phase, may strengthen
the material, but implies a directly proportional increase in surface roughness [33,34]. The
gentle grinding and polishing using a small-grit (15–30µm) tool and a low-speed hand-
piece, cause less-extensive tetragonal to monoclinic transformation and induce minor or no
obvious flaws [35–37] in zirconia with different Yttrium concentrations [38].

Glazing as a laboratory procedure is achieved through applying a blend of colorless
glass powder and liquid layer that reduced the roughness, seals the pores, and smoothens-
the ceramic surface [39,40]. The appearance of the glazed surface can be influenced by the
layer deposition technique, the special brush, layer thickness, and uniformity of zirconia
interface features, sometimes resulting in an irregular wavy surface with small defects.
According to various results, after aging, the glaze layer may be negatively affected, broken,
or separated from thematerial [41,42].

It is known, when the dopant concentration is high, the surface roughness is increased
(meaning for 8Y-or 5Y-TZP was higher in comparison to 3Y-TZP) [43,44]; also, it causesan
increase incubic phase amount and lowers the strength and fracture toughness, [1,6] and
lowers the mechanical properties [45]. As a result, the surface treatment as glazing may
or not have a protective role; polishing may induce defects and/or phase transformation
which can lead to an increase or decrease in strength of the material [32,46–48].

Glazing and polishing enhance the appearance of restorations, decrease the bacterial
accumulation, the inflammatory tissue response and the wear of opposing teeth [31–33].

This in vitro study aims to evaluate: (a) The differences in terms of surface charac-
teristics (roughness, topography, micro-hardness) among layers for multi-layered high
translucent and super-high translucent zirconia; (b) how glazing and polishing affect the
surface properties of the mentioned materials; (c) the influence of LTD (low temperature
degradation) as aging method, on surface characteristics and microstructure.

The null hypotheses were: (1) There are not significant differences regarding the
surface texture and microhardness in the three areas (cervical, medium, incisal) of the
materials; (2) glazing and polishing affect the surface properties of the material; (3) the
roughness value increases and microhardness decreases after the aging procedure.

2. Materials and Methods

Three types of commercially multilayered dental zirconia with various translucen-
cies and Yttrium content wasinvestigated in this study: super-translucent zirconia STML
(Katana, Kuraray Noritake Dental, Tokio, Japan)-noted ST; IPS e.maxZirCAD CEREC/in
Lab MT Multi (IvoclarVivadent AG, Schaan, Liechtenstein)-noted IP and super-high-
translucent zirconia CeramillZolidfx ML (Amman Girrbach, AG, Koblach, Austria)-noted
CE. The properties of these materials are presented in Table 1.
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Table 1. Properties of the materials taken into the study [49–51].

Restauration
Material Manufacturer Translucency/

Shade
Yttrium
Content

Flexural
Strength

STML (ST)

Katana,
Kuraray
Noritake

Dental, Japan

Super
translucency

A2
4 mol% 750 MPa

IPS e.max Zir
CAD (IP)

Ivoclar
Vivadent AG,

Schaan,
Liechtenstein

Super-high
translucency + Super

translucency
A2

4 mol%-incisal
4 + 5

mol%-transition
4 mol%-cervical

850 MPa

Ceramill Zolid fx
ML (CE)

Amman
Girrbach, AG,

Koblach,
Austria

Super-high
translucency

A2/A3
5 mol% 700 MPa

2.1. Specimen Preparation

Ninety-six specimens (32 samples of each zirconia) were cut from presintered blocks
of each material, with a precision disc, followed by polishing on both sides using #600,
#1500, #2000 sandpapers. Each material was sintered in a ceramic furnace LHT 01/17D
(Nabertherm, Lilienthal, Germany) 1550 ◦C/7h-for STML; DekemaAustromat 674 (DEKEMA
Dental-Keramiköfen GmbH, Freilassing, Germany) 1500 ◦C/9 h 50 min-for IPS e.maxZirCAD
CEREC/in Lab MT Multi; Programat S2 (IvoclarVivadent, Schaan, Liechtenstein)
1450 ◦C/8h-for CeramillZolidfx ML according to a protocol recommended by each manu-
facturer. Half of the specimens (16 samples) were finished only by polishing and the other
half by glazing. The finishing procedure was performed on one surface of the plate. Further,
each assortment was divided equally into one control group and one group subject to aging
by autoclaving (1 h, 134 ◦C, 0.2 MPa), as LTD (low temperature degradation). Four groups
(n = 8) resulted for each material: control glazed (cg), control polished (cp), autoclaved
glazed (ag), autoclaved polished (ap). The glazed (g) and the polished (p) surfaces were
evaluated into three areas corresponding to the layers: cervical (c), medium (m), incisal (i),
before, and after aging.

Glazing was performed for all specimens with two thin layers—IPS Ivocolor Glaze
Paste (IvoclarVivadent, Schaan, Liechtenstein) in Vita Vacumat 6000 M furnace (Bad Sackin-
gen Germany), in accordance with the manufacturer’s indications. For polishing a low-
speed device, polishing brush and diamond paste-Renfert Polish (Renfert, Hilzingen,
Germany) was used, following the same technique to obtain a smooth and glossy surface.
The final dimensions of plate-shaped samples were 16 mm × 14 mm and 1 mm thickness,
andweremeasured with a caliper. For a better understanding a flowchart was created,
inwhichthe studied groups are described-Figure 1.

Materials 2022, 15, x FOR PEER REVIEW  4  of  21 
 

 

Table 1. Properties of the materials taken into the study [49–51]. 

Restauration 

Material 
Manufacturer 

Translucency/ 

Shade 

Yttrium 

Content 

Flexural 

Strength 

STML (ST) 

Katana, Kuraray 

Noritake Dental, 

Japan 

Super 

translucency 

A2 

4 mol%  750 MPa 

IPS e.max Zir 

CAD (IP) 

Ivoclar Vivadent 

AG, Schaan, 

Liechtenstein 

Super‐high 

translucency + 

Super 

translucency 

A2 

4 mol%‐incisal 

4 + 5 mol%‐transition 

4 mol%‐cervical 

850 MPa 

Ceramill Zolid 

fx ML (CE) 

Amman 

Girrbach, AG, 

Koblach, Austria 

Super‐high 

translucency 

A2/A3 

5 mol%  700 MPa 

2.1. Specimen Preparation 

Ninety‐six specimens (32 samples of each zirconia) were cut from presintered blocks 

of each material, with a precision disc, followed by polishing on both sides using #600, 

#1500, #2000 sandpapers. Each material was sintered  in a ceramic  furnace LHT 01/17D 

(Nabertherm,  Lilienthal,  Germany)  1550  °C/7h‐for  STML;  DekemaAustromat  674 

(DEKEMA Dental‐Keramiköfen GmbH, Freilassing, Germany) 1500 °C/9 h 50 min‐for IPS 

e.maxZirCAD CEREC/in Lab MT Multi; Programat S2 (IvoclarVivadent, Schaan, Liech‐

tenstein) 1450  °C/8h‐for CeramillZolidfx ML according  to a protocol  recommended by 

each manufacturer. Half of the specimens (16 samples) were finished only by polishing 

and the other half by glazing. The finishing procedure was performed on one surface of 

the plate. Further, each assortment was divided equally into one control group and one 

group subject to aging by autoclaving (1 h, 134 °C, 0.2 MPa), as LTD (low temperature 

degradation). Four groups (n = 8) resulted for each material: control glazed (cg), control 

polished (cp), autoclaved glazed (ag), autoclaved polished (ap). The glazed (g) and the 

polished (p) surfaces were evaluated into three areas corresponding to the layers: cervical 

(c), medium (m), incisal (i), before, and after aging. 

Glazing was performed for all specimens with two thin layers—IPS Ivocolor Glaze 

Paste  (IvoclarVivadent,  Schaan,  Liechtenstein)  in Vita Vacumat  6000 M  furnace  (Bad 

Sackingen Germany), in accordance with the manufacturer’s indications. For polishing a 

low‐speed  device,  polishing  brush  and  diamond  paste‐Renfert  Polish  (Renfert,  Hil‐

zingen, Germany) was used, following the same technique to obtain a smooth and glossy 

surface. The final dimensions of plate‐shaped samples were 16 mm × 14 mm and 1 mm 

thickness, andweremeasured with a caliper. For a better understanding a flowchart was 

created, inwhichthe studied groups are described‐Figure 1. 

 

Figure 1. The flowchart of the study in which the main samples and groups were plotted and the 

way they are divided; c = cervical area, m = medium area, i = incisal area. 

Figure 1. The flowchart of the study in which the main samples and groups were plotted and the
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2.2. Hydrothermal Aging

The samples were subjected to the artificial aging process as LTD (low temperature
degradation) using an autoclave (Sterilclave 24 B, Cominox, CarateBrianza, Italy) with
distilled water for 1 h, at 134 ◦C and 0.2 MPa; it is known that 1 h of autoclaving in these
conditions would induce on zirconia, the same effects as 3–4 years in vivo [14].

2.3. Surface Roughness and Topography

The measurement of surface roughness was made using a contact profilometerSurftest
SJ-201(Mitutoyo, Kawasaki, Japan) with a 2 µm diamond stylus. On each level (cervical,
medium, incisal), three measurements were recorded in three randomly selected areas, on
polished and on the glazed samples, respectively. The values of the Ra (µm) and Rz (µm)
parameters were obtained. Ra (µm) is arithmetic average surface roughness and Rz (µm) is
maximum surface roughness. The cut-off value was 0.3 mm to a force applied by 0.7 mN.

2.4. Atomic Force Microscopy (AFM)

The nanosurface characterization of the specimens was evaluated with an atomic force
microscope Nanosurf Easy Scan 2 Advanced Research (Nanosurf AG, Liestal, Switzer-
land). The values of nanoroughness parameters Sa (nm)-arithmetical mean height and
Sq (nm)-root mean square height resulted. For surface topographic analysis, AFM pro-
vided three-dimensional images that were achieved with a scan size of 2.2 × 2.2 µm, in
non-contact mode.

2.5. Scanning Electron Microscopy (SEM)

To investigate the surface modification resulting from different surface treatments, a
scanning electron microscope with high resolution field emission—Inspect S (FEI Com-
pany, Hillsboro, OR, USA) was used. The assessment of surface characteristics was per-
formed on both samples (glazed, polished), in the three individual colored areas (cervical,
medium, incisal).

2.6. Microhardness Testing

A microhardness tester (HVS-10A1, Huatec, Bejing, China), was used to assess the
surface hardness of glazed, respectively polished surfaces of the samples, on each domain
(cervical, medial, incisal) in three randomly selected areas. The indentation technique
determined the Vickers Hardness number (VN), by applying a force of 0.3 kg for 10 s.

2.7. Statistical Analysis

Two different programs were used for statistical analyses—the IBM SPSS Statistics
software (IBM, New York, NY, USA) and JASP (v.16.2, University of Amsterdam, Holland).
In the first part was used descriptive statistics, calculating the central tendency and disper-
sion parameters. To decide upon the statistical type of tests we applied the Shapiro–Wilk
test for distribution and obtained that the data are normally distributed (p> 0.05) in most of
the cases; for a complete perspective, parametrical and non-parametrical tests were applied.
The repeated measures ANOVA test was used for statistical analysis of more than two-time
moments/dependent groups. The unpaired t-Test was applied for two different groups (for
statistical analysis of variables recorded on glazed and polished sides); the paired t-Test was
performed for two-time moments situation (for comparing areas of treated surfaces-before
and after aging, for a material and the significant differences because of autoclaving).

A correlation model between Ra and microhardness, was performed—the straight-
ness of the correlation was measured using Pearson’s coefficient. For the entire study, a
significance level of α =0.05 was established.
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3. Results
3.1. Micro-Surface Roughness

Mean values and SD (standard deviation) for Ra (µm), arithmetic average surface
roughness and Rz (µm), maximum surface roughness measurements on glazed and pol-
ished samples, before aging are summarized in Table 2.

Table 2. Mean values with SD for Ra, Rz parameters of the samples, before aging (n = 8).

ST cg ST cp IP cg IP cp CE cg CE cp

Ra
c 0.064 ± 0.009 0.041 ± 0.009 0.073 ± 0.009 0.043 ± 0.010 0.086 ± 0.010 0.047 ± 0.009
m 0.065 ± 0.009 0.043 ± 0.010 0.080 ± 0.009 0.044 ± 0.009 0.085 ± 0.010 0.045 ± 0.010
i 0.067 ± 0.010 0.042 ± 0.010 0.083 ± 0.009 0.046 ± 0.009 0.084 ± 0.008 0.047 ± 0.010

Rz
c 0.445 ± 0.099 0.360 ± 0.094 0.475 ± 0.098 0.366 ± 0.098 0.580 ± 0.096 0.386 ± 0.082
m 0.466 ± 0.096 0.363 ± 0.091 0.530 ± 0.091 0.371 ± 0.096 0.573 ± 0.098 0.371 ± 0.091
i 0.493 ± 0.093 0.378 ± 0.100 0.533 ± 0.100 0.385 ± 0.092 0.563 ± 0.090 0.373 ± 0.093

Ra (µm)—arithmetic average surface roughness, Rz (µm)—maximum surface roughness. ST= STML, IP= IPS
e.maxZirCAD CEREC/in Lab MT Multi, CE= CeramillZolidfx ML. cg = control glazed, cp = control polished,
c = cervical, m = medium, i = incisal.

Among glazed tested groups, the lowest mean Ra values were recorded for ST (0.064
to 0.067) and the highest for CE (0.086 to 0.084), with very close values between layers. For
IP, the values tend to increase from the cervical (0.073 ± 0.009) to incisal (0.083± 0.009) area.

