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Mechanically Stable β-TCP Structural Hybrid Scaffolds for Potential Bone Replacement
Reprinted from: J. Compos. Sci. 2021, 5, 281, doi:10.3390/jcs5100281 . . . . . . . . . . . . . . . . . 147

Elisabetta Campodoni, Margherita Montanari, Chiara Artusi, Giada Bassi, Franco Furlani,

Monica Montesi, Silvia Panseri, Monica Sandri and Anna Tampieri

Calcium-Based Biomineralization: A Smart Approach for the Design of Novel Multifunctional
Hybrid Materials
Reprinted from: J. Compos. Sci. 2021, 5, 278, doi:10.3390/jcs5100278 . . . . . . . . . . . . . . . . . 173

v
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Editorial

Editorial for the Special Issue on Bioceramic Composites

Corrado Piconi * and Simone Sprio

National Research Council of Italy, Institute of Science and Technology for Ceramics (CNR-ISTEC),
48018 Faenza, Italy; simone.sprio@istec.cnr.it
* Correspondence: corpico@libero.it

This Special Issue on bioceramic composites and its published papers, addressing a
number of current topics from industry and academia, are intended to be a reference for
students and scholars in the field of biomaterials science, giving an insight into challenges
and research topics in the field bioceramic composites. Moreover, its aim is to stimulate
the interest of young and experienced researchers introducing novel research topics as
inspiration for future work.

At present, bioceramic composites have two wide areas of application in the biomedi-
cal field. The first is in load-bearing devices, such as the joints of hip, knee, and shoulder
joint replacements, as well as in dental implants. In this field, zirconia–alumina composites
have attracted a great deal of attention because of their superior mechanical behavior, and
new compositions are under development. The other field where bioceramic composites
are intensively investigated is bone regeneration. Particular emphasis is given to calcium
phosphates and silicates, as well as to doping with bioactive ions, aiming to enhance
osteogenic ability and bioresorbability. On the other hand, hybrid biopolymer/ceramic
materials mimicking the complex composition and multiscale structure of bone tissue are a
new class of biomimetic materials that are very promising in regenerative medicine.

The paper by Piconi and Sprio provides the reader with an overview of the state
of the art of bioceramic composites in orthopedics [1]. Their development is placed in a
historical perspective, and the characteristics of the different materials now on the market
are outlined. These themes are further developed by Burger and Kiefer [2], who offer an
exhaustive presentation on the issues that led to the production of BIOLOXdelta®, the
ceramic composite that is today’s golden standard in the bearings for total hip replacements.
Furthermore, they demonstrate improved mechanical properties using ceramic composites
made of zirconia stabilized by an yttria and ceria matrix with dispersed alumina and
hexagonal platelets, and highlight their potential for use in dental applications. Moreover,
they underline the need for special raw materials to achieve the expected behavior, and the
relevance of the raw material processing and of the feedstock for injection molding, today
representing the standard for production of dental implants.

The relevance of the physical–chemical characteristics of the stabilizing and toughen-
ing additives to zirconia, as well as of their concentrations, was investigated by Magnani
et al., with special attention to their influence on the mechanics of toughening and, hence,
on the mechanical properties [3]. The study of the in situ toughening mechanism induced
by the tetragonal–monoclinic (t–m) transformation of zirconia allowed modeling the op-
posite effect played by the grain size and the tetragonality of the zirconia lattice on the
mechanical properties. In this way, the design of materials with customized properties
such as fracture toughness and bending strength is feasible, opening new perspectives for
the development of high-performance zirconia composites for orthopedic implants with
high hydrothermal resistance.

The hydrothermal resistance of zirconia is one of the key issues for its use as a biomaterial.
The spontaneous transition into the monoclinic toughening tetragonal phase, enhanced in a
wet environment, can lead to the degradation of the mechanical properties of the ceramic. This
is a relevant issue for load-bearing zirconia–alumina composites, where a higher monoclinic
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content than expected from in vitro simulations has been observed. Notwithstanding the
number of explanations formulated thus far, none have been fully satisfactory. The preferred
method to quantify the amount of transformed monoclinic zirconia is Raman spectroscopy.
Nevertheless, many sources of errors may negatively affect Raman results, leading to errors in
their interpretation. This issue is addressed by Porporati et al. [4], who put in evidence the
critical aspects associated with the used equation for the calculation of the volume fraction of
the monoclinic phase and with the definition of the related calibration coefficients. Raman
spectroscopy is a delicate procedure that does not offer consistent and unique results for
the analysis of surface degradation, and the need for a standard is clearly put in evidence
by this paper. Solarino et al. [5] highlight the clinical relevance of the improvement in the
outcomes of total hip replacements thanks to the use of bioceramic composite components.
Implants with composite components are especially suited for high-demand patients, with
no material-related side effects, no ceramic fracture, and no mechanical loosening of the
implant components. Clinical cases that support this conclusion are described, as well as a
comprehensive discussion of the literature.

Tavoni et al. provide a comprehensive overview of the state of the art of calcium
phosphate (CaP) biomaterials, widely accepted today to promote the regeneration of bone
tissue [6]. They discuss the reported strategies to develop and optimize bioceramics while
also highlighting future perspectives in the development of bioactive ceramic composites
for bone tissue regeneration. The co-existence of various factors such as the bioactive
chemical composition, nanostructure, and bone-like mechanical performance is a major
problem with ceramics due to the need for sintering and the difficulty of achieving complex
bone-mimicking 3D structures. This paper puts in evidence how several technologies for
the manufacturing of a highly porous bioceramic-based scaffold from traditional methods
(partial sintering, replica method, sacrificial templates, and direct foaming, as well as
various 3D printing technologies) do not result in the expected outcomes. The future of
bioactive and effective bone scaffolds is strongly related to the development of new ap-
proaches that can generate bone scaffolds endowed with bone-mimicking features yielding
an effective regenerative ability. Besides the biological aspects, a relevant issue of bone
scaffolds is their intrinsic brittleness. This limits their applications, especially in the case
of large bone defects in load-bearing sites. The work conducted in the past to develop
processes enhancing both the strength and toughness of bioceramics is reviewed by Abbas
et al. [7]. To this aim, fiber reinforcement is a promising approach, although further work is
necessary to improve the fiber–matrix interface and control thermal fiber decomposition.

Ahlhelm et al. [8] report the manufacturing of load-bearing scaffolds with improved
mechanical behavior. The process set up to obtain this result consists in a combination of
additive manufacturing and freeze foaming. In this way, they obtained complex-shaped
structural composites that not only unite the structural features of a real bone (dense and
porous sections) but also reach similar and improved compressive strengths. This process
has the potential for the production of bone replacements suitable for a number of bone
defects, especially long-bone and load-bearing positions.

Hybrid nanostructured materials obtained by biomineralization are a special class of
composites for bone regeneration, consisting in organic (e.g., polymer) and inorganic (e.g.,
hydroxyapatite) components. The process of biomineralization is described in detail in the
paper by Campodoni et al. [9], who devoted special attention to calcium biomineralization,
a process that can lead to highly biomimetic and biocompatible materials resembling natural
hard tissues such as bones and teeth. Hints are offered on the numerous applications of
biomimetic materials, whose behavior can be finely tuned by changing the environmental
conditions (e.g., pH), doping ions, and organic network. The technologies to obtain hybrid
scaffolds combining the tunable macro/microporosity and osteoinductive properties of
ceramic materials with the chemical/physical properties of biodegradable polymers are the
subject of the comprehensive review by Ozcan et al. [10]. The porosity of the scaffolds can
be tuned for optimum results using conventional and additive manufacturing techniques
and, more recently, 3D and 4D printing. The authors put in evidence that, facing the
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growing demand, only a limited number of biodegradable materials are currently available
for the manufacture of materials and composites, particularly by 3D printing techniques.
The conclusion highlights the need for research to develop new biomaterials for hybrid
composites with adjustable properties that can restore functionality at the application site,
providing optimum printability, mechanical stability, and better integration with the host.

The need for specific feedstocks for 3D printing of ceramics is also addressed by
Magnani et al. [3]. The feedstock they prepared allowed the production of an alumina-
toughened zirconia (ATZ) dental implant starting from a blend of selected ceramic pre-
cursors and a photopolymeric resin. This demonstrates the effectiveness of additive man-
ufacturing in the small-batch production of medical devices with complex shapes using
bioceramic composites.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Ceramic composites based on alumina and zirconia have found a wide field of application
in the present century in orthopedic joint replacements, and their use in dentistry is spreading. The
development of this class of bioceramic composites was started in the 1980s, but the first clinical
applications of the total hip replacement joint were introduced in the market only in the early
2000s. Since then, several composite systems were introduced in joint replacements. These materials
are classified as Zirconia-Toughened Alumina if alumina is the main component or as Alumina-
Toughened Zirconia when zirconia is the main component. In addition, some of them may contain a
third phase based on strontium exa-aluminate. The flexibility in device design due to the excellent
mechanical behavior of this class of bioceramics results in a number of innovative devices for joint
replacements in the hip, the knee, and the shoulder, as well in dental implants. This paper gives an
overview of the different materials available and on orthopedic and dental devices made out of oxide
bioceramic composites today on the market or under development.

Keywords: alumina; zirconia; Alumina-Toughened Zirconia; Zirconia-Toughened Alumina; hip
arthroplasty; dental implants

1. Introduction

Oxides are among the most stable inorganic materials since no further oxidative
processes (e.g., corrosion, ion release) can take place. This is a major reason for the use
of oxides as ideal bioceramic materials since the 1960s because their chemical inertness
was considered as the basis for biocompatibility. The first ceramic oxide used in or-
thopedics was alumina (Al2O3), while ceramic composite oxides, prevalently made of
alumina-zirconia (Al2O3-ZrO2) were subsequently developed, seeking improved mechani-
cal performance [1].

The first use of alumina as a biomaterial is due to Dr. Sami Sandhaus, a Swiss dentist,
who in 1962 developed a screw-shaped dental implant named Crystalline Bone Screw—
CBS® and used it in a significant number of cases [2]. In 1963, L.W. Smith and J.F. Estes
(Haeger Potteries, Dundee, IL, USA) developed CerosiumTM as a bone substitute in case of
large bone defects, i.e., a silica aluminate matrix where pores (about 50% in volume) were
filled with epoxy resin [3].

At that time, hip arthroplasty was taking its first steps. Although keenly interested
by the potential of such a procedure, orthopedic surgeons were very concerned about the
failures of implants due to the wear of bearings. The cooperation between Dr. Boutin—an
orthopedic surgeon working in Pau, a town in Southern France—and one of his patients, the
manager of a factory sited nearby manufacturing high alumina electric insulator, led to the
first total hip replacement (THR) with an alumina-on-bearing in 1970 [4]. Such an implant
had a stainless-steel stem and a Ultra-High Molecular Weight Polyethylene (UHMWPE)
socket—soon replaced by a socket made of alumina—both cemented into bone.

In the same years, several scientists in Germany (i.e., G. Langer in Keramed, G. Heimke
in Friedrichfeld, H. Dörre in Feldmüle, M. Saltzer in Rosenthal) gave a decisive contribution
to the development of alumina for orthopedic components and overall for alumina as a
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biomaterial. This resulted in the development of a number of ceramic orthopedic devices,
among which it is worthwhile to mention the BIOLOX® alumina developed by H. Dörre
in Feldmüle (now CeramTec GmbH), which became “the ceramic” in orthopedics until
this attribute was overtaken by the higher-performing BIOLOX® delta alumina–zirconia
ceramic composite [5].

Indeed, alumina showed critical issues particularly related to failure of THR im-
plants [6], leading some manufacturers to withdraw from the market of implantable
ceramics. Alumina exhibits low fracture strength and toughness and is very sensitive to
microstructural flaws that lead to a poor resistance to stress concentration or mechanical
impact. As the presence of intergranular pores and large grain size are the main microstruc-
tural features that affect the mechanical strength of alumina, the efforts of ceramists were
focused on decreasing the porosity and the grain size in alumina ceramics. This was
obtained by the selection of proper precursors (e.g., alkoxide-derived powders) and by
the optimization of the overall manufacturing process, from batch preparation to final
densification by hot isostatic pressing (HIP). Such improvements resulted in the so-called
“third generation alumina” based on high-purity precursors and characterized by finer
grain size and density near the theoretical one, as illustrated in Table 1.

Table 1. Selected properties of alumina, evidencing the development of the material [5].

Property Units
First-Generation

Alumina
(1970s)

Second-Generation
(BIOLOX®, Since

1974)

Third-Generation
(BIOLOX®Forte

Since 1995)

Al2O3 content vol.% 99.1–99.6 99.7 >99.8

Density g cm−3 3.90–3.95 3.95 3.97

Av. grain size μm ≤4.5 4 1.75

Flexural strength MPa >300 400 630

Young’s modulus GPa 380 410 407

Hardness HV 1800 1900 2000

Nevertheless, the feasibility to obtain alumina components with specific design was
limited by its typical brittle fracture behavior [7]. In response to these issues, the company
Desmarquest (now Saint Gobain Céramiques Avancées Desmarquest—SGCAD, Evreux,
France) followed a different approach: they focused their attention on a different, intrin-
sically tough ceramic, Yttria-stabilized Zirconia Polycrystal (Y-TZP). Zirconia (zirconium
dioxide, ZrO2) is characterized by the polymorphism of its crystal lattice; therefore, it exists
in three thermodynamically stable crystalline phases: monoclinic (up to 1170 ◦C), tetrago-
nal (1170–2370 ◦C), and cubic (2370–2680 ◦C). Effective applications of zirconia ceramics
in medicine were made possible since the discovery of the stabilization of the tetragonal
phase at room temperature based on the introduction of small amounts of oxide phases
as stabilizers. Such a discovery led to the development of Partially Stabilized Zirconia
(PSZ) [8] because the low concentration of the stabilizing oxide did not allow the full stabi-
lization of the cubic phase. PSZ was firstly obtained by using calcium oxide as stabilizer,
but successively either magnesium oxide (magnesia, MgO) or yttrium oxide (yttria, Y2O3)
were used for this purpose. The real breakthrough in the development of zirconia ceramics
occurred in 1975 with the publication of the research paper “Ceramic Steel?” by Garvie,
Hannink, and Pascoe [9]. They reported the increase in toughness in MgO-stabilized
PSZ (Mg-PSZ) due to the transformation of the tetragonal phase into monoclinic. Such a
transformation, taking place in a “martensitic” way as in some steels, results in an effective
dissipative mechanism for fracture energy and, finally, in a self-toughening effect.

More recently, Gupta et al. [10] reported that a tetragonal zirconia ceramic showing
grain size ≈0.3 to 0.5 μm could be obtained by using 2–3 mol% of Yttrium Oxide (Yttria—
Y2O3) as a stabilizer, thus resulting in minimal residual cubic and monoclinic zirconia.
Since then, although many studies had been dedicated to materials stabilized by CaO, MgO,
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and CeO, the main zirconia ceramic that was developed industrially for the production
of medical devices was the one stabilized by Y2O3. The tetragonal grains in Y-TZP—
being metastable—can shift to the monoclinic natural form at the expense of an external
source of energy, i.e., the elastic stress field that yields an advancing crack. Thus, phase
transformation results as an efficient dissipative mechanism for the energy that otherwise
would lead to fracture. Indeed, it was evaluated that the tetragonal–monoclinic phase
transformation implies (for a free grain) a volume expansion 4–5 vol %. As each grain is
constrained by its neighbors (the matrix), the constrained phase transformation generates a
compressive stress field that increases the energy threshold that a crack has to overcome
to develop further. These concurrent, energy-dissipative, microscopic-scale phenomena
above outlined result, at a macroscopic level, in the remarkable bending strength and
toughness of Y-TZP (see Table 2).

Table 2. Selected properties of Y-TZP. Alumina data reported for comparison.

Property Units
Alumina
(1970s)

Y-TZP

Al2O3 Content vol % 99.1–99.6 –

ZrO2 Content vol % – >99

Av. Grain Size Al2O3 μm ≤4.5 0.3

Density g/cm3 3.90–3.95 6.02

Thermal Conductivity W/mK 30 2.5

Hardness HV 2000 1200

Flexural Strength MPa >300 1000

Fracture Toughness MPa m 1
2 3.5 4.5

Young Modulus GPa 380 210

Several manufacturers worldwide started the production of Y-TZP ball heads. Among
them, SGCAD—the main manufacturer of zirconia (Y-TZP) ball heads worldwide—and
Kyocera (Kyoto, Japan) developed also zirconia knee condylar components for total knee
replacements (TKR).

The metastability of Y-TZP is the key for its outstanding mechanical performances.
However, the metastability of Y-TZP was a cause of concern since the beginning of the
clinical use of Y-TZP components. In the biologic environment, Y-TZP may spontaneously
transform from tetragonal to monoclinic, drastically decreasing its mechanical proper-
ties [11]. Such an undesired phenomenon is named aging or low-temperature degradation
(LTD). In THR bearings, the onset of LTD at the surface of the component is related to
an increase of the surface roughness, in turn leading to the wear increase of UHMWPE
acetabular cups that are usually coupled to Y-TZP heads [3]. The studies on the physic-
ochemical mechanisms giving rise to LTD are still running: several models have been
proposed to explain such a behavior, but none have been fully satisfactory to date [12],
although it is acknowledged that LTD kinetics is promoted by temperature (especially for
T > 100–150 ◦C), by the presence of water in the environment, and by applied stresses. In
addition, different LTD kinetics were observed in Y-TZP ball heads obtained from different
manufacturers or from different batches produced by the same manufacturer, thus leaving
open the main questions about the possible influence of the production process on LTD [13].
Finally, the unexpected high rates of failure in some batches of Y-TZP since 2000 [14] led to
the abandon of its use in orthopedics.

2. Biocompatibility of Alumina and Zirconia Composites

The biological safety of alumina and zirconia and of alumina–zirconia composites has
been established for a long time and was recently confirmed [15–18]. Tests on alumina,
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zirconia, and alumina–zirconia composites were performed using materials in the form
of powders or dense ceramics, particularly addressing physicochemical features such as
surface reactivity, chemical composition, impurity content, and type of stabilizer. The
in vitro assays were performed using extracts in various media, in either direct or indirect
contact, by using various cell lines such as macrophages, lymphocytes, fibroblasts, and
osteoblasts. Similar considerations can be made on the in vivo tests, which had been
performed in several implantation sites in different animal models, to analyze either
adverse reactions in soft tissue and/or bone, as well as systemic toxicity. An absence
of adverse reactions in cell culture either in tissues or organs after in vivo implants was
observed whatever the culture conditions or the implants site.

3. Alumina Zirconia Composites: Early Studies

The abandon of zirconia in 2001 opened a technological gap, leaving unmet the ur-
gent need of ceramic components for arthroplasty with effective design and increased
reliability and longevity. Then, materials scientists turned their attention toward different
zirconia-toughened ceramics (ZTCs), and promising results were obtained in the devel-
opment of ceramic composites to be used as biomaterials in orthopedics. The work was
focused on composites having alumina (in Zirconia-Toughened Alumina—ZTA) as the
main component or zirconia (Alumina-Toughened Zirconia—ATZ).

Special attention was devoted to ZTAs. The basic concept of a ZTA material is to
substantially increase the material fracture toughness and strength with respect to alumina,
while maintaining relevant properties of alumina such as hardness, stiffness, and thermal
conductivity, which are key factors for its successful clinical use in joint replacements. This
is achieved by exploiting the tetragonal-to-monoclinic phase transformation of zirconia,
which is introduced in ZTA as a reinforcing element. The key point for the excellent
mechanical properties of ZTA ceramics is the transformability of the tetragonal zirconia. As
a consequence, essential aspects are to retain a significant amount of the zirconia tetragonal
phase at body temperature and its degree of stabilization in order to reach the desired
toughening mechanism. The proper selection of the stabilizing oxide, the homogeneous and
finely distribution of Y-TZP in the alumina matrix, and the control of the microstructure
and grain size are key parameters to “tune” the stability of the tetragonal phase. In
addition, the compressive residual stresses that develop on cooling, due to the mismatch
in thermal expansion coefficients between the alumina matrix and the dispersed zirconia
phase, increase the energy threshold for the T-M phase transformation, contributing to the
strength of the composite [16].

This aspect is critical in the design of a ZTA composite: higher tetragonal zirconia
stabilization as a consequence, for example, of a too high yttria concentration would lead to
suppression of the zirconia phase transformation, then losing almost all the improvements
of ZTA. On the other hand, poor zirconia stabilization—i.e., due to zirconia uncontrolled
grain growth because of inappropriate sintering processes—would enhance the LTD of
the material. Nevertheless, in the latter case, the mechanical properties might be out-
standing, but the material could have unreliable performance, thus leading to catastrophic
consequences due to the LTD of the zirconia phase.

Furthermore, it is perceived that the toughening mechanisms in monolithic Y-TZP
and ZTA are significantly different. In monolithic zirconia, the stress induced by the
single transformed ceramic grain makes the neighbor tetragonal zirconia transform as
well, consequently spreading the transformation effect throughout the material. Such
a transformation results in LTD and deterioration under long-term usage. In the case
of alumina–zirconia composites, the zirconia phase is constrained in the stable alumina
matrix, thereby preventing the transformation of the adjacent grains. Hence, the ZTA has a
better retention of the tetragonal phase compared to the monolithic zirconia, when exposed
to hydrothermal conditions in vitro [19].

The first studies on alumina–zirconia composites as biomaterials started during the
mid-1980s by French researchers (INSA-Lyon, Ecole Centrale de Lyon) looking for a mate-
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rial strong and tough as zirconia but characterized by better resistance to LTD [20]. Among
the tested material, a hot-pressed ZTA (Alumina-20 vol % Y-TZP) showed bending strength
(four-point bending) higher than 1100 MPa and fracture toughness of about 10 MPa

√
m.

Aging tests carried out using small bars implanted under the skin of Wistar rats—then in
unloaded conditions –showed a limited decrease of the strength due to LTD. Laboratory
wear tests (pin-on-disk, cylinder-on-flat) carried out against UHMWPE demonstrated an
improved friction and wear behavior of hot-pressed ZTA in comparison with Y-TZP [21].

A further research project was carried out in the framework of the EUREKA pro-
gramme (project EU 294) under the scientific coordination of the Italian Ceramic Centre
(Bologna, Italy). The main goals attained were the production by slip casting of ZTA ball
heads with several Z/A ratios [22,23] and the assessment in a hip simulator of the wear
behavior of ZTA-UHMWPE bearings. Wear tests were carried out in a hip simulator using
Alumina-UHMWPE bearings as the reference. The results did not show significant differ-
ences between the experimental and reference material [24]. Cytotoxicity assays confirmed
the absence of harmful effects elicited by the composite materials [25].

4. Alumina–Zirconia Composites in Orthopedics

Zirconia-Toughened Alumina

The first ceramic composite introduced into the orthopedic market in 2002 was the
alumina matrix composite (AMC) BIOLOX®delta, made by CeramTec GmbH, Plochingen,
Germany [26,27]. As reported by Burger [28], such a material was made of a fine-grained,
high-purity alumina matrix (approximately 80 vol %) combined with three different oxides,
so as to retain the relevant properties typical of alumina such as stiffness, hardness, thermal
conductivity, but improving fracture toughness and strength. To this aim, such an alumina
matrix contained a tailored amount of zirconia phase (i.e., ≈17 vol %), on the basis of
indications provided by Pecharromán et al. [29], to obtain the best compromise between
appropriate mechanical performance and chemical stability.

