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Abstract: The aim of this study was to conduct an integrative review of the biological and mechanical
outcomes of porous zirconia structures for extensive bone repair. An electronic search was performed
on the PubMed database using a combination of the following scientific terms: porous, scaffold,
foam, zirconia, bone regeneration, bone repair, bone healing. Articles published in the English
language up to December 2021 and related to porosity, pore interconnectivity, biocompatibility and
strength of the material, and the manufacturing methods of zirconia porous structures were included.
Randomized controlled trials and prospective cohort studies were also evaluated. The research
identified 145 studies, of which 23 were considered relevant. A high percentage of pores and the
size and interconnectivity of pores are key factors for cell migration, attachment, proliferation, and
differentiation. In addition, pore interconnectivity allows for the exchange of nutrients between cells
and formation of blood vessels. However, a decrease in strength of the porous structures was noted
with an increase in the number and size of pores. Therefore, yttria-stabilized zirconia tetragonal
polycrystal (Y-TZP) has mechanical properties that make it suitable for the manufacture of highly
porous structures or implants for extensive bone repair. Additionally, the porous structures can be
coated with bioactive ceramics to enhance the cell response and bone ingrowth without compromising
pore networking. Porous structures and mesh implants composed of zirconia have become a strategy
for extensive bone repair since the material and the pore network provide the desired biological
response and bone volume maintenance.

Keywords: porous; scaffold; implant; zirconia; bone repair

1. Introduction

Although many biomedical materials have been suggested for bone-healing and
tissue-engineering applications, bioactivity, design and physical properties are still clinical
limitations of current scaffolds and porous implants [1-3]. In fact, scaffolds and porous im-
plants should have the following criteria for enhanced bone healing: high cytocompatibility
for cell migration and differentiation, appropriate mechanical properties to support loading,
and interconnected porosity to allow cell migration and nutrients exchange [4-7]. Porosity,
pore size and even pore interconnectivity significantly affect cell behavior, angiogenesis,
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and bone ingrowth in porous ceramics [5,7,8]. Effective flowing and transportation of nu-
trients through the pores enable bone-tissue growth whereas the increased surface area of
porous structures leads to better bonding with host tissues [9,10]. However, a high porosity
and the pore size of the scaffold or porous implant affect their mechanical properties.

Bioactive ceramics composed of calcium and phosphates are the first choice as a source
material for bone reconstructive scaffolds due to their bioactivity and bone-healing stimuli.
However, the mechanical properties of current bioactive materials are not appropriate
for repair of extensive bone defects [3,9,11-13]. For instance, the compressive strength
of pure hydroxyapatite porous blocks is low (~0.3 MPa) when compared to trabecular
(~12 MPa) or cortical bone (~200 MPa) [14,15]. A scaffold or porous implant should with-
stand loading during handling and surgical procedures for periodontal and peri-implant
therapies. In cases of extensive bone loss, the endosseous porous structure must possess
mechanical properties to avoid fractures from occlusal stresses that could compromise the
bone ingrowth process [2,3]. A balance between the desired mechanical and biological
functions can be established by controlling the porosity and selection of biocompatible
ceramics [7,9,13].