Among the polished tested groups, the lowest Ra values were measured for ST (0.041
to 0.043) and the highest for CE (0.045 to 0.047), which were almost similar in all three areas.
For IP, an upward trend was registered, the lowest value (0.043 ± 0.010) was in the cervical
area and the highest (0.046 ± 0.009) in the incisal one.

Mean values and SD (standard deviation) for Ra (µm)-arithmetic average surface
roughness and Rz (µm)-maximum surface roughness measurements after aging are sum-
marized in Table 3.

Table 3. Mean values with SD for Ra, Rz parameters of the samples, after aging (n = 8).

ST ag ST ap IP ag IP ap CE ag CE ap

Ra
c 0.080 ± 0.009 0.054 ± 0.010 0.081 ± 0.009 0.052 ± 0.009 0.088 ± 0.009 0.048 ± 0.008
m 0.078 ± 0.009 0.055 ± 0.010 0.084 ± 0.008 0.050 ± 0.009 0.087 ± 0.009 0.047 ± 0.009
i 0.077 ± 0.009 0.052 ± 0.010 0.086 ± 0.010 0.049 ± 0.008 0.086 ± 0.009 0.048 ± 0.009

Rz
c 0.535 ± 0.100 0.426 ± 0.101 0.543 ± 0.094 0.372 ± 0.090 0.576 ± 0.099 0.413 ± 0.095
m 0.520 ± 0.095 0.422 ± 0.099 0.548 ± 0.097 0.383 ± 0.091 0.579 ± 0.095 0.406 ± 0.091
i 0.518 ± 0.092 0.410 ± 0.091 0.562 ± 0.089 0.390 ± 0.094 0.591 ± 0.084 0.416 ± 0.090

Ra-arithmetic average surface roughness, Rz-maximum surface roughness. ST= STML, IP= IPS e.maxZirCAD
CEREC/in Lab MT Multi, CE= CeramillZolidfx ML. ag = aged glazed, ap = aged polished, c = cervical,
m = medium, i = incisal.

Among glazed tested groups, it was observed that the surface roughness increased
in all areas for the three materials, the lowest mean Ra values were recorded for ST (0.077
to 0.080) and the highest for CE (0.086 to 0.088), with very close values between layers.
For IP, the Ra values increased significantly in the cervical area and slightly in incisal area;
however, the surface roughness is lower in cervical area (0.081 ± 0.009) than in incisal area
(0.086 ± 0.010) for this material.

Among polished tested groups the lowest Ra values were measured for ST (0.052 to
0.054) and the highest for CE (0.047 to 0.048), almost similar in all three areas. For IP, the
values tend to decrease from the cervical (0.053 ± 0.009) to incisal (0.049 ± 0.009) area.

For the glazed side, the lowest Rz values was recorded for ST (0.512 to 0.435) and the
highest (0.576 to 0.591) for CE and for IP an intermediate appearance with the lowest value
(0.534 ± 0.094) in cervical area and the highest (0.562 ± 0.089) in incisal ones.

On the polished side, the lowest Rz values (0.406 to 0.416) were reported for CE and
the highest (0.518 to 0.535) for ST.
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Mean roughness measurements performed before and after aging, in three areas
(cervical, medium, incisal) on the glazed and polished samples (n = 8) are presented in
Figure 2.
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Figure 2. Mean Ra values (arithmetic average surface roughness) with SD (standard deviation),
before and after aging for all groups. ST = STML, IP = IPS e.maxZirCAD CEREC/in Lab MT Multi,
CE = CeramillZolidfx ML. cg = control glazed, cp = control polished, ag = aged glazed, ap = aged
polished, c = cervical, m = medium, i = incisal.

Before aging, the two-way ANOVA test (α = 0.05) reported insignificant differences
(p > 0.05) when the statistical test was performed to compare the surface roughness between
cervical-medium-incisal areas individual on glazed (for Ra: ST p = 0.771, IP p = 0.812, CE
p = 0.909; for Rz: ST p = 0.504, IP p = 0.587, CE p = 0.704), respectively on polished samples
(for Ra: ST p = 0.814, IP p = 0.692, CE p = 742; for Rz: ST p = 0.784, IP p = 0.831, CE
p = 0.863); also after aging, no significant differences (p > 0.05, α = 0.05) were observed
when comparing the every three areas, on each glazed or polished surface, for a material.

Both before and after aging, the surface roughness values for the glazed samples are
higher than for those polished. The unpaired t-Test test (α = 0.05) reported a significant
difference (p < 0.05) in terms of Ra-arithmetic average surface roughness and Rz-arithmetic
average surface roughness betweenthe glazed and polished groups in the same areas, for
all three materials; the p values are included in Table 4.

Table 4. The unpaired t-Test test (α = 0.05)-p values regarding Ra, Rz for control, glazed-control
polished, respectively aged glazed-aged polished groups in each area.

ST cg-cp IP cg-cp CE cg-cp ST ag-ap IP ag-ap CE ag-ap

Ra
c 0.001 <0.001 <0.001 0.002 <0.001 <0.001
m 0.004 <0.001 <0.001 <0.001 <0.001 <0.001
i <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Rz
c 0.039 0.026 0.004 0.042 0.005 0.006
m 0.044 0.009 0.006 0.039 0.005 0.003
i 0.031 0.005 0.002 0.046 0.003 0.001

Ra-arithmetic average surface roughness, Rz-maximum surface roughness. ST = STML, IP = IPS e.maxZirCAD
CEREC/in Lab MT Multi, CE = CeramillZolidfx ML. cg = control glazed, cp = control polished, ag = aged glazed,
ap = aged polished. c = cervical, m = medium, i = incisal.

Although it has been observed that the surface roughness has increased on polished,
respectively on glazed side after hydrothermal aging, the statistical paired t-Test (α = 0.05)
reported significant differences concerning Ra, Rz among the samples before—after auto-
claving only for ST, the p values are included in Table 5.
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Table 5. The paired t-Test test (α = 0.05)-p values regarding Ra, Rz for control glazed–agedglazed,
respectively control polished–aged polished groups in each area.

ST cg-ag ST cp-ap IP cg-ag IP cp-ap CE cg-ag CE cp-ap

Ra
c 0.006 0.049 0.134 0.058 0.715 0.868
m 0.046 0.022 0.521 0.387 0.662 0.628
i 0.042 0.047 0.583 0.442 0.311 0.808

Rz
c 0.371 0.225 0.775 0.621 0.583 0.866
m 0.412 0.425 0.621 0.539 0.715 0.754
i 0.344 0.568 0.592 0.546 0.662 0.862

Ra-arithmetic average surface roughness, Rz-maximum surface roughness. ST = STML, IP = IPS e.maxZir CAD
CEREC/in Lab MT Multi, CE = CeramillZolidfx ML. cg = control glazed, cp = control polished, ag = aged glazed,
ap=aged polished. c = cervical, m = medium, i = incisal.

3.2. Atomic Force Microscopy (AFM)

Before aging, for each kind of material, fine and deeper interconnecting striations and
scratches, small irregularities as scattered and sharp peaks were observed on both treated
surfaces in all three areas. Among materials, for CE, the surface irregularities are more
obvious both in the group of glazed and those of polished samples.

The values for parameters Sa (nm)-arithmetical mean height and Sq (nm)-root mean
square height resulted for the glazed and polished samples are showed in Table 6.

Table 6. Sa, Sq values for control-glazed and control-polished samples, in each area (n = 8).

ST cg IP cg CE cg ST cp IP cp CE cp

Sa
c 1.651 1.960 1.723 1.048 1.244 1.388
m 2.424 2.536 2.662 1.315 1.381 1.582
i 1.524 1.598 1.924 1.529 1.529 1.343

Sq
c 1.934 2.293 1.981 1.348 1.335 1.738
m 2.945 3.049 3.123 1.691 1.552 2.113
i 1.842 1.996 2.144 1.945 2.045 1.545

Sa = arithmetical mean height, Sq = root mean square height. ST = STML, IP = IPS e.maxZirCAD CEREC/in
Lab MT Multi, CE = CeramillZolidfx ML. cg = control glazed, cp = control polished, c = cervical, m = medium,
i = incisal.

The AFM 3D images of the control group recorded on each area of glazed samples are
shown in Figure 3.
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The AFM 3D images on each area of the polished samples of the control group are
shown in Figure 4.
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square height resulted for the glazed samples and polished samples are shown in Table 7. 

Figure 4. 3D AFM image of the polished samples of the control group. ST= STML, IP= IPS
e.maxZirCAD CEREC/in Lab MT Multi, CE= CeramillZolidfx ML, c = cervical, m = medium,
i = incisal.

After aging, the values for Sa (nm)-arithmetical mean height and Sq (nm)-root mean
square height resulted for the glazed samples and polished samples are shown in Table 7.

Table 7. Sa, Sq values for aged-glazed and aged-polished samples, in each area (n = 8).

ST ag IP ag CE ag ST ap IP ap CE ap

Sa
c 23.334 28.134 31.817 20.651 27.714 20.342
m 21.419 29.050 27.315 31.783 27.674 22.991
i 22.458 24.262 24.464 28.978 25.502 20.515

Sq
c 26.744 32.526 36.371 23.669 31.778 23.529
m 24.414 33.221 31.242 36.254 31.952 25.883
i 25.702 27.911 27.873 32.988 29.106 23.728

Sa = arithmetical mean height, Sq = root mean square height. ST = STML, IP= IPS
e.maxZirCAD CEREC/in Lab MT Multi, CE = CeramillZolidfx ML. ag = aged-glazed,
ap = aged-polished, c = cervical, m = medium, i = incisal.

After aging, the AFM 3D images recorded the topography on each area of the glazed
samples—Figure 5.
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Figure 5. 3D AFM images of the glazed samples, after aging.ST = STML, IP = IPS e.maxZirCAD 
CEREC/in Lab MT Multi, CE = CeramillZolidfx ML c = cervical, m = medium, i = incisal. 

After autoclaving, the AFM 3D images on each area for polished samples are rep-
resented in Figure 6. 

  

Figure 5. 3D AFM images of the glazed samples, after aging.ST = STML, IP = IPS e.maxZirCAD
CEREC/in Lab MT Multi, CE = CeramillZolidfx ML c = cervical, m = medium, i = incisal.

After autoclaving, the AFM 3D images on each area for polished samples are repre-
sented in Figure 6.
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Figure 6. 3D AFM images of the polished samples, after aging.ST= STML, IP= IPS e.maxZirCAD
CEREC/in Lab MT Multi, CE = CeramillZolidfx ML, c = cervical, m = medium, i = incisal.

After aging, there is a significant increase in Sa (nm)-arithmetical mean height and Sq
(nm)-root mean square height values, for all materials, both on the glazed and
polished surfaces.
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On the glazed samples Sa (nm) values have an ascending aspect from ST to CE. ST
in the medium area recorded the lowest value 21.41 ± 0.02 than 2.42 ± 0.01-before; the
highest value resulted for CE in cervical area 31.81 ± 0.01, compared to 1.72 ± 0.01-before.
For IP in medium area was reported an intermediate value 29.05 ± 0.02 compared to
2.54 ± 0.01-before.

On the polished samples, the lowest value was reported for CE in cervical area
20.34 ± 0.01, compared to 1.39 ± 0.01, before and the highest for ST in incisal and medium
area 31.78 ± 0.02 than 1.32 ± 0.02, before. For IP, the values have an intermediate aspect,
but they are almost similar to those on glazed side.

On glazed side of specimens, the lowest Sq value is in medium area for ST-24.41 ± 0.02
compared to 2.94 ± 0.01, before and the highest for CE in incisal area 36.37 ± 0.01, compared
to 1.98 ± 0.01, before. For IP in medium area Sq value 33.22 ± 0.02 was recorded, compared
to 3.05 ± 0.01, before.

On the polished side of samples, the lowest Sq values werereported for CE in cervical
area 23.52 ± 0.01, compared to 1.74 ± 0.01, before and the highest for ST in medium area
36.25 ± 0.02 than 1.69 ± 0.02, before.

Before aging, the two-way ANOVA test (α = 0.05) reported no significant difference
(p > 0.05) regarding to Sa = root mean square height, Sq = root mean square height, between
the three areas (cervical-medium-incisal) of glazed or polished samples for a material.

The unpaired t-Test test (α = 0.05) reported significant differences (p < 0.05) in terms of
Sa-arithmetical mean height in cervical and medium areas and no significant differences
in incisal area between glazed and polished surfaces of each material (incisal: ST glazed-
polished p = 0.08; IP glazed-polished p = 0.241; CE glazed-polished p = 0.452).

After aging, the two-way ANOVA test (α = 0.05) reported no significant difference
(p > 0.05) regarding to Sa = root mean square height, Sq = root mean square height, between
the three areas(cervical, medium, incisal) for each glazed or polished samples, of a material
and the unpaired t-Test test (α = 0.05) reported significant differences (p < 0.05) in terms of
Sa-arithmetical mean height, between the same areas of the glazed and polished surfaces
of each material, for ST in cervical and medium area.

The before–after aging statistical paired T-Test (α = 0.05) found significant differ-
ences (p ≤ 0.05) regarding Sa, Sq values among the same areas of glazed, respectively
polished samples.

3.3. Scanning Electron Microscopy (SEM)

The surface topographic analysis revealed a regular and homogeneous structure for
the glazed samples, before aging, except some places with a wavy surface due to the
application of glaze. In the medium area on ST followed by IP samples, the surface
displayed interconnecting striations and was rougher than the other areas; by IPS and CE
in incisal area, fine striations are visible under glaze layer.