Previous works described the addition of strontium oxide (SrO) to the base formula-
tion, with the purpose of activating solid-state reaction with alumina during sintering and
triggering the in situ growth of elongated strontium hexa-aluminate (SrAl12O19—SHA)
crystals with a magneto-plumbite structure. These platelet-shaped SHA grains, homoge-
nously dispersed in the ceramic composite matrix, increased the toughness of the material
through a mechanism of crack deflection/bridging. The effectiveness of this approach was
demonstrated by Cutler et al. [30], who investigated a three-phase system formed by a
12 wt % Ce-TZP matrix containing Al2O3 and SHA platelets nucleated in situ during sin-
tering. The maximum platelets length is about 5 μm with an aspect ratio of 5–10. Figure 1
shows the microstructure of BIOLOX®delta, where the gray-colored grains represent the
alumina matrix, while the white-colored grains represent the zirconia phase.

Then, two mechanisms are concurring to toughen and to reinforce such a compos-
ite: on one hand, the phase transformation of Y-TZP triggered by the tensile stresses in
proximity of a crack tip is an effective energy-dissipative mechanism. On the other hand,
the volume expansion associated to the T-M transformation is contrasted by the high
stiffness of the alumina matrix, thus resulting in a compressive stresses field, which is
highly effective in blocking the cracks propagation. Furthermore, the elongated zirconium
aluminate crystals—formed upon solid-state reaction between alumina and zirconia during
the sintering process—gave an additional contribution to the enhancement of the mechani-
cal performance, acting indeed as short fibers capable of increasing the fracture strength
and exerting an additional toughening effect. In addition to the reinforcing components,
there are minor stabilizing oxides added to the material, giving additional effects such
as specific coloring, such as the example of doping alumina with little chromium oxide
amount (Cr2O3), which gives the material its characteristic pink color.
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Figure 1. SEM image of the microstructure of the AMC composite ceramic BIOLOX®delta (Courtesy CeramTec GmbH,
Plochingen, Germany). The gray grains (1) are the alumina matrix, the white grains (2) are the zirconia phase, and the
elongated grains (3) consist of reinforcing strontium hexaaluminate (SHA) platelets.

CeramTec BIOLOX®delta is considered as the golden standard for ceramics in joint
replacements bearings. BIOLOX®delta—which is characterized by a pink color, patented
in the European market—is presently used for the production of ball heads that are man-
ufactured in nine different diameters from 22 to 44 mm with four different neck lengths.
The production of inserts is more differentiated, because it considers not only the inner but
also the external design of the insert, to comply with the metallic shells of the different cup
design now on the market.

A number of new ceramic devices were developed thanks to the behavior of AMC, as
illustrated in Figure 2. This is including THR ball heads expressly designed for use during
revision surgeries, ceramic components for knee replacements, humeral heads for shoulder
replacements, and ceramic hip resurfacing implants [31].

Figure 2. AMC BIOLOX® delta products (Courtesy CeramTec GmbH, Plochingen, Germany).

Kyocera Medical Corp (Kyoto, Japan—formerly Japan Medical Materials) followed an
original approach. The company is a historical manufacturer of fine ceramics for biomedical
applications, the first implants of its alumina Bioceram® may be traced back to 1976. In
2010, Kyocera developed a ZTA (BioCeram® AZ209) where zirconia is stabilized in the
tetragonal state by residual stresses only [32]. This is obtained by fine tuning of the grain
size during cooling.
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A more complex composite was released to the market in 2015 under the trademark
of Bioceram®AZUL, which was likely chosen for its characteristic blue color [33,34]. AZUL
contains approximately 19 wt % zirconia and 2 wt % oxide additives mixed with high-
purity fine alumina. The addition of a mixture of oxides characterized by platelet-like
grains, such as TiO2, MgO, Co3O4, SiO2, and SrO, aimed to reduce the grain size and
induce the precipitation of platelet-like SHA grains. Additives used in the ZTA synthesis,
except for silicon, were located in that platelet-like grain, substituting for strontium and/or
aluminum [35]. Stress relaxation due to the zirconia particles and the crack-diverting
effect of S6H crystals are relevant factors promoting the high strength and toughness of
Bioceram®AZUL.

A further ZTA (25 vol % Y-TZP, alumina balance) was introduced on the orthopedic
market under the trade name Symarec® on 2015 by Mathys Orthopedie (Bettlach, Switzer-
land), who incorporated the company Keramed (formerly Keramik Werk Hermsdorf—
KWK Moesdorf, Germany). Keramed is among the pioneers in bioceramics, manufacturing
alumina Bionit® since the early 1970s. Symarec® contains 25 vol % Y-TZP finely dispersed
in the alumina matrix (75 vol %) [36].

5. Alumina-Toughened Zirconia

Similarly to the ZTA, the ATZ aimed to combine the advantages of the two monolithic
materials. Although ATZ may appear of relatively simple design, the properties of these
special materials depend significantly on the production steps and conditions, as already
previously pointed out.

So far, Mathys Orthopedie (Bettlach, Switzerland) introduced the only ATZ for or-
thopedic applications in the market in 2007 under the trade name Ceramys® [37]. The
mechanical behavior of the material is remarkable and, in some cases, it produced better
results than the ZTA alternatives (see Table 3).

Table 3. Selected properties of alumina–zirconia composites for orthopedic applications. Adapted from [31]. (n.s.: not
specified; *: measured by ring-on-ring bending).

Property Units

CeramTec GmbH Mathys AG Kyocera Medical

Alumina
BIOLOX forte

BIOLOX
Delta

Symarec ZTA
Ceramys

ATZ
AZ209 AZUL

Al2O3 Content vol % >99.8 79 75 20 84 79

ZrO2 Content vol % – 17 25 80 14 19

Other Oxides Vol % – 1 n.s. n.s 2 2

Density g/cm3 3.97 4.37 4.37 5.51 4.35 n.s.

Av. Grain Size Al2O3 μm 1.75 0.56 0.8 0.4 0.35 0.3

Vickers Hardness GPa 20 19 20 (HV1) 15(HV20) 17 17.4

Flexural Strength (4-Point Bend) MPa 631 1384 ≥700 (*) ≥900 (*) 1200 1399

Fracture Toughness MPa m
1
2 4.5 6.5 ≥5 ≥7 4.3 4.5

Ceramys® is presently the oxide ceramic composite with the higher toughness now
on the market. The production of ball heads covers the most significant diameters now in
clinical use (29, 32, 36 mm). Mathys is manufacturing also sleeved ball heads using the ATZ
Ceramys®, for use in revision surgery or in primary implants thanks to extra-long sleeves.

The Ceramys® is sometimes described as a composite made of 80 wt % zirconia and
20 wt % alumina. More in detail, Schneider, et al. [38] describe the Ceramys® as formed
by 61% tetragonal zirconia, 17% cubic zirconia, approximately 1% monoclinic zirconia,
and alpha-alumina. The tetragonal zirconia phase is stabilized with 3 mol % yttria as for
the standard monolithic zirconia (3Y-TZP). The alumina grains are finely dispersed in the
zirconia matrix, and the average grain size approaches 0.4 μm, both for ZrO2 and Al2O3.
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According to Oberbach et al. [39] the biaxial flexural strength (acc. to standard
ISO 6474) surpassed 1200 MPa. The pin-on-disk wear test with ATZ/ATZ couplings using
serum as a fluid test medium was shown to be comparable to Al2O3/Al2O3 couplings (i.e.,
0.152 mm3 and 0.157 mm3 of weight loss, for ATZ and Al2O3, respectively) [40].

Some properties of currently manufactured alumina–zirconia ceramic composites for
orthopedic applications are summarized in Table 3.

The interest for zirconia-toughened ceramics (ZTCs) in dentistry is mainly due to the
present evolution in the device design. Namely, metal-free dental implants are becoming
more and more demanded by patients, and in the last 20 years, Y-TZP is used to produce
crowns and bridges as a structural ceramic as well as in dental implants [41].

Several alumina–zirconia ceramic composites are already in use in dentistry. The
one with the longer clinical record is known under the trade name NANOZR® (Mat-
sushita/Panasonic, Osaka, Japan). Developed by Nawa et al. in the late 1990s, it is an ATZ
composite ceramic constituted of 10 mol % Ce-TZP matrix with 30 vol % Al2O3 [42,43].
This material shows an intergranular type nanostructure, in which several 10–100 nm
Al2O3 particles are trapped within the ZrO2 grains and several 10 nm ZrO2 particles are
trapped within the Al2O3 grains. NANOZR® is now in use in CAD/CAM milling blanks
for dental restorations (crown, bridges, etc.), and tests are now in progress in the view of
its use in dental implants [44].

Dental implants made of Y-TZP are rather common today, and the large majority of
the devices on the market are single-piece devices. As an alternative, a growing number
of manufacturers are proposing two-piece dental implants made of Y-TZP. The design of
the connection in two-piece implants is a challenging issue because of the small overall
diameter of the device (3.5–4 mm) and the reduction in thickness of the walls in the zone of
connection. The reliability of these devices can be improved by the use of composites. In
addition, alumina–zirconia ceramic composites are expected to increase the reliability of
small diameter implants (e.g., 3.5–3.25 mm in diameter) that are the most critical from the
mechanical viewpoint.

The ATZ now in clinical use for dental implants is BioHip® (Metoxit, Tahingen,
Switzerland) [45]. This material is a fine and homogeneous dispersion of Al2O3 grains
(D ≈0.4 μm) in a submicron-size Y-TZP matrix, and it shows a marked improvement in
the mechanical behavior with respect to Y-TZP (see Table 3). Zeralock and Zeramex Plus
dental implants too (Dentalpoint, Zurich, Switzerland) are made out of ATZ BioHip®. The
retrospective analysis of the company database demonstrates the excellent success rate of
these two systems, 98.5% at >2 years follow up (Zeralock) and 99.4% at >1 year follow up
(Zeramex Plus) [46].

6. Developments in Progress

The developments in progress in alumina–zirconia ceramic composite as biomaterials
are presently based on the development of new medical devices using materials already
established. This is true especially for applications in dental implants fostered by manufac-
turers developing two-piece and small diameter (<4 mm) dental implants. In addition, the
present regulatory framework is making it difficult to introduce new materials in dental
implants due to their class of risk (IIb).

As an illustrative example of this situation, it is noted that the small diameter implants
now under development (2021) are based on a Ce-TZP-based triphasic composite already
described six years ago [47,48]. Ceramic composites replacing Y-TZP by Ce-TZP are being
studied for application in dentistry, i.e., by Apel et al. [49], who reported the processing
of a ceria-doped tetragonal zirconia polycrystal-based composite (10Ce-TZP/16 vol %
MgAl2O4), obtained by slip casting and die pressing of commercially available powders.
Their work shows that the material is enhanced by the inter- or intra-granular dispersion of
nano-scaled (max 200 nm) magnesia spinel, mostly at the grain boundaries of the Ce-TZP
matrix but also within the zirconia grains. Moreover, this material contains very fine
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zirconia crystals within the spinel grains. Negligible LTD was observed after aging at
134 ◦C in saturated steam for 450 h [49].

Ce-TZP/Al2O3 composites were extensively studied in the framework of two EU-
funded research projects, named LONGLIFE and SISCERA. The Ce-TZP/8 vol %
Al2O3/8 vol % SHA composites (referred to as ZA8Sr8) were recently developed using as
a precursor a powder obtained by the surface-coating route [50]. Reveron et al. reported
that using coated powders allows homogeneous distribution of the second phases in the
zirconia matrix, the tailoring of grain size and morphology, and a close control of the
stoichiometry [51]. The mechanical properties of the triphasic composite ZA8Sr8 are sum-
marized in Table 4. In addition, ZA8Sr8 shows optimum LTD resistance; the monoclinic
fraction after 50 h of hydrothermal treatment (134 ◦C, sat. steam) is about 10 vol % in
comparison with 70 vol % in Y-TZP treated in the same conditions [52].

Table 4. Selected characteristics of some ZTC of interest as materials for dental implants. Flexural strength measured on 4-p
bending bars. * Biaxial measure on discs following ISO 6872.

Material Ref Composition
Flexural

Strength (MPa)
Toughness
(MPa·√m)

Hardness(GPa)

Reference Y-TZP 16 ZrO2/3 mol% Y2O3 900–1200 6–10 12–14

Commercial

NANOZR® 42 10 mol% Ce-TZP/30
vol.% Al2O3

1290 (*) 8.6 11.5

ATZ
BioHip® 38 Y-TZP/20 vol % Al2O3 1400 8 14

Under development

ZCA5P 54 Y-Ce-
TZP/Al2O3/LaAl11O18

1250 8,5 13.5

ZA8Sr8 51 8 vol %Al2O3/8 vol %
SHA/Ce-TZP 1197(*) 10.2 –

HTZ500 55 ZrO2/2 mol% Y2O3/5
vol % SHA 1628 8.6 12.6

A further approach to increase the strength and toughness of ceramics is based on
the introduction of elongated phases that increase the toughness of the material by crack
deflection/bridging as discussed previously in the case of SHA platelets in an alumina
matrix. Similar platelet-like grains made out of lanthanum hexaluminate (LaAl11O18—
LHA) nucleated in Ce-TZP during sintering were reported by Miura et al. [53].

Similar structures reinforced by LHA can be obtained in a Y-TZP matrix, leading to
materials with variable behavior depending on the volume fractions of the different phases,
i.e., the ZCA10P composite (Oximatec GmbH, Hochsdorf, Germany) containing 10 vol %
platelets described by Burger [54], illustrated in Figure 3.

Further materials that are expected to originate innovative devices in dental implan-
tology are the ones described by Gottwik et al. [55]. They disclosed a new material with
remarkable mechanical behavior. Identified as HTZ500, it consists of a matrix of 2 mol %
Y-TZP (grain size: 0.27 μm) containing a dispersion of 5 vol % SHA platelets [55]. The
bending strength is ≈1.6 times the Y-TZP one. This material is especially of interest for its
strength after scratching or after indentation, which is defined by the author as “damage
tolerance” [56]. Namely, the abutment of one-piece dental implants is finished by grinding,
which may originate a network of subsurface cracks that may grow until fracture, which is
driven by the stresses applied during clinical use [57].

Other approaches to increase the mechanical behavior of ZTA were followed by
Duntu et al. [58]. They observed a relevant increase in hardness and toughness after the
addition of graphene to the material. In hot pressed ceramics, fracture toughness was
increased up to 115%, while the fracture toughness (KIC) of alumina—10 wt % ZrO2–was
increased up to 164% thanks to the refinement in grain size of the alumina matrix and to
the toughening effects of intergranular graphene and ZrO2 grains.
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Figure 3. Microstructure of Ce-TZP/LaAl11O18 composite (ZCA10P) (courtesy Dr. W. Burger, Oxymatec Gmbh, Hochdorf,
Germany).

A further approach to improve the mechanical behavior of ZTA consists in adding
TiO2 to the composite, thus increasing the composite density [59,60].

Khaskhoussi et al. [61] reported the results of the biological characterization in vitro
of experimental ternary alumina/12 mol % ceria-stabilized zirconia/titania ceramic com-
posites. Adding TiO2 in ZTA is known as an effective way to increase alumina and zirconia
density [60]. The tests demonstrated that these composites may be able to promote cell
adhesion and bonding in the tissue and implant interface, but these promising results must
be confirmed in vivo. In addition, genotoxic effects were observed in the composites with
higher concentration of TiO2 tested (10 wt %), indicating the need to establish a threshold
for this component in the ceramic.

7. Conclusions

Alumina—zirconia ceramic composites have wide acceptance in orthopedics, and
their relevance is growing in dentistry. This due to the biological safety of the materials
now in production, their stability, and their outstanding mechanical properties.

In orthopedics, the large majority of orthopedic companies rely on BIOLOX®delta
for ceramic components for THR bearings. This ceramic covers more than 90% of the
worldwide market, while the ones made by competitors rely on niche markets only. More
than 5 million patients so far are taking advantage of ceramic components made out of
this material.

BIOLOX®delta is today “the ceramic” in hip replacement bearings worldwide, and it
is becoming the material of choice for ceramic bearings in the growing field of shoulder
arthroplasty. Attempts to use ZTA components in knee arthroplasty are limited to niche
markets mainly due to the high pricing of bioceramic knee replacements because of their
design, which is much more complex that the spherical joint of the hip or of the glenoid
component for shoulder replacements.

In dentistry, especially in implantology, ceramic devices had to cope with the clinical
success of titanium implants. Although ceramic dental implants have had a clinical
outcome analogous to the titanium ones, the share of ceramic implants—although steadily
growing—is today no more than 10% of the market.
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The diffusion of ceramic implant in dentistry is depending on the formation of practi-
tioners, who could hence add these devices to the array of solutions that they propose to
their patients.

The standard material for ceramic dental implants is Y-TZP, but some implant manufac-
turers already use ATZ. The growing interest for two-piece implants and for small diameter
may widen the application of oxide ceramic composites, especially the ternary ones making
use of ceria-stabilized zirconia and SHA platelets, because of their mechanical properties.

Although several experimental materials are under study, their future appears uncer-
tain due to the strict rules of the regulatory systems for medical devices that are making
the approval of new materials more and more difficult.

We note the growing attention on ceramic implants by the global players of the dental
market, which will lead to significant changes in the dental implantology field during the
next few years. The major companies recently made agreements with, or acquisition of,
companies involved in material development and/or in the manufacture of ceramic dental
implants. A new momentum to metal-free implantology and to oxide ceramic composites
biomaterials in this field can be expected from these operations.

Author Contributions: writing—original draft preparation, P.C.; writing—review and editing, S.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AMC Alumina Matrix Composite
ATZ Alumina-Toughened Zirconia
HIP Hot Isostatic Pressing
LTD Low-Temperature Degradation
SHA Strontium Exaluminate
TKR Total Knee Replacement
THR Total Hip Replacement
UHMWPE Ultra-High Molecular Weight Polyethylene
Y-TZP Yttria-stabilized Tetragonal Zirconia Polycrystal
ZTA Zirconia-Toughened Alumina
ZTC Zirconia-Toughened Ceramics
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Abstract: Although in 1977 the first ceramic composite material had been introduced into the market,
it was a long time before composite materials were qualified for medical applications. For a long
period high purity alumina ceramics have been used as ball-heads and cups. Because of their
brittleness, in 1986 yttria stabilized zirconia has been introduced into this application, because of
higher strength and fracture toughness. However, due to its hydrothermal instability this material
disappeared in orthopaedic applications in 2000. Meanwhile a composite materials based on an
alumina matrix with dispersed metastable tetragonal zirconia particles and in-situ formed hexagonal
platelets became the standard material for ceramic ball-heads, because of their excellent mechanical
strength, hardness and improved fracture toughness. Especially fracture toughness can be improved
further by special material formulations and tailored microstructure. It has been shown that a mixed
stabilisation of zirconia by yttria and ceria with dispersed alumina and hexagonal platelets overcomes
the hydrothermal instability and excellent materials properties can be achieved. Such materials do
have big potential to be used in dental applications. Furthermore, these materials also can be seen
as a new generation for ball-heads, because of their enhanced fracture toughness. All materials are
described within these articles. In order to achieve the required properties of the materials, special
raw materials are required. Therefore, it is quite important to understand and know the raw material
manufacturing procedures.

Keywords: alumina; zirconia; transformation toughening; platelet reinforcement

1. Introduction

Ceramic materials have played an important role for many years. Their main use has
been in bricks and in pottery. Because of its inertness and corrosion resistance, table wear
is a quite popular, centuries-old application of ceramics. All goods named are made out of
natural raw materials. About 90 years ago, the first publications showed alumina based
ceramic materials based on synthetic alumina (Al2O3) powders [1].

In the early 50s of the last century, alumina ceramics became popular for some wear
applications. Especially in the textile industry, it is still used as the most wear resistant
material against yarns. Additional developments related to several applications, like
cutting tools, lead to further improvements of the materials [2].

Due to its reversible phase transformation, zirconia (ZrO2) didn’t play a significant
role for 80 years, because of the need of stabilizing oxides in order to keep a stable cubic
crystal structure. In refractories, such zirconia became popular, because of their low thermal
conductivity. However, mechanical strength properties of such kinds are quite limited. In
mid 70s of the last century, it has been found that by a partial stabilization of the zirconia,
special properties by microstructural design have been achieved [3]. Finally, in the early
80s it has been found that by stabilization of zirconia by yttria (Y2O3), the tetragonal
modification can be stabilized. Such materials show a very high mechanical strength, and
since that time, many new developments have been made.

Mixtures of alumina and zirconia were introduced in 1977 for ceramic cutting tools [4].
By incorporation of very fine grained zirconia particles into an alumina matrix, mechanical
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strength properties and fracture toughness can be enhanced. Finally, in 1991 it was pub-
lished that reinforcement of alumina with zirconia and hexagonal platelets led to a further
improvement of the materials.

One of the major uses of yttria stabilized zirconia started in 1986 when ball-heads
for total hip prosthesis have been introduced into the market [5]. Today ball-heads on the
bases of yttria stabilized zirconia do not play a role in this field. They have been substituted
by composite ceramics. However, in the dental industry yttria stabilized zirconia ceramics
are quite popular in prosthetics and as implants [6].

In the following, alumina, zirconia and its composites will be described more in detail.

2. High Purity Alumina

The most popular processing technology for making alumina powder is a disintegra-
tion of bauxite with caustic soda. By this process, called the Bayer-process, the alumina
is dissolved at temperatures of about 120–140 ◦C and a pressure of about 2–3 bar. The
Al(OH)4

−-ions are then precipitated by the addition of seeds. These Al(OH)3 (aluminium
hydroxide) precipitates normally contain impurities like magnesium, calcium, silica, iron
and sodium ions. After a thermal treatment, the hydroxide changes to several intermediate
oxides, before finally the thermodynamically stable α-phase of alumina is reached. Usually,
this powder then is used for making synthetic ceramic materials [7].

One of the first applications for an alumina ceramic material has been the isolating
component of spark plugs. Since densification during the sintering process of such alumina
powders is very difficult, additional components are added. Therefore, most of the alumina
ceramic materials contain silica (SiO2), magnesia (MgO) and/or calcium oxide (CaO) [8,9].
By addition of these components, glassy phases are formed and such glassy phases support
the densification behaviour significantly. Besides spark plugs, which are usually based on
97 wt-% of alumina and additional silica and calcium oxide or magnesia, seal-discs and
substrates for electronic applications are based on similar formulations. Unfortunately,
these glassy-phase containing alumina ceramics tend to corrode under long term treatment
in humid atmospheres.

Alumina ceramics with a purity of 99.7% based on Bayer-alumina still contain a
certain small amount of calcium and silica impurities and do not have a very high sintering
activity. Therefore, in order to achieve a density of at least 97.5% it is mandatory to apply
sintering temperatures up to 1700 ◦C. By application of such high sintering temperatures a
significant grain-growth occurs. Furthermore, grain-growth control is very difficult. Even
the addition of magnesium oxide, which is well known as grain-growth inhibitor, does not
help any more to control the growth of the grains at these high temperatures [10]. As a
result, discontinuous grain growth occurs. Grain-size of such a kind varies significantly,
and single grains with a size of 20 μm or more are quite often found in the microstructures.
The typical mechanical strength of these materials is about 250–300 MPa. Figure 1 shows
the microstructure of such a ceramic.