In this way, biocompatible materials composed of zirconia with desired properties
such as strength, fracture toughness, chemical stability, and high biocompatibility have
been designed for biomedical applications [6,16-22]. In medicine, zirconia has been used
for orthopedic implants and prostheses [7,20,23-25]. In the field of dentistry, zirconia can
be used for dental implants and prosthetic structures such as crowns and on-lay, in-lay,
and multi-unit prostheses [16,21,26-31]. In addition, particulate zirconia can be used as a
micro- or nano-scale filler in hybrid resin-matrix composites [18,26,31]. The use of zirconia
fillers has significantly increased the mechanical properties of hybrid resin-matrix compos-
ites [26,31]. Zirconium dioxide (ZrO,), known as zirconia, adopts a tetragonal structure at
high temperature between 1170 and 2370 °C and a monoclinic crystal at room temperature.
In vitro and in vivo studies have consistently shown that zirconia, in its various physical
forms (monoclinic, cubic, or tetragonal phase) [32,33]. Zirconium dioxide is often doped
with metal oxides such as yttria (Y,0O3), magnesium oxide (MgO), or calcium oxide (CaO),
to stabilize tetragonal phase [33,34]. Yttria-stabilized zirconia polycrystals (Y-TZP) have an
elastic modulus of 240-270 GPa, a flexural strength of 1200 MPa, a fracture toughness of
8 MPa.m'!/2, and a high biocompatibility [13,33-35]. The load-bearing capability of Y-TZP
is important in maintaining bone volume and avoiding continuous tissue remodeling after
placement of a porous structure. Zirconia (Y-TZP) porous structures can achieve a com-
pressive strength ranging from 5 to 10 MPa that is crucial for clinical handling and clinical
success over the period required for bone healing [7,13-15,36,37]. Additionally, bioactive
ceramics are used to cover the porous structures for enhanced cell stimulation while main-
taining the porosity [5,7,36,38,39]. Porous zirconia structures have been manufactured and
coated with bioactive ceramics such as calcium-phosphate-based ceramics [5,6,11,32,40].
In an in vivo study, porous zirconia was used as a substrate for hydroxyapatite (Hap)
coating, resulting in a strong and bioactive porous structure to stimulate bone repair. In fact,
zirconia enhanced the overall osteoconductivity of the porous structure and improved its
mechanical properties while the bioactive coating improved the bone ingrowth [5,7,10,40].
Hydroxyapatite coatings or scaffolds form an apatite outer layer which they chemically
react with proteins, blood platelets, or osteogenic cells [6,41-45]. Proteins and minerals
also interact with zirconia leading to the activation of blood platelets and migration of
osteogenic cells [21,32,35,43,46].

The main aim of this study was to perform an integrative review on the mechanical
and biological beneficial effects of zirconia porous structures or mesh implants for extensive
bone repair. It was hypothesized that a balanced porosity and pore size in porous zirconia
structures enhance the osteogenic cell behavior, angiogenesis, and bone formation.
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2. Materials and Methods
2.1. Information Sources and Search Strategy

A literature search was performed on PubMed (via National Library of Medicine)
as this database includes major articles in the field of dentistry and biomaterials. The
search was performed in accordance with the search strategy applied in previous studies
on integrative or systematic reviews [21,47-54]. The following combination of search terms
was applied: “porous” OR “scaffold” OR “foam” AND “zirconia” OR “bone regeneration”
OR “bone repair” OR “bone healing”. The inclusion criteria encompassed articles published
in the English language, until 26 December 2021, that reported the effect of porous zirconia
structures on osteoblast growth and bone repair. The eligibility inclusion criteria used for
article searches also included articles written in English, in vitro testing, meta-analyses,
randomized controlled trials, animal assays, and prospective cohort studies. The exclusion
criteria were as follows: papers without an abstract, case reports with a short follow-up
period, and porous zirconia for non-biomedical applications. In addition, a hand-search
was performed on the reference lists of all primary sources and eligible studies of this
integrative review for additional relevant publications. Studies based on publication date
were not restricted during the search process.

2.2. Study Selection and Data Collection Process

The articles retrieved by the search process were evaluated in three steps. On Mendeley
citation manager (Elsevier B.V., Amsterdam, The Netherlands), the articles were compiled
for each combination of key terms and therefore duplicates were removed. Studies were
primarily scanned for relevance by title and the abstracts of those not excluded at this stage
were assessed. The second step comprised the evaluation of the abstracts and non-excluded
articles, according to the eligibility criteria of the abstract review. Three of the authors
(J.S., CLR.-G., and N.S) independently evaluated the titles and abstracts of potentially
pertinent articles. An initial evaluation of the abstracts was carried out to establish whether
the articles met the main aim of the study. Selected articles were individually read and
analyzed according to the purpose of this study. Finally, the eligible articles received a
study nomenclature label, combining first author names and year of publication. Two
reviewers independently collected and catalogued data such as authors’ names, journal,
publication year, objectives, zirconia preparation, zirconia type, porosity, pore size and
interconnectivity, bone growth, osteoblast proliferation, and osteoblast viability. Data of the
reports were harvested directly into a specific data-collection form to avoid multiple data
recording from more than one report within the same study (e.g., reports with different
set-ups). This evaluation was individually carried out by two researchers, followed by a
joint discussion to select the relevant studies.