On the polished samples, before aging, the striations, small irregularities, and defects
are more obvious than on the glazed surfaces; for ST and IP in medium area, flaws and
porosities were observed on the surface.

SEM images of the control samples are illustrated in Figures 7 and 8.
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Figure 7.SEM images for glazed samples before aging.ST= STML, IP= IPS e.maxZirCAD CEREC/in 

Lab MT Multi, CE= CeramillZolidfx ML, c = cervical, m = medium, i = incisal. 
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Figure 7. SEM images for glazed samples before aging. ST= STML, IP= IPS e.maxZirCAD CEREC/in
Lab MT Multi, CE= CeramillZolidfx ML, c = cervical, m = medium, i = incisal.
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Figure 8. SEM images for polished samples before aging.ST= STML, IP= IPS e.maxZirCAD CEREC/in
Lab MT Multi, CE= CeramillZolidfx ML, c = cervical, m = medium, i = incisal.

After aging for glazed specimens, the appearance of the surfaces is quite similar;
however, on ST samples in cervical and medium area, striations and micro-cracks may be
observed. After autoclaving, for CE, the appearance of the surface is quite similar to that
before aging. On polished samples, there was an obvious damage in all areas compared to
the situation before aging.

After aging, the SEM images of samples are illustrated in Figures 9 and 10.
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Figure 9. SEM images for glazed samples after aging.ST = STML, IP = IPS e.maxZirCAD CEREC/in 

Lab MT Multi, CE = CeramillZolidfx ML, c = cervical, m = medium, i = incisal. 

   

Figure 9. SEM images for glazed samples after aging.ST = STML, IP = IPS e.maxZirCAD CEREC/in
Lab MT Multi, CE = CeramillZolidfx ML, c = cervical, m = medium, i = incisal.
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Figure  10.  SEM  images  for  polished  samples  after  aging.ST  =  STML,  IP  =  IPS  e.maxZirCAD 

CEREC/in Lab MT Multi, CE = CeramillZolidfx ML, c = cervical, m = medium, i = incisal. 
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Figure 10. SEM images for polished samples after aging.ST = STML, IP = IPS e.maxZirCAD CEREC/in
Lab MT Multi, CE = CeramillZolidfx ML, c = cervical, m = medium, i = incisal.

3.4. Microhardness Testing

Before and after aging, the mean Vickers hardness values with SD (standard deviation)
of the materials, for both glazed and polished specimens in three areas are presented in
Table 8.
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Table 8. Mean Vickers hardness values with SD, for all samples (n = 8).

ST Glazed ST Polished IP Glazed IP Polished CE Glazed CE Polished

control groups
c 770.33 ±9.60 1763 ± 17.02 700 ± 5.72 1732 ± 15.70 632.67± 8.50 1637 ± 12.50
m 763.67 ± 8.62 1763 ± 17.02 597 ± 3.80 1638.67 ± 14.02 617 ± 7.90 1552 ± 8.41
i 694.67 ± 9.14 1732 ± 15.89 626 ± 4.20 1700.67 ± 15.03 610 ± 7.28 1597 ± 9.54

aged groups
c 672.67 ± 8.32 1711 ± 15.41 621 ± 4.10 1729.67 ± 15.05 708.33 ± 9.42 1532.33 ± 9.50
m 601 ± 5.12 1809.67 ± 17.91 603.33 ± 4.08 1764.33 ± 16.15 722± 8.11 1607.67 ± 8.97
i 640.33 ± 5.81 1797 ± 17.56 694.33 ± 4.21 1762.67 ± 16.08 722± 8.11 1667.67± 5.70

ST = STML, IP = IPS e.maxZirCAD CEREC/in Lab MT Multi, CE = CeramillZolidfx ML; c = cervical, m = medium,
i = incisal.

On the glazed samples, the highest microhardness values were reported for ST
(770.33 ± 9.60), followed by IP (700 ± 5.72) and CE (632.67 ± 8.50) for all, in the cer-
vical area. On the polished samples, the highest surface microhardness was recorded
for ST in cervical area and medium area (1763 ± 17.02), followed by IP in cervical area
(1732 ± 15.70) and CE in cervical area (1637 ± 12.50).

Among materials, for CE, on the glazed and polished surface, the microhardness
values were lower.

After aging, the microhardness for polished samples issignificantly higher compared
to the glazed ones.

On the glazed side, for ST, the values decreased, the highest was recorded (672.67 ± 8.32)
in cervical area; for IP the values are almost the same as before aging (ex. 694.33 ± 4.21)
in incisal area. For CE, an increase in all three areaswas reported; the highest values
(722 ± 8.11) were recorded in medium and incisal area.

On the polished samples, a minor increase in values can be observed; the highest
(1667 ± 5.70) was reported for CE in incisal area.

The microhardness values recorded before and after aging on glazed and polished
samples, in cervical, medium, incisal areas, for all three materials (n = 8), are summarized
in Figure 11.
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Figure 11. Mean microhardness values and SD before and after aging. ST = STML, IP = IPS
e.maxZirCAD CEREC/in Lab MT Multi, CE = CeramillZolidfx ML; cg = control glazed, cp = control
polished, ag = aged glazed, ap = aged polished;c = cervical, m = medium, i = incisal.

Before aging, the microhardness values for polished specimens were significantly
higher compared to the glazed ones.

There were insignificant differences (p > 0.05) when the statistical test two-way
ANOVA was performed to compare the surface microhardness between cervical-medium-
incisal areas individual on glazed and on polished sides of each zirconia.
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The unpaired t-Test test (α = 0.05) assessed a significant impact (p < 0.005) to the
analysis in the same areas between control-glazed and control-polished groups, for all
three materials.

For both glazed and polished surfaces, Pearson’s correlation reported a negative
correlation between surface roughness Ra and microhardness, r = −0.9, which means that
the hardness decreases when the roughness is increased.

After autoclaving, no significant differences (p > 0.05) were observed by statistical
two-way ANOVA test between every two or three areas, on each glazed or polished surface
for a material.

The unpaired t-Test test (α = 0.05) revealed significant differences (p < 0.005) to
the analysis in the same areas between aged-glazed and aged-polished groups, for all
three materials.

The statistical paired t-Test (α = 0.05) reported no significant differences concerning
microhardness values (Vickers Hardness number-VN) among the same areas recorded
before and after aging, on the glazed and polished surfaces, except CE glazed samples; the
p values are included in Table 9.

Table 9. The paired t-Test test (α = 0.05)-p values for microhardnessamong control glazed-aged
glazed, respectively control polished-aged polished groups in each area.

VN ST cg-ag STcp-ap IP cg-ag IP cp-ap CE cg-ag CE cp-ap

c 0.621 0.033 0.887 0.972 0.012 0.091
m 0.116 0.248 0.584 0.623 0.016 0.183
i 0.413 0.475 0.671 0.523 0.001 0.359

VN = Vickers Hardness number (microhardness value). ST = STML, IP = IPS e.maxZirCAD CEREC/in Lab MT
Multi, CE = CeramillZolidfx ML. cg = control glazed, cp=control polished, ag = aged glazed, ap=aged polished.
c = cervical, m = medium, i = incisal.

4. Discussion

The study investigated the surface characteristics, microstructure and microhardness
on glazed and polished samples of three multilayered dental zirconia with different per-
centages of Y2O3 (4 mol%; 4 mol%+ 5 mol%; 5 mol%), first before and then after aging,
achieved through autoclaving, as LTD (low temperature degradation).

Before aging, among materials ST = STML, IP = IPS e.maxZir CAD CEREC/in Lab
MT Multi, CE = CeramillZolidfx ML for the glazed samples, the lowest Ra-arithmetic
average surface roughness values were found for ST (4 mol% Y2O3), followed by IP
(4 mol% + 5 mol% Y2O3) and the highest surface roughness was recorded for CE (5 mol%
Y2O3)-the superhigh-translucency zirconia, with the highest Yttrium content and the lowest
flexural strength (700 MPa) of the three analyzed materials.

Among areas of the glazed samples, for ST, the highest Ra value (0.067 ± 0.010) was
recorded in the incisal area; for IP, it was found that surface roughness increases from
cervical (0.073 ± 0.009) to incisal (0.083 ± 0.009); and for CE close values were reported,
the highest cervical (0.086 ± 0.010). Between the glazed (cervical-medium-incisal) areas
of a material no statistically significant differences were found (p < 0.05). On the polished
samples, the same ratio was observed as for glazed specimens, the lowest Ra values were
found for ST (ex. 0.043 ± 0.010—medium), followed by IP (ex. 0.046 ± 0.009-incisal) and
the highest for CE (ex.0.047 ± 0.008-cervical). Among (cervical-medium-incisal) areas on
glazed or polished surfaces of a material no statistically significant differences (two-way
ANOVA test, α = 0.05) were found (p < 0.05).

The surface roughness values measured for the glazed samples are higher than for
those polished. The unpaired t-Test (α = 0.05) reported a significant difference (p < 0.05)
in terms of Ra and Rz between the same areas of glazed and polished sample, for all
three materials.

When comparing the surface roughness obtained between the areas of a material, it is
observed that for ST, respectively for CE, the values are close to each other, both on glazed

115



Materials 2022, 15, 3606

and polished samples; which means as some manufactures and some studies show, the
layers presented almost the same content of Yttrium, cubic phase, respectively a similar
microstructure; the color difference being given only by the pigment composition [24].
Instead, for IP, the surface roughness values reported an ascending orderfrom cervical
to incisal, corresponding to the various distribution of Yttrium content and cubic phase,
respectively, and a different microstructure among the layers of this material.

Regarding glazing process as a surface treatment, the microstructure, the smoothness
of the surface on which the glaze layer is deposited, and the interface between them greatly
influence the external appearance of the surface. For ST, which contains smaller grains than
CE, the surface roughness was lower. It is also possible to record different Ra, Rz values
when using the manufacturer’s own glaze pasta.

Referring to the polishing process, for this study small-grit grinding tools were used
so as not to cause, as much as possible, phase transformation and surface degradation
which results in an increase in surface roughness. However, a zirconia such as CE, that has
the lowest mechanical properties among the studied materials and contains larger grains
that can be easily dislocated during processing resulting unevenness and flaws, presented
the highest surface roughness.

In addition, for a better surface topography evaluation, the samples were examined
using an atomic force microscope (AFM) and a scanning electron microscope (SEM).

AFM provided a high resolution three-dimensional visualization of glazed and polish-
ing samples, the values for parameters Sa (nm)-arithmetical mean height and Sq (nm)-root
mean square height resulted. The nanoroughness values found on the glazed surfaces
were higher than on the polished ones. On the glazed samples, the highest Sa value was
recorded for CE (2.66 ± 0.02), followed by IP (2.54 ± 0.01) and the least affected was ST
(2.42 ± 0.01), all in the medium area. On the polished surfaces, the highest Sa (nm) value
resulted for CE (1.58 ± 0.01) in medium area, IP (1.55 ± 0.01), and almost the same for ST
(1.53 ± 0.02) in incisal area.

The SEM examination for glazed samples revealed a fairly smooth and uniform surface
with striated patterns resulting from the deposition (brushing) of the glaze layers, creating
a wavy appearance, which might influence the surface roughness. By CE and IP-incisal
areas, the striations resulting from processing are visible under the glaze layers. The images
which present the polished surfaces showed interconnecting scratches, shallow striation
and micro-cracks created by the rotative instrument on a smooth surface, except for ST and
IP medium area, where grater damage was observed.

Surface microhardness test measures the resistance of material to successive indenta-
tion. Mechanical properties are influenced by the crystalline phase, yttrium content, more
precisely by the microstructure of the material [52]. In this study, the unpaired t-Test test
(α = 0.05) reported a significant difference (p < 0.005) regarding the microhardness (VN)
between polished (1552 to 1763 MPa) and glazed surfaces (597 to 763 MPa).

The glaze layer was locally negatively damaged; thus confirming that the surface
treatment can affect the surface hardness and the resistance of the material. The sharpest
and most chipped edge of the indent was observed on the glazed surface of CE (5 mol%
Y2O3), followed by ST (4 mol% Y2O3) and the least obvious crack patterns and indentation
imprints by IP (4 mol% + 5 mol% Y2O3).

Considering that the same glaze was used for all three materials, it is possible that the
microstructure, surface appearance, the interface had an influence on the sealing, adhesion
capacity, and resistance of the glaze layer. Moreover, it may be relevant as the glaze (IPS
Ivocolor Glaze Paste) and IP (IPS e.maxZirCAD CEREC/in Lab MT Multi) materials were
produced by the same manufacturer (IvoclarVivadent, Schaan, Liechtenstein). Among the
three areas of glazed, respectively of polished surfaces, no significant differences (two-
way ANOVA test, p > 0.05) were reported, confirming the first hypothesis, also in terms
of hardness.

For both glazed and polished specimens, a negative Pearson’s correlation (r = −0.9)
between surface roughness and microroughness was reported; meaning that increasing
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the roughness implies decreasing the hardness and the surface treatment significantly
influenced the surface roughness, respectively the microhardness [53].

After aging, both glazed and polished samples show an increase in roughness and
the values recorded on the glazed samples were higher than for those polished ones.

Among glazed specimens, compared with the situation before aging, statistical paired
t-Test (α =0.05) revealed a significant increase in values for ST (p < 0.05) and an insignificant
increase for CE (p > 0.05); however, the lowest mean Ra values were recorded for ST (0.077
to 0.080) and the highest for CE (0.086 to 0.088). For IP, the surface roughness increased
in cervical area and slightly in incisal area, but the values were lower in cervical area
(0.081 ± 0.009) than in incisal area (0.086 ± 0.010).