Looking back to the 1960s, only alumina powders based on the Bayer process have
been available on the market. In parallel, already electro corundum has been applied for
grinding applications. Electro corundum are alumina single crystals with a size of about
15–300 μm. Due to the melting process, which occurs in order to achieve the single crystals,
the purity of these grains is much higher compared to alumina powders derived from
the Bayer process. The only remaining impurities are small amounts of silica (SiO2) and
sodium oxide (Na2O).

Erhard Dörre, a pioneer in the development of high purity alumina ceramics, recog-
nized the advantage of the higher purity of electro corundum, milled the single crystals
down to a size of about 0.6 μm, cleaned the milled powder with hydrofluoric acid in order
to get rid of the silica impurities, followed by a second cleaning step with hydrochloric acid
in order to get rid of sodium oxide. By this approach, he realized a high purity powder
for making high purity ceramics. In addition, this ceramic material could be sintered
at temperatures of less than 1600 ◦C. By addition of magnesia as grain-growth inhibitor
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a very uniform microstructure with a mean grain-size of about 5 μm has been realized
(Figure 2) [11]. Furthermore, the density achieved has been at 99%. As a result of this, the
mechanical strength could be increased to 420 MPa.

 
Figure 1. Microstructure of alumina with a purity of 99.7% sintered at 1650 ◦C.

 
Figure 2. Microstructure of 99.7% alumina based on purified and milled electro corundum.

The pioneering work of Dörre has been underestimated for a long period. Furthermore,
the costs of Dörre’s material have been significantly higher. Therefore, managing people
fought against this material, because they only have seen the higher costs and didn’t want
to see the unique performance of this material.

Dörre’s approach shows the importance of the raw material in relation to the mechani-
cal properties. Furthermore, by his approach he could avoid impurities, which are sensitive
to corrosion. While in the Bayer alumina raw materials always small amounts of calcium
oxide and silica are present, the high purity alumina ceramics made by Dörre no longer
had any impurities. As a consequence of this, besides the improved mechanical properties,
this material also shows a significant higher corrosion resistance.

Finally, Dörre achieved the break-through with this material in a publicly funded
project, which has been related to bioceramic ball-heads. Mechanical strength and corrosion
resistance are mandatory for a long-term stability. Since Dörre’s material fulfilled these
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requirements, finally his material has been qualified for bioceramic applications as ball-
heads in total HIP replacement systems, while approaches on the basis of Bayer alumina
only had limited success.

In 1970s, new powder processing routes for high purity alumina have been developed.
All of these processes start from defined chemicals, which are isolated and afterwards
transferred to high purity alumina. Typical precursor salts are Ammoniumaluminium-
sulfate (Alaun) (NH4)Al(SO4)2·12H2O, Aluminiumchloride [Al(H2O)6]Cl3, Ammoniu-
maluminiumcarbonate (NH4)Al(CO3)2 or Aluminiumalkoxide Al(OR)3. These salts are
easily dissolved and precipitation can be controlled, which means that the primary crystal-
lites formed are influenced by the precipitation method. Especially for the Alkoxides by
precipitation either hexagonal or ball-like precipitates can be tailored.

At this point it has to be stated that chemically derived alumina powders are sig-
nificantly higher in costs compared to Bayer alumina. However, these powders can be
sintered already below 1500 ◦C to a final density of 99.7% of the theoretical density with a
very homogeneous fine grained microstructure of about 2.5–3 μm in oxidizing atmosphere
(Figure 3, left) or between 1–2 μm after HIPing (Figure 3, right) in mean grain-size. In
case these ceramics are only pre-fired to a density of about 97–98% and afterwards are hot
isostatic pressed, the theorectical density of 3.98 g/cm3 is achieved. By this approach the
homogeneous microstructure with a mean grain-size of about 1.5 μm or even less can be
realized, and mechanical properties can be enhanced to about 620–650 MPa [12].

  

Figure 3. Microstructure of alumina ceramics; left: starting powder with a mean grain-size of 0.33 μm; right: starting
powder with a mean grain-size of 0.22 μm.

Because of the higher mechanical strength properties of high purity alumina ceram-
ics, chemically derived powders have substituted Dörre’s alumina in 1987, followed by
introduction of the HIP process in 1994. However, all of these materials with improved
mechanical strength properties are extremely brittle and very stiff. It is well known that a
brittle material with failures on the surface has a catastrophic breakage. This means that
a failed part, i.e., a fractured ball-head, generates many fine particles. These have to be
removed before a new ball-head can be replaced in the hip.

Taking into account that within a period of 20 years the mechanical strength properties
have been increased by about 50% compared to the original material, it can be concluded
that a continuous process improvement including new alumina powders, has been quite
successful in order to enhance the mechanical strength properties and therefore the safety
of ball-heads made out of alumina ceramics [13].

3. Zirconia

Zirconia did not play a significant role in engineering ceramic applications for a
long period because it has a reversible phase transformation. While at room temperature
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the monoclinic phase is stable, it transfers at 1174 ◦C diffusion-less into a tetragonal
modification. By cooling down, re-transformation into the monoclinic phase takes place.
Figure 4 shows the hysteresis, which occurs during phase transformation in pure zirconia
in comparison to doped zirconia with a different amount of stabilizing calcium oxide
(CaO) [14]. Only after the addition of 19.5 Mol-% of CaO the expansion behaviour becomes
reversible, while at lower concentrations, i.e., 5 Mol-%, does the hysteresis effect still occur.
The phase transformation from monoclinic to tetragonal is combined with a re-orientation
of the ions within the lattice. Due to the higher symmetry of the tetragonal modification,
the density of it is 6.1 g/cm3, while in the monoclinic phase it is only 5.85 g/cm3. This
means that for a non-stabilized sample, sintering takes place in the tetragonal modification
and by cooling down, it re-transforms to monoclinic combined with a volume increase of
about 4%. As a consequence of this, cracks are induced within the ceramic body and it is
not stable. Figure 5 shows the symmetries in both modifications of the [111]-direction of
the cationic lattice.

Figure 4. Hysteresis curve of the reversible phase transformation in zirconia.

Figure 5. Orientation of the Zr-ions in the monoclinic and tetragonal lattice.
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3.1. PSZ Ceramics

In order to overcome the re-transformation from the higher symmetric modification to
its monoclinic phase, MgO and/or CaO are added in a relatively high amount. As it can be
seen in the zirconia-rich side of the phase diagram of the system ZrO2-MgO (Figure 6), the
concentration of 12–13 Mol-% the cubic zirconia phase remains stable because of formation
of a solid solution. Within this solid solution Mg2+-ions replace Zr4+-ions within the
cationic lattice. In order to achieve neutrality, oxygen vacancies remain in the anionic
lattice [15].

Figure 6. Phase diagram of the system ZrO2-MgO.

Cubic fully stabilized zirconia doesn’t play an important role in high performance
applications. Its major application has been in refractories as isolating material, because
zirconia itself has a very low thermal conductivity. Besides, the reversible phase transfor-
mation zirconia powders are much more expensive compared to many alumina powders.
From an economic point of view, this has been an additional argument against a broad
application of cubic zirconia ceramics.

The raw material sources itself are mainly zircon sand, a zirconiumsilicate (ZrSiO4),
which contains rare earth impurities, including uranium oxide (UO2). In South Africa the
mineral Baddeleyite, a monoclinic zirconia material is found. Again, this mineral is usually
accompanied by rare earth oxides and actinides [16].

For making the zirconia powders, there are different processing methods available.
The simplest method is the thermal decomposition of zircon sand, ZrSiO4. As can be seen in
the phase diagram (Figure 7), it decomposes at temperatures of 1685 ◦C into a solid solution
of ZrO2 and SiO2 [16]. However, by this approach for making zirconia, a relatively high
amount of impurities remains within the zirconia. The major impurity is remaining silica.
Furthermore, all rare earth and actinides remain; i.e., the accompanying uranium- and
thorium oxide remains within the zirconia grains as solid solution. Due to these impurities,
it is obvious that such a raw material cannot be used in biomedical applications.

A more suitable approach is the alkaline disintegration. By this approach, zircon sand
is dissolved in caustic soda and the soluble sodiumzirconate Na2ZrO3 then is transformed
into a defined chemical composition, i.e., with sulfuric acid into Zr5O8(SO4)2·H2O or
with hydrochloric acid into zirconylchloride (ZrOCl2). The first salt can be thermally
decomposed into ZrO2. ZrOCl2 can be cleaned and finally by shifting of the pH with
ammonia into alkaline region, zirconiumoxyhydroxide (ZrO(OH)2) is precipitated. By
calcination of the hydroxide finally a pure zirconia is achieved. It has to be remarked that
in this processing route radioactive impurities can be reduced to a very low level, even
below the detection limit [17].
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Figure 7. Phase diagram of ZrSiO4.

It has to be remarked that neither by thermal separation nor by alkaline disintegration
the hafnia (HfO2) can be separated from zirconia. This means that normally zirconia always
contains an amount of about 1.5–2.0 wt-% of hafnia.

A third alternative approach for making zirconia powder is the carbo-thermic disinte-
gration. By this method, zircon sand is mixed with carbon and chlorine and heat-treated at
900–1300 ◦C:

ZrSiO4:Hf,U,Th + C + Cl2 → ZrCl4 + HfCl4 + SiCl4 + UCl4 + ThCl4 + CO2

The formation of the chlorides is the only processing route in order to separate Zr4+-
and Hf4+-ions. Furthermore, it is a very effective method to get rid of the radioactive
impurities [18,19]. The separation of the Chlorides is made in a condensation column.
Finally, the zirconium tetrachloride is directly transferred at about 250 ◦C in water steam
into zirconia:

ZrCl4 + 2H2O → ZrO2 + 4HCl

By this method an extremely high purity zirconia powder with a nano-scaled particle
size can be made. This powder behaves completely differently from all other known high
purity zirconia powders. It is the most promising raw material in order to achieve excellent
yttria stabilized zirconia ceramics. Furthermore, it is the best raw material to be composed
with alumina in order to make composite materials. However, before being used in the
ceramic body, it is mandatory to make a chemical pre-treatment of it. Figure 8 shows
an image of the particles in comparison with a standard grade zirconia material. Table 1
summarizes the chemical impurity levels of the zirconia powders derived by different
processing routes [17].

As already mentioned, in order to have stable zirconia ceramics, additional oxides
have to be added in order to retain either the cubic phase, or in the case of a partial
stabilisation either to directly keep the tetragonal phase metastable until room temperature,
or to have cubic matrix grains and within these grains tetragonal precipitates. The last
named ceramics are well known under the name “PSZ” (partially stabilized zirconia). The
most convenient stabilizing oxide for these kinds of ceramic materials is MgO [15,20].
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Figure 8. Powder morphology of standard grade zirconia powder (left) and the nano-scaled powder (right) made by
synthesis without calcination.

Table 1. Overview table of zirconia powders derived by different processing routes.

Impurity
Material

Unit Baddeleyite
Thermal
Decomposition
of ZrSiO4

Alkaline
Disintegrartion of
ZrSiO4 without
Cleaning

Cleaned
ZrO(OH)2 by
Zr5O8(SO4)2

Cleaned
ZrO(OH)2 by
Zr5O8(SO4)2
and ZrOCl2

Carbothermal
Chlorination
and Cleaning

Na2O [ppm] <100 <100 <200 <100 <100 <100
MgO [ppm] <100 <100 <100 <100 <100 <100
CaO [ppm] 50 200 350 200 <100 <100
Al2O3 [ppm] 100 800 500 <100 <100 <100
SiO2 [ppm] 2600 100 500 100 <100 <100
TiO2 [ppm] 1200 100 1100 200 <100 <100
Fe2O3 [ppm] 300 150 200 <100 <100 <100
HfO2 [ppm] 20,000 20,000 20,000 20,000 20,000 <100
UO2 [ppm] 800 300 35 35 <1 <1
ThO2 [ppm] 200 150 10 10 <1 <1

Figure 6 shows the zirconia riche side of the phase diagram ZrO2-MgO. As can be seen
in the phase diagram, the region, where the tetragonal phase is existing, is quite limited.
It is only exisiting at high temperatures up to a concentration of about 0.5 Mol-% and
disappears already below 1200 ◦C. Such a low concentration cannot stabilize the tetragonal
zirconia modification.

Garvie et al. have shown a very interesting approach by a partial stabilization of
zirconia with MgO. They reduced the amount of stabilizing MgO to about 9.2 Mol-%
(3.2 wt-%), sintered at a temperature of 1750 ◦C and cooled the system quickly until about
800 ◦C [21]. Sintering at 1750 ◦C means that this process takes place in the region, where
only a cubic solid solution is existing. During cooling, the material has to pass a region
where tetragonal and cubic solid solution exists in parallel, i.e., during cooling tetragonal
precipitates are formed within the cubic matrix grains. Either by optimizing the cooling
rate or by heat treatment after sintering, these tetragonal precipitates can be developed
within the cubic matrix grains. These cubic grains are in the size of 30–70 μm, while the
tetragonal particles within the cubic grains are limited up to 0.2 μm in order to retain their
tetragonal modification. A bigger size of these tetragonal precipitates lead to an immediate
phase transformation to the monoclinic phase at room-temperature. So, the closer the
tetragonal precipitates come to the critical coherence length, the higher the mechanical
strength and fracture toughness. Figure 9 shows the typical microstructure of Mg-PSZ and
its tetragonal precipitates.
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Figure 9. Microstructure of Mg-PSZ (left) and its tetragonal precipitates within one grain (right).

Compared to cubic stabilized zirconia, which only has a mechanical strength of about
200–250 MPa and is very brittle, the Mg-PSZ grades show strength levels of 500–750 MPa.
However, in the case of tetragonal precipitates being close to the critical coherence size, the
material can only be used at room temperatures. In the event elevated temperatures are
required in the application, the size of the precipitates has to be reduced and therefore the
mechanical strength goes down to about 500 MPa. However, in this case the materials can
be used up to about 800 ◦C. Due to its unique microstructure with its coarse grain-size, it
fractures trans-granular at a high Weibull modulus of up to 25 (see Figure 10) [22].

 
Figure 10. Fractured surface of Mg-PSZ.

Usually, Mg-PSZ ceramics show a hardness of HV10 ≈ 1150–1200. Its fracture tough-
ness is about 5 MPa

√
m. While pure Mg-PSZ is quite critical in its behaviour related to

phase transformation, a system based on co-stabilisation of MgO and Y2O3 is thermo-
dynamically much more stable. Figure 11 shows the strength decrease of Mg-PSZ and
Y-Mg-PSZ after treatment at 1100 ◦C. It is evident that mixed stabilisation causes significant
benefits compared to stabilisation with only one single oxide [22,23].

For making PSZ ceramics, raw materials are used, which come from the thermal
decomposition process of zircon sand. Their chemical purity is limited (see Table 1) and
most of these materials have a yellow colour, which goes back to the trace impurities of
radioactive elements. Small amounts of silica, up to about 0.2 wt-% are not very critical for
these kind of ceramic materials. Silica remains in the grain-boundaries and forms forsterite
(MgSiO4). As a consequence of this, the zirconia matrix is destabilized. In order to avoid
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the formation of forsterite, it has been proposed to add small amounts of strontium oxide
in order to make SrSiO4 and therefore retain the MgO within the cubic matrix grains [24].

Figure 11. Thermal stability of Y-Mg-PSZ vs. Mg-PSZ.

In the past there have been attempts to qualify Mg-PSZ–based on high purity zirconia
powders–ceramics for total hip replacement systems. Compared to alumina, Mg-PSZ
has a higher fracture toughness and lower hardness. Mechanical strength properties
are comparable. However, there was no breakthrough with these materials, although
these kinds of materials do not undergo a hydrothermal decomposition reaction like
Y-TZP ceramics.

3.2. TZP Ceramics

Yttria stabilized zirconia (Y-TZP) materials are quite popular, because within the
system ZrO2-Y2O3 there is a broader range of tetragonal solid solution (see Figure 12). The
tetragonal solid solution region exists up to an yttria content of 3 Mol-%. In practice, this
means that by having powders with a high sintering activity, the tetragonal phase can be
retained stable as long as the sintering temperature does not exceed 1450 ◦C.

Figure 12. Phase diagram of the system ZrO2-Y2O3.
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Normally, high sintering activity of a powder is given when they are fine grained
and have a high specific surface area. However, handling of these powders is much more
difficult in pressing compared to more coarse powders, which are used for PSZ ceramics.
Suitable zirconia powders are derived from purified ZrOCl2- and Zr5O8(SO4)2-precursor
salts. During precipitation the formation of the crystallites is controlled severely, and very
fine-grained particles of ZrO(OH)2 are precipitated. These particles can be calcined at
different temperatures. Finally, the most popular powders—relatively easy to handle for
making ceramics—have a specific surface area of about 8 m2/g. For high-end materials
with a very high sintering activity, the specific surface area is about 15 m2/g.

For many years the distribution of yttria within the zirconia grains has already been
made in the precursor salt solution through addition of a solution of YCl3. In the following
precipitation process, the yttria is extremely homogeneously distributed within the zirconia
grains. During the following calcination step a solid solution of yttria dissolved in the
zirconia matrix takes place. Its particle size is about 0.2–0.3 μm. This approach is well
known as the so-called “coprecipitation” process.

As it has been already described in detail, the carbo-clorination process also leads the
very fine-grained zirconia powder (see Figure 8 right image). Although in principle yttria
could be dispersed in the precursor salt, in practice this has never been done. In the late
1980s it was found that the surface properties of this zirconia raw material can be tailored
by chemical treatment in order to adopt yttria onto the surface of the nano-scaled zirconia
powder. This approach is the so-called “coating” process. Figure 13 shows the principle
differences between these two different approaches for stabilisation of the tetragonal phase
in the system ZrO2-Y2O3.

 

Figure 13. Comparison of “coprecipitation” and “coating” technology (principle!).

Figure 13 illustrates the difference between “coprecipiatated” and “coated” powder.
While in the starting grains of the coprecipitated material, there is a very homogeneous
distribution of yttria, in the coated material the stabilizing yttria is on the surface of the
grains. During sintering there is diffusion of yttria into zirconia with the formation of the
solid solution. This diffusion reaction prevents and limits grain-growth. However, it has to
be taken into account that the sintering temperature is kept at reasonably low conditions in
order to realize a gradient of yttria within the zirconia grains. In case of a high sintering
temperature, the gradient disappears. Since in the coprecipitated powder almost 75% of
the particles are in its tetragonal modification, during sintering slight grain-growth occurs.

A quite interesting investigation was conducted in the early 1990s through application
of high temperature X-ray investigations on the two different powders: while the coprecip-
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itated powder already has about 75% of tetragonal phase, the remaining monoclinic phase
transforms already at a temperature of about 1000 ◦C into tetragonal. By cooling to room
temperature, the tetragonal phase remains stable [25]. Opposite to this behaviour, at the
transition temperature of 1174 ◦C a first phase transformation from monoclinic is observed.
Only by a higher temperature and time is there the transformation to the tetragonal phase.
Both X-ray diffraction patterns can be seen in Figure 14. In the DTA-analysis there is
also observed a small endothermal effect in the yttria coated powder at the transition
temperature of 1174 ◦C (Figure 15). This grants proof of a slightly diffusion controlled
phase transformation by yttria.

 
Figure 14. High temperature X-ray diffraction pattern of coprecipitated and coated Y2O3-ZrO2

composition.

 
Figure 15. DTA-analysis of coprecipitated and coated yttria-zirconia composites.

The sintering characteristics of the two Y-TZP materials are different: while the copre-
cipitated material starts earlier in the shrinkage, it requires higher sintering temperatures in
order to reach the final density. Opposite to this, densification of coated powder starts later,
but the shrinkage rate is higher and lower sintering temperatures are required. Dilatation
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experiments of the shrinkage behaviour are shown in Figure 16 [26]. For the coated material
only 1390 ◦C are required in order to reach a density of 99.7%; the coprecipitated powder
requires 1450 ◦C. Figure 17 shows the microstructure of the two materials. As it can be
taken out of the picture, the microstructure of the coated material is finer.

Figure 16. Shrinkage behaviour of different Y-TZP materials.

  

Figure 17. Microstructure of Y-TZP derived by coating (left) and coprecipitation (right) method (magnification 10,000×).

Mechanical strength properties of the materials are comparable; its mechanical strength
after sintering in oxidizing atmosphere is about σ ≈ 1000–1100 MPa. Due to the yttria
gradient in the coated material, its fracture toughness is higher. The real difference between
the two materials is in their hydrothermal stability. Aging experiments at 135 ◦C with a
vapor pressure of 2 bar have been made in comparison with bio-grade alumina [27]. In both
cases a decrease of strength is measured; however, it is more drastic for the coprecipitated
material [28,29]. The relative strength decrease is shown in Figure 18; Figure 19 contains
the development of the monoclinic phase with increasing aging time, and Figure 20 shows
the thickness of the corroded layer. In Figure 21 the corroded layer of the two materials is
shown after 48 h treatment.
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Figure 18. Strength decrease of Y-TZP after hydrothermal treatment.

Figure 19. Monoclinic phase of Y-TZP after hydrothermal ageing.

Figure 20. Thickness of the corroded layer after hydrothermal treatment.
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Figure 21. Cross-sectioned polished surface after hydrothermal treatment for 48 h (left: coating technology, right:
coprecipitation).

As it is shown in the above mentioned experiments, yttria stabilized zirconia based
on the coating process has an enhanced resistance against hydrothermal decomposition
compared to coprecipitated materials. Y-TZP ceramics have been very popular for being
used in orthopaedic applications as ball-heads mated against UHMWPE (ultra high molec-
ular weight polyethylene). Due to a production problem, many ball-heads fractured and
therefore Y-TZP ceramics disappeared for this application.

Although Y-TZP based on coated zirconia has a higher stability, when the coprecip-
itated materials are made in a proper way, they also fulfill the requirements for being
used as dental implants [30]. Because of the higher fracture toughness and its improved
hydrothermal stability, coated ceramics are preferred. They are already on the market in the
premium segment applications. Recent experiments related to the hydrothermal stability
(treatment at 134 ◦C up to 100 h in an autoclave system) have shown its superior behaviour
related to aging (Figure 22). Aging according to the linear drawing shows a parabolic
behaviour (Figure 23). By Mehl–Avrami–Johnson drawing the linearity is demonstrated
(Figure 24). The gradient is n = 0.273 ± 0.016 and lnk = −1.39 ± 0.045, which corresponds to
a velocity constant of k = 0.25 h−1 [31]. Compared to Chevalier, aging of ZY is significantly
slower than in coprecipitated Y-TZP [32].

Figure 22. Hydrothermal treatment of ZY (Y-TZP based on coating technology).
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Figure 23. Increase of monoclinic phase–linearly.

Figure 24. Increase of monoclinic phase according to Mehl-Avrami-Johnson-kinetics.