3. Results

The literature search identified a total of 145 articles in PubMed, as shown in Figure 1.
After reading the titles and abstracts of the articles, 92 were excluded because they did
not meet the inclusion criteria. The remaining 27 potentially relevant studies were then
evaluated (Figure 1). Of those articles, 4 studies were excluded because they did not contain
comprehensive data related to the purpose of the present study. Thus, 23 studies were
included in this review. Of the 23 selected studies, 3 (13%) articles investigated the surface
topography, 11 (47.8%) evaluated the biocompatibility, 7 articles (30.4%) evaluated the
effect of porosity, and 2 (8.7%) articles investigated the environmental degradation and
its influence on mechanical properties. The main outcomes of the selected studies were
as follows:
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Figure 1. Flow diagram of the search strategy used in this study.

Most of the studies assessed zirconium dioxide (zirconia) containing 3% Y,0O3, known as
Y-TZP, which has a high strength and biocompatibility (Supplementary Materials Table S1).
Y-TZP have been used in implants although there a few studies on the effect of the poros-
ity on the mechanical properties [10,55]; A porosity above 70% is beneficial to osteogenic
differentiation and therefore a macro-scale pore size ranging from 100 to 400 pm promotes
cell ingrowth and angiogenesis into the porous structure [1,2,9,11,12,15,32,40,41,56-58]. In
addition, the size of the pores enhances the transfer of nutrients and oxygen between the
cells. Pores at macro-scale (1-50 um) provide an increase in the wettability of the porous
structure as well as in the adhesion of proteins and cells [7,11,57]. Blood fluid flow, cell
migration, and angiogenesis also depend also on the interconnectivity between the pores at
different macro- and micro-scales thereby establishing a 3D vascular network [5,7,11,57,59].
Results revealed a high pores’ interconnectivity rate linked to a high porosity [14,32]. On os-
teoblast growth, cells adhere to surfaces and spread into the interconnected pores [7-10,56].
Viability, proliferation, and differentiation of cells increase when the porosity and pore
size increases [8-10,32,56]. Some studies showed that cell adhesion changed depending
on the chemical composition of the zirconia. Porous structures containing more than 80%
ZrO, showed less affinity to cells than those containing less ZrO, [14]. Zirconia porous
structures with Hap significantly enhanced cell proliferation [2,11,12,15]. In vivo studies
reported a faster bone formation into porous structures with a higher porosity and enriched
with Hap [1,2,12,40]. New bone ingrowth started by lining the surfaces and gradually
filling the entire pore volume from the periphery of the porous structures towards the
core. Radiographic examination showed clear boundaries of surrounding bone to zirconia
interfaces. After healing time, the bone to zirconia porous region reveals a transition zone
due to the gradual deposition and ingrowth of bone tissue [11,12].

4. Discussion

The present integrative review reports the major results of relevant previous studies
taking into account the effect of the zirconia porous structures on cell migration and dif-
ferentiation, angiogenesis, and bone formation. Macro-scale pores size ranging from 100
to 400 um allow cell ingrowth and angiogenesis into the porous structures, while pores
at micro-scale (1-50 um) provide an increase in wettability, protein adsorption, and cell
adhesion. Considering the mechanical behavior, a high zirconia porosity at approximately
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85% and large pores ranging from 100 to 400 um can be accomplished without compromis-
ing the application of zirconia porous structures in extensive surgical bone sites. Thus, the
findings validate the hypothesis of this study. A detailed discussion of the main biological
and mechanical benefits of zirconia porous structures for bone healing follows.

4.1. Zirconia

Zirconia is a ceramic that has been introduced in the biomedical field for replacing
metallic materials mainly due its high biocompatibility and mechanical properties [21,33-35].
In the last decade, yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) have emerged
in dentistry as a promising material for several applications such as single- and multi-
unit restorative structures due to aesthetic outcomes such as color and opacity that mimic
the natural tooth appearance [16,21,33-35,49]. The flexural strength of YTZP is around
900-1200 MPa [13,32-34,37] while the fracture toughness is approximately 6 MPa [13,32-34,37].
Nevertheless, monolithic zirconia has some limitations for endosseous implants linked
to its high elastic modulus (at about 240-260 GPa) and ultralow chemical reactivity for
osteogenic cell stimulation. The elastic modulus of zirconia is significantly higher than that
recorded on cortical bone (10-20 GPa), which can result in stress-shielding and peri-implant
bone loss [13,16,23,33,60,61].