As a result, the conclusion could be that the material with 4 mol% Yttrium content (ST,
IP–cervical) undergoes a more intense aging process accompanied by phase transformation,
volume increase of particles, grain detachment, and surface roughness. For CE (5 mol%
Yttrium), the surface roughness before aging was the highest and after aging showed a
minor increase, meaning that the superhigh-translucency zirconia is not very affected by
aging; however, it remains the material with the roughest surface.

Other studies demonstrated as well that the increased roughness does not accelerate
the aging process for (super) high-translucent zirconia and the toughness was preserved
after grinding and LTD [16,54].

Certainly, the glaze layer has a protective role, but may be directly affected by the
aging process or as a result of alteration in the underlying material, with influence on
surface texture and hardness.

Among polished samples, compared with the situation before aging, the paired t-Test
(α = 0.05) reported that the surface roughness values for ST (p < 0.005) increased more than
those for CE (p > 0.005) and among materials, the highest Ra values were measured for ST
(0.052 to 0.054) and the lowest for CE (0.047 to 0.048); for IP, the values tend to decrease
from the cervical (0.053 ± 0.009) to incisal (0.049 ± 0.009) area. This means that the material
with 4 mol% Yttrium content is more susceptible to the aging process, thus hydrothermal
and mechanical impact cause phase transformation, resulting in surface degradation and
an increase in microhardness; this situation has been presented in other studies [55,56].

On the glazed surfaces, the nanoroughness values Sa = arithmetical mean height,
Sq = root mean square height, were higher than on the polished ones;the lowest values were
found for ST and the highest for CE. On the polished specimens, the highest nanoroughness
values were recorded for ST and the lowest for CE. Regarding Sa and Sq, the paired t-Test
(α = 0.05) reported a significant increase in glazed and polished specimens, after aging.

After aging, the surface topographic analysis (SEM) revealed for ST glazed specimens,
more visible striations, and micro-cracks (cervical, medium- area), compared to the appear-
ance before aging. For CE, a minor increase in surface roughness was recorded and the
surface aspect is quite similar to that before aging. On polished samples compared to the
initial situation, in all areas, an evident degradation with deeper striations and scratches,
sharp peaks, irregularities and defectswas observed.

It was revealed that both before and after autoclaving, glazing and polishing as surface
treatment, influenced and affected the microroughness and topography of zirconia with
different Yttrium content. The second null hypothesis is accepted.

Although an optimal threshold has not been set, it was reported that the roughness
value (Ra-arithmetic average surface roughness) above 0.2 µm, could induce negative
effects such as retention of bacteria, periodontal inflammation, dental caries risk [57],
and a value above 0.3 µm can be perceived by the tongue, negatively affecting patient
comfort [57,58]. The Ra values results of this study, for all three zirconia types, in three
areas on glazed, respectively polished surfaces, were lower than 0.2 µm, therefore they may
be considered clinically acceptable.

Regarding microhardness, after autoclaving, the unpaired t-Test test (α = 0.05) re-
vealed that the values for polished samples are maintained significantly higher (p < 0.005)
compared to the glazed one, confirming the second hypothesis, also in terms of hardness.
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On the glazed specimens, for ST was observed a decrease in microhardness, while
those for IP remained at a level similar to that before aging and CE, denotingan increase in
values. On the polished samples, for ST and IP a minor increase of values was recorded
and for CE the values remain approximately the same as those before aging.

Before aging, ST (4 mol% Yttrium) recorded the lowest surface roughness and the
highest microhardness, demonstratingthe best mechanical properties among the studied
materials, on the glazed and polished samples. After aging, this material experienced
the largest increase in roughness for both groups and microhardness decreased on glazed
and increased on polished side. It seems that for the glazed samples, the aging process
induced t-to-m phase transformation with an increase in surface roughness, adversely
affecting the interface features and the glaze layer and for the polished specimens, the
phase transformation led to a toughening reaction.

For CE (5 mol% yttrium), before autoclaving, the microhardness values were close to
those for IP, but lower than those measured for ST on glazed surfaces and the lowest among
materials on polished samples. After aging, the microhardness increased for the glazed
group and between materials was the highest; for the polished samples the values are
maintained (with a slight increase) as before aging and among materials were the lowest.
It seems that the material was not very affected by aging process, however the hardness
increased and the glaze layer had a protective role.

For IP (4 mol% + 5 mol%), regarding mechanical properties an intermediate aspect
among the tested materials, both on glazed and polished samples, before or after auto-
clavingwas observed. The records revealed similarities between properties and values
measured in cervical area with those of ST and the incisal area with those of CE.

The aging behavior is correlated with the microstructure of the material, and with
the surface treatment. As a result of these findings, the third null hypotheses—the rough-
ness value would increase and microhardness decrease after the aging procedure—is
not accepted.

The limitation of this study was the short-term aging and the fact that certain factors
that interact with restoration in oral environment could not be fully reproduced (chewing
force, saliva components, temperature, and pH fluctuations).

5. Conclusions

1. For tested zirconia materials, no significant differences among layers were registered
regarding surface characteristics.

2. Surface treatment (glazing or polishing) has a significant impact on surface roughness
and microhardness; the glazed samples were found with higher surface roughness
and lower microhardness compared to the polished ones. This correlation is preserved
even after LTD.

3. After aging microroughness increases, but significant only for the super translucent
material. There is a significant increase in nanoroughness values, for all materials,
both on the glazed and polished surfaces. Related to microhardness, aging does not
have a significant influence.

4. The super translucent 4Y-TZP (fourth-generation) material was more affected by
aging compared to the super-high translucent 5Y-TZP (third-generation) material.
The material with 4 mol% + 5 mol% revealed similarities for each layer corresponding
to the microstructure.
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Abstract: In this study, we have analysed the effects of a silane coupling agent on the volume fraction
of zirconia for digital light processing (DLP)-based additive manufacturing processes. Zirconia
suspension was prepared by the incorporation of silane-modified zirconia particles (experimental
group) or untreated zirconia particles (control group). Furthermore, the control and experimental
group were subdivided into three groups based on the volume fraction (52, 54, and 56 vol%) of
zirconia particles. The disk-shaped zirconia samples were 3D (three-dimensional) printed using the
DLP technique and their physical and mechanical properties were evaluated. The addition of a silane
coupling agent to the zirconia samples was found to have influence of about 6% on the hardness
and biaxial flexural strength. Moreover, the decrease in minute air gaps inside the zirconia layers
significantly increased the material density (visualized from the microstructure analysis). Thus, from
this study, it was established that the silane-modified zirconia particles had a positive effect on the
physical properties of the zirconia parts.

Keywords: additive manufacturing; digital light processing (DLP) technology; zirconia suspension;
silane coupling agent; physical property

1. Introduction

Various materials have been used for prostheses in dental clinics, such as titanium,
cobalt–chromium, zirconia, and glass ceramics [1–7]. Among them, ceramic has been
widely used and actively investigated, especially with the development of computer-
aided design/computer-aided manufacturing (CAD/CAM) technology. Thus far, dental
ceramics that have been widely utilised in clinics include dental Empress and InCeram
Alumina. However, these materials do not satisfy the physical properties, such as strength,
required by dental clinics [1–3]. To improve the properties of these ceramics, research into
zirconia is ongoing. Several studies on zirconia have found that this compound enhances
material fracture strength and biocompatibility; it has been widely applied as a material
for dental clinic-fabricated prostheses and artificial joints [8]. Zirconia ceramic prostheses
have been increasingly used because patients demand better mechanical properties and
aesthetics [9,10]. In addition, CAD/CAM technology has been applied to clinic care for
dental restorations employing zirconia. However, the use of CAD/CAM to produce
zirconia prostheses may produce rough scratches or form defects on the prosthesis surface,
eventually leading to cracks and fracture. Furthermore, the fabrication of highly complex
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shapes using CAD/CAM is extremely difficult [10–12]. To overcome these disadvantages,
research on additive manufacturing and formulations for additive manufacturing is actively
being conducted. Additive manufacturing is a method that involves stacking the layers
of materials using digital image processing techniques [13]. Recent research indicates
that dental prostheses manufactured through additive manufacturing present acceptable
density compared with those produced by milling or traditional methods [14–18].

Additive manufacturing includes spot scanning-based stereolithography, which uses
a stereolithography apparatus (SLA), digital light processing (DLP), and Polyjet printing
based on mask image projection [7]. Of these, SLA and DLP are technologies that print in
layers using a photocuring reaction of photosensitive resins. The DLP technology stacks and
hardens a formulated liquid photocurable resin through a photocuring process involving
projected light according to the type and location of the shape to be moulded [19,20]. The
main advantages of DLP are as follows: the printed product is highly dense and has a
luminous surface, and the work speed is fast because the resin is moulded in face units.
In addition, DLP has a faster production speed than the SLA process and enables the
low-cost fabrication of samples with a small sample size [20,21]. For these reasons, the
DLP system is considered suitable for additive manufacturing printers for dental ceramic
production. However, despite the advances in this technology, preventing the formation of
micro-cracks on the zirconia surface is difficult. The physical properties (e.g., strength) of
the product produced by additive manufacturing are found to be extremely inadequate
for actual clinical application [22]. To resolve this issue, a silane coupling agent can be
added to the suspension for additive manufacturing. The agent combines with the surface
of inorganic fillers or glass fibres that are mixed with the polymer on one side of the
molecules, but has an affinity with the matrix resin on the other side. Dispersibility is
enhanced, and the interfacial adhesiveness among inorganic fillers or between the glass
fibre and matrix polymer improves. An organic coating based on a silane coupling agent
is applied to enhance surface characteristics [23–26]. Its use was found to improve the
strength of each sample. Studies indicate that the silane coupling agent improves the
zirconia surface by promoting properties, such as surface strength and abrasion as well
as friction resistance [27]. More importantly, silane coupling agents reduce the number
of hydroxyl groups on the surface of the modified filler, increasing hydrophobicity and
improving dispersion in polymer matrices and resins. This has been found to improve the
strength of samples by limiting the hydrophilicity of the filler and increasing the reactivity
of the filler or compatibility with the selected polymer depending on the type of silane
functional group [28–31].

Methyltrimethoxysilane (MTMS), an organosilane with one methyl group and three
hydrolyzable methoxy substituents, has been successfully used to impart hydrophobicity
and oleophobicity to a variety of substrates. As previously reported, MTMS controls
the hydrolysis conditions, so that the hydrolysis and coating processes are usually in
simple ambient aqueous conditions, which represents an obvious advantage and is easily
compatible with existing manufacturing processes [32].

In this study, the zirconia suspensions with a volume fraction of 52–56% without
added silane were set as the control group [33], whereas those with the coupling agent
were set as the experimental groups. The groups were prepared to compare the physical
properties of zirconia specimens after sintering based on the incorporation or absence of a
silane coupling agent. The null hypothesis of this study is that there is no difference in the
physical and mechanical properties of the 3D printed zirconia samples with and without
the addition of a silane coupling agent according to volume fraction.

2. Materials and Methods
2.1. Preparation of Zirconia Photocurable Suspension

Commercially available zirconia powder (TZ-3Y, Tosho, Japan) with an average par-
ticle size of 310 nm was used. Three monomers (all obtained from Sigma Aldrich Inc.,
St. Louis, MO, USA), i.e., acrylic resin-based IBA (isobornyl acrylate), HDDA (1,6-hexanediol
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diacrylate), and PNPGDA (propoxylated neopentyl glycol diacrylate), were utilised to
manufacture a photocurable binder. Other additives were a photoinitiator (Irgacure 819,
Ciba Specialty Chemicals, Swiss), a dispersant to improve the dispersibility of zirco-
nia powder binder (BYK-180, BYK Inc., Wesel, Germany), and a silane coupling agent
(methyltrimethoxysilane coupling agent, MTMS, Duksan, Korea). MTMS mixed solution
was prepared by stirring at a mass ratio of ethanol, distilled water, and MTMS (90:8:2) for
1 h. Then, 100 g of zirconia was mixed with the MTMS mixed solution. After adding the
particles, it was ball milled for 24 h and then dried overnight at room temperature. The
physical properties of the silane-modified zirconia particles were evaluated using FT-IR
spectroscopy (Spectrum 400, Perkin Elmer, USA). The silane-modified zirconia powders
were used to prepare suspensions of zirconia volume fractions of 52, 54, and 56 vol%.
A planetary centrifugal mixer (ARV-310, Thinky Corp., Tokyo, Japan) was used to mix
the suspension homogeneously. The groups were mainly divided into Z (control group)
and ZS (experimental group with silane coupling agent); further, it was sub-divided into
three control groups and three experimental groups based on zirconia volume fraction.
The zirconia suspension compositions are summarised in Table 1. The detailed schematic
illustration of the experimental group process was displayed in Figure 1.

Table 1. Experimental groups in this study.