Due to their biocompatibility and aesthetics, Y-TZP ceramics are of great interest in
dental applications. It sounds that even in coprecipitated materials the longterm stability
is good enough for these materials to be used in this application. For sure, the higher
hydrothermal stability of Y-TZP made by the coating method is higher, but the more
important argument is their higher fracture toughness.

4. Alumina Matrix Composites

In a certain sense, alumina with an amount of 92–96 wt-% contain additional oxides.
But usually, only alumina, spinel and/or mullite can be detected in X-ray diffraction. In
many cases X-ray diffraction is reduced to alumina, because the ingredients form a glassy
phase, which reduces sintering temperatures. Opposite to these materials, composites are
based on different materials. One of the oldest composites is the dispersion of Titaniumcar-
bide in an alumina matrix. Such materials have been used as ceramic cutting tools and are
made by hot-pressing [33].

Dispersing of zirconia in an alumina matrix was discovered in the early 1970s. From
the phase diagram it is well known that alumina and zirconia do not have a chemical
reaction. The only interesting thing is that at a temperature of 1660 ◦C and a composition
of 42.6 wt-% (47.2 Mol-%) alumina and 57.4 wt-% (52.8 Mol-%) zirconia there is a eutectic
point (Figure 25) [34]. Due to the fact that there is no chemical reaction between alumina
and zirconia, such a composite material has become of great interest. While first attempts
at dispersing monoclinic zirconia particles within the alumina matrix increased the fracture
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toughness by inducing microcracks, no breakthrough was achieved because of its limited
mechanical strength properties [35].

Figure 25. Phase diagram of the system alumina-zirconia.

In 1977 it was recognized by Dworak and Olapinski that by dispersion of nanoscaled
zirconia grains within the alumina matrix, they can be retained as metastable in its tetrag-
onal modification at room temperature; i.e., alumina works as a stabilizing matrix. The
zirconia particles, which have been based on the carbothermal disintergration process, may
not be agglomerated, but rather homogeneously distributed within the alumina matrix [2].
In theory, each zirconia particle should be surrounded by alumina grains. Such a distri-
bution guarantees a constraint of the tetragonal zirconia grains and keeps the tetragonal
modification metastable until room-temperature. Later, it was found that the optimal
size of the zirconia grains should be between 0.2–0.6 μm [36]. In case the particles are
coarser, there is a spontaneous phase transformation to monoclinic, while the finer grains
do not have a tendency to re-transform into their monoclinic phase. Without any additional
stabilizing oxide, a zirconia concentration of 5–10 wt-% is relatively easy to handle [37]. It
becomes very difficult at a concentration of up to 15-wt-% (10 Vol-%). Higher amounts of
zirconia dispersed within the alumina matrix cannot be retained in its tetragonal modifica-
tion. Figure 26 shows a typical microstructure of the system 90 wt-% Al2O3 and 10 wt-%
(6.9 Vol-%) ZrO2.

Within a dispersion of 75 wt-% Al2O3 and 25 wt-% (18 Vol-%) ZrO2 it is impossible
to retain the tetragonal modification of zirconia without any additional stabilizing oxide.
The most common stabilizing oxide for zirconia is yttria. The very conventional approach
is to use a coprecipitated yttria containing zirconia powder and disperse it in alumina.
Normally stabilisation of zirconia is made with 3 Mol-% of yttria. However, due to the fact
that we still have the stabilizing effect of alumina, such a stabilisation is too high. In order
to reduce the stabilizing oxide, attempts have been made by using a mixture of 3 Mol-%
yttria containing zirconia with a non-stabilized zirconia. Unfortunately, this approach has
had only limited success.
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Figure 26. Microstructure of ZTA-ceramics containing 10 wt-% of ZrO2.

Experimental work has shown that working with a 3 Mol-% yttria containing zirconia
powder increases the mechanical strength, but decreases the fracture toughness compared
to the approach with zirconia coming from the carbo-chlorination process in addition with
the coating technology. However, because of the solubility of yttria in water suspension, it
has been very difficult to retain the slurry stable during the milling process. During milling
the solubility of yttria is enhanced further and it has been quite difficult to control the
rheology. In laboratory experiments it has been shown that the higher amount of zirconia
within the alumina matrix leads to an enhanced fracture toughness [38,39]. Corresponding
to the higher fracture toughness, the hardness decreased. This is shown in Figure 27.

Figure 27. Fracture toughness and hardness in the system Al2O3-ZrO2(Y).

While in the two-phase system based on alumina and zirconia, the rheology of the
slurry is still not difficult, the situation immediately changes through the addition of yttria
as mentioned above. This makes it extremely difficult to have a stable suspension during
the body preparation process. During milling the formation of hydroxides influences the
stability of the slurry significantly.

In the late 80th of the last century, the know-how related to rheology with defined
chemicals has not been established. It has been quite popular to use commercially available
dispersing agents. Unfortunately, the suppliers of these dispersing agents were not pre-
pared to disclose any functional groups within their systems. So, it has been very difficult
to understand the colloidal chemistry within a slurry. Since at this time the focus has
been dedicated to new inorganic material formulations, processing technology, especially
understanding colloidal chemistry, has been very limited. As a consequence of this, finally,
in order to have a stable suspension, the following idea has been created: synthesis of a
stable ternary chemical composition with yttria.

Due to the fact that the solubility of chromia in alumina is well known and in the
literature has been described that only amounts of chromia of at least 1 wt-% shall lead

36



J. Compos. Sci. 2021, 5, 306

to any influence in the alumina, it has been decided to synthesise the ternary material
yttriumchromite, YCrO3. Furthermore, it has been assumed that during the sintering
process the following chemical reaction may take place:

Al2O3 + ZrO2 + YCrO3 → Al2O3:Cr + ZrO2:Y

In detail this means that during the sintering process the ternary component is de-
stroyed and the formation of solid solutions takes place.

Body preparation of the system containing alumina, zirconia and yttriumchromite
(YCrO3) worked pretty well and the rheology of the slurry remained completely stable.
Pressed and sintered parts are pink-coloured. In X-ray diffraction analysis, besides alumina,
only tetragonal zirconia has been detected. At this time, it has been very surprising that
the addition of only a small amount of chromia already caused a significant hardness
increase combined with brittleness of the ceramic material. Even at very high amounts of
zirconia, the material still stayed at high hardness and remained very brittle compared to
the chromia-free system (Figure 28).

Figure 28. Fracture toughness and hardness within the system Al2O3-ZrO2:Y-Cr2O3.

During the period that this development work was made, a group in Ceramatec
(Salt Lake City, UT, USA), worked in the system CeO2-ZrO2-Al2O3-SrO. They have found,
besides formation of tetragonal zirconia, hexagonal platelets with the chemical composition
SrAl12O19 in the sintered bodies. At a certain concentration of strontium aluminate, these
platelets enhanced fracture toughness significantly [40].

Following the approach of Cutler et al.,the addition of small amounts of strontium
oxide within the system Al2O3-Cr2O3-ZrO2-Y2O3 finally showed a significantly higher
fracture toughness at a high hardness compared to the four component system (Figure 29).
In addition, this composition also had a very high mechanical strength of about 1000 MPa
after sintering in oxidizing atmosphere. Application of HIPing leads to a strength of about
1200 MPa.

Figure 29. Fracture toughness and hardness in the system Al2O3-Cr2O3-ZrO2-Y2O3-SrO.
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Since strontium oxide is also not very stable in water suspension, again the approach of
making a ternary oxide has been made: synthesis of strontiumzirconate (SrZrO3). Commer-
cially available SrZrO3-powders could not be used because of their radioactive impurities.
Therefore, the ternary oxide was made by a solid state chemical reaction using strontium
carbonate and high purity zirconia.

The material system of the composite material has therefore been based on Al2O3-
ZrO2-YCrO3-SrZrO3. During the sintering process therefore the following solid state
chemical reactions take place:

Al2O3 + ZrO2 + YCrO3 → Al2O3:Cr + ZrO2:Y

Al2O3:Cr + ZrO2:Y + SrZrO3 → Al2O3:Cr + SrAl12−xCrxO19 + ZrO2:Y

In order to really have a reproducible product, the sintering schedule has to be kept
under controlled conditions. During the thermal treatment, the above-mentioned solid
state chemical reactions take place. At this point it has to be clearly stated that it is very
important to use a pre-treated zirconia powder coming from the carbo-chlorine process,
because of the formation of the gradient of yttria within the zirconia grains.

When only the mechanical strength is taken into account, a different zirconia powder
can be used. However, only zirconia coming from the carbo-chlorination process finally
forms a gradient with yttria, while conventional calcined zirconia powders don’t show
this effect; they behave like coprecipitated zirconia powders. Certainly, there is no neg-
ative effect on the mechanical strength, but its fracture toughness decreases compared
to the materials based on the yttria gradient in zirconia of the system. Furthermore, its
behaviour related to aging can be compared to Y-TZP based on coprecipitated and coated
zirconia powders.

As already described above, at higher zirconia concentrations it is mandatory to
stabilize the zirconia grains at least in parts, due to the fact that even at higher zirconia
additions, there is a constraint of the metastable tetragonal zirconia particles. However,
in this case they have to be partly stabilized by addition of a stabilizing oxide, i.e., yttria.
The amount of required yttria for stabilization depends on the amount and also on the
size of the particles. For the commercially available material “Biolox delta”, which is
based on the above described details, the yttria concentration required is 1.5 Mol-% related
to zirconia—optimized for zirconia from carbo-clorination process—and its nanoscaled
powder size. Figure 30 shows the typical microstructure of the material with zirconia
coming from carbo-chlorine disintegration. In Figure 31 a fractured surface is shown.
Table 2 summarizes the typical mechanical properties of this material.

 

Figure 30. Microstructure of the original “Biolox delta”, containing zirconia from carbo-chlorine
processing route.
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Figure 31. Fractured surface of the original “Biolox delta”.

Table 2. Material properties of original “Biolox delta”.

Mechanical Properties

Density 4.37g/cm3

Young’s Modulus 350 GPa
Strength 1200 MPa
Fracture Toughness 7 MPam1/2

Vickers Hardness 2000 (HV0.5)

The above-mentioned composite material are three phase ceramics: alumina, metastable
tetragonal zirconia and hexagonal platelets. Without platelets, the system is brittle. During
the development work made for “Biolox delta”, we have also investigated the system Al2O3-
Cr2O3-ZrO2-CeO2-SrO [38,39]. Within this system fracture toughness increases signifi-
cantly, while the hardness remains reasonably high (Figure 32). However, in its mechanical
strength properties it remains limited, because it is only about 550 MPa. Sintering only can
take place in oxidizing atmosphere. By HIP treatment ceria is reduced from Ce4+ to Ce3+,
which causes a complete de-stabilisation of the zirconia to its monoclinic modification.

 

Figure 32. Hardness and fracture toughness of the system Al2O3-Cr2O3-ZrO2-CeO2-SrO.
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Although the mechanical strength level is limited, the material has a very high fracture
toughness at a reasonable hardness. The mechanical results obtained are summarized in
Table 3. Figure 33 shows the corresponding microstructure.

Table 3. Material properties of an experimental grade composite material, using cerium oxide as
stabilizing oxide for zirconia.

Mechanical Properties

Density 4.66 g/cm3

Young’s Modulus 300 GPa
Strength 550 MPa
Fracture Toughness 14.9 MPam1/2

Vickers Hardness 1500 (HV0.5)

 

Figure 33. Microstructure of a ceria stabilized alumina matrix composite.

In principle, the combination of strength properties coming from stabilisation of
zirconia by yttria and fracture toughness coming from stabilisation of zirconia by ceria in
combination with the platelet reinforcement might be an optimum material. So, taking into
account the results obtained for the described system, as a logical consequence zirconia
might be stabilised by yttria and ceria.

Another aspect which has to be taken into account are the results obtained in the
system Al2O3-La2O3. Yasuoka et al. published a significant increase of strength and
fracture toughness in an alumina matrix composite containing 20 Vol-% of LaAl11O18 [41].
Own experiments within the system Al2O3-Cr2O3-ZrO2-Y2O3-La2O3 have shown that
platelet formation of LaAl11O18 is more extended compared to SrO. Furthermore, it is
obvious that a higher amount of partially stabilized zirconia gives an additional benefit
with respect to fracture toughness [42].

It is well known that ceria stabilized zirconia leads to ceramic materials with high
fracture toughness, but limited strength. Dispersing of zirconia in an alumina matrix with
yttria and ceria as stabilizing agents for zirconia has been studied intensively in a publicly
funded European project (GRD1-199-10585). Within these investigations the following
chemical composition has been found to be very promising:
55.3 wt-% Al2O3
50.7 wt-% Cr2O3
54.0 wt-% La2O3
536.45 wt-% ZrO2
51.05 wt-% Y2O3
52.5 wt-% CeO2
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This chemical composition combines relatively high hardness, high mechanical strength
and high fracture toughness in the sintered body. Its typical properties after HIPing are
summarized in Table 4. Detailed stress analysis investigations have shown high compres-
sive stresses at very low monoclinic content. This material also has been investigated very
detailed with respect to its biocompatibility. Cytotoxicity and in-vitro cancerogeniticity
tests have been made. No cytotoxic effect has been found. Finally, in-vivo experiments
(implantation of ceramic parts into the bones of NewZealand white rabbits) confirmed the
good biocompatibility of the material [43].

Table 4. Mechanical properties of a composition based on an alumina matrix, containing platelets
and about 40 wt-% of zirconia, partially stabilized by yttria and ceria.

Mechanical Properties

Density 4.685 g/cm3

Young’s Modulus 305 GPa
Strength 1000 MPa
Weibull Modulus 11
Fracture Toughness 6.8 MPam1/2

Vickers Hardness 1600 (HV0.5)

Although these promising results already had been established until 2005, such a
material formulation has not been regarded, when the ISO standard 6474/partII has been
established. Its maximum amount of zirconia dispersed within the alumina matrix in
this standard is limited to 30 wt-%. Since the results described above have been ignored
for the new ISO-standard 6474/partII, such a promising material cannot be exploited
in the bioceramic field. In order to realize a material with higher fracture toughness, it
is mandatory to reduce the zirconia content to less than 30 wt-% and therefore, results
obtained in the former development project GRD1-199-10585 cannot be exploited.

Meanwhile, the concept of zirconia stabilisation with a mixture of yttria and ceria
in an alumina matrix was transferred to a material system with only about 25 wt-% of
zirconia. During the development phase the following chemical composition sorted out,
which combines high hardness, fracture toughness and mechanical strength:
572.5 wt-% Al2O3
52.5 wt-% La2O3
523.4 wt-% ZrO2
50.4 wt-% Y2O3
51.0 wt-% CeO2
50.2 wt-% Pr6O11

The typical material properties of this chemical composition are summarized in Table 5.
The chemical material formulation contains in addition a small amount of praseodymium
oxide. This oxide works as a “bridging” component between alumina and zirconia [44].

Table 5. Material properties of an alumina matrix composite containing plateles and about 25 wt-%
of zirconia, partially stabilized by yttria and ceria.

Mechanical Properties

Density 4.40 g/cm3

Young’s Modulus 330 GPa
Strength 1100 MPa
Weibull Modulus 11
Fracture Toughness ≈7 MPam1/2

Vickers Hardness 1700 (HV10)

Again, it is confirmed that the stabilisation of zirconia by yttria and ceria in addition
with platelets based on lanthanum aluminium oxide leads to good materials, especially
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taking into account the fracture toughness. So, the higher the fracture toughness, the better
the reliability of the material; it becomes more resistant to slow crack growth behaviour.

Unfortunately, none of the new approaches in order to enhance the quality of these
composite materials further was exploited to-date. For 20 years, there have been no material
innovations for ceramic ball-heads. Meanwhile, the zirconia within “Biolox delta” has been
substituted by a conventional zirconia. It appears as though nobody wants to take the risk
to introduce a new, more innovative material into the field of orthopaedic applications
because of long-term qualification procedures.

The above described material innovations show that it is possible to enhance the
material properties further, and as a consequence of this, make the materials even more
safe than they are today. It sounds like the hurdles, coming from regulatory affairs, have
limited the amount of zirconia addition due to the existing ISO-standard and the high costs
for qualification for bioceramic applications compared to the state-of-the-art, are too high
and therefore the limiting factors.

While alumina ceramics have been improved step by step, it sounds like the ex-
isting composite material qualified for bioceramics does not have such a steady state
improvement, but is optimized related to cost savings because of the use of a cheaper
zirconia material.

5. Zirconia Matrix Composites

Alumina matrix composites, especially when doped with chromia, became quite
famous in bioceramic applications. As it has been described above, there are made different
developments in order to further enhance the fracture toughness of such kind of materials
in order to further enhance the safety aspects related to potential fractures of ball-heads,
which are quite popular in THR surgeries.

For a couple of years, it has been quite popular to use hard-hard pairings in hip
surgeries. Meanwhile, mating of ceramic ball-heads with UHMWPE cups again achieved a
higher priority, because of more or less no wear of the cup. Such a system also was popular
in the late 80th and early 90th by using zirconia ball-heads in combination with UHMWPE.
Unfortunately, by the limited hydrothermal stability, finally this solution disappeared,
although Y-TZP based on the coating technology didn’t show such a big disadvantage
compared to ceramics based on co-precipitated powders.

On the other hand, yttria stabilized zirconia has become quite popular in the dental
industry. Nowadays, crowns based on this ceramic material are quite popular. Abutments
and implants have also started to become interesting in dental restorations. Especially
Y-TZP based on yttria coated zirconia powders have extremely good success in dental
implantology [44]. Its major benefit is the better hydrothermal stability compared to the
corresponding ceramics based on co-precipitated powders. As an alternative material
for dental implants, yttria stabilized zirconia containing 20 wt-% of alumina is under
discussion because of its high strength, but limited fracture toughness.

Since dental implants are embedded into natural bone, mechanical strength is less
important. It is much more important to have a material available which is resistant against
shear forces. Resistance against shear forces can be realized in ceramic materials with
a high fracture toughness. Pure Ce-TZP ceramics have a very high fracture toughness
of up to 20 MPa

√
m, but their mechanical strength of about 400–500 MPa is limited [45].

By addition of about 10 wt-% of alumina, the mechanical strength can be enhanced, but
fracture toughness decreases to 8.62 MPa

√
m [46]. Based on these results and taking into

account the experience of the alumina matrix composites, it makes sense to combine the
yttria/ceria stabilisation and platelet reinforcement in a zirconia matrix.

In a very first approach, yttria stabilized zirconia derived by the coating method has
been combined with platelets on the basis of lanthanum aluminium oxide. In practice, a
mixture of 90 wt-% of yttria coated zirconia and 10 wt-% of Al2O3/La2O3 has been made
(ZYA10P) [47]. The ratio of alumina and lanthanum oxide has been made in order to form
about 60% of hexagonal platelets within the zirconia matrix during sintering. The sintering
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process itself is combined with a solid state chemical reaction and therefore has to be made
in a very accurate manner; i.e., within the process, nuclides for platelet formation have to
be made, before a homogeneous distribution of platelets within the microstructure can be
obtained. Its principle mechanical properties are summarized in Table 6. Figure 34 shows
the typical microstructure.

Table 6. Typical mechanical properties of ZYA10P.

Property

ρE [g/cm3] ≈ 5.80

HV0.5
Sintered
HIP

1419 ± 12
1384 ± 27

σ3B
1) [MPa]

Sintered
HIP

1247 ± 136
1557 ± 138

KIc
2) [MPa

√
m]

Sintered
HIP

9.0 ± 1.0*

7.3 ± 0.2*

1) 3-Pkt. (ISO 6872); 2) HV10-indent.

Figure 34. Microstructure of ZYA10P, a material based on Y-TZP and LaAl11O18.

As can be seen within the table, mechanical strength properties correspond to Y-TZP.
This material shows a higher fracture toughness compared to the pure Y-TZP material after
HIP treatment. A small remaining porosity in the only sintered material shows a very high
fracture toughness. This effect has to be related to the remaining micro-porosity within the
microstructure. Its aging behaviour under hydrothermal conditions corresponds to Y-TZP
made by coating technology.

In order to enhance the fracture toughness further, we have analysed the stress-strain
behaviour of Y-TZP and Ce-TZP (both based on coating technology). Figure 35 shows the
results obtained. While in Y-TZP we have linear-elastic behaviour, in Ce-TZP there is a
plastic deformation.

First investigations in the system Ce-TZP/SrO/Al2O3 have been made by Cutler et al. [37].
They have found a significant increase in mechanical strength in composites based on a
Ce-TZP matrix and containing 15 Vol-% and 30 Vol-% of alumina, where about 30% of this
addition contained hexagonal platelets of SrAl12O19. Normally, Ce-TZP has as mechanical
strength of about 400 MPa, while the materials made by Cutler et al. showed 725 MPa.
Hardness increased as well from 950 to 1350, while fracture toughness decreased slightly
from 12.5 MPa

√
m to 11 MPa

√
m. Figure 36 shows the influence of the SrO amount, which
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is relevant for the platelet formation with respect to fracture toughness for two different
amounts of alumina addition to the Ce-TZP matrix.

Figure 35. Stress-strain behaviour of Y-TZP and Ce-TZP.

Figure 36. Fracture toughness related to the addition of SrO and final platelet formation.

As already mentioned, mechanical strength properties of Ce-TZP are quite limited,
but fracture toughness is quite high. Therefore, the approach has been made to again
combine 90 wt-% of Ce-TZP with Alumina/Lanthanum oxide (ZCA10P) in order to realize
an amount of about 90% of platelet formation during sintering. The materials properties
achieved in this first approach are summarized in Table 7 and the corresponding microstruc-
ture is shown in Figure 37. From Table 7 it becomes obvious that also by this approach the
mechanical strength increases significantly compared to pure Ce-TZP. Further optimisation
of the amount of stabilizing ceria finally lead to a fracture toughness of 15 MPa

√
m at a

reasonable mechanical strength of 760 MPa in the 4-point bending test [48].
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Table 7. Mechanical properties of Ce-TZP/LaAl11O18 composite.

Property

ρE [g/cm3] 5.95

HV0.5 Sintered 1200

σ3B
1) [MPa] Sintered 950

KIc
2) [MPa

√
m] Sintered 10.8

1) 3-Pkt. (ISO 6872); 2) HV10-indent.

Figure 37. Microstructure of Ce-TZP/LaAl11O18 composite (ZCA10P).

Finally, we have investigated mixed stabilisation of zirconia by yttria and ceria in
a system, which contains about 5 wt-% of alumina/lanthanum oxide. By this approach,
the high mechanical strength properties can be retained and fracture toughness can be
increased compared to Y-TZP. Initial results obtained are summarized in Table 8. Figure 38
shows the corresponding microstructure.

Meanwhile, the material composition has been optimized further. In addition, the
raw material has been substituted by a nanoscaled zirconia powder, derived from direct
synthesis of zircon-tetra-chloride with water steam. This optimisation work finally leads to
a material with excellent mechanical strength of σ = 1100–1200 MPa measured with 4-point
bending test, a fracture toughness kIc = 12–14 MPa

√
m and a hardness of HV10 = 1250. The

microstructure of this optimized material is shown in Figure 39. Within the zirconia matrix
there are globular alumina particles and platelets homogeneously distributed.

Table 8. Mechanical properties of Y-Ce-TZP/Al2O3/LaAl11O18.