Zirconia can be found in three polymorphic forms at ambient pressure—monoclinic up
to 1170 °C, tetragonal between 1170 and 2370 °C, and cubic between 2370 and 2706 °C [33,34].
Zirconium dioxide (ZrO;) adopts a tetragonal structure at usual sintering temperature and
a monoclinic crystal after cooling down to the room temperature. The volume expansion
caused by cooling from high temperature results in crack propagation. Then, yttrium
oxide (Y703), magnesium oxide (MgO), or calcium oxide (CaO) has been added to the
ZrO; to retain the tetragonal phase and synthesize the YTZP [33,34]. Y-TZP has shown
proper biocompatibility and mechanical properties in comparison to other TZPs [56,57].
MgO-stabilized zirconia also exhibits high mechanical strength, excellent chemical stability,
and adequate biocompatibility [10].

Suitable elastic modulus and the wettability of zirconia can be achieved with the
manufacture of zirconia porous structures [13,20,36]. A highly porous zirconia (~85%)
still maintains a high compressive strength of around 5-10 MPa [2,15]. Biocompatible
ceramic scaffolds support in vitro and in vivo cell growth although the mechanical prop-
erties for extensive bone repair are still a challenge. Another challenge deals with the
modelling of complex structures to accurately build up their microstructural design [62].
Bioactive scaffolds composed of calcium-based structures (e.g., hydroxyapatite) provide
very limited control over the inner architecture of the material and consequently have low
strength [1,3,5]. Scaffolds are further required to have a suitable design that can promote the
entire infiltration of bone tissue and blood vessels as occurs when autograft and allografts
are used.

The 3D open cell structures show the most interesting design for bone tissue engi-
neering applications due to their similar structure to the trabecular bone. For instance,
the spongy shape of the trabecular bone can be acquired via the replica method in the
manufacturing of ZrO, foams with different porous design [7,62]. Recent developments
in computer-aided design (CAD) and rapid prototyping methods have become a feasible
solution since the 3D design can be carefully planned at macro- and micro-scale prior
to the manufacturing of porous structures or mesh implants [12,13,62]. Free-form fabri-
cation, which uses a 3D-printing principle, is an effective method for controlling pore
architecture (size, shape and interconnectivity) of the porous structures for specific clin-
ical applications [8,62]. Previous experimental studies on the bone response to different
ceramic materials have shown results revealing not only the material effects but also the
effect of the 3D design on the biological and mechanical response of the scaffolds or mesh
implants [1,7,8,10,40,56].
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4.2. Manufacturing of Zirconia Porous Structures

Porous zirconia can be produced by different methods such as powder sintering,
CAD-CAM, and the replica method, as illustrated in Figure 2. In the replica method, a
polyurethane foam template with proper dimensions is impregnated with the ceramic
slurry [2,7,32]. The zirconia slurry mixture is often prepared by ultrasonic dispersion into
distilled water. Then, the polyurethane template is immersed in the slurry and centrifuged
to remove excessive ceramic slurry. After drying at 80 °C for 12 h, zirconia is thermally
treated at 800 °C for 1 h and then at 1350 °C for 5 h at a heating rate of 2 °C min~!
before cooling to room temperature [32]. A previous study evaluated the effect of several
thermal treatment (one, three, five, or seven) on the morphological aspects of the zirconia
porous structures. The porous structure and porosity of the zirconia were affected by the
sintering cycles [32]. As the number of sintering cycles increased, the pore size and porosity
decreased. Porosity decreased from 92 down to 68 % when the sintering cycles increased
from one to seven, at an average rate of decrease in porosity of about 4% per sintering
cycle. Specimens with a higher porosity had well inter-connected pores although specimens
with lower porosity had pores with limited interconnectivity. Clogged pores appeared
in the porous structures treated with five sintering cycles and were apparent in porous
structures treated with seven sintering cycles. The compressive strength of the zirconia
porous structures increased from 0.6 to 4.4 MPa when the sintering cycles were increased
from one to seven and, correspondingly, the porosity of the zirconia decreased from 92 to
68% [32].
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Figure 2. Schematics of the porous zirconia manufacturing.