Group Zirconia
Powder

Acrylic Monomers Additive Agents Total
wt (vol)%IBA HDDA PNPGDA Dispersant Silane Coupling Agent

Control
Z52 86.45

(52.00) 9.23 (33.43) 4.32(14.57) 0 100

Z54 87.34
(54.00) 8.29 (30.87) 4.37(15.13) 0 100

Z56 88.19
(56.00) 7.41 (28.32) 4.41(15.68) 0 100

Experimental
ZS52 86.45

(52.00) 8.64 (30.30) 3.27(11.65) 1.64 (6.05) 100

ZS54 87.34
(54.00) 7.68 (27.62) 3.32(12.10) 1.66 (6.28) 100

ZS56 88.19
(56.00) 6.74 (24.94) 3.38(12.54) 1.69 (6.52) 100Materials 2022, 15, x FOR PEER REVIEW 4 of 14 

 

 

  
Figure 1. Schematic illustration of the experimental group process. 
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Octave Light Ltd., Shatin, Hongkong) (Figure 2); the waveband was 385 nm. Zirconia sam-
ples were additively manufactured by setting the thickness of each layer to 50 µm. The 
STL files of samples were designed using a three-dimensional (3D) modelling program 
(Solid Works 2016, Dassault Systemes SOLIDWORKS Corp., Waltham, MA, USA). Each 
sample was fabricated in the form of a disk with diameter and height of 20 and 2 mm, 
respectively. 
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2.2. Zirconia Samples Fabrication Using Additive Manufacturing

A DLP machine was used for light-curing the zirconia suspension (Octave Light R1,
Octave Light Ltd., Shatin, Hongkong) (Figure 2); the waveband was 385 nm. Zirconia sam-
ples were additively manufactured by setting the thickness of each layer to 50 µm. The STL
files of samples were designed using a three-dimensional (3D) modelling program (Solid
Works 2016, Dassault Systemes SOLIDWORKS Corp., Waltham, MA, USA). Each sample
was fabricated in the form of a disk with diameter and height of 20 and 2 mm, respectively.
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2.3. Degreasing and Sintering of Zirconia Samples

The additively manufactured zirconia samples were degreased and sintered using a
sintering machine (DUOTRON PRO ex-6100, Zirconia Sintering Furnace, ADDIN Co., LTD,
Suwon, Korea). The degreasing of each experimental group proceeded as follows. The
temperature was gradually increased by 0.5 ◦C/min until it reached 200 ◦C and maintained
for 1 h. Then, it was increased to 300 ◦C at 0.5 ◦C/min and again held for 1 h. Finally, the
temperature was incrementally increased to 500 ◦C at 0.5 ◦C/min and maintained for 1 h.
After the degreasing process, the sintering process proceeded as follows. The temperature
was gradually increased to 1450 ◦C at 10 ◦C/min and held for 2 h. Then, the samples were
naturally cooled (Figure 3) [26]. The final sintered zirconia samples were 14.5 and 2 mm in
diameter and height, respectively.

2.4. Linear Shrinkage

The linear shrinkage of fabricated zirconia samples (n = 10) was measured using a
vernier calliper (ASTM C 326: 2009). The diameter and height of samples were measured
before and after sintering according to the volume fraction of zirconia. The following
formula is used:

4X = {(X1 − X2)/X1} × 100, (1)

where X1 and X2 are the volume (mm3) of zirconia before and after sintering, respectively.

2.5. Relative Density Measurement

The relative density of zirconia samples was measured according to the volume
fraction with reference to ISO 18754: 2007. After grinding the surface to reduce the influence
of surface roughness, relative density is calculated using the following formula:

ρ = (m1/m3 −m2) × ρ(Liq), (2)
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where m1 is the dry mass (g), m2 is the underwater mass (g), m3 is water mass (g), and ρ(Liq)

is the density of liquid infiltration solution (density of water at room temperature = 1.0 g/m3);
relative density (%) is calculated by (measured density/theoretical density) × 100.
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Figure 3. Sintering process of zirconia specimens (The red arrow indicates the heating rate.).

2.6. Hardness

To measure the hardness of the final sintered zirconia samples (each with a diameter
and height of 14.5 and 2 mm, respectively), these were fixed to multiple diamond plates
and ground under constant pressure using grits in the order #400, #800, #1200, and #2400
(n = 10). The sample surface was finely ground using diamond pastes with 3 µm and
1 µm particles (MP-DS-50-0300, MTDI, Daejeon, Korea). The ground samples were pressed
five times for 12 s with a force of 1 kgf (9.8 N) using a Micro-Vickers hardness tester
(NOVA® 130/240, INNOVATEST, Maastricht, Nederland) to determine the micro-hardness
at each instance.

2.7. Biaxial Flexural Strength

The flexural strength of zirconia samples pertains to the bending stress that the samples
can withstand when pressure is applied to them. The biaxial flexural strength of samples
depending on the volume fraction was measured according to ISO 6872. Ten samples
from each experimental group were measured by loading in a universal testing machine
(RB Model 301 Unitech MTM R&B, Seongnam, Korea). The load was increased at a cross-
head speed of 1 mm/min until the samples were completely fractured. Calculations are
performed using the following formulae:

σ = − 0. 2387P (X − Y)/b2, (3)

X = (1 + v) ln(r2/r3)2 + [(1 − v)/2] (r2/r3) (2), (4)

Y = (1 + v) [1 + ln(r1/r3)2] + (1 − v) (r1/r3) (2), (5)

where σ is the biaxial flexural strength (MPa); P is the maximum load at fracture (Newtons);
b is the sample thickness (mm); v is Poisson’s Ratio (v = 0.25); r1 is the radius of the circle
supporting the load (mm); r2 is the radius of the circle to which the load is applied (mm);
and r3 is the sample radius (mm).
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2.8. Evaluation of Microstructure of Final Sintered Zirconia Samples

To observe the microstructure of zirconia samples, their surfaces were ground using
diamond pastes with 3 µm and 1 µm particles (MP-DS-50-0300, MTDI, Daejeon, Korea).
Then, they were cleaned with alcohol and distilled water in an ultrasonic cleaner (JAC-2010,
KODO Technical Research Co., Hwaseong, Korea) for 20 min. To observe the cross-section,
the samples were cleaned with alcohol and distilled water for 20 min. The platinum coating
was applied to sample surfaces using a sputter coater (108 Auto, Cressington Scientific
Instruments, Ltd., Oxhey, UK). After coating, the zirconia sample layers were observed
using a scanning electron microscope (FE-SEM, JEOL, JSM-7500F, Tokyo, Japan).

2.9. Statistical Analysis

The sample size was evaluated using G-Power 3.1 software (University of Dusseldorf,
Dusseldorf, Germany) [5]. The experimental results were statistically processed by one-way
analysis of variance using the SPSS software package (SPSS Version 20.0, SPSS Inc., Chicago,
IL, USA), and post tested with the Tukey HSD test. All results were tested for statistical
significance with p < 0.05.

3. Results
3.1. FT-IR Analysis

FT-IR spectroscopy was performed to determine the organic characterization, i.e., the
effect of silanization of zirconia particles. As shown in Figure 4, the stretching vibration
of -CH appears at 2983 cm−1 and 2900 cm−1, respectively. The bending vibration of –CH
is 1405 cm−1. At 1270 cm−1 the stretching vibration of C–O appears, while the stretching
vibration of –Si–O– attached to the –CH is at 1052 cm−1, the stretching vibration of –O–O–
appears at 890 cm−1. From the results, it was confirmed that the zirconia particles were
treated with the silane coupling agent, and a zirconia slurry was prepared using the treated
powder.
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3.2. Linear Shrinkage

The linear shrinkage of additively manufactured zirconia samples was measured
according to the zirconia volume fraction by comparing them before and after sintering
(Table 2 and Figure 5).
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Table 2. Average linear shrinkage of printed zirconia sample.

Groups
Linear Shrinkage (%)

Control Experimental

Z52 19.20 ± 0.31 19.14 ± 0.17
Z54 19.31 ± 0.23 19.23 ± 0.20
Z56 19.15 ± 0.29 19.21 ± 0.09
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Figure 5. Comparison of linear shrinkage between control and experimental groups after
final sintering.

In the previous experiment, the shrinkage range of zirconia powder samples sintered
at 1200–1400 ◦C was 19–20%; consequently, the average linear shrinkage of zirconia ceramic
was found to be 18–25% [11]. The linear contraction rate of experimental and control groups
exhibited a constant pattern of approximately 18–20%; however, no significant difference
in the contraction rate between the two groups was observed. Moreover, it should be noted
that in all groups, linear shrinkage was greater in height than in diameter. This is attributed
to the occurrence of linear shrinkage in sample height during sintering, indicating that the
action of gravitational force on height exceeds the effect of this force on diameter. Moreover,
the greater linear shrinkage in height than in diameter was presumed to occur because
the evaporation of resin in each layer at high temperatures caused the shrinkage of air
gaps [34,35].

3.3. Relative Density

The relative density values of additively manufactured zirconia samples in control
groups and experimental groups are shown in Table 3 and Figure 6.

Table 3. Relative density of printed zirconia; different letters represent significant differences
(p < 0.05).

Groups
Relative Density (%)

Control Experimental

Z52 94.89 ± 0.35 a 19.14 ± 0.09 a

Z54 95.65 ± 0.67 b 19.06 ± 0.10 b

Z56 96.15 ± 0.59 c 19.05 ± 0.03 d
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Figure 6. Comparison of relative density between control and experimental groups; different letters
represent significant differences (p < 0.05).

The difference between Z52, Z54, and Z56 was significant (p < 0.05). As for the
experimental groups, the difference between ZS54 and ZS56 was insignificant, whereas
that between these two and ZS52 was significant. Based on the addition of silane coupling
agent, the difference between Z52 and ZS52 and that between Z54 and ZS54 did not
significantly differ; however, a significant difference between Z56 and ZS56 (p > 0.05) was
observed. Regardless of whether the silane coupling agent was added to the samples, the
relative density increased as the volume fraction of zirconia increased. However, when
a high-volume fraction of zirconia was added, density was further increased with the
addition of a silane coupling agent. The silane coupling agent was presumed to enable the
homogeneous dispersion of zirconia particles in the suspension. As a result, density was
evenly distributed during particle growth [36]. The higher the relative density, the higher
the sample density; hence, mechanical properties, such as strength, can be enhanced.

3.4. Hardness Measurement

The Vickers hardness evaluation results of control and experimental groups were
shown in Table 4 and Figure 7.

Table 4. Vickers hardness of printed zirconia; different letters represent significant differences
(p < 0.05).

Groups
Vickers hardness (HV)

Control Experimental

Z52 1573 ± 21.31 a 1666 ± 14.61 d

Z54 1648 ± 48.17 b 1748 ± 20.33 e

Z56 1777 ± 22.19 c 1848 ± 24.04 f
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Figure 7. Comparison of Vickers hardness between control and experimental groups; different letters
represent significant differences (p < 0.05).

All experimental groups significantly differed in average hardness (p < 0.05). All
zirconia samples exhibited significant variations in Vickers average hardness (p < 0.05).
Group ZS56, which had a zirconia volume fraction of 56 vol% and contained a silane
coupling agent, exhibited the highest hardness value; it was followed by Z56, ZS54, ZS52,
Z54, and Z52. The hardness values among these groups significantly differed (Figure 5).
The addition of silane coupling agents to the samples promoted the homogeneous commix-
ture of organic (photocurable polymers) and inorganic (zirconia) substances. As a result,
dispersibility improved and hardness increased [21,28,36].

3.5. Biaxial Flexural Strength

From the biaxial flexural strength measurement of samples, the average biaxial flexural
strength was displayed in Table 5 and Figure 8.

Table 5. Vickers hardness of printed zirconia; different letters represent significant differences
(p < 0.05).

Group
Flexural Strength (MPa)

Control Experimental

Z52 346 ± 6.96 a 368 ± 8.62 d

Z54 384 ± 3.68 b 407 ± 8.87 e

Z56 407 ± 8.73 c 433 ± 3.27 f
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Figure 8. Comparison of biaxial flexural strength between control and experimental groups; different
letters represent significant differences (p < 0.05).

The biaxial flexural strengths between Z52 and ZS52, between Z54 and ZS54, and
between Z56 and ZS56 significantly differed according to the added silane coupling agent
(p <0.05). Similar to the results of Vickers hardness measurement, the following results
are attributed to the commixture of photocuring polymer and zirconia promoted by the
addition of a silane coupling agent, thereby increasing dispersibility [37]. Accordingly, the
biaxial flexural strength of groups with the silane coupling agent increased.

3.6. Microstructure Evaluation

The fractured sections of additively manufactured zirconia samples were observed
using the scanning electron microscope for microstructure evaluation according to the
zirconia volume fraction (Figure 9). The layers of additively manufactured zirconia samples
were examined through this observation. The smaller the zirconia volume fraction, the
more air gaps were observed (red arrows in Figure 9). The variations in relative density
measurements were confirmed to be caused by these air gaps.

These observations are considered to support the measurements of low density and
strength because of the occurrence of numerous air gaps in groups with no added silane
coupling agent. In addition, the air gaps in groups with the added silane coupling agent
were smaller in size compared with those in groups with no added coupling agent.

The images of the layers of additively manufactured zirconia samples were captured
through scanning electron microscopy. The layers were observed to be smaller and more
constant in groups with the added silane coupling agent compared with those without the
agent. Moreover, the proportion of air gaps caused by the debinding of zirconia samples
during sintering was found to decrease and then remain constant. If the air gaps were not
constant, micro-cracks were more likely to occur due to external forces that may degrade
strength, hardness, and physical properties [33,38]. If zirconia-based prostheses are applied
in actual dental clinical practice, the foregoing can increase the possibility of prosthesis
breakage caused by the masticatory force of patients.

Therefore, considering that the air gaps are reduced and remain constant, improved
strength can be expected from additively manufactured zirconia with the added silane
coupling agent.

This study demonstrated the effect of silane on the volume fraction of zirconia. How-
ever, future experiments are needed to evaluate the dispersion of the silane-modified
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zirconia particles in the suspension by varying experimental parameters associated with
the salinisation of zirconia particles, such as pH, solution composition, and hydrolysis time.
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Figure 9. FE-SEM images of microstructure and layer-by-layer observation of the final sintered
zirconia specimen (Red arrows indicate microcracks and pores).