Property ZA05P

ρE [g/cm3] 5.96

HV0.5 Sintered 1350

σ3B
1) [MPa] Sintered 1250

KIc
2) [MPa

√
m] Sintered 8.5

1) 3-Pkt. (ISO 6872); 2) HV10-indent.
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Figure 38. Microstructure of preliminary Y-Ce-TZP/Al2O3/LaAl11O18.

Figure 39. Microstructure of final Y-Ce-TZP/Al2O3/LaAl11O18 (ZA05P).

Both materials, ZCA10P and ZA05P, have finally been treated under hydrothermal
conditions in the same way, just as ZY has been treated. Figure 40 shows the result
obtained for ZCA10P (Ce-TZP/LaAl11O18) and Figure 41 the results obtained for ZA05P
(Y-Ce-TZP/Al2O3/LaAl11O18). Opposite to ZY, which already has a significantly higher
hydrothermal stability compared to conventional Y-TZP based on co-precipitated powders,
there is no phase transformation.

So, it can be concluded that both materials don’t show any hydrothermal decom-
position reaction and therefore are preferred materials for bioceramic applications. Both
materials have to be regarded as interesting alternative ceramic materials in total hip re-
placement systems, especially when mated against UHMWPE. Compared to the standard
ZPTA (zirconia and platelet reinforced alumina) ceramics of today, these materials are less
hard and have a significantly higher fracture toughness, which makes them even safer than
the existing solution.

We expect that the excellent material properties of these platelet reinforced zirconia
ceramics may play a very important role in dental industry in future. Because of their
relatively low hardness (ZCA10P), they might become of interest for prosthetic applications,
as well as for implants.
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Figure 40. Hydrothermal treatment of ZCA10P (Ce-TZP/LaAl11O18).

Figure 41. Hydrothermal treatment of ZA05P (Y-Ce-TZP/Al2O3/LaAl11O18).

6. Conclusions

Two different classes of composite ceramic materials have been described in more
detail. One of them is based on an alumina matrix and the other on a zirconia matrix.
In case a very high hardness in combination with high strength is required, the alumina
matrix composites are preferred. In case a combination of high mechanical strength and
fracture toughness is required, a zirconia matrix material is preferred.

The description of the two different composite systems are only a few representative
materials which were developed over the past 15 years. However, one can assume that
through intelligent additional dopants these two material classes can be improved further
and finally tailored to the required properties.

For sure, it is much more difficult to handle these kinds of systems during body
preparation compared to the use of commercially available yttria stabilized zirconia. How-
ever, in order to really have progress in development of new products, it is mandatory to
develop useful technologies for body preparation. The deep understanding of the colloidal
processes, which occur in a suspension with the different oxides is mandatory in order
to finally come to a good and homogeneous product. Since there are no spectroscopic
methods available, the approach for understanding the processes more in detail requires
experience in chemistry and a deep understanding of the raw material powders, as well
as their behaviour in a suspension. Finally, it has to be pointed out that commercially
available dispersing agents are not useful in order to understand the processes. Only the
use of defined chemicals help to understand the colloidal chemistry.

Optimisation of the inorganic composition in the alumina/zirconia system requires
well educated solid state chemists, who understand crystallography and the chemical
solid state reactions, which take place during sintering. Taking into account the amount
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of different ceramic compositions compared to metallic materials, in ceramics there are
only a few different materials compared to the many different materials based on iron.
Even in stainless steel there are more materials with different properties available than
all ceramic compositions available on the market. To transfer the philosophy of steel into
ceramics, a high flexibility within the different companies, who still manufacture their own
ready-to-press powders, is required.

Finally, it is state-of-the-art that a good ceramic material requires excellent and com-
pletely reproducible raw material powders. Such kinds of powders nowadays are available
on the market; i.e., alumina based on the alkoxide process or zirconia based on the chloro-
carbonation process. But these raw materials cannot be handled like cheap raw materials
such as alumina coming from the Bayer-process or zirconia coming from the thermal
decomposition of zircon sand. Chemically derived powders are much more difficult in
handling and also in the forming steps, like the pressing of green parts. Finally, sintering
is not only a densification process; it is applied to solid state chemistry, by which the
densification behaviour can be improved further.
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Abstract: Zirconia–alumina composites couple the high toughness of zirconia with the peculiar
properties of alumina, i.e., hardness, wear, and chemical resistance, so they are considered promising
materials for orthopedic and dental implants. The design of high performance zirconia composites
needs to consider different aspects, such as the type and amount of stabilizer and the sintering
process, that affect the mechanics of toughening and, hence, the mechanical properties. In this
study, several stabilizers (Y2O3, CuO, Ta2O5, and CeO2) were tested together with different sintering
processes to analyze the in situ toughening mechanism induced by the tetragonal–monoclinic (t–m)
transformation of zirconia. One of the most important outcomes is the comprehension of the opposite
effect played by the grain size and the tetragonality of the zirconia lattice on mechanical properties,
such as fracture toughness and bending strength. These results allow for the design of materials
with customized properties and open new perspectives for the development of high-performance
zirconia composites for orthopedic implants with high hydrothermal resistance. Moreover, a near-net
shape forming process based on the additive manufacturing technology of digital light processing
(DLP) was also studied to produce ceramic dental implants with a new type of resin–ceramic powder
mixture. This represents a new frontier in the development of zirconia composites thanks to the
possibility to obtain a customized component with limited consumption of material and reduced
machining costs.

Keywords: zirconia–alumina composite; stabilizing oxides; critical grain size; tetragonality; mechanical
properties; fracture toughness; flexural strength; ceramic additive manufacturing; DLP

1. Introduction

Zirconia-toughened alumina (ZTA) and alumina-toughened zirconia (ATZ) compos-
ites have been studied for many decades to overcome some drawbacks of the tetragonal
zirconia polycrystal (TZP) [1–3]. Zirconia–alumina composites have been used for several
years as load-bearing biomaterials [4–6]. They combine the high toughness and strength
of zirconia with the high hardness and stiffness of alumina, and they show also an in-
creased hydrothermal stability of the tetragonal zirconia phase. It is well-known that the
stress-induced tetragonal-to-monoclinic (t–m) transformation of zirconia results in fracture
toughness improvement [7–11] due to energy-dissipative mechanisms and the inhibition
of crack tip propagation [12]. Characteristics such as grain size, the type and amount of
stabilizer, and the sintering process strongly affect the tetragonal zirconia transformability
and the transformation toughening mechanism. In fact, the grain size of tetragonal zirconia
has to be maintained below a critical size to reach a high value of fracture toughness [13].

Many oxides have already been tested as stabilizers to increase the metastability of
the tetragonal phase by means of varying the c/a ratio of the elementary cell. The c/a ratio
of the tetragonal phase is generally known as “tetragonality” and is an indicator of the
distortion of the t-ZrO2 unit-cell, hence the instability. On the other hand, alumina addition
increases matrix stiffness and exerts a constraint on zirconia particles, maintaining them in
the metastable tetragonal state [14,15] and acting as a “mechanical stabilizer”.

J. Compos. Sci. 2021, 5, 244. https://doi.org/10.3390/jcs5090244 https://www.mdpi.com/journal/jcs
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One of the main problems of zirconia-based compounds as biomaterials is the sensitiv-
ity of 3Y-TZP (3 mol% yttria tetragonal zirconia polycrystal) ceramics to low temperature
degradation (LTD) when they are in contact with water that is already at human body
temperature or water vapor [16]. The inherent presence of oxygen vacancies, generated
when Y3+ replaces Zr4+ in the cationic sub-lattice, can be at the origin of aging, since they
can be refilled by hydroxyl groups in the presence of water [17]. As a result of the LTD pro-
cess, the t–m transformation of zirconia grains spontaneously occurs without any external
applied stress. The correlated volume expansion results in the formation of microcracks
that can catastrophically damage orthopedic or dental prostheses. In the literature, many
data regarding the lifetime estimation of Y-TZP and ATZ or ZTA composites have been
collected [18–22]. Accelerated aging tests in steam and hot water at low temperatures
(e.g., 90–134 ◦C) are the accepted methods to simulate an in vivo aging behavior with
the determination of activation energy value for environmentally driven t–m transforma-
tion. Fabbri et al. [21] studied a ZTA composite that showed a very low reactivity to the
LTD compared to 3Y-TZP. This behavior of ZTA composites confirms that the presence
of alumina grains can act as a barrier for the propagation of phase transformation to the
neighboring zirconia grains, promoting the higher hydrothermal stability of the tetragonal
phase [23–25]. Other studies have evaluated the possibility to significantly retard the
hydrothermal degradation of Y-TZPs with small amounts of alumina addition. This result
is attributed to the segregated Al3+ at the grain boundary of zirconia [24,26–28] without
compromising the mechanical properties [17,29,30]. LTD is also influenced by the mi-
crostructure. Halmann et al. [31] showed that a finer microstructure had a beneficial effect
on the LTD of Y-TZP. At the same time, a finer microstructure does not always affect the
mechanical properties, such as flexural strength and fracture toughness, of zirconia-based
materials in a positive manner [12,32–36]. In any case, all the previous studies confirmed
that alumina–zirconia composites represent an improvement in terms of LTD resistance.

In last two decades, additive manufacturing (AM) technology has been brought from
research or niche and expensive industrial applications to everyone thanks to the cost re-
duction of 3D printers. AM has been demonstrated to be effective in almost every material
field and in multiple applications. The digital light processing (DLP) technique consists of
the light-induced, layer-by-layer polymerization of a photocurable resin filled with ceramic
powders. This technique allows for the manufacturing of relative dense ceramic compo-
nents, with high degree of detail and surface finishing, that can be advantageously applied
in, for instance, the biomedical field (bone scaffolds), the sector of metal-free dental restora-
tion (endosseous implants and dental crowns), and microelectronics (sensors). 3D printing
can be considered to be the most promising near net-shape forming technique for technical
ceramics. In fact, it has opened the space for application in sectors where high manufac-
turing costs, connected to the machining costs (30–50% to the total manufacturing costs),
usually prevent ceramic use [37]. In addition to the economical evaluation, we should
also consider the important aspects related to the realization of parts with completely new
designs and positive impacts on environmental sustainability due to the limited production
of wastes and the sustainable use of raw materials. Finally, zirconia-based composites
represent a new class of materials for applications with 3D printing technologies [38–42]:
the need for the complex or customized shapes required in the field of biomaterials could
be more easily satisfied by AM techniques. Additional studies are, however, required in
order to demonstrate that AM can be conveniently applied to zirconia–alumina composites
to produce reliable components.

In this paper, a comprehensive study of the effects of different parameters, i.e., type
and amount of stabilizers, sintering thermal cycles, on the mechanical properties of zirconia-
based materials, is described along with a demonstration of the applicability of the DLP
AM technique for the manufacturing of zirconia–alumina-based dental elements.
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2. Materials and Methods

2.1. Ceramic Mixtures and Sample Preparation

Yttria-stabilized zirconia (TZ-3YB, Tosoh, Tokyo, Japan), monoclinic zirconia (TZ0,
Tosoh, Tokyo, Japan), alumina (Baikalox SM8, Baikowski Chimie, Poisy, France), chromium
(III) oxide, tantalum (V) oxide, copper (II) oxide, and cerium (IV) oxide (99.9%, Carlo Erba,
Milano, Italy) powders were mixed in the weight ratios reported in Table 1. The average
particle was is 40 nm for both zirconia powders, 120 nm for alumina, and 0.7–1 μm for the
other powders (Ta2O5, CeO2, CuO, and Cr2O3).

Table 1. List of zirconia and zirconia composites considered in the present study.

Samples
ZrO2-3Y

(wt%)
ZrO2-TZ0

(wt%)
Ta2O5

(wt%)
CeO2

(wt%)
CuO

(wt%)
Al2O3

(wt%)
Cr2O3

(wt%)

Zr3Y 100 - - - - - -
Zr2Y 67.2 32.8 - - - - -
Zr3YTa 99.85 - 0.15 - - - -
ZrCe - 84 - 16 - - -
Zr3YCu 99.9 - - - 0.1 - -
20803Y 80 - - - - 20 -
50502Y 33.42 16.32 - - - 50 -
50502.5Y 41.8 8.2 - - - 50 -
50503Y 50 - - - - 50 -
60402Y 26.8 13.08 - - - 59.52 0.60
60403Y 39.88 - - - - 59.52 0.60

In case of ZTA or zirconia stabilized with oxides, a slurry (38.5 wt% of solid) was
prepared using water as a solvent and 1 wt% of dolapix PC33 (Zschimmer & Schwarz,
Lahnstein, Germany) as a dispersant; this slurry was homogenized with a Turbula mixer
for 8 h in the presence of 3 mm zirconia spheres.

The slurry was dried with an IR lamp or by freeze-drying. The freeze-drying process
was performed with an apparatus composed by a vacuum chamber paired with a vacuum
pump through a cold trap filled with liquid nitrogen. The slurry (25 wt% of solid) was
granulated in a liquid nitrogen bath with an ultrasonic nebulizer probe. The frozen
granules were placed in the chamber under an active vacuum. The temperature of the
frozen slurry was naturally maintained at about −20 ◦C by the heat removed during the
water sublimation. The freeze-drying process ended when the powder naturally reached
room temperature and the pressure decreased to 0.1 Pa.

The green samples were prepared by die pressing at 60–80 MPa, followed by cold
isostatic pressing (CIP) at 100–150 MPa.

2.2. Ceramic Resin and 3D Printing

The ATZ resin was prepared by mixing liquid acrylate monomers (Sartomer, IGM
Resins and Allnex), a 405 nm photo-initiator (IGM Resins, Waalwijk, The Netherlands), a
commercial zirconia (TZ-3YS, Tosoh, Tokyo, Japan) with an average grain size of 90 nm,
and the abovementioned commercial alumina powders with a weight ratio of 80/20. A
dispersant (2 wt%) was added to the preparation before the high energy ball milling process
to reduce the viscosity of the photocurable ceramic slurries [43]. A solid content in the range
of 36–38 vol% of ceramic powder was reached in the slurries in order to obtain a viscosity
lower than 1 Pa.s at 10 s−1 [44]. A DLP 3D printer (3DLPrinter-HD 2.0+, Robotfactory,
Italy; construction volume of L 100 × W 56 × H 150 mm3) was used and equipped with
a projector using a UV–visible high pressure Hg lamp (250 W of power and 3000 lm of
luminous flux). The layer height and exposure time for each layer were set in the ranges of
30–50 μm and 6–20 s, respectively. After printing and washing, a post-curing step with a
UV lamp was also applied.
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2.3. Sintering Process: Thermal Cycles

The green samples were debinded and pressureless solid state sintered (SSS) in flowing
air (LINN Elektronik HT—1800 VAC, LINN HIGH THERM GMBH, Hirschbach, Germany).
Samples were dewaxed with a cycle up to 800 ◦C (10 ◦C/h ramp) in flowing air and then
pressureless sintered in flowing air in the range of 1450–1570 ◦C for different holding
times (2–80 h) depending on the composition. The dewaxing and sintering steps for the
3D-printed green bodies were performed at 1550 ◦C for ATZ for 1 h after a debinding step
performed at 800 ◦C.

In addition, the two-step sintering (TSS) process was also tested. In this case, T1 and
T2 were in the ranges of 1400–1500 and 1350–1450 ◦C, respectively, with zirconia and ATZ.

2.4. Physical, Microstructural and Mechanical Characterization

Sintered density was determined by Archimedes’ method.
Diffraction patterns were collected by using a Philips X-ray powder diffractome-

ter with Bragg–Brentano geometry and Cu Kα radiation (40 kV and 35 mA) to identify
the crystalline phases in the sintered samples and to evaluate the tetragonality of the
tetragonal phase.

Viscosity measurements were performed using a Malvern Kinexus Pro+ rheometer
(Kinexus pro+, Malvern Instruments, Ltd., Worcestershire, UK) at 25 ◦C with cone-plate
geometry (4◦, 40 mm) in shear rate control from 0.1 to 300 s−1.

The microstructural analysis of both the surface and cross sections of sintered bodies
was performed with a scanning electron microscope (SEM, LEO 438 VP).

The flexural strength was determined at room temperature with four-point bending
tests (five tests for each composition). Samples, in the form of 2 × 2.5 × 25 mm bars,
were prepared and tested in accordance with the standard ENV843-1:2004 (cross head
speed of 0.5 mm/min and support span of 20 mm). Hardness (Hv) was determined by
means of Vickers indentation with a load of 9.8 N, while fracture toughness (KIC) was
determined by means of Vickers indentation with a load ranging from 9.8 to 98 N. To
calculate fracture toughness, the formula proposed by Niihara [45] for Palmqvist cracks
was used (Equation (1)):

KIC =
0.035

(
Hva0.5) (3 E

Hv

)0.4 (
l
a

)−0.5

3
for 0.25 <

l
a
< 2.5 (1)

where a is the indent half-diagonal, E is the Young’s modulus, and l is the Palmqvist
crack length.

3. Results and Discussion

3.1. Stabilization of Zirconia: Variables That Influence Transformability
3.1.1. Type of Stabilizer

Different zirconia-based materials were produced and characterized to study the
effect of the type of the stabilizer on the t–m phase transformation. The dopants could be
classified according to their oxidation state (Cu2+, Y+3, Ce4+, and Ta5+). More precisely,
they are stabilizers of the tetragonal phase (Y2O3 and CeO2) and toughening oxides (Ta2O5
and CuO) [46].

Cations’ valence and size affect the stabilization mechanism of the tetragonal phase [47–50],
even if the correlation is not univocal, as suggested by Yoshimura et al. [51].

The phase composition and crystallographic parameters were evaluated for each
mixture (lattice constants c and a and their c/a ratio, namely “tetragonality”) of doped
tetragonal zirconia. The values of fracture toughness and hardness were also determined
(Table 2).
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Table 2. Properties of zirconia-based materials doped with different stabilizers and toughening
oxides. DR is the relative density, c/a is the tetragonality, KIC the fracture toughness, and HV

the microhardness.

Samples
DR
(%)

Tetragonal
ph. (vol%)

Monoclinic
ph. (vol%)

c/a
KIC

(MPa m1/2)
HV

(GPa)

ZrCe 98 100 - 1.0191 18.4 ± 0.9 8.7 ± 0.2
Zr2Y 98 83 17 1.0166 9.4 ± 0.4 12.5 ± 0.5
Zr3Y 99 100 - 1.0159 4.0 ± 0.1 11.0 ± 0.3
Zr3YTa 99 100 - 1.0173 9.4 ± 0.5 12.7 ± 0.4
Zr3YCu 98 100 - 1.0161 4.6 ± 0.2 12.5 ± 0.4

Yttrium oxide (Y2O3) is the most common stabilizer of the tetragonal phase, and
Y-TZP is widely used due to its strong mechanical properties [26,52]. The addition of
different amounts of yttria influenced the c/a ratio, which indicated the transformability of
the available tetragonal phase. In comparing the values in Table 2 for the mixtures of Zr2Y
and Zr3Y, it is clear that a higher yttria content (3 vs. 2 mol%) led to a greater stabilization
of the tetragonal phase, which corresponded to a decrease in the c/a ratio (1.0159 vs. 1.0166)
and a lower toughness (4.0 vs. 9.4 MPa m1/2).

Cerium oxide (CeO2) is another well-known stabilizer of zirconia, and ceria-doped
zirconia exhibits very high values of fracture toughness [53]. The ZrCe sample in our
study showed toughness value four times higher than that of Zr3Y (18.4 vs. 4.0 MPa m1/2,
respectively) as indicated in Table 2. CeO2 is a stabilizer as Y2O3, but its c/a ratio is
higher; this means that the tetragonal phase is less stabilized, so its transformation is easier,
thus leading to an increase in fracture toughness. On the other hand, as described in the
literature [54], CeO2 does not allow one to obtain high values of mechanical resistance
due to its limited capability to contain grain growth during sintering. Indeed, ZrCe grains
are wider (ca. 2.0 μm) than Y-TZP ones (ca. 0.5–0.8 μm) [27]. As the oxidation state is the
same of Zr4+, Ce4+ does not generate oxygen vacancies inside the ZrO2 cell, so, in a humid
environment, the t–m spontaneous transformation is not promoted and CeO2-stabilized
zirconia shows significantly high resistance to LTD [17,54,55].

Tantalum oxide (Ta2O5) is known in the literature for its toughening effect when added
to 3Y-TZP [56,57]. In our study, the addition of Ta2O5 led to a higher value of fracture
toughness than 3Y-TZP (9.4 vs. 4.0 MPa m1/2, respectively), as shown in Table 2. The
addition of Ta2O5 to 3Y-TZP increased the c/a ratio (1.0173 vs. 1.0159, respectively) such
that the chemical driving force for the t–m transformation was enhanced, and this led to a
higher value of fracture toughness. On the other hand, the stabilizing effect of Y2O3 was
contrasted by the addition of Ta2O5, which is a toughening oxide that increases the t–m
martensitic transformation temperature [50], resulting in a toughening effect.

Copper oxide (CuO) was also tested as toughening agent for Y-TZP. The results
reported in Table 2 show that the addition of CuO only led to a slight increase in the
fracture toughness of the 3Y-TZP (4.6 vs. 4.0 MPa m1/2, respectively). This result is in
contrast with the results reported by Ramesh et al. [58], where a different Y-TZP powder
was used.

After comparing the fracture toughness values (Table 2) as function of the tetragonality,
a linear correlation was obtained, as shown in Figure 1. If the c/a ratio of the tetragonal
phase was near 1 (i.e., the c/a value of the cubic phase), the tetragonal phase was more
stable and hence the t–m transformation became more difficult and the fracture toughness
decreased. On the contrary, if the c/a ratio of the tetragonal phase increased up to 1.022
(which is the b/a value of the monoclinic phase), the t–m transformation was favored and
the fracture toughness increased.
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Figure 1. Fracture toughness vs. tetragonality of the different stabilizers in zirconia-based materials.

3.1.2. Stabilizer Content

The effect of different contents of stabilizer (Y2O3) was studied in ZTA composites
with a 60/40 alumina/zirconia weight ratio. The results reported in Table 3 show that the
fracture toughness reached a maximum value of 6.2 MPam1/2 with the lowest amount of
stabilizer (60402Y). The same results were previously observed in ZTA composites with a
50/50 alumina/zirconia weight ratio, as reported in Table 3 [59].

Table 3. Properties of ZTA materials doped with different amounts of stabilizer. DR is the relative
density, c/a is the tetragonality, KIC the fracture toughness, HV the microhardness, and MOR is the
four-point flexural strength.