In another study, the pores’ size was controlled by utilizing two types of polyurethane
foam templates with 45 ppi for acquiring large pores and 60 ppi for small pores. In addition,
the porosity was controlled at approximately 75 or 85% by adjusting the replication cycle.
Spherical pores with size of around 500-700 um and 150-200 um were detected. Pores
were well-interconnected, without showing any pore-blockings. However, some pores
were severely clogged in the specimens with low porosity. As expected, the compressive
strength was lower in porous structures with higher porosity [2].

The zirconia powder can be milled to produce different dimensions of zirconia particles
or a mixture of zirconia and other oxides. A previous study assessed the effect of a mixture
of zirconia and alumina on the porosity and mechanical properties of zirconia- and alumina-
based porous structures [9]. The ceramic powders were submitted to ball milling for
25 h to reduce agglomeration and heterogeneity of the powder. Ceramic slurries were
produced from different ceramic powders mixed with oleic acid as dispersant. Macro-
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particle polyethylene particles of 90-250 mm and 20 vol% were placed into the ceramic
slurries as macro-pore formers during the thermal treatment [9]. Polyethylene particles
were eliminated by thermal treatment at 300 °C for 3 h (heating rate of 200 °C/h) in an
air furnace. The pores were maintained after thermal treatment and cooling down at
room temperature [9,10]. The mixtures were hydraulically pressed on 100 MPa in steel
die molds to produce cylindrical (15 mm diameter, 5 mm height) specimens [9,10]. On
thermal treatment, the organic material was removed, generating the desired pores within
the microstructure. Sintering was performed at 1400 °C in LHT 02/17 high-temperature
furnaces (Nabertherm, Germany) in air environment over an isothermal exposure time of
2 h [9]. During the sintering process, the percentage of shrinkage cannot be controlled and
therefore small dimensional variations can take place [9].

Regarding the CAD-CAM method, zirconia porous structures can be designed by
CAD (e.g., STL file) for further manufacturing processes. In this way, the porous structures
are manufactured with different dimensions, porosity, pores’ networking, and size of
pores [14,21,22]. The percentage of shrinkage can be estimated in order to control the
dimensions of porous structures and pores after thermal treatment [57]. The manufacturing
process can involve 3D-printing or micro-machining processes. A thermoplastic polymeric
material can be used as a molding structure, surrounded by a holding wax-based material.
The holding material are detached from the mold leading to the building up of the struts
and pores of the zirconia [1,8]. The molds are infiltrated with 50 vol% zirconia slurries
prepared by the ball-milling process. The ceramic suspensions can be accomplished by
using slip casting (colloidal filtration) in which the excess of water is drained from the
suspension on a plaster plate [1,8]. The use of colloidal slip-casting processes provides
a variety of zirconia structures depending on the percentage and size of pores [5,7,57].
In a previous study, zirconia/hydroxiapatite (Hap) assemblies were heated to 600 °C at
1 °C/min to burn away the mold and additives. Further heating on Hap was performed at
5 °C/min up to 1200 °C and on zirconia at 5 °C/min up to 1500 °C for 2 h. The mean pore
size of the sintered materials was recorded at approximately 1.2 mm and 390 nm for Hap
and zirconia porous structures, respectively [8]. The macro-scale porosity of approximately
40 vol% consisted of square-shaped and interconnected pore channels with a mean size of
approximately 350 um [1,57].

4.3. Biological Effects of Porous Zirconia Structures

The size, percentage, and interconnectivity of pores are critical morphological prop-
erties influencing the biological efficiency of the porous structures, as shown in Table S1.
Previous studies reported that high porosity and large pore size at macro-scale (100-400 um)
induce migration, adhesion, and differentiation of osteogenic cells as well as angiogen-
esis, nutrient exchange, and bone formation [2,7,10-12,40,56]. It should be emphasized
that the formation of the vessels’ network (angiogenesis) needs to occur prior to bone in-
growth [8,63]. However, the size of pores can decrease the strength of the porous structures.
Interconnectivity, which is related to both pore size and the extent of porosity is required to
promote body fluid stream [32] and cell migration to the core of the implant, as illustrated
in Figure 3. Several reports in the literature emphasizes the importance and benefits of
pores’ interconnectivity on bone growth and implant fixation [15,26,42]. A recent study
attributed enhanced cell viability to the internal porous structure rather than to the type
of struts and bioactive coating material [12]. Another morphological study reported that
the coated porous structure was partially filled as compared to the non-coated zirconia
structure. The filling of a porous structure decreases the internal porous network. Porous
structures with a higher porosity should also reveal well-interconnected pores although
the strength and surgical handling of the porous structures must be preserved [14,32].
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Figure 3. Schematics of the cell growth in the porous zirconia structures.