4. Conclusions

In this study, the preparation of zirconia suspensions with the addition of a silane
coupling agent (approximately 2% of zirconia volume fraction) for DLP additive manufac-
turing technology has been demonstrated. It was established that the density of the printed
zirconia samples significantly increased with an increase in the zirconia volume fraction
(52, 54, and 56 vol%). Interestingly, the experimental group (ZS56) with the addition of
silane coupling agent to the suspension of 56 vol% exhibits improved strength and hard-
ness (5–6%) compared to those without silane coupling agent (control group). However,
it is essential to focus future research activities on enhancing the dispersibility of zirconia
suspension using the silane coupling agent for DLP printing. In future experiments, we
plan to evaluate the dispersion stability of the zirconia suspension by varying conditions,
such as pH control, solution composition, and hydrolysis time, for the encapsulation of the
zirconia particles with the silane coupling agent.
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Abstract: Stereolithography (SL) can fabricate complex ceramic parts layer by layer using computer-
aided design (CAD) models. The traditional SL system utilizes a vat filled with ceramic slurry
with a high solid content, which for ceramics contributes to several limitations and operational
difficulties, and further renders it nonrecyclable mainly due to the presence of printed residue and
its high viscosity. In this study, we utilized a continuous film supply (CFS) system integrated with
a tape-casting type digital light processing (DLP) printer to fabricate zirconia prototypes with a
solid content of 45 volume percent (vol.%). Various printing and postprocessing parameters were
studied for optimization, to achieve a relative density of 99.02% ± 0.08% with a microhardness
of 12.59 ± 0.47 GPa. Slurry reusability was also demonstrated by printing with recycled slurry to
produce consistent relative density values in the range of 98.86% ± 0.02% to 98.94% ± 0.03%. This
method provides new opportunities for material recycling and the fabrication of dense complex
ceramic products, reducing the consumption of the material.

Keywords: zirconia; digital light processing; continuous film supply; recyclable slurry

1. Introduction

Zirconia ceramics provide unique properties in the field of biomedical applications.
They demonstrate a low affinity to bacterial plaque, limit inflammatory infiltration, and
provide good soft-tissue integration. However, compared to metals and polymers, high-
strength ceramics such as zirconia are relatively difficult to process into intricate and
complex structures via subtractive machining. Additive manufacturing (AM) fabricates
three-dimensional (3D) objects based on computer-aided design (CAD) models by deposit-
ing printable materials layer by layer. The AM process can produce a variety of complex
and intricate geometrical shapes simultaneously in a single workflow, without wasting
machining tools and production time. With all these benefits, additively manufactured ce-
ramic products are available using various technologies such as binder jetting, powder bed
fusion, material extrusion, and vat polymerization [1–3]. Stereolithography (SL) or digital
light processing (DLP) projector-based vat polymerization has especially high production
accuracy and an excellent surface finish [4–8].

In vat-polymerization-based AM processes using ceramics, a high solid loading is re-
quired to fabricate fully dense ceramic objects, causing the aggregation of ceramic particles
in the slurry and resulting in a high viscosity [9–11]. High viscosity produces challenges
in maintaining accurate layer thickness and proper degassing. Although viscosity can
be reduced by the use of diluents or temperature control, this is limited, as diluents can
have adverse effects on the final density and produce high sintering shrinkage [12–17]. In
addition, the recoating of the ceramic layer material during the printing recoating requires
slurry of a low viscosity [18–21]. The homogenous temperature control of the whole vat
area may help control the viscosity, though this is a challenging process [22].
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Another major issue in vat polymerization with ceramics is light scattering by ceramic
particles, resulting in the unwanted overgrowth of features that not only affects cure depth
but also causes unexpected curing in bilateral directions [15,23–27]. Furthermore, the
green printed state of ceramic material is fragile and lacking in the strength required to
absorb the stresses involved in printing, making it susceptible to breakage during print-
ing [28]. The presence of detached cured layers or partially failed samples in the vat poses
hindrances for further printing, making the remaining slurry potentially non-reusable.
Overall, vat polymerization faces many challenges in the slurry dispensing system, which
cannot accommodate a higher viscosity without wasting slurry and processing time [29].
As an alternative method to vat polymerization, tape-casting-based additive manufactur-
ing [22,24,28] can be utilized to build up ceramic materials layer by layer. It uses a casting
head that acts as both a slurry reservoir and a material dispensing system. It is usually
comprised of a single doctor blade that shears the slurry into a thin film onto a tape passing
below the blades, providing a continuous film with uniform thickness [28]. It can also
accommodate relatively higher-viscosity ceramics [28].

The purpose of this study was to produce high-density zirconia prototypes using
a tape-casting type DLP printer with a continuous film supply by the optimization of
processing parameters, and to evaluate the recycling efficiency of the system. The zirconia
ceramic slurry used in this AM was characterized and processed for the complete printing
workflow. The viscosity, film thickness, slurry recycling efficiency, thermogravimetry,
shrinkage rate, density, and microhardness were assessed to evaluate the performance of
the printing system.

2. Materials and Methods
2.1. Printer Design and Processing

A modified version of a Onestage 6500 (Illuminaid Inc., Seoul, Korea) printer with
a DLP projector was utilized for this research. The printer provides a continuous film of
slurry to be printed in layers and is referred to as the “continuous film supply (CFS) system”
throughout this study. The schematic design for this printing machine is shown in Figure 1.
It mainly consists of a transparent hydrophobic tape conveyor coated with silicone material
that moves from one roller to the other, passing through a casting head with dual doctor
blades, a build platform, and a recycling blade. The film recoating thickness is controlled by
physically controlling the double doctor blades and rolling speed. The projector installed
in the DLP has an LED light source with a maximum irradiance of 5.19 mW/cm2 at a peak
wavelength of 405 nm.
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Figure 1. Schematic of the continuous film supply system with digital light processing during the three-dimensional
printing process.

The system worked in sequences running successively, one after another. The first
sequence initiated the rollers to move the tape for a set distance at a controlled speed, such
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that the slurry-recoated film arrived just under the build platform. The second sequence
moved the build stage down to a set distance at a controlled speed, and decelerated close
to its destination on the glass plate. The third sequence controlled the curing times for each
designated set of layers of the whole process. The fourth sequence moved the platform
up and the glass plate down, and finally, the manufacturing process repeated from the
first sequence again. After hardening the selective area of the layer on the platform, the
unused slurry was left on the tape. The unused slurry was peeled off from the tape using
the recycling blade, where slurry flowed downward into the recycled-slurry collector
after passing through a mesh of 100 µm to remove any agglomerations produced during
printing, such as detached layers or damaged samples.

2.2. Slurry Preparation

A solvent-free photocurable ceramic suspension was formulated, containing high-
purity ceramic powder dispersed in an organic resin composed of two multifunctional
acrylate monomers, two photoinitiators, and some processing additives. A 3 mol % yttria-
stabilized zirconia powder (TZ-3YS-E, Tosoh Corp, Tokyo, Japan) with an average particle
size of 90 nm was used for this slurry. The zirconia ceramic powder was coated with a
dispersant by ball milling in ethanol for 5 h and then dried in a vacuum oven at 30 ◦C. A
nonvolatile hydroxy-functional ester-based dispersant was chosen for the zirconia ceramic
suspension, based on the surface chemistry of the ceramic powder and resin. For this
research, a ceramic suspension with a solid loading of 45 vol.% was prepared to balance the
required density and printable viscosity. A suspension with a solid loading of 44.65 vol.%
was chosen for the recycling experiment to ease the filtration and recycling process. The
prepared ceramic suspension (slurry) was further homogenized before printing with a
planetary centrifugal mixer (Thinky, ARE-310, Tokyo, Japan). The degassing process was
then conducted in a −0.1 MPa vacuum for 5 min. The homogenization and degassing
processes were also carried out for the recycled slurry.

2.3. Specimen 3D Printing

The 3D printing of each specimen was performed according to the sequence mentioned
above. The layer thickness was kept at 50 µm for this research. An exposure energy of
20.76 mJ/cm2 was applied to print each layer except for the first five layers, to which
62.28 mJ/cm2 was applied [30,31]. Other parameters used are mentioned in Table 1. The
wait time mentioned in the table refers to the time the build platform spent on the slurry
film just before and after curing, without changing its position. A standard tessellation
language (STL) file format was used as a CAD model (Figure 2) with specimen dimensions
of 7 × 7 × 4 mm3 scaled linearly in all dimensions, considering compensation for the
overgrowth percentage and sintering shrinkage.

Table 1. Several parameters used for printing.

Parameter Value

Wait time before curing 12 s
Wait time after curing 5 s

Tape speed 8 mm/s
Build platform speed (z-direction) 1 mm/s

Height of first blade 1 mm
Height of second blade 0.2 mm
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Figure 2. A standard tessellation language file image for the standard specimens to be printed.

2.4. Postprocessing

All the printed specimens were cleaned using isopropanol through a handheld atom-
izing spray. Debinding was performed using an atmosphere type 1 furnace (PT-17EF022,
PyroTech, Gyeonggi-do, Suwon si, Korea) in an argon atmosphere with a heating rate of
10 ◦C/h until 600 ◦C, with a dwell time of 2 h. A stairway approach to 600 ◦C was used
with several holding temperatures, following derivative thermogravimetry analysis data.
The sintering process was conducted in air at 1550 ◦C for 2 h with a heating rate of 2.5 ◦C/h,
shown in Figure 3, using a Super Kanthal furnace (AJ-SKB6, Ajeon, Gyeonggi-do, Suwon si,
Korea). The weight percent values of the solid loading of the specimens printed using the
original ceramic slurry and the recycled slurry were measured from the weight difference
between the specimens after debinding and sintering.
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2.5. Viscosity Analysis

The viscosity of 2 mL of the ceramic slurry after degassing was measured at 30, 40, 50,
and 60 ◦C using a rotational rheometer (TA Instruments, ARES-G2, New Castle, DE, USA).
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2.6. Film Thickness Analysis of Slurry

The film thickness was measured using a micrometer (293-240-30, Mitutoyo, Kawasaki,
Japan) with an accuracy of ±1 µm. The whole film above the projector was hardened and
an average value was taken after taking measurements across the width. Measurement was
repeated 5 times to calculate standard deviation and maintain a consistent slurry amount
behind the blade.

2.7. Thermogravimetric Analysis

Simultaneous thermogravimetric–derivative thermogravimetry analysis (TG-DTG)
was conducted using an analyzer device (SDT-Q600, TA Instrument, New Castle, DE, USA)
on a printed cubic specimen with a size of 3 × 3 × 3 mm3, in argon atmosphere, and with
a 1 ◦C/min temperature gradient from room temperature to 600 ◦C.

2.8. Density Analysis

The density of the printed specimen was characterized via the Archimedean principle
using 10 replicates and an analytical balance (Adam Equipment, SAB 125i, Oxford, CT,
USA) with readability of 10 µg. For recycled slurry, five replicates were used due to the
limited amount of recycled slurry.

2.9. Microhardness Testing

The microhardness test value was measured by determining the Vickers hardness
(Shimadzu, HMV-2, Kyoto, Japan) on mirror-polished cross-sections of the specimens,
according to ASTM C1327-15 [32]. A loading force of 9.81 N was applied for 10 s, and the
diagonals were measured through a ×40 objective lens. A total of 10 specimens were tested
with at least 5 indents each, and the average value for those indents was considered as the
final hardness value of each specimen.

2.10. Microstructure Analysis

The microstructure analysis was performed through a field-emission scanning electron
microscope (AURIGA, Carl Zeiss, Oberkochen, Germany) on platinum-coated specimens
with a coating thickness of 5 nm. The analysis was carried out on the fine-polished cross-
sections of both as-printed specimens and sintered specimens after thermal etching at
1450 ◦C for 40 min. The grain size was measured for 5 sintered samples, printed in separate
batches, by the linear intercept method with a conversion factor of 1.56 [33].

3. Results and Discussion
3.1. Viscosity Analysis

Slurry with a 45 vol.% solid loading of zirconia coated with dispersant was tested at
four different temperatures; however, it was found that the slurry started to thermally cure
at temperatures higher than 60 ◦C. At around 60 ◦C, the slurry started to show signs of
thermal curing and formed agglomerates which started to collect in the recycling mesh. The
viscosity seemed to decrease exponentially with rising temperatures (Figure 4a). Viscosity
decreased by a factor of four from 57 Pa·s at 30 ◦C to 13 Pa·s at 50 ◦C. The effect of the
dispersant also played a role in this decrease in viscosity at higher temperatures, as the
dispersant is most effective at temperatures higher than 30 ◦C. A working temperature of
50 ◦C was chosen, considering the lowest available viscosity without the possibility of the
thermal curing of the slurry. The doctor blade requires a suitable viscosity range to make
a homogenous film. To control and increase the printable viscosity range, temperature
control and a proper dispersant of an optimized amount are essential [22,34]. The casting
head, which acts as a slurry reservoir, has a hot plate below it to control temperature.
Furthermore, a diluent can also be used to drastically reduce the viscosity; however, to
avoid higher sintering shrinkage and to retain sufficient viscosity for the doctor blade, a
diluent was not used.
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on the viscosity of zirconia slurry at 50 ◦C.

At 50 ◦C, the viscosity was also tested with varying shear rates (Figure 4b). The
viscosity decreased from 12.26 × 103 mPa·s at 3 s−1 to 96.95 mPa·s at 160 s−1. The
flow curve was consistent with non-Newtonian flow behavior and showed pseudoplastic
behavior. Considering that the tape velocity under the casting head was 8 mm/s, the
viscosity was found to be in a suitable range for the doctor blades to sufficiently coat the
slurry film at a uniform thickness.