Samples
DR
(%)

c/a
Tetragonal
ph. (vol%)

Cubic ph.
(vol%)

Monoclinic
ph. (vol%)

KIC

(MPa m1/2)
HV

(GPa)
MOR
(MPa)

60403Y 99.9 1.0168 76.3 23.7 0 5.1 ± 0.3 17.7 ± 0.3 660 ± 23
60402Y 98.8 1.0169 98.0 0 2 6.2 ± 0.2 18.0 ± 0.3 794 ± 98
50503Y 1 99.3 1.0165 98.7 1.3 0 6.0 ± 0.1 14.9 ± 0.5 -
50502.5Y 1 99.9 1.0170 94.6 5.4 0 5.6 ± 0.2 15.7 ± 0.3 -
50502Y 1 99.2 1.0175 100 0 0 8.1 ± 0.1 15.4 ± 0.2 -

1 Reprinted with permission from ref. [59]. Copyright © 2021 Elsevier Ltd.

This behavior can be explained by the analysis of the variation of the tetragonal phase
amount and the tetragonality with stabilizer content. In fact, 60403Y had a lower amount of
tetragonal phase (less than 80%) and a lower tetragonality than those of 60402Y. This means
that a lower quantity of tetragonal phase was available to the toughening t–m transforma-
tion in the 60403Y composite. Furthermore, in the same sample, the lower tetragonality
enhanced the stability of the tetragonal phase, which caused a decrease in the fracture
toughness. These observations are also in line with the study of Yoshimura et al. [60],
which reported the dependence of the c/a ratio on stabilizer content.

3.1.3. Critical Grain Size

3Y-TZP was sintered in six different conditions in order to highlight the effect of the
grain size variation on tetragonality and, consequently, fracture toughness. The experimen-
tal results are reported in the Table 4.

After increasing the sintering time to 60 h at 1550 ◦C, the fracture toughness and
grain size increased up to maximum values of 7.7 MPa m1/2 and 1.19 μm, respectively
(Figure 2). Furthermore, a strong dependence between the fracture toughness and tetrago-
nality was observed at the microstructural level. Indeed, with the increase in sintering time,
tetragonality increased, i.e., the tetragonal cell instability grew. This instability, caused by
the distortion of the cell, promoted the t–m transformation and a consequent increase in
fracture toughness.
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Table 4. Properties of zirconia-based (3Y-TZP) samples sintered with different thermal cycles. DR is
the relative density, Dm the average grain size, c/a is the tetragonality, KIC the fracture toughness,
and HV the microhardness.

Thermal Cycle
DR
(%)

Dm
(μm)

c/a
KIC

(MPa m1/2)
HV

(GPa)

1500 ◦C—2 h 98.9 0.53 1.0159 5.0 ± 0.1 11.0 ± 0.2
1550 ◦C—20 h 99.9 0.78 1.0164 5.3 ± 0.1 12.1 ± 0.2
1550 ◦C—30 h 99.6 0.87 1.0165 5.4 ± 0.1 11.5 ± 0.2
1550 ◦C—40 h 99.9 0.95 1.0165 6.6 ± 0.2 11.9 ± 0.2
1550 ◦C—60 h 99.6 1.19 1.0167 7.7 ± 0.1 11.0 ± 0.2
1550 ◦C—80 h 95.8 - 1.0162 - -

Figure 2. Fracture toughness vs. average grain size of the different sintered zirconia-based materials.

The sample sintered at 1550 ◦C for 80 h was characterized by the lowest sintered
density due to the formation of the monoclinic phase, and it showed many cracks. In fact,
XRD analysis confirmed that all the samples were mainly constituted by the tetragonal
phase with traces of the cubic phase, while the sample sintered at 80 h showed an increase
in monoclinic phase content.

According to these data, the critical grain size can be estimated to be equal or greater
than 1.19 μm for this 3Y-TZP material. This value is in agreement with the critical grain
observed by Lange [32].

3.2. Parameters That Influence Mechanical Properties

The relationships between the microstructure and mechanical properties of Y-TZP
ceramics have been extensively studied over the past four decades, and different effects
have been identified.

It was demonstrated that the toughening effect, related to the t–m transformation
mechanism in Y-TZP ceramics, is promoted by larger grain sizes [12,32–36]. On the other
hand, some mechanical properties, including flexural strength, are known to be enhanced
by fine microstructures [36,61,62].

Indeed, as grain size coarsens, the critical defect enlarges, thus leading to a strength
decrease [63]. According to the Griffith (Equation (2)), strength (σR), fracture toughness
(KIC), and failure origin size (c) are strictly connected and their control is necessary to
obtain reliable structural ceramic materials.

σR ∼ KIC√
πc

(2)

Unfortunately, the best conditions (composition, grain size, transformability, etc.)
to reach ceramic strength in zirconia-based materials are not the same for maximizing
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fracture toughness, so the reliability of these ceramics comes from the compromise of these
two properties [64].

Hardness is also influenced by microstructure [65]. Generally, hardness is strictly
related to density, but no univocal correlation between hardness and grain size has been
proven. The hardness values of 3Y-TZP do not show the influence of the grain dimension
in the submicrometric range [66].

A typical method to obtain ceramics with fine microstructures and improved me-
chanical properties (flexural strength) is based on the application of innovative sintering
processes that limit grain growth. Among the best known sintering methods to refine
ceramic microstructures, the spark plasma sintering (SPS) [67,68] and microwave sintering
(MWS) [69] methods are the most efficient.

A simple and cost-effective method for industrial applications to obtain near full dense
ceramics with controlled grain growth is TSS (two-step sintering) [70], in which the sample
is first heated to a higher temperature to achieve an intermediate density and then cooled
down and held at a lower temperature until it is fully dense. This sintering method has
been successfully applied for ZTA composites [71,72].

The effect of TSS on the 3Y-TZP and ZTA samples (Table 5) was studied and compared
to that of classic SSS. In the case of 3Y-TZP, TSS showed an advantageous effect on grain
size (almost halved), as shown in Figure 3a,b. However, TSS seemed to have no effect on
the fracture toughness. This was probably due to two opposite and concomitant effects
of TSS that compensate for each other. The grain size refinement contrasted with the
toughening effect achieved when the grain size approached the critical value. On the other
hand, the tetragonal phase obtained with the TSS was more transformable, as evidenced
by the slight increase in the tetragonality. It is probable that the longer holding time at the
higher temperature promoted the migration of the stabilizer (Y3+) [52]; hence, the yttria
concentration within the tetragonal phase decreased and enhanced transformability.

Table 5. Properties of 3Y-TZP and ZTA materials sintered with the single step (SSS) or two-step
cycles (TSS). DR is the relative density, KIC the fracture toughness, HV the microhardness, MOR is
the four-point flexural strength, Dm is the average grain size (A refers to alumina and Z to zirconia
grains), and c/a is the tetragonality.

Samples Thermal Cycle
DR
(%)

Dm A/Z
(μm)

c/a
KIC

(MPa m1/2)
HV

(GPa)
MOR
(MPa)

3Y-TZP SSS 1500 ◦C—1 h 99.7 0.33 1.0154 5.0 ± 0.1 13.3 ± 0.3 1095 ± 75
3Y-TZP TSS 1400/1350 ◦C—30 h 99.8 0.18 1.0157 4.9 ± 0.1 13.4 ± 0.2 1102 ± 85
60402Y SSS 1550 ◦C—1 h 98.8 0.71/0.44 1.0169 6.2 ± 0.2 18.0 ± 0.3 794 ± 98
60402Y TSS 1500/1450 ◦C—30 h 98.6 0.58/0.35 - 5.5 ± 0.3 16.1 ± 0.4 660 ± 89
60402Y TSS FD 1500/1450 ◦C—30 h 98.7 0.59/0.34 - - - 872 ± 47
60403Y SSS 1550 ◦C—1 h 99.9 0.70/0.43 1.0168 5.1 ± 0.3 17.7 ± 0.3 660 ± 23
60403Y TSS 1500/1450 ◦C—30 h 99.8 0.58/0.36 - 4.8 ± 0.2 16.0 ± 0.2 700 ± 57

Again, the flexural strength values were very similar despite the halved grain size. It
is probable that the grain refinement obtained with TSS did not contribute to a decrease
in critical defect size. In fact, as observed by Xiong et al. [73], the TSS method could
yield the formation of thermodynamically stable large pores, thus showing its limit in
eliminating last residual porosity (1–2%). The effects of grain size refinement and critical
defect dimension compensate for each other, thus leaving the strength value unaltered (as
also described by Trunec [62]).

In the case of the ZTA composites, the TSS method effectively limited grain growth
(Figure 3c,d). Comparing two samples with the same stabilizer content, the grain size
refinement resulted in a lower toughness, probably due to the average grain dimension
being too far from the critical grain size. The strength values of the 60403Y samples were
found to be similar, likely because the increase in the critical defect size was not sufficiently
compensated for by the refinement of the microstructure, as suggested by Trunec [62]. For
the 60402Y samples, dynamic pore coalescence occurred in the second step of TSS, which
did not aid the elimination of residual porosity and had detrimental effects on bending
strength [73].
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Figure 3. SEM micrographs of zirconia samples 3Y-TZP SSS (a) and 3Y-TZP TSS (b), as well as of
ZTA samples 60403Y SSS (c) and 60403Y TSS (d).

Finally, the bending strength was also influenced by the powder preparation technique.
Using the freeze-drying technique to dry the slurry, the production of a homogeneous
granulate without aggregates was achieved (Figure 4). This granulation process strongly
influences the quality of a green and sintered body [74]; in our study, higher values of
bending strength were obtained (872 ± 47 MPa for 60402Y TSS-FD; see Table 5).

 

Figure 4. SEM micrograph of 60402Y powder prepared with freeze-dry granulation.

3.3. New Manufacturing Techniques: 3D Printing

The production of ceramic components via the DLP technique is strictly connected
to the availability of a suitable ceramic slurry. Nowadays, the most important producers
of vat polymerization printers commercialize feedstocks for their 3D printer models with
limited possibility to access to other resins available on the market. Another problem for
the AM of ceramics with the DLP technique is the low disposability of printable slurries
filled with desired ceramic powders.

For the preparation of new resin–ceramic powder mixtures, one of the main problems
related to the addition of a high content of ceramic powder to the photopolymeric resin
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is the increase in the viscosity of the mixture. This drawback was solved here by wisely
selecting monomers with different functionalities and molecular weights. The shear thick-
ening behavior that is commonly observed in high solid loaded suspensions was reduced
by the use of an appropriate surfactant and a zirconia powder with a lower surface area
(7 ± 2 m2/g). In this way, high content ceramic photocurable resins (see Materials and
Methods section) with low viscosity, suitable for the DLP printing process, were prepared.

The shear viscosity for two ATZ resins is reported in Figure 5.

Figure 5. Photocurable slurry viscosity.

Prototypal dental endosseous implants were obtained via the DLP technique with the
developed ZTA resin (Figure 6), which was sintered up to 1550 ◦C for 1 h and reached a
final density of 96.8%.

 

Figure 6. Endosseous dental implant in ATZ printed with the DLP technique.

More complex shapes, as the lattice structure shown in Figure 7, were successfully
printed with a final relative density of 98%. Layer-by-layer deposition is highlighted
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in Figure 8. SEM observations revealed a regular lattice structure profile, where the
overlapping layers and their homogeneity in thickness were clearly visible. The slicing
value was set to 50 μm and fell to 35 μm after sintering shrinkage. Nevertheless, the layer
adhesion could be further enhanced to completely avoid the delamination defects partially
present in these items.

 

Figure 7. Lattice structure in ATZ printed by the DLP technique.

 

Figure 8. Micrograph of the lattice structure profile.

These preliminary outcomes highlighted the possibility to develop resins with the
required ceramic material and the feasibility to print ceramic materials with low cost and
widely available DLP printers.

4. Conclusions

Alumina–zirconia composites emphasize the unique properties of zirconia and show
many positive aspects that encourage their applications as biomaterials.
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The type of stabilizer of the tetragonal phase and the use of toughening oxides with
different oxidation states were found to strongly influence the value of the tetragonality,
which is the c/a ratio of the lattice parameters of the tetragonal cell. The existence of a
linear correlation between tetragonality and fracture toughness was verified. The c/a ratio
revealed the instability of the tetragonal cell and, therefore, its tendency to transform, with
a consequent toughness increase.

It was also observed that the amount of stabilizer influenced the c/a ratio; in particular, the
lower the stabilizer content, the higher the tetragonality and, therefore, the fracture toughness.

The relationships between microstructure and mechanical properties were investi-
gated. Despite this effect not being completely clear in some cases, it was generally proven
that as the average grain size grew, the fracture toughness increased until it approached
the critical grain size. On the other hand, flexural strength was not significantly affected by
the grain size refinement, probably because of the presence of larger critical defects when
TSS was applied instead of SSS.

These experimental results could constitute a scientific base to design new high-
performance ZTA composites that applicable in orthopedic and dental implants with high
hydrothermal resistance.

Furthermore, an innovative forming technique based on additive manufacturing
technology—DLP technique—was successfully tested to produce dental components with
zirconia–alumina composites. This technique represents a very interesting perspective for
the development of highly customized devices with lower waste and reduced cost that is
suitable for small batch production in the biomedical field.
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Abstract: Recent studies on zirconia-toughened alumina (ZTA) evidenced that in vivo aged implants
display a much higher monoclinic zirconia content than expected from in vitro simulations by
autoclaving. At the moment, there is no agreement on the source of this discrepancy: Some research
groups ascribe it to the effect of mechanical impact shocks, which are generally not implemented in
standard in vitro aging or hip walking simulators. Others invoke the effect of metal transfer, which
should trigger an autocatalytic reaction in the body fluid environment, accelerating the kinetics
of tetragonal-to-monoclinic transformation in vivo. Extrapolations of the aging kinetics from high
(autoclave) to in vivo temperature are also often disputed. Last, Raman spectroscopy is by far the
preferred method to quantify the amount of monoclinically transformed zirconia. There are, however,
many sources of errors that may negatively affect Raman results, meaning that the final interpretation
might be flawed. In this work, we applied Raman spectroscopy to determine the monoclinic content
in as-received and in vitro aged ZTA hip joint implants, and in one long-term retrieval study. We
calculated the monoclinic content with the most used equations in the literature and compared it
with the results of X-ray diffraction obtained on a similar probe depth. Our results show, contrary
to many previous studies, that the long-term surface stability of ZTA ceramics is preserved. This
suggests that the Raman technique does not offer consistent and unique results for the analysis of
surface degradation. Moreover, we discuss here that tetragonal-to-monoclinic transformation is
also necessary to limit contact damage and wear stripe extension. Thus, the surface metastability of
zirconia-containing ceramics may be a non-issue.

Keywords: zirconia-toughened alumina; phase transformation; Raman spectroscopy

1. Introduction

The current trend in total hip arthroplasty (THA) is to gradually prefer ceramic-based
implants over metallic implants due to their excellent biocompatibility [1], both in bulk
and particulate form, and high long-term survival [2]. Nowadays, the ceramic of choice for
THA is zirconia-toughened alumina (ZTA), often in the form of the BIOLOX®delta material,
the most commercially successful material. BIOLOX®delta (Delta) was developed in the
early 2000s by CeramTec GmbH and is composed of 17 vol.% yttria-stabilized tetragonal
zirconia particles (Y-TZP) embedded into an alumina matrix. The function of Y-TZP is
to improve the toughness of the prosthetic material, through a mechanism called phase
transformation toughening: under stress, a fraction of the tetragonal zirconia grains may
undergo a phase transition to a monoclinic phase (t–m transformation). This phase has
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a larger volume and thus sets the surrounding material under compressive stress. This
increases the crack propagation resistance of the material. The alumina phase, on the
other hand, provides hardness and wear resistance [3]. Furthermore, Delta also contains
0.3 w.% chromia, which imparts the pink color to the material, and about 3 vol.% of stron-
tium hexaaluminate platelets, which further increases the fracture toughness of the ceramic
composite. The stability of alumina matrix material bearings in the body of patients is still
being discussed, despite the best long-term clinical outcomes shown by the arthroplasty
registries when compared to alternative bearings [4–8]. Before being introduced into the
medical market, the Delta material was thoroughly tested according to the available ASTM
F2345-03 standard for in vitro testing, which states that a one-hour exposure at 134 ◦C un-
der 2 bars water steam (in autoclave) corresponds to two years in vivo [9]. Extrapolations
based on those tests predicted a very slow transformation (less than 5% increase over the
first 10 years) [10]. However, investigations on revised Delta implants after few years (in
some cases, months) in vivo [3,11–14], where the causes of revision were unrelated to the
ceramic material, revealed worn areas [12,14,15], the presence of metal transfer [11–14], and
a much higher monoclinic content than expected according to in vitro simulations [11,13].
This monoclinic content was always necessarily reported as the difference between worn
and non-worn areas [11,15] because the initial monoclinic phase amount cannot be mea-
sured prior to implantation, and this value may vary slightly due to the manufacturer’s
batch processing [11].

Many material research groups have attempted to clarify this discrepancy between
in vitro and in vivo results, but up to now, no consensus on the real causes has been
found. Pezzotti et al. proposed one hypothesis [11,16–18] that ascribes this discrepancy
to the effects of metal transfer. In fact, in correspondence with metal transfer, high wear
values and high monoclinic contents in zirconia were measured [11–13]. According to
Pezzotti et al. [11], in the aqueous body fluid environment, the autocatalytic dissociation
of water molecules is promoted at the transferred metal’s surface; this apparently causes
an annihilation of oxygen vacancies first in the alumina phase and then in the tetragonal
zirconia phase of Delta ceramics. This latter oxygen vacancy reduction should then trigger
the tetragonal-to-monoclinic transformation in zirconia. This conclusion was supported by
cathodoluminescence and X-ray photoelectron spectroscopies [11,16], and similar mech-
anisms were also observed in yttria-stabilized zirconia [19]. Although this explanation
may sound plausible, especially in the case of metal transfer, it is not clear whether the
initial data from the retrievals are consistent: the measured high wear could be due to the
surface asperities produced by metal smearing, and not the ceramic. In addition, more
likely, the presence of metal affects the quantification of the monoclinic phase by Raman
spectroscopy because of the influence of metal on the intensity of Raman peaks due to
plasmonic effects [20]. A poor signal-to-noise ratio could also affect spectra collected in the
presence of chemisorbed proteins [21], which highlights the need for a thorough surface
cleanup before Raman analysis.

Another explanation has been proposed by Perrichon et al. [15,22,23], who ascribe the
discrepancy to the effect of shocks due to microseparation, which are not implemented in
the ASTM in vitro standard, or in hip walking simulators. Perrichon et al. were able to
demonstrate that using a specific in vitro test route that includes hip walking simulations,
shock tests, and environmental aging tests, the discrepancy with in vivo studies can be
reduced [23]. In this case, the monoclinic content on worn areas was much higher than
on non-worn zones, in agreement with observations on retrieved implants. This shows
that the phase transformation toughening mechanism was activated under stresses to limit
mechanical damage. In other words, t–m transformation due to shock is not related to
degradation due to aging.

The last explanation is related to the model used to relate the simulated aging kinetics
obtained in the autoclave to in vivo aging. It is postulated that aging follows an Arrhenius
law, and thus knowledge of its activation energy enables establishing a time–temperature
equivalence. However, two main limits exist for this model: First, data at a low temper-
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ature take a long time to obtain and thus are hardly available; thus, it is not completely
certain that the Arrhenian behavior is still valid around body temperature. Second, small
uncertainties in the activation energy may lead to large variability in the time–temperature
equivalence, while the ASTM standard tacitly considers a single activation energy for all
zirconia-containing materials.

However, more importantly, it has been recently shown that the in vivo zirconia trans-
formation in Delta does not affect the mechanical performance of the total hip arthroplasty
components [24]. It follows that differences in the t–m transformation of zirconia in the
Delta material between in vitro tests and ex vivo components may not be clinically rele-
vant; therefore, solving the problem is conducted only for the sake of knowledge. In the
following, we will try to explain the differences due to the measurement method.

Although it is clear that in vitro testing standards should be reviewed in order to better
approach the conditions encountered by the implant inside the patient’s body, one aspect
may be overlooked: comparisons between in vitro and in vivo studies are based mainly on
the value of Vm, the volume fraction of monoclinic zirconia, which is measured by Raman
spectroscopy. However, currently, there is neither a standard that exists regarding how
Vm should be measured from Raman spectra, nor sufficient explanations reported in the
previous literature about how data collection and treatment have been performed. Very
likely, each research group uses a different procedure for Vm quantification, which (at least)
makes the comparison of Vm results obtained by different groups questionable. In addition,
some data analysis procedures might lead to severe artefacts, with the consequence that
wrong values of Vm are calculated, leading to flawed interpretations.

In this work, we show that the use of the Clarke/Adar equation—deemed unreliable
by some research groups—is indeed the best choice for our measurement setup for Delta
ceramics. This is confirmed by a control procedure using X-ray diffraction (XRD). Fur-
thermore, we demonstrate—by analyzing a retrieval affected by metal transfer—that the
effect of metal on the monoclinic transformation is negligible. Lastly, we show that specific
choices in data analysis, such as the use of the absolute/integrated intensity, the choice
of a baseline, or the overall signal-to-noise ratio of the spectrum, have a large impact on
the obtainable results in terms of Vm. These results clearly suggest that a standard for Vm
quantification using Raman spectroscopy (including sample preparation, spectroscopic
procedures, and data treatment) should be promptly put in place.

2. Vm Quantification by Raman Spectroscopy

Raman spectroscopy probes the inelastic light scattering from vibrational motions
of atoms in a solid, and as such, it is sensitive to any change in the way atoms vibrate,
as caused, for instance, by the presence of a different phase. In other words, the Raman
spectrum is a fingerprint of the state a solid assumes. In zirconia ceramics, the tetragonal
and monoclinic polymorphs present very different spectra [25], and in mixed phases, a
superposition between those two spectra appears, the extent of which depends on the
volume fraction of the monoclinic phase, Vm, in the investigated area. Various researchers
have derived an expression to quantify Vm from the intensity of Raman peaks belonging
to tetragonal and monoclinic phases, building upon equations already available for XRD
analyses [26]. The equation has the following form [26,27]:

Vm =
I181
m + I190

m

k
(

I147
t + δI265

t
)
+ I181

m + I190
m

(1)

and it differs among the available approaches only for the values of the δ and k coefficients.
Ii
m,t is the intensity of Raman peaks (at position i—in cm−1) belonging to monoclinic and

tetragonal phases. The two most used equations for the determination of Vm in THA
implants are the one derived by Clarke and Adar (δ = 1, k = 0.97) [27] and the one derived
by Katagiri et al. (δ = 0, k = 2.2 ± 0.2) [26], whereby the latter has been used in the majority
of recent studies concerning the Delta material. Tabares and Anglada [26] recently carried
out a systematic study with both Raman and XRD using bulk mixtures of tetragonal and
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monoclinic zirconia powders with from 0% to 100% of monoclinic phase content. They
calculated Vm using both the Clarke/Adar and Katagiri equations and demonstrated that
while Katagiri’s equation correctly reproduced the monoclinic content, the Clarke/Adar
equation largely underestimated it. XRD results were also in better accordance with the
Katagiri equation. They suggested that this discrepancy is related to the localization of
the monoclinic polymorph (i.e., the Vm profile) in the material used for calibration by
Clarke and Adar: fracture surfaces in ZrO2/Y2O3 specimens, where the monoclinic phase
is expected to be present only near the surface. In this case, the penetration depth of X-rays
depends on the angle of incidence, and thus it can be suggested that the discrepancy in
the Vm calculated with Clarke and Adar’s formula is due to a different angle of incidence
that Tabares and Anglada used for their XRD measurements, compared to the one used
by Clarke and Adar [26]. Hence, according to Tabares and Anglada, the Katagiri equation
seems to have universal validity because it has been obtained on bulk mixtures of tetragonal
and monoclinic zirconia powders, where the monoclinic content is homogeneous across
the whole probed volume by both Raman and XRD. Its validity, however, has neither been
systematically demonstrated in materials where a sharp gradient in the monoclinic phase
is present, nor in sintered materials. Both aspects clearly apply to in vitro and in vivo
aged Delta [3,9,11,28].