Although porous structures with a higher porosity are suggested to be more desirable
with respect to bone-formation capability, mechanical benefits resulting from the decrease
in porosity should not be ignored. The mechanical performance of porous structures
is crucial for bone repair in the case of extensive bone loss such as defects of the jaw
body or ramus [2,13,32]. Thus, a balance of porosity and strength must be accomplished
for enhanced bone healing [3,7,13]. For the growth of osteogenic cells, porous surfaces
support the adhesion and spreading of the cells from the outer region throughout the pore
network [5,7,10,56]. A larger number of cells with size between 100400 um can proliferate
into pores due to the surface area for attachment and space for nutrient exchange [58].

A recent study reported optimum conditions for cell growth, proliferation, and ex-
tracellular cell matrix (ECM) when the specimen porosity was approximately at 90% [15].
A higher number of cells was detected on specimens with higher porosity (~93%) when
compared to porous structures with 68% porosity [32]. Previous studies had validated that
pores with diameter larger than 100 um can provide a proper framework for the prolifera-
tion, differentiation, and migration of osteoblast, chondrocyte, and vascular endothelial
cells [40]. Additionally, the cell behavior inside an endosseous porous structures is also
influenced by the effect of the material chemistry as occurs on zirconia-coated porous
structures with bioactive ceramics [1]. New bone growth starts by lining and gradually
filling the entire pore volume [2,11,12,40].

In vivo studies have also shown the beneficial effects of the higher porosity on the
osseointegration events, as illustrated in Figure 3. A previous study in rabbit calvaria bone
defects reported that porous structures with high porosity percentages (84-87%) and high
pores’ interconnectivity exhibit significantly higher bone formation when compared to the
porous structures with a lower porosity (75%). A previous study on tibia and femur of
rabbits reported that the areas inside the porous structures were filled with irregular woven
bone [2]. Blood vessels were detected in the newly formed bone inside the macro-scale
pores. In addition, irregular woven bone was noticed as bone trabeculae reaching the
porous structures from the surrounding bone. Bone tissue was often found in intimate
contact with the surfaces of porous structures in both the outer and inner regions [1,2].
Another study had found that new bone tissue of 2-3 mm depth had grown into the porous
structures within three months of surgical placement [40]. The pores of the specimens were
entirely filled with new bone tissue within 12 months without any clinical issues [40]. In
addition, such findings also showed that the porous materials had improved mechanical
properties and biocompatibility [40].
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5. Conclusions

In the present review, relevant articles reported significant biological and physical
evidence of the effect of zirconia porous structures for enhanced bone healing. The main
outcomes of the selected studies were as follow:

e  Most studies described the manufacturing of zirconia porous structures by using CAD-
CAM, replica methods, and powder sintering. Control of the size and percentage of
pores can be achieved by designing the models by CAD or polyurethane patterns;

e Considering the mechanical properties of zirconia, a high porosity of approximately
85% and large pores ranging from 100 up to 400 pm can be accomplished without
compromising the application of zirconia porous structures in extensive surgical
bone sites;

e  Macro-scale pores ranging from 100 to 400 pm allow cell ingrowth and angiogenesis
into the porous structures, while pores at micro-scale (1-50 pm) provide an increase in
the wettability, protein adsorption, and cell adhesion;

e  Most in vivo studies reported increased bone growth by contact and distance osteo-
genesis into the porous zirconia compared to highly dense zirconia. Porous zirconia
showed significantly improved new bone formation into the interconnected channels
after placement in rabbits for 4 and 12 weeks and after placement in humans for about
3 months;

e  Further studies should be carried out to determine the optimum balance between
porosity, pores’ size, and the strength of the porous zirconia structures. In addition,
hybrid bioactive ceramic containing zirconia and modified surfaces could be explored
as the surfaces of porous structures play a key role in the adsorption of proteins and
osteogenic cells.
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