3.2. Film Thickness of Slurry

Figure 5 shows the effect of the amount of slurry in the casting head behind the blades
on the coated film thickness. It shows two trends, with the first trend (dotted) starting with
100% of the slurry reservoir filled with slurry and the second trend (solid) starting from
10% slurry. The dotted line depicts the natural process of recoating during printing with
the slurry amount reducing as printing continues. The solid line depicts a trend when,
at any point during printing, the reservoir was filled again with fresh or recycled slurry.
Considering the dotted line, the film thickness stayed consistent with a mean difference of
5 ± 1 µm from slurry amounts of 100% (149 ± 2 µm) to 25% (154 ± 2 µm). For the solid
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line, the mean film thickness was between 86 ± 3 µm and 90 ± 3 µm, when the slurry
amount varied from 20% to 100%, respectively. If a partial area was observed in the case of
refill, the mean difference in film thickness was 4 ± 2 µm.
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First with ascending level (solid line); second with descending level (dotted line).

Film thickness depends on the viscosity, hydrodynamic pressure, tape speed, width of
the blades, and density of the slurry [24,35,36]. Viscosity plays an important role and can
change the flow pattern of slurry in diverse ways; however, with a consistent viscosity, the
flow pattern changes with both Newtonian and non-Newtonian fluids only slightly [37].
In this study, the CFS utilized a dual-blade casting head, which in cases of variation in
the slurry amount behind the first blade causes a minor change in film thickness if a
sufficient tape velocity is maintained [38,39]. However, in the case of a non-steady state, the
effect of slurry addition for the completion of the printing process (recycling) on the film
thickness is also important. This addition of slurry, at any time, causes a sudden change
in hydrodynamic pressure behind the blades, which can eventually affect film thickness.
The effect of refilling the casting head was minute changes in film thickness unless it fell
below a certain slurry height, which, in our case, was determined to be less than 25%
(10 mm) of the total capacity. Layer thickness was controlled by the position of the build
platform before curing. The build platform maintained its height for the programmed layer
thickness. Recoated film was always fabricated 50–80 µm higher than the programmed
layer thickness for compensation, which was then pushed out by compression by the build
plate, to cure the exact layer thickness. Considering this alternative film recoating system
of the doctor blades, the accurate layer thickness could be maintained in highly viscous
slurry conditions, even when the slurry was below 10% capacity of the casting head, by the
use of compensation. The excess slurry lost on the film was recovered by recycling.

3.3. Thermogravimetric Analysis

Postprocessing after cleaning and drying started with binder burnout, which was
carried out separately from sintering to check the effectiveness of the binder burnout
and diagnose the initiation of possible thermal cracks. The derivative of weight (DW)
curve shown in Figure 6 exhibits a sequence of peaks that indicate the presence of many
phase changes during thermal degradation. Even though there are three distinctive peaks
between 300 and 500 ◦C, their lower portions overlap with each other, which could, in some
cases, hide smaller peaks in the overlapped regions. This makes the debinding process in
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this temperature zone heat sensitive, and it requires a comparatively lower heating rate.
Considering the overlapping peaks in the DW curve, a heating rate of 10 ◦C/h in argon
was utilized to eliminate thermal cracks, as an air atmosphere was found to cause thermal
cracks after debinding, even at a slower heating rate of 5 ◦C/h.
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Oxidative degradation produced mainly gaseous products that, under hindered dif-
fusion, can create microcracks and blisters due to the pressure buildup of gas inside the
sample. In the case of thermal degradation, polymer chains break down by chain scission
with byproducts including carbon black, carbon monoxide, ammonia aliphatic amines,
ketones, nitriles, and hydrogen cyanide [40]. Thermal degradation involves the removal of
functional groups one after the other to leave behind only carbon black. Thermal degra-
dation is a much slower process, and can be considered more sensitive as compared to
oxidative degradation when crack formation during post-processes is compared. To avoid
thermal stresses and cracks in sintered products, debinding was performed in an argon
environment.

3.4. Densification

After cleaning, drying was performed at room temperature and no observable drying
shrinkage was detected. In this study, 45 vol.% was the optimum solid loading in the argon
atmosphere to achieve a relative densification of 99.02% ± 0.08% (5.99 ± 0.01 g/cm3) for
zirconia. Linear shrinkage is shown in Table 2, which indicates homogenous sintering
with shape retention and a lack of deformation during post-processing. Uniform sintering
shrinkage in all dimensions is essential for any application, especially to produce an
accurate final product. The shrinkage rate of 20–25% was within the normal limits for
traditional CAD/CAM pre-sintered zirconia blocks [41,42].

Table 2. Sintering shrinkage in all directions.

X-Direction (%) Y-Direction (%) Z-Direction (%)

22.59 ± 0.19 22.48 ± 0.15 22.56 ± 0.11

3.5. Slurry Recycling Efficiency

All the residual slurry remaining on the tape was recycled after filtration and could be
recycled again and used to refill the casting head after degassing for continuous printing.
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The characterization of samples printed using recycled slurry is given in Table 3. The
results showed that there was a change in solid loading of 0.12 weight percent for the first
recycling instance, and 0.26 weight percent for the second recycling instance. Changes in
solid loading for recycled slurry can be explained by considering scattering agglomeration,
which is the curing of slurry present near the exposed light area by light scattered by
ceramic powder [24,43,44]. However, such a minute change in weight percent in a high-
solid-load slurry was negligible. This was evident in the relative density of samples
prepared only by using recycled slurry unmixed with fresh slurry, as there was only a
slight change in density, making printing possible even after two instances of recycling. In
practice, recycled slurry is mixed with the fresh slurry already present in the casting head,
which can reduce solid loading changes further.

Table 3. Change in properties with recycling.

Properties First Use Recycled Once Recycled Twice Recycled Thrice

Weight percent (%) 81.32 ± 0.03 81.44 ± 0.04 81.58 ± 0.06 81.61 ± 0.02
Relative Density (%) 98.89 ± 0.03 98.86 ± 0.02 98.94 ± 0.03 98.91 ± 0.03

3.6. Microhardness Test

Sintered specimens showed an average microhardness of 12.59 ± 0.47 GPa. As
observed from Figure 7, the shape of the indent was symmetrical, the cracks produced
at the corners of the square pyramid were linear, and it was well within the range of
acceptable indentation by ASTM. Only indents producing Palmqvist cracks were measured
for diagonals, and unsymmetrical indents were ignored during the measurement. The
indentation seemed to include microporosity, as seen inside the pyramid; however, the
porosity was not large enough to deform the indentation. A microhardness of over 12 GPa
at 45 vol.% solid loading was well within the reported value produced by the additive
manufacturing and conventional subtractive machining of zirconia plates [45,46].
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tion, which is the curing of slurry present near the exposed light area by light scattered by 
ceramic powder [24,43,44]. However, such a minute change in weight percent in a high-
solid-load slurry was negligible. This was evident in the relative density of samples pre-
pared only by using recycled slurry unmixed with fresh slurry, as there was only a slight 
change in density, making printing possible even after two instances of recycling. In prac-
tice, recycled slurry is mixed with the fresh slurry already present in the casting head, 
which can reduce solid loading changes further. 
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3.6. Microhardness Test 
Sintered specimens showed an average microhardness of 12.59 ± 0.47 GPa. As ob-

served from Figure 7, the shape of the indent was symmetrical, the cracks produced at the 
corners of the square pyramid were linear, and it was well within the range of acceptable 
indentation by ASTM. Only indents producing Palmqvist cracks were measured for diag-
onals, and unsymmetrical indents were ignored during the measurement. The indentation 
seemed to include microporosity, as seen inside the pyramid; however, the porosity was 
not large enough to deform the indentation. A microhardness of over 12 GPa at 45 vol.% 
solid loading was well within the reported value produced by the additive manufacturing 
and conventional subtractive machining of zirconia plates [45,46]. 

 
Figure 7. Indent at 1000× magnification, for reference. 

  

Figure 7. Indent at 1000× magnification, for reference.

3.7. Microstructure Analysis

The sintered cross-section did not show any signs of boundaries between layers, which
were visible before debinding, as seen in Figure 8. This disappearance of layer boundaries
after sintering is not common among traditional vat-polymerization printed parts. The
disappearance of layer boundaries, after sintering and attaining a relative density of more
than 99% at 45 vol.%, showed that tape casting produced compact as-printed objects. The
DLP with CFS system showed promise in producing dense structures. The as-printed
specimen is shown in Figure 9a as an example of printability. Furthermore, at 30,000×
magnification the microstructure showed a mean grain size of 644 ± 20 nm and was densely
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packed, as evident in Figure 9b. However, further refinement of the grain size could be
achieved by increasing solid loading and decreasing the sintering temperature.
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Figure 9. (a) As-printed and sintered samples for reference; (b) microstructure of the polished
cross-section of 45 vol.% solid loaded zirconia at 30,000×.

4. Conclusions

Based on this study, the tape casting DLP printing with CFS is a capable alternative
to vat polymerization to print dense zirconia prototypes using high-viscosity slurry. An
appropriate dispersant and working temperature were necessary to achieve printable
viscosity. Consistency of film thickness on the tape, throughout the whole printing process,
was imperative for the DLP with CFS. Dual doctor blades were found to produce a film
thickness well above the overall set layer thickness. Using the DLP with CFS, a 45 vol.%
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solid loaded 3Y-TZP slurry was used to fabricate ceramic products of a homogenous
microstructure, with a relative density of 99.02% ± 0.08% and a mean grain size of 644
± 20 nm after postprocessing. The microhardness value of the ceramic product was
12.59 ± 0.47 GPa. Furthermore, the DLP with CFS can effectively recycle and reuse
slurry, providing a consistent density for at least two instances of recycling, making it a
competitive alternative to conventional processing techniques for the fabrication of dense
ceramic products.
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Abstract: Background: The clinical use of zirconia implants has been shown to increase steadily due to
their biological, aesthetic, and physical properties; therefore, this bibliometric study aimed to review
the clinical research and co-authors in the field of zirconia dental implant rehabilitation. Methods:
We searched Scopus and Web of Science databases using a comprehensive search strategy to 5 October
2020, and independently paired reviewers who screened studies, and collected data with inclusion
criteria restricted to clinical research only (either prospective or retrospective). Data on article title,
co-authors, number of citations received, journal details, publication year, country and institution
involved, funding, study design, marginal bone loss, survival rate, failure, follow-up, and the author’s
bibliometric data were collected and evaluated. Results: A total of 29 clinical studies were published
between 2008 and 2020 as 41.4% were prospective cohort studies and 48.3% originated from Germany.
Most of the included studies had been published in Clinical Oral Implant Research (n = 12), and the
most productive institution was the Medical Center of University of Freiburg. The author with the
largest number of clinical studies on zirconia implants was Kohal R.J. (n = 10), followed by Spies B.C.
(n = 8). Conclusions: This study revealed that zirconia implants have been more prominent in the last
ten years, which is a valuable option for oral rehabilitation with marginal bone loss and survival rate
comparable to titanium dental implants.

Keywords: zirconia implant; bibliometrics; citations; scientometric

1. Introduction

The clinical application of dental implant rehabilitation represents consolidated effectiveness in the
literature due to long-term predictability and high-level satisfactory functioning and aesthetics [1–4].
Titanium alloys are the most widely used biomaterials for dental implant fixtures due to their physical,
chemical, and thermal properties, which produce the osseointegrating ability of the fixture placed to
replace the natural teeth [2,5–12].

Recently, the use of zirconia as an implant material has become more prevalent due to its high
aesthetic characteristics, particularly in the rehabilitation of the compromised anterior jaw area,
where there is fine soft-tissue biotype and the metal sensibility of the patients [13–15].
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In fact, the literature reports that the titanium ion dissolution related to the implant corrosion could
alter the natural oral microbiome and the homeostatic functional balance of the oral tissues [16–20].

On the contrary, it has been shown in vitro that the zirconia surface can lead to a significant
decrease in periodontal pathogen adhesion compared to the titanium surface [21], alongside similar
bone–implant contact compared to the titanium fixture with an almost overlapping range [22].

Additionally, Scarano et al. reported in a rabbit study that zirconia implants had about 68.4%
bone–implant contact with evidence of contact osteogenesis without fibrous tissue interposition [23].

Zirconia material is distinguished by its clear ivory appearance, which is very similar to the
natural color of the teeth and is characterized by an intrinsic strength and physical resistance to the
loading [24–26]; as a result, it has been introduced as a restorative material for dental crowns, bars,
abutments, and specially designed drills and burs [26–34]. Therefore, zirconia has recently gained
further attention in the scientific community by growing research activities to confirm the clinical
effectiveness of zirconia as a dental implant material.

Although citations are not an infallible metric to determine whether research is beneficial to
researchers and clinicians, citations and citation analysis can quantify an article’s influence, author,
subject of debate, country, journal, or a specialty [35,36]. Based on citation analysis, the bibliometric
analysis aims to provide information about the trend in a research field and demonstrates its growth
and development [37]; the number of citations received, researcher H-index, and journal impact factor
are the most common bibliometric evaluation variables and considered as a scientific productivity
score for the scientometric evaluation [38].

With the significant increase in the published articles on dental implants, recognizing trends
and advances in a research field is critical and relevant to the needs of dental practitioners and
researchers [39,40]. In this sense, bibliometric analysis is a useful tool for this purpose [41,42].

As far as we know, the trends and advances in zirconia dental implants have not been studied
before; hence this study aimed to evaluate the bibliometric output of clinical research and co-authors
in the field of zirconia dental implant rehabilitations.

2. Materials and Methods

We reported this bibliometric study in compliance with the Standards for Reporting Qualitative
Research (SRQR) [43] and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [44].

2.1. Search Strategy

An online literature search was conducted in Elsevier’s Scopus and Clarivate Analytics’ Web of
Science (WoS) until 5 October 2020. We used the medical terms (MeSH) feature in the Cochrane Library
to obtain the available synonyms for our search terms to create a detailed search strategy (Table 1).