Apart from the choice of the equation to calculate Vm, there are many other aspects
that could lead to errors and discrepancies between the Vm values reported in the literature:

• Raman spectra need to be fitted (using mathematical expressions) to obtain intensity
values of the respective tetragonal and monoclinic peaks. Spectra with different
qualities (i.e., different signal-to-noise ratios, SNRs) might lead to different Vm values
because of fitting errors. Factors influencing the quality of spectra are the optical
system, the laser, the time used for collection/accumulation of spectra, and the quality
of the investigated surface.

• Spectra are often affected by a background due to elastic scattering or to the presence
of fluorescence (particularly true for Delta). In these cases, a baseline is generally
subtracted to avoid the influence of the background on the final result [26]. However,
the choice of the baseline might affect the final result as well.

• It is not clear whether the integrated or the absolute intensity of Raman peaks should
be used in Equation (1). With Equation (1) being an intensity ratio, this question
may seem unimportant; however, the absolute intensity might not fully represent the
monoclinic content, especially by low Vm values [29].

• Each spectrometer used for Raman analysis has different characteristics (e.g., the focal
length, the number of gratings, the confocal pinhole width) affecting the SNR ratio
and the spectral resolution, which could lead to different results if the same material
is probed by different equipment.

A comparison between the Clarke/Adar and Katagiri equations using both Raman
and XRD on Delta has not yet been reported in the literature, and also a thorough analysis
of the aforementioned error sources (even partly) has never been attempted.

3. Materials and Methods

3.1. In Vitro Aging Study Samples

Ten Delta heads and ten Delta cup inserts (CeramTec GmbH, Plochingen, Germany)
were analyzed by both XRD and Raman spectroscopy in order to independently quantify
the monoclinic content. The areas investigated corresponded to the head apex in the heads
(polished), and to the center of the bottom (opposite of the cup) in the inserts (ground).
The two different surface finishes were selected with the intent to attempt to cover as much
of the Vm range, from 0% to 100%, as possible, this way mimicking non-wear and wear
zones in real implants, respectively. The aforementioned total hip arthroplasty implant
components were tested both before and after extreme hydrothermal aging in an autoclave
at 134 ◦C and 2.2 bars for 150 h, which would correspond to more than 300 years in vivo
according to the ASTM standard.

70



J. Compos. Sci. 2021, 5, 273

3.2. Retrieval Sample

The studied retrieval was constituted by a fully Delta ceramic-on-ceramic (CoC)
bearing couple. The total hip replacement (THR) components were a DePuy Pinnacle cup
60 mm and a Summit stem size 3 high offset. The 28 mm Delta ceramic head taper had a
+8.5 mm neck length offset.

The patient was informed that the data concerning the case would be submitted for
publication, and she provided consent.

The patient underwent complex total hip arthroplasty in 2004 (diagnosis: secondary
osteoarthritis following developmental dysplasia of the hip). After twelve years of pain-
free normal function, the patient presented with periprosthetic joint infection (caused by
Klebsiella pneumoniae). After failure of debridement/irrigation and two dislocation events
(managed with closed reduction), the patient underwent two-stage revision surgery in late
2016. The retrieved Delta 28 mm CoC bearing appeared intact, with titanium metal stripes
in the femoral head caused by recurrent dislocation events. Areas with metal transfer were
investigated before and after a cleaning procedure to remove the metal, which consisted in
a 10 h bath at 60 ◦C with 30% aqueous H2SO4 solution.

The patient was 50 years old at the time of index surgery; The body weight of the
patient was 78 kg, and the patient’s body mass index (BMI) was 31. The patient was a
housewife with a part-time administration job, and she performed no sports activities.

3.3. Characterization Methods

X-ray diffraction (XRD) analyses were carried out on a Bruker AXS D8 advance
diffractometer (Bruker, Karlsruhe, Germany) using the Bragg–Brentano configuration. The
excitation of the tube was fixed at 30 KV and 20 mA, the slit was fixed at 0.6 mm, and the
probe size was around 6 × 12 mm. A position-sensitive detector (LynxEye, Bruker) was
used to collect the data between 10◦ and 70◦ (2θ), with a 0.015◦ step size and a 0.4 s/step
acquisition speed. With this configuration, and considering the peaks of interest (the (−111)
and (111) monoclinic peaks and the (101) tetragonal peak, respectively, located around
28.3◦, 31.5◦, and 30.1◦), 90% of the XRD signal comes from the first 17 μm below the surface.
The monoclinic fraction was determined from the integrated intensities of the XRD peaks
after subtracting a linear baseline, using Garvie and Nicholson’s equation [30].

Raman spectra were collected with a single spectrograph (Horiba Jobin Yvon LabRAM
HR800) with a grating of 1800 gr/mm and Ar+ laser excitation at 514.5 nm wavelength. The
laser power on the sample was maintained at ~2 mW with a 100× long-working distance
objective to avoid excessive laser-induced heating. With the chosen optical configuration,
the laser had a lateral resolution of ~1 μm and a penetration depth of 4.2 μm or 15 μm
when the confocal pinhole was fixed at 100 μm or 1000 μm, respectively (intended as the
depth from which 90% of the signal comes from). These values were determined following
the procedure outlined in Pezzotti et al. [31]. On each specimen, three adjacent points
(>10 μm apart) were measured. The collected spectra were fitted with Gaussian–Lorentzian
functions after subtracting a linear baseline; the integrated intensity values of monoclinic
and tetragonal peaks were used to calculate Vm with both the Clarke/Adar and Katagiri
equations and compared with the results of the XRD analyses. An example of the fitted
spectrum after baseline subtraction is shown in Figure 1.
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Figure 1. Example of a fitted Raman spectrum of Delta using the procedure followed in this paper.
The spectrum was taken on a head specimen in a region with a high monoclinic fraction.

4. Results

4.1. In Vitro Aging Study

Figure 2 and Table 1 present the results of Vm measurements by Raman spectroscopy
carried out on Delta femoral heads and inserts, both as received and after the aging
procedure. The values of Vm were calculated from the integrated intensity of peaks
belonging to the monoclinic and tetragonal phase after the fitting procedure described in
Section 3. As it can clearly be seen, the values obtained with the through-focus configuration
are smaller than those obtained with the confocal one; in the latter case, due to the smaller
probe depth, the volume closer to the surface of the sample was analyzed. Hence, this
result shows that the monoclinic fraction is higher in the vicinity of sample surfaces. Aged
samples reveal a higher monoclinic content (up to a factor of 2 and higher), as expected,
and the difference from the pristine state is larger near the sample surface. Moreover,
inserts have a higher monoclinic content due to the raw (grinded backside) surface finish.

  
(a) (b) 

Figure 2. Values of Vm measured by Raman spectroscopy and XRD on both non-aged and in vitro aged Delta heads (a) and
inserts (b). Conf. = confocal pinhole closed down to 100 μm (penetration depth of Raman signal: 4.2 μm); Th. F. = confocal
pinhole fully open (1000 μm)—penetration depth of Raman signal: 15 μm.

Comparing values obtained with the Clarke/Adar and Katagiri equations, it is evi-
dent that a higher monoclinic content results from the Katagiri equation. This is in line
with the findings of Tabares and Anglada [24], who concluded that the Clarke/Adar for-
mula underestimated the monoclinic content for powders. However, a direct comparison
between the through-focus Raman results and the XRD results (which have a very sim-
ilar penetration depth of ~15 μm and 17 μm, respectively) shows that, indeed, it is the
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Clarke/Adar equation that provides the best correspondence with the XRD measurements.
This is valid on both sample types and for both pristine and aged specimens. This is more
evident from Figure 3, where a direct comparison between Vm by XRD and Raman is
provided for all samples both in the (a) confocal and (b) through-focus configurations. In
Figure 3a, both equations overestimate the Vm by Raman, and this is due to the difference
in the volume probed by the two techniques (with confocal Raman, the probe depth is
much smaller). For the through-focus case (Figure 3b), where a direct comparison between
Raman and XRD is more pertinent due to the very similar penetration depth, the Katagiri
equation clearly overestimates (by a factor of 2.5) the monoclinic content, whereas the
Clarke/Adar equation provides only a slightly lower Vm than XRD. This latter equation
seems thus more suitable for the determination of Vm in the case of aged femoral heads,
where the monoclinic content is not constant over the probed depth, keeping in mind that
the obtained value is then a weighted average over 15 μm under the surface, as with Vm
obtained by XRD.

Table 1. Values of Vm measured by Raman spectroscopy and XRD on both non-aged and in vitro
aged Delta heads and inserts. Confocal Raman results belong to a depth up to ~4 μm below the
surface (pinhole diameter: 100 μm). Through-focus Raman data correspond to a fully opened confocal
pinhole (1000 μm) and thus encompass a depth of 15 μm. The penetration depth of XRD is 17 μm.

Raman CONFOCAL Raman THROUGH-FOCUS
XRD

Clarke/Adar Katagiri Clarke/Adar Katagiri

Vm STD Vm STD Vm STD Vm STD Vm STD

Heads
non-aged 7 5 20 13 6 2 19 7 4 1

aged 18 4 49 9 9 2 33 6 11 1
Inserts

non-aged 25 8 58 8 15 3 46 6 14 1
aged 50 16 80 10 23 8 62 11 21 0

 
(a) (b) 

Figure 3. Comparison between all Vm values measured by XRD and Raman spectroscopy and on both non-aged and
in vitro aged Delta heads and inserts. (a) Confocal = confocal pinhole closed down to 100 μm (penetration depth of Raman
signal: 4.2 μm); (b) Through Focus = confocal pinhole fully open (1000 μm)—penetration depth of Raman signal: 15 μm.
The Through Focus measurement mode (with the Clarke/Adar equation) best reproduces the XRD results due to the similar
probed volume (penetration depth of XRD: 17 μm.
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4.2. In Vivo Aging Study

The explanted femoral head presented significant metal transfer across the whole
implant except on apex areas, caused by the two dislocation events with consequent
closed reduction procedures. Roughness values measured before and after chemical attack
revealed that in the metal transfer area, approximately half of the measured roughness
(0.154 μm vs. 0.079 μm in the cleaned sample) was due to the metal smearing and not
eventual ceramic surface wear nor scratches on the ceramic surface. Hence, the roughness
results reported by other groups in metal transfer areas (without removing the metal)
may be questioned [11]. A picture of the retrieved head before and after the cleaning and
identification of zones is provided in Figure 4. Zones A, B, C, D, and E are defined as stripe
wear, transition area, main wear, metal transfer, and no wear (control area).

  
(a) (b) 

Figure 4. Picture of retrieved head before (a) and after (b) the cleaning and identification of zones.

No evidence was found of an increased monoclinic content led by metal transfer,
whereas wear seemed to be more critically related to the monoclinic content: in wear areas,
we found a higher monoclinic content (especially at the surface)—cf. Table 2. This result
supports the interpretation that the discrepancy between in vitro and in vivo is related to
shocks contributing to wear and stress-induced phase transformation rather than to metal
transfer [15,22,23].

Table 2. Roughness values and values of Vm by XRD; Raman Vm values are determined as difference from E (non-wear case).

Roughness (μm) Vm, Raman (%) Vm, XRD (%)

Area Description Metal
Metal

Removed
Confocal

(Clarke/Adar)
Confocal
(Katagiri)

Through-Focus
(Clarke/Adar)

Through-Focus
(Katagiri)

A Stripe wear 0.035 0.036 5 18 3 5
B Transition area 0.012 0.017 16 36 8 19
C Main wear 0.009 0.008 40 49 20 28 17
D Metal transfer 0.154 0.079 20 35 7 13 17
E No wear 0.008 0.007 - - - - 16

5. Discussion

5.1. Use of Clarke/Adar and Katagiri Equations

Our study clearly demonstrates that in the investigated materials (both for in vitro
and in vivo aged specimens), the Clarke/Adar equation, and not the Katagiri equation,
produced results that are in better accordance with the XRD measurements. This con-
tradicts the current trend in the literature and suggests that the validity of Raman data
in the literature is questionable. There is, in particular, a discrepancy with Tabares and
Anglada’s work [26], where on the basis of Raman and XRD measurements on several
monoclinic/tetragonal powder mixtures, Katagiri’s equation was deemed more suitable,
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whereas the Clarke/Adar equation underestimated the results. Tabares and Anglada
explained this result with an intrinsic difference residing in the experimental procedure
followed by Clarke and Adar: They used fracture surfaces of sintered samples in which the
monoclinic phase was confined to a thin surface layer. Consequently, Clarke and Adar’s
specimens were affected by a concentration gradient in the depth direction, which caused
the value of Vm measured by XRD to depend on the wavelength and the angle of incidence
of the radiation. In other words, since Tabares and Anglada used different XRD settings for
their calibration, the value of 0.97 for the k coefficient in Equation (1) is not valid in their
case, and the Clarke/Adar equation underestimates Vm.

This, however, should also apply to our case. Interestingly, it is the Clarke/Adar
equation that performs better in our case. One possible explanation is the fact that in our
work, we carried out all measurements on sintered samples. It may be envisaged that the
coefficient k = 2.2 obtained by Katagiri and confirmed by Tabares/Anglada for the Katagiri
equation is valid only on powder mixtures, whereas the functional form including the
tetragonal peak at ~265 cm−1 (and k = 0.97) has to be taken for a sintered material, which is
the case of the calibration performed by Clarke and Adar. Another possible explanation is
the fact that both Clarke/Adar and Tabares/Anglada worked on monolithic zirconia (thus
with a much lower penetration depth for XRD: around 5 μm).

A further proof that the Clarke/Adar equation, and not the Katagiri equation, has to be
used for our setting is provided in Figure 5. The upper (blue) spectrum in Figure 6 belongs
to an area (named area A) with a low Vm located at the apex of non-aged polished Delta
head domes, whereas the lower spectrum (red) corresponds to regions with a high Vm
(named area B) at the center of the ground bottom of aged heads and inserts. The spectrum
in area A is associated with a Vm of 10.2% or 30.5% if calculated with the Clarke/Adar
or Katagiri equation, respectively. The spectrum in area B corresponds to a Vm of 66.7%
(Clarke/Adar) or 90.1% (Katagiri). Such a high monoclinic content as obtained from the
Katagiri equation seems unlikely given the still very strong intensity of the tetragonal peak
at ~265 cm−1. In a fully monoclinic material, the 265 cm−1 peak is, in fact, absent [18].

The main intrinsic limitation of the Katagiri equation is evident from its functional
form displayed in Equation (1): For the calculation of Vm, it considers two monoclinic
peaks and only one tetragonal peak. Consequently, if the coefficient k is not correct for
the investigated material, the contribution of the monoclinic peaks is disproportionately
high. Very likely, for the investigated sintered material, the coefficient k should be higher.
Based on a comparison with the Vm obtained here using the Clarke/Adar equation, a
coefficient of k = 4.7 for the Katagiri equation is probably more realistic in the present case.
The coefficient k is probably not only dependent on the materials used for the calibration
but also on the type of Raman spectrometer used and on the depth profile of the monoclinic
fraction. A careful analysis of the available literature, in fact, suggests that the Katagiri
equation performs better on triple spectrometers [11,24,32], whereas the Clarke/Adar
equation performs better on single spectrographs [15,21]. This might be explained by
differences in the measured relative intensities by the different equipment.

5.2. Spectral Quality and Fitting

Further aspects that could lead to differences in the values of Vm published by various
research groups are (i) the overall quality (in terms of the SNR) of the collected spectra
and (ii) the procedure used for data regression. Let us first investigate the former aspect.
Figure 6 reports two spectra collected on the same polished spot of a Delta head. One
spectrum was taken with shorter acquisition times and less repetitions in order to obtain
two spectra with very different SNRs. The low-SNR spectrum mimics the case in which a
spectrum was taken focusing through the metal in an area affected by metal transfer on a
retrieved implant (cf. Figure 3c in [13]). The high-SNR spectrum (black line) corresponds to
a Vm of 14% or 34% (with the Clarke/Adar or Katagiri equation, respectively), whereas the
low-SNR spectrum corresponds to a Vm of 19% or 41% (Clarke/Adar or Katagiri equation,
respectively). Therefore, despite those spectra belonging to the same area, a difference of
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~20% was obtained. In other words, using spectra with a low SNR (such as the ones taken
in a metal transfer area without removing the metal) may produce an overestimation of the
monoclinic content of about 20%.

Figure 5. Comparison of Raman spectra of Delta that underwent a low monoclinic transformation
(blue line—area A) and a high monoclinic transformation (red line—area B). Peaks belonging to the
monoclinic (m) and tetragonal (t) phases of the area used in the analysis are labeled on the upper
(area A) spectrum. The area A spectrum is associated with Vm = 10% and 31% with the Clarke/Adar
and Katagiri equations, respectively. In area B, the monoclinic content amounts to 67% and 90%
(according to the Clarke/Adar and Katagiri equations, respectively). Such a high monoclinic content
as obtained from the Katagiri equation seems unlikely given the still very strong intensity of the
tetragonal peak at ~265 cm−1.

Figure 6. Raman spectra collected on Delta with different acquisition times in order to obtain different
SNRs. The spectra were collected on the same point of a polished specimen surface, but the low-SNR
spectrum mimics the case of a spectrum collected through a metal layer in correspondence with
metal transfer.

Another issue that is often overlooked in the literature is the use of absolute or
integrated intensities. In general, integrated intensities should be more suitable in low-
Vm cases [27]. Nevertheless, the use of absolute intensities may seem attractive in cases
in which a large fluorescence background is present. According to our analysis, using
absolute instead of integrated intensities causes an overestimation of the monoclinic content
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amounting to 26% for the Katagiri equation and up to 60% for the Clarke equation. Hence,
use of integrated intensities is mandatory.

The latter result highlights the intrinsic weakness of the Clarke/Adar equation with
respect to variations in the overall background of the spectrum, such as in the case of
fluorescent emission. To highlight this aspect, we carried out a study in which we fitted
the spectra using two different baselines, both in inserts and heads belonging to the
investigated Delta implant components. Figure 7 shows the different baselines used in
spectra collected on the rear of an insert (a, b) and on the apex of a head (c, d). These
cases will be called Cups A and B and Heads A and B, henceforth. From Cup A, values
of Vm of 53% and 84% were measured with the Clarke/Adar and Katagiri equations,
respectively. The Vm for Cup B amounted to 64% with the Clarke/Adar equation and 84%
with the Katagiri equation. Concerning the head, spectrum A had a Vm of 10% with the
Clarke/Adar equation and 35% with the Katagiri equation. Head B produced a Vm of
15% with the Clarke/Adar equation and 34% with the Katagiri equation. Hence, choosing
a different baseline brings about an error as high as 33% for the Clarke/Adar equation,
whereas the Katagiri equation is more stable (maximum error ~3%). For the sake of clarity,
we mention that in all spectra used for comparison in Figure 3 above, we used a 15 s
acquisition time, 15 repetitions, and the same baseline used for background subtraction as
that reported in Figure 7a.

Despite performing better than the Katagiri equation in the investigated samples, the
Clarke/Adar equation thus seems to be more prone to errors. The reason resides in the use
of the large tetragonal peak at ~265 cm−1, which is strongly influenced by the background
and is largely affected by changes in the choice of the baseline for data regression. Hence,
Katagiri’s choice of excluding this peak from the analysis is not at all wrong; however, we
demonstrate here that in this case, the coefficient k has to be recalibrated every time a new
material (e.g., sintered instead of powders) or a new instrument is used. Moreover, any
modification in both the data collection and treatment procedures risks introducing sources
of errors that are non-negligible even in the case of the Katagiri equation. This suggests
that the Vm values obtained by different research groups using different equipment and
different data treatments can hardly be compared. The only way out of this issue is to
define a standard procedure for the analysis of the monoclinic content in zirconia via
Raman spectroscopy.

5.3. Proposed Standard Procedure

In the following, we suggest a standard procedure that would allow obtaining Vm
values on implants which can be compared between different laboratories:

• First, a series of standard, sintered zirconia samples with a large span of mono-
clinic content should be prepared in a single batch by the same laboratory or com-
pany. These samples should serve as a reference for the calibration of all Raman
equipment worldwide.

• Each laboratory should carry out a defined calibration procedure on the standard
samples in order to determine the value of the coefficient k for the Katagiri equation
that is valid in that specific laboratory.

• The procedure for data treatment, including a minimum SNR, a defined baseline
subtraction, and a fitting procedure, should be defined.

• A standard procedure for cleaning the surface of retrievals on all areas, in order to
obtain spectra with comparable SNRs over the whole implant, should be defined.

A standardization procedure of this type should be attempted and defined within a
round robin study with the participation of a large number of scientific institutions world-
wide. However, it should be kept in mind that such a standard procedure will have the
limitation—intrinsic within both the Raman and XRD techniques—that the measurement
result is the average monoclinic content at several micrometers depth and thus reveals
neither the bulk composition nor the spatial distribution of the monoclinic phase. The
penetration depth can be varied in Raman by changing the width of the confocal pinhole,
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and in XRD by modifying the angle of incidence of X-rays. Since spectra and diffractograms
will be different for each modification of those parameters (for example, with a different
SNR), the standard procedure should be repeated for each penetration depth selected.

  
(a) (b) 

 
(c) (d) 

Figure 7. Different baseline choices on Raman spectra of Delta with (a,b) high and (c,d) low monoclinic contents. The
spectrum shown in (a,b) was collected on the rear of an insert (rough surface), whereas the spectrum shown in (c,d) was
collected on the apex of a head (polished surface).

A noteworthy alternative to the use of equations is the use of hyperspectral imaging
and related statistical analyses (e.g., principal component analyses), as recently applied in
surface-enhanced Raman spectroscopy [33].

5.4. Significance of Vm

Section 5.3 proposes a standard procedure for the evaluation of Vm from Raman
spectrometry data. With this tool, one can now properly assess the amount of monoclinic
phase on the surface of zirconia-toughened alumina hip prosthesis components. However,
to determine whether the measured Vm has an influence on the performances of the
components, one must also consider the origin of the transformation. Indeed, the origin
can be twofold. First, the monoclinic phase can be formed by hydrothermal aging, after
a spontaneous t–m transformation due to the presence of water. In this case, the t–m
transformation is, in itself, a degradation mechanism. Second, the t–m transformation
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can occur as a response to high mechanical stresses (phase transformation toughening),
as can occur in or around a wear stripe [15], or during shocks. In the latter case, the
t–m transformation is necessary to limit the damage. This is visible, for example, from
the smaller width of wear stripes measured on ZTA than on alumina (that presents a
comparable hardness but no phase transformation toughening) in vitro [34–36].

Stress-induced phase transformation is therefore required to obtain good crack and
wear resistance, and the monoclinic content per se should not be considered as an
indicator of degradation.

6. Conclusions

In our work, by measurements on both in vitro and in vivo aged BIOLOX®delta spec-
imens, we determined that the Clarke/Adar equation is the most suitable equation to
quantify the monoclinic content in the investigated material with the used experimental
setup. Furthermore, we confirmed that metal transfer is not necessarily related to a high
monoclinic content; previous studies showing the contrary might be affected by mea-
surement artefacts leading to an exaggerated monoclinic content. This suggests that the
discrepancy between in vitro and in vivo aged implants is rather ascribable to the effect
of shocks than to the influence of metal transfer. Moreover, it must be considered that
metastability of the tetragonal phase, to a certain extent, is necessary to guarantee good
mechanical properties.

In addition, we demonstrated that Raman spectroscopy is a delicate procedure that
is very much prone to errors. Critical aspects are associated with the used equation for
the calculation of Vm, and with the definition of the related calibration coefficients. Other
important issues are related to the spectral quality and data regression procedures. Our
study demonstrates that there is a lack of standards concerning the quantification of the
monoclinic content in zirconia by Raman spectroscopy. Such standards should be promptly
put in place in order to avoid misinterpretations that could ultimately affect the well-being
of THA patients.
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Abstract: Despite the fact that total hip replacement is one of the most successful surgical procedures
for treatment of a variety of end-stage hip diseases, the process of osteolysis and implant loosening
remains a significant problem, especially in young and high-demand patients. More than 40 years ago,
ceramic bearings were introduced due to their mechanical advantage in order to obtain a reduction
in wear debris, and due to the conviction that it was possible to minimize friction and wear owing
to their mechanical hardness, high chemical stability, surface lubrication by fluids and low friction
coefficient. Together with excellent mechanical properties, ceramics have a biological inertness:
eventual ceramic debris will lead to a reactive response with a high predominance of fibrocystic
cells, rather than macrophagic cells, and absence of giant cells, which is ideal from a biological
perspective. As a consequence, they will not trigger the granulomatous reaction necessary to induce
periprosthetic osteolysis, and this clearly appears to be of great clinical relevance. In recent years,
tribology in manufacturing ceramic components has progressed with significant improvements,
owing to the development of the latest generation of ceramic composites that allow for an increased
material density and reduced grain size. Currently, ceramic-on-ceramic bearings are considered
the attractive counterparts of ceramic- or metal-on-polyethylene ones for patients with a long life
expectancy. The aim of this paper is to report the results of total hip replacements performed with a
ceramic-on-ceramic articulation made from a ceramic composite in a single center, focusing on its
usefulness in specific preoperative diagnosis.

Keywords: hip; alumina matrix composite; AMC; hip prosthesis; prosthesis; case series;
ceramic-on-ceramic

1. Introduction

Currently, one of the most successful operations in the orthopedic surgery field is
prosthetic hip replacement (total hip arthroplasty, THA), owing to the excellent immediate
results, and in the long term, it is possible to obtain a rapid recovery with great satisfaction
from patients.

Over the years, there has been continuous research in order to obtain an improvement
in the components of prostheses in order to reduce complications and maximize results.

From a tribological point of view, there has been a continuous development of materi-
als and a continuous search for the best combinations of materials, especially in terms of
duration and complications. The choice of materials is, in fact, able to influence the func-
tional recovery, to reduce the risk of complications including the formation of debris and to
reduce the number of revisions, thus influencing the long-term duration of prostheses.

In 1962, the introduction of ultra-high molecular weight (UHMW) polyethylene as a
bearing material by Sir John Charnley was the first important push toward the modern
THA procedure. Some years later, in 1971, Pierre Boutin introduced the ceramic alumina as
a coupling in hip implants, realizing the alumina-on-alumina THA procedure [1].
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Among the various characteristics of alumina, there is its hydrophilic property which
therefore allows for excellent lubrication of prostheses [2].

Subsequently, over the years, there has been a continuous evolution of ceramics,
owing to the progressive reduction in the dimensions of particles that compose them,
and hot pressurization techniques, resulting in a progressive increase in flexural resistance.
Several generations of alumina have followed one another, of which the third generation
of ceramics is called BIOLOX® forte [3].

The most important improvement was obtained through the creation of the alumina
matrix composite (AMC), obtained by joining alumina (82%) to zirconia oxide, strontium
aluminate and chromium oxide particles; in this way, the density of the material and
its three-dimensional composition can be modified, obtaining a much harder and more
resistant compound. This material is the fourth generation of alumina and is called
BIOLOX® delta [4]. Important features of the AMC are its resistance in the event of impacts
and malpositioning and, above all, the possibility to use large-diameter heads while
maintaining a very thin insert, in order to ensure maximum mobility and minimize the risk
of dislocation [5]. Among the advantages of using the alumina matrix composite (AMC),
there is the low frequency of complications [6–8]. Osteolysis related to wear debris is one
of the major reasons for failure of hip prostheses and is therefore capable of negatively
affecting the survival of THA implants, especially in young patients [9–12]. Although there
is a risk of osteolysis, this occurrence is still very rare. Kim et al. in 2016, in the case of
implants with a delta ceramic head and polyethylene liner (HXLPE), did not detect any case
of osteolysis in patients under 50 years and with an average follow-up of 11.9 years [13].
Depending on the used materials, the possible complications related to debris are variable.
In the case of use of metal-on-metal prostheses, there is an excretion of ions in the urine,
toxicity, neuropathies and the possibility of developing a pseudotumor. The ceramic-on-
ceramic (CoC) combination is able to guarantee optimal tribological properties including
exceptional hardness, excellent wettability and lubrication and, above all, a very low release
of particles, which, in any case, have a high level of biocompatibility [14,15]. It should also
be considered that over the course of various generations of ceramics, the risk of ceramic
fracture associated with this material has enormously decreased, owing to improvements
from the point of view of design and manufacturing processes, and it should stand at
values between 0.001% and 0.021% [16]. According to a 2017 evaluation, new composite
ceramics have lowered the risk of femoral head fracture to 0.002%; however, the risk
of liner fracture has increased somewhat (0.02%). Ceramic bearings provide substantial
advantages over traditional bearings, according to the authors, given that the components
are introduced without impingement [17]. Howard et al. used data from the National Joint
Registry (NJR) for England, Wales, Northern Ireland and the Isle of Man to show that there
is good evidence that the latest generation of ceramic has greatly reduced the risk of head
fracture, and that a small head size and a high patient BMI are associated with an increased
risk of ceramic bearing fracture [18]. Yoon et al. performed a meta-analysis on 10,571 THAs
from 45 trials and found that the AMC performed better than third-generation ceramic
components [19].

Buttaro et al. retrospectively reviewed 939 cases (880 patients) of primary total hip
arthroplasty with fourth-generation delta ceramic-on-ceramic bearings and found that
the mean survival rate was 99.3% at 2–10 years, when revision or impending revision in
relation to the bearing surface was considered the end point. They emphasized that the few
problems they discovered were due to technical mistakes that surgeons should avoid when
utilizing this type of surface [20]. According to Lee et al., who analyzed 2.78 million AMC
ceramic ball heads implanted globally, the incidence of clinical fractures of contemporary
AMC femoral heads is 1 in 100,000 (0.0010%). The majority of implant failures happened
within 48 months after surgery, and they were typically caused by particular events such
as trauma, mismatched components and dislocations [21]. Ceramics have a biological
inertness: fibrocystic cells—rather than giant and macrophagic cells—are involved with
high predominance in response as a reaction to eventual ceramic particles being worn out,
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which will lead to an ideal response from a biological perspective; in fact, an undesired
consequence, i.e., periprosthetic osteolysis due to a granulomatous reaction, will not be
induced and this obviously has enormous clinical relevance [22,23].

2. Our Experience

We looked at 62 cementless AMC-on-AMC THAs conducted on 54 patients in a row.
Patients were operated on bilaterally in eight cases, with THAs performed on separate
dates. We received clearance from our hospital’s review board, and 32 men and 22 women,
ranging in age from 14 to 68, were recruited in this retrospective study. In 34 cases, the right
hip was operated on, while the left was operated on in 28 cases. Diagnoses were as follows:
osteoarthritis, either primary or secondary, was diagnosed in 32 cases (51.6%), avascular
necrosis of the femoral head in 12 cases (19.35%), intracapsular displaced fracture of the
femoral neck in 12 cases (19.35%), secondary osteoarthritis as a sequela of Legg–Calve–
Perthes disease/developmental congenital dysplasia of the hip/slipped capital femoral
epiphysis in 4 cases (6.45%) and rheumatic arthritis in two cases (3.22%). Two fellowship-
trained orthopedic surgeons performed preoperative templating to determine the right size
of the components. All of the procedures were conducted by senior registrars with expertise
in joint arthroplasty surgery; no orthopedic trainee, even under supervision, was ever
engaged as the initial surgeon in any THA. All of the THAs were primary operations that
were implanted in a traditional turbulent flow theater utilizing a direct lateral approach.
After the acetabulum was reamed, the acetabular cup was set with a desired inclination
angle of 40–45◦ and a planned anteversion of 15–20◦. Only cementless hemispherical cups
were implanted, and their outer diameter was as follows: 54 in 16 cases (26.6%), 50 in
12 (20%), 52 in 8 (13,3%), 56 in 8 (13.3%), 58 in 6 (10%), 60 in 4 (6.6%), 46 in 4 (6.6%), 48 in
2 (3.22%) and 62 in 2 (3.22%). Additional acetabular screws were utilized to complete
fixation based on the patient’s bone quality and the surgeon’s choice, but there was no
apparent link to the preoperative diagnosis. Before the ceramic inlay can be placed and
positioned, the metal shell must be clean and dry on the inside. Because they cannot be
crushed, every little piece of soft or bone tissue, any fluid and any remnant of cement
must be removed from the metal shell. It is critical to confirm that the right seat of the
ceramic insert has been attained by touching the cup rim with the fingers: the ceramic and
metal rims must lay flat to one another. The biggest broach that would fill the metaphysis
and leave minimal cancellous bone left was utilized to implant all cementless femoral
components using a press fit method. Thorough cleaning and drying of the taper on the
stem side are also required because any foreign material reduces the fracture strength of
the ceramic femoral ball head and impairs its force transmission. Because relative motions
between the components are minimized, a slight rotating motion when placing the ceramic
head will ensure a safe locking. Finally, ensuring the femoral ball head is placed securely
requires a moderate hammer blow on the impactor in the axial direction of the stem taper.
The shuck test and examination of the main arc range of motion were used to examine the
stability of the hip implant before it was closed in layers. The diameter of the femoral head
utilized was at the discretion of the surgeon: a 36 mm femoral head was implanted in 44
hips (70.96%), a 32 mm femoral head in 14 hips (22.5%) and a 40 mm femoral head in 4 cases
(6.45%). All patients received the same perioperative care: antibiotic and thromboembolic
prophylaxis with heparin administration and compression stockings, passive motion
exercises with a therapist immediately after the operation, removal of the single intra-
articular suction drain on the second postoperative day and patients free to walk with
two supports after three days for about six weeks. Preoperatively and postoperatively,
patients were assessed at 6 weeks, 3 months, 1 year and every 2 years thereafter. Clinically,
a history of squeaking and all postoperative problems were noted at each visit, and patient
activity was measured using the Harris Hip Score (HHS); the preoperative HHS averaged
36.7 (range 15–58). The same observer who had not been engaged in the procedures for
tilting or migration of the cup, radiolucent lines and osteolysis in acetabular component
zones acquired and examined an anteroposterior pelvic and axial view of the affected hip
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radiographically. A cup migration of more than 3 mm, an angular rotation of more than
3◦ and/or a continuous radiolucent line wider than 2 mm were all considered loosening.
Around the femoral component, there were indications of stem subsidence or displacement,
as well as osteolysis. Our cutoff for vertical migration was set at 3 mm, and osteolysis was
defined as a sharply demarcated lucent area adjacent to the acetabular and/or femoral
component that was not visible on the immediate postoperative radiographs. All local
problems, such as periprosthetic infection, dislocation, intraoperative and postoperative
periprosthetic fracture and liner and/or head breakages, were documented.

Due to the death or loss of two patients with two THAs at the last follow-up at the
study census date, 60 THAs were eligible for the current study. The mean HHS increased
to 92.1 points (range 61–100) among them, with no significant differences between groups
in terms of the preoperative diagnosis that led to the procedure. None of the implants’
components failed due to mechanical failure, and none of them dislocated. The patients
never mentioned squeaking.

3. Discussion

3.1. AMC-on-AMC Total Hip Replacement in Avascular Necrosis of the Femoral Head

Avascular necrosis (AVN) or osteonecrosis of the femoral head is caused by a lack of
blood supply in the region; in the later stages of the disease, bone is reabsorbed and the epi-
physis collapses: it is obvious that hip replacement with THA, which provides immediate
pain relief and excellent functional outcomes, should be considered the preferred treatment.
Nevertheless, previous reports have underlined that avascular necrosis represents a risk
factor of biomechanical failure of implants [24,25] due to the pathogenesis of periprosthetic
osteolysis, strictly connected to wear debris of polyethylene. Such a cause of failure of a
THA remains one of the most prevalent in young and active patients, and thus alternative
hard materials have been developed as bearing surfaces in clinical practice to reduce the
detrimental effects of wear on prosthesis survival. As a result, there has been a revived
interest in hard components as surfaces for total joint arthroplasty, including ceramic-
on-ceramic and metal-on-metal bearings. However, despite their remarkable tribological
characteristics (friction, lubrication and wear), specific difficulties must be accounted for
with such materials because metallic ions or ceramic particles may be generated; further-
more, the biologic cascade resulting from debris created by these alternative bearings has
yet to be completely understood. Current metal-on-metal bearings are self-polishing and
made of cobalt-chromium-molybdenum alloys with varying carbon contents; undoubtedly,
debris from such bearings is to blame for increased metal ion levels in urine and blood,
eventual toxicity, capsular aggregation of lymphocytes and pseudotumor growth, all of
which can cause neuropathy and delayed-type hypersensitivity. Park et al. [26] have already
demonstrated a hypersensitivity reaction to cobalt in patients with early osteolysis after
contemporary metal-on-metal THAs using skin patch tests, whereas Savarino et al. [15]
have demonstrated high levels of cobalt and chromium with metal-on-metal articulations
and negligible serum metal ion contents in ceramic-on-ceramic THAs using skin patch
tests; they concluded that, because of the increased ion release, metal-on-metal coupling
should be used with caution, particularly in young patients. We feel that when THAs
are conducted in patients with AVN, certain critical precautions should be taken into
account because this condition is considered a risk factor. According to Ortiguera et al. [27],
the dislocation rate in osteonecrosis patients is expected to be much higher than in os-
teoarthritic patients because subjects with AVN have potentially much less stiffness than
patients with osteoarthritis and thus are able to achieve a wider range of hip movement
after surgery, making them more prone to joint instability. Berry et al. [28] examined the
cumulative incidence of dislocation in a cohort of over 6000 prosthetic hips and found it
to be more than doubled (14.1% compared to 6.4%) in patients with osteonecrosis than in
those with osteoarthritis; their research also found that dislocation rates rise with extended
durations of follow-up, possibly reflecting the impact of neuromuscular degeneration and,
in particular, wear at the metal-on-polyethylene articulating surface.
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Ceramic hip arthroplasty, we feel, is the most reliable treatment to suggest in active,
youthful patients with a long life expectancy, such as those with AVN. Wear is often higher
in this demographic. Intracellular ceramic wear debris, which may be observed in the soft
periarticular tissues, will create an inflammatory reaction that the organism will tolerate
much better than the one caused by metal-on-metal articulation, and as a result, it will be
less aggressive. Ceramics have excellent biocompatibility due to their favorable tribologic
properties, biologic inertness, extremely good surface finish and unique hardness, which
allows surgeons to use femoral heads with diameters greater than 28 mm while also
providing an increased range of motion and decreased dislocation, as well as a very low
friction coefficient and high wear resistance.

Furthermore, other authors [29] comparing 654 THAs conducted for AVN and per-
formed in 327 patients with an average age of 42 years operated bilaterally, with a CoC
THA on one side and a CoPE THA on the contralateral side, demonstrated that the risk of
a femoral fracture around the stem was strictly related to the bearing components used
during prosthetic implantation. They discovered that late postoperative periprosthetic frac-
tures increased in quantity with follow-up and occurred 30 times more commonly on the
side with the PE cup than on the side with the CoC bearing. They came to the conclusion
that because of the lack of wear and osteolysis, CoC couples reduce the incidence of late
periprosthetic fractures.

In Figure 1, the case of the youngest patient in our group is shown: a 14-year-old girl
suffering for multifocal AVN due to treatment for acute lymphoblastic leukemia. She was
complaining of severe pain and considerable functional impairment in her left hip: a 48 mm
cup with 32 mm AMC–AMC bearings on a standard stem was used.

3.2. Alumina-on-Alumina Total Hip Replacement in Developmental Dysplasia of the Hip

THA in sequelae of developmental dysplasia of the hip (DDH) is a challenging and
difficult procedure in terms of restoring the normal biomechanics. In case of dysplastic
patients, the pre- and intraoperative process of decision making is also complex due
to the underdeveloped acetabulum, the contracture of the surrounding soft tissues and
often the high riding head; on the pelvic side, the choice is frequently linked to the need
of using small-diameter acetabular cups because DDH causes a lack of bone under the
prosthesis, and sometimes, it may not be possible to place a large acetabular cup in the
anatomical position with a medialization close to the radiological tear drop because of the
hypoplasic acetabulum and thus the risk of miscoverage of the shell (Figure 2). We are
convinced that obtaining the correct location of the acetabular cup, and thus providing
the best function of the artificial hip, is dependent on the outer diameter of the shell
because, typically, a cup with a small diameter is used, and as a result, the thickness of the
acetabular insert decreases, the two components being inextricably linked. We are aware of
manufacturer information stating that a 32 mm HXLPE inlay may only be utilized with a
cup diameter of 52 mm or more [30]. The presence of small-diameter cups affects the size
of the insert which will be proportionally smaller. The use of the AMC in these patients
is essential because it allows the combination of very thin inserts even in acetabular cups
with a reduced diameter, combining them with large diameter heads [31]. Inadequate
polyethylene thickness is identified as the source of plastic particle-mediated osteolysis, not
only in conventional polyethylene [32] but also in vitamin E-diffused HXLPE, and hence
significant liner thinning is not advised [33]: Higher peak contact loads and smaller contact
areas result from a decrease in polyethylene liner thickness or headliner conformance,
resulting in reduced biomechanical wear factors. On the other hand, since larger femoral
heads have been widely advocated to improve implant stability and range of motion,
especially in patients with spinopelvic alignment, such as patients with hip osteoarthritis
secondary to DDH, prosthetic heads must be enlarged, implying a reduction in liner
thickness [34–40].
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(a) (b) 

(c) (d) 

Figure 1. Female, 14 years old, osteonecrosis of the femoral head in her left hip: preoperative
radiological features in AP (a), axial view (b) and magnetic resonance imaging (c). Postoperative AP
X-ray (d) of THA with a 32 mm AMC-on-AMC coupling.
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Figure 2. Male, 55 years old, right hip osteoarthritis secondary to development dysplasia: preopera-
tive AP and axial radiographs (a,b), and postoperative X-ray (c) of the AMC-on-AMC THA using
screws for implementation of cup fixation and a conical stem below it.

3.3. Alumina-on-Alumina Total Hip Replacement for Femoral Neck Fracture

Because internal fixation has a significantly greater failure probability, resulting in
more pain for these patients, primary arthroplasty stands out as the best option for dis-
placed Garden 3 and 4 femoral neck fractures (FFN). When a THA is performed, the surgeon
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must consider implant dislocation as a possible complication, which is said to be more
common after a hip fracture, with the posterior surgical approach, in elderly patients with
soft-tissue laxity due to sarcopenia and thus poor muscular strength, and the attempt to
regain the full range of motion before the injury [41,42]. Even with heads bigger than 28 and
22.2 mm, the ceramic-on-ceramic connection delivers little friction and wear. We believe
that after the use of ceramic-on-ceramic bearings in THA, the risk of dislocations can be
influenced because, while the risk of fracture should be higher, it will actually be lower
after use of heads larger than 28 mm, as in this series: the prevalence of fibrotic response
in the tissues surrounding an implant with a CoC articulation may provide a thicker and
more resistant capsule in the long term. The periprosthetic retroacetabular bone should
not be regarded as a source of stress shielding: the titanium shell is thought to function
as a shock absorber between the high stiffness of the alumina and the likely porotic bone,
addressing the problem of socket fixation described when a cup of bulky alumina was
cemented into the acetabulum [36]. In Bystrom S et al. [42], the femoral head size was
shown to be a significant risk factor for prosthesis luxation in a retrospective study of
42,987 primary operations: 22 mm heads performed as well as or better than 28 mm heads,
while 28 mm heads led to revision four times more often than 32 mm heads. According
to the Norwegian Arthroplasty Register, femoral head size is a risk factor for total hip
luxation, with 28 mm heads leading to revision substantially more frequently than 32 mm
heads, and 26 mm heads leading to revision significantly more frequently than 30 mm
heads. The preoperative diagnosis, i.e., an FFN, was also a significant determinant in the
luxation revision rate.

In Figure 3, the case of a young man who suffered an FFN after a traffic accident (fall
from an electric scooter) is documented: a THA with 36 mm AMC-on-AMC articulation
was implanted.

 
(a) (b) 

Figure 3. Male, 42 years old, displaced fracture of his left femoral neck: preoperative AP X-ray of the
involved hip (a), and immediate postoperative X-ray (b) of the AMC-on-AMC THA with a 36 mm
head and a stem with a modular neck.
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4. Conclusions

Surgeries of joint arthroplasties are among the most successful operations in the
entirety of medicine. Since the early 1960s, hip replacement surgical techniques and
technology improvements have increased the effectiveness of this procedure. Because the
range of motion grows and the jump distance to subluxation and/or dislocation becomes
greater, there is significant interest in adopting larger-diameter heads. If we switch to
hard-on-hard couplings, we may utilize heads larger than 32 mm: AMC-on-AMC bearing
surfaces are appealing alternative bearing surfaces that remove or substantially minimize
the issues associated with PE wear debris. A new low-frictional torque arthroplasty theory
can be established owing to their sliding characteristics and better wettability than PE:
with ceramic components (inlay and head), due to a lower coefficient of friction, it is
possible to enlarge the femoral head diameter without increasing the frictional torque
and to grant a wider range of movement that will last because ceramic–ceramic bearings
avoid wear. When a PE liner develops wear, the center of rotation migrates centrally
and/or cranially, and the deeper the head, the more restricted the range of motion becomes;
in fact, late dislocation can be the first clinical sign of wear, with a cumulative risk of first-
time dislocation that is 2-fold and 3-fold at 10 and 20 years, respectively, when compared
to the 1-year follow-up [14,30–43]. Breakage of ceramic components is a ceramic-specific
issue; we have not seen any fractures in our series.

This may be explained by the better manufacturing process, the exact contact surface
geometry, including appropriate clearance, and the greater resistance to fracture when
employing heads with a diameter of 32 mm or bigger. According to Santavirta S [44],
the component fracture risk for currently available ceramic goods is essentially non-existent,
as demonstrated in clinical trials at 4 and 5 years, even with a 28 mm head [45,46]. If the
diameter is even bigger, more benefits in terms of both strength and function are obtained:
in the first three months following surgery, the rate of dislocation was 0.88% for 36 mm