Table 1. Search strategy used for each database.

Scopus

TITLE-ABS-KEY (“Zirconia” OR “Zirconium” OR “Zircon*”) AND TITLE-ABS-KEY
(“Dental implant” OR “Dental implants” OR “Oral implant” OR “Oral implants” OR
“Implant dentistry” OR “Dental implantology” OR “Dental Implantation” OR
“Osseointegrated” OR “Osseointegrated Dental Implantation”) AND TITLE-ABS-KEY
(“Intervention Study” OR “Clinical Trial” OR “Controlled Clinical Trial” OR “Randomized
Controlled Trials OR “Non-Randomized Clinical Trial” OR “Nonrandomized Clinical Trial”
OR “Quasi-Experimental” OR “Observational Study” OR “Prospective Study” OR
“Prospective” OR “Retrospective Study” OR “Retrospective” OR “Comparative Study” OR
“Multicenter Studies” OR “Epidemiologic Study” OR “Epidemiological Studies” OR
“Cohort Study” OR “Case Studies” OR “Follow-Up Study” OR “Case-Control Study” OR
“Case Report” OR “Case Series” OR “Pilot Study”)
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Table 1. Cont.

Web of Science

TS = (“Zirconia” OR “Zirconium” OR “Zircon*”) AND TS = (“Dental implant” OR
“Dental implants” OR “Oral implant” OR “Oral implants” OR “Implant dentistry” OR “Dental
implantology” OR “Dental Implantation” OR “Osseointegrated” OR “Osseointegrated Dental
Implantation”) AND TS = (“Intervention Study” OR “Clinical Trial” OR “Controlled Clinical
Trial OR “Randomized Controlled Trials” OR “Non-Randomized Clinical Trial” OR
“Nonrandomized Clinical Trial” OR “Quasi-Experimental” OR “Observational Study” OR
“Prospective Study” OR “Prospective” OR “Retrospective Study” OR “Retrospective” OR
“Comparative Study” OR “Multicenter Studies” OR “Epidemiologic Study” OR
“Epidemiological Studies” OR “Cohort Study” OR “Case Studies” OR “Follow-Up Study” OR
“Case-Control Study” OR “Case Report” OR “Case Series” OR “Pilot Study”)
Timespan: All years. Databases: WOS, ARCI, BCI, KJD, MEDLINE, RSCI, SCIELO, ZOOREC.
Search language = Auto.

2.2. Data Extraction and Bibliometric Parameters

We used a specially built Excel file (Microsoft, Redmond, WA, USA) to collect the findings of the
literature search. The file contained the following information: abstracts, year of publication, indexed
keywords, journal name, citations as well as all co-author bibliometric data (H-index, number of papers
related to zirconia implant, the total number of papers, citation of paper regarding zirconia implant,
and citation of paper regarding zirconia implant). Authors with the highest quantity of clinical studies
regarding zirconia dental implants were evaluated and measured the average, the standard deviation,
minimum and maximum of topic paper, total papers, topic citations, overall citations, and H-index.
Moreover, we evaluated the scientific trend of the included study according to the year of publication
and journal details (full title, the impact factor (IF), and rank) based on the Clarivate Analytics report
for 2019 with selected categories: “Dentistry, Oral Surgery & Medicine”, study design, number of
citations received, marginal bone loss, survival rate, failure, and study follow-up.

2.3. Study Selection

We screened the literature search results in two steps, where the first phase was the screening of the
title and abstract by paired reviewers separately. Then, the second phase was a full-text assessment by
two expert reviewers (L.F and A.S). The reference list of the studies included in the full-text screening
was hand-screened for potential additional studies. In this bibliometric study, inclusion criteria were
only clinical studies (either prospective or retrospective) without time restrictions. Exclusion criteria
were animal studies, in vitro studies, literature reviews, systematic reviews, short communications,
personal opinion, letters, book chapters, and non-English studies.

2.4. Data Analysis

We used VOSviewer software (version 1.6.8; Leiden University, Leiden, The Netherlands) to
visualize a term map analyzing keywords from the data obtained. “Create Map” function was used to
analyze the data by using the “Citation” type and setting the unit of analysis as a “number of citations.”
In the keyword map, the node’s size reflects the number of received citations, as the larger size indicates
the author with the highest citations. Furthermore, keywords that often appeared together were
classified as the same color in network visualization mode [45,46].

3. Results

3.1. Study Selection

A total of 1159 references were collected from electronic databases in which (n = 185) were omitted
due to duplication. By title and abstract, 968 articles were screened and 841 excluded as irrelevant topics.
By the full-text screening of 127 papers, 29 studies were included in this bibliometric study [47–75]
excluding the remaining 98 articles because they did not meet our inclusion criteria (Figure 1).
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58,60,62,64,66,70–74,76], two of which had titanium implants as their control and showed no 
significant difference in survival rate and marginal bone loss between groups (p > 0.05) [64,70]. Two 
studies evaluated the immediate loading of zirconia implants [53,64]: one study compared it to the 
non-occlusal loading procedure [64], while the other study compared it with the standard loading 
protocol [57]. Furthermore, 26 papers assessed the cylindrical microgeometry of zirconia implants 
[47–65,67,70–75], while three studies evaluated the root-analog zirconia implants obtained by a three-
dimensional scan [66,68,69]. However, Akça et al. and Pirker et al. reported the lowest marginal bone 
loss after two years (0.31 ± 0.24 and 0.5 ± 0.7 mm, respectively), in which Akça et al. used specially 
designed titanium–zirconia alloy implants [47], and Pirker et al. used specially designed root-analog 
zirconia implants with a micro-retention surface in a fresh extraction socket [69]. 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow chart
demonstrates the process of literature search and study selection.

3.2. Study Characteristics

The included studies showed wide variability in the study design, presence/absence of a control
group, experimental site, type of prosthetic rehabilitation, prosthetic connection (one-piece or two-piece),
follow-up period, and different methods for evaluating the effectiveness of research. Although these
differences exist, most studies reported favorable outcomes for the use of zirconia implants in oral
rehabilitation. The main characteristics of the included studies are summarized in Table 2.

A total of 21 studies evaluated monolithic or one-piece zirconia implants [47–49,51–54,56–58,60,
62,64,66,70–74,76], two of which had titanium implants as their control and showed no significant
difference in survival rate and marginal bone loss between groups (p > 0.05) [64,70]. Two studies
evaluated the immediate loading of zirconia implants [53,64]: one study compared it to the non-occlusal
loading procedure [64], while the other study compared it with the standard loading protocol [57].
Furthermore, 26 papers assessed the cylindrical microgeometry of zirconia implants [47–65,67,70–75],
while three studies evaluated the root-analog zirconia implants obtained by a three-dimensional
scan [66,68,69]. However, Akça et al. and Pirker et al. reported the lowest marginal bone loss after
two years (0.31 ± 0.24 and 0.5 ± 0.7 mm, respectively), in which Akça et al. used specially designed
titanium–zirconia alloy implants [47], and Pirker et al. used specially designed root-analog zirconia
implants with a micro-retention surface in a fresh extraction socket [69].
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3.3. Growth of Publications

In total, 29 clinical studies were published between 2008 and 2020, in which 19 papers (65.5%) were
published in the last five years and ten papers published before 2015. The highest number of published
studies was in 2015 (n = 6, 20.6%) followed by 2013 and 2017 (n = 4, 13.7% for each) (Figure 2).
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Figure 2. Publication trend of the clinical studies on the zirconia implants.

3.4. Journal of Publication

The clinical studies on the use of zirconia dental implants for oral rehabilitation were published
across ten peer-reviewed journals. The journal with the largest number of publications was “Clinical Oral
Implants Research” (n = 12, 41%), followed by “International Journal of Oral and Maxillofacial Surgery”
(n = 4, 13.7%) (Figure 3).

The majority of publications were published in Q1 journals (n = 25, 86%), while the journal with
the highest impact factor was “Journal of Clinical Periodontology” (IF = 5.241), which had two articles.
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3.5. Study Design and Level of Evidence

All included studies were prospective, while the most common study design of clinical research on
zirconia implants was cohort study (n = 12, 41.4%), followed by case series (n = 9, 31%), and RCT (n = 5,
17%). According to the hierarchy of evidence levels (Is) [77,78], the available evidence supporting the
use of zirconia implants is 17% level II, 41.4% EL IV, and the remaining EL VI.

3.6. Contribution of Countries and Institutions

The majority of the studies originated from institutions in Germany (n = 14, 48.3%), followed
by Switzerland, (n = 6, 20.7%), and Austria (n = 5, 17%), where the most productive institution
was the Medical Center of University of Freiburg (n = 8, 27.6%), followed by the Center of Dental
Medicine, University of Zürich (n = 5, 17%). While many of the included studies were funded, the
most funding support for included research was provided by VITA Zahnfabrik—H. Rauter GmbH &
Co. KG, Bad Säckingen, Germany (n = 5, 17%) (Table 3).
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3.7. Bibliometric Assessment

A total of 29 articles with total citations[Scopus] ranged from 0 to 176 (mean 57.28 ± 42.18), while the
number of citations[Scopus] received by each paper ranged from 0 to 69 (mean 21.3 ± 20). The top-cited
study was the RCT of Cannizzaro et al. (2010) (n[Scopus] = 69) [54], followed by the prospective case
series of Payer et al. (2012) (n[Scopus] = 61) [66], and Pirker et al. (2009) (n[Scopus] = 58) [69].

However, the author with the highest number of clinical research on zirconia implants was
Kohal R.J. (n = 10), followed by Spies B.C. (n = 8) and Vach K. (n = 6), while the top-cited author of
clinical studies on zirconia implants was Kohal R.J. (n[WoS] = 155), followed by Arnetzl G. (n[WoS] = 91),
Koller M. (n[WoS] = 87), Payer M., and Jakse N. (n[WoS] = 86 for each) (Figures 4 and 5).
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Figure 4. Network analysis of the authors with the largest number of clinical studies on zirconia implants.
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Figure 5. Bibliometric variables for authors with the highest number of topic papers.

The authors’ H-indexScopus ranged from one to 79 (mean 22.67 ± 19.96), and the author with the
most bibliometric characteristics was Hämmerle C.H.F., who had 364 publications (two of which were
clinical studies on zirconia implants) with 8311 total citations and H-indexScopus = 79 (Table 4 and
Figure 6).
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Figure 6. Box plots summarize the bibliometric variables of the authors with the largest number of studies.

4. Discussion

The present study carried out a bibliometric evaluation of clinical research on zirconia implant
rehabilitation, highlighting the significant heterogeneity of the included studies, which revealed
considerable variations in methodology, technical approaches, follow-up, and control group
involvement. Our findings indicate that there is a trend for zirconia implants in oral rehabilitation as
there has been an increase in about 180% of the studies published in the last five years.

The included studies reported a survival rate for zirconia implants ranging from 87% to 100% with
follow-up periods from one to 7.8 years, while the least survival rate reported in RCT by Siddiqi et al.
was 67.6% after one-year follow-up (i.e., 16 zirconia implants failed out of 68) [70]. This RCT aimed
to study the effectiveness of zirconia vs. titanium implants restored with one-piece ball-abutment in
mandibular and maxillary overdentures, while this high decrease in the survival rate was for both
groups (i.e., 67.6% for zirconia implants and 66.7% for titanium implants); the outcomes of maxillary
rehabilitation were worse than the mandible, while no mechanical fractures of the fixtures were
reported [70].

Although one-piece and two-piece zirconia implants have been evaluated, the lower marginal
bone loss and higher survival rates were observed in studies of one-piece zirconia implant rehabilitation
on a single tooth or three element prosthetic rehabilitation [59,61]. However, the studies did not report
any differences in the marginal bone loss and survival rate between the single crown and the fixed
multiple zirconia implant recovery, while the prosthetic connection appears to have no apparent effect
on these parameters [48]. Additionally, Lorenz et al. showed no significant difference in marginal bone
loss with a total of 83 zirconia implants compared to natural teeth after 7.8 years of function [47], and the
marginal bone loss was similar in the other studies, which was less than 1 mm in the first year and
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stabilized in subsequent functional loading [47–49,52,56–58,64,69,73,74]. Moreover, the prospective
study by Kniha et al. contained the largest sample size of the included studies involving 81 patients
with 105 implants for fixed rehabilitation, who reported a significant decrease of 0.66 ± 0.30 mm with a
survival rate of 100% after three years [58].

However, the most common complication (70%) was the failure of implant osseointegration as
17 studies reported a loss of at least one implant in the first six months [48–51,53–56,59–61,63,64,66,67,
69,70,72–74].

As previously reported for titanium dental implant threads, microgeometry appears to have a
significant effect on the osseointegration of zirconia implants [79,80], whereas a more retentive surface
resulted in an increased survival rate compared to a sandblasted surface only [68,69].

Although all clinical research included in this analysis was screened and selected from the Scopus
and Web of Science databases, which may avoid restriction in each database [39,81], our investigation
has further limitations. First, the year of publication, which is a reliable indicator of the number
of citations received, as older papers receive more citations than recent publications because there
is more time to cite them, regardless of their impact [82,83]. Second, open access policies have a
significant influence on the citations received in the evaluated papers [84–86], as a result, we found
large heterogeneity in Topic/Total Citations% and co-authors’ H-index.

5. Conclusions

This was the first study highlighting bibliometric output of clinical research and co-authors in the
field of zirconia dental implants and shows a strong interest in the development of research into the
clinical application of zirconia dental implants, as evidenced by the increase in the number of scientific
papers published in the last ten years.
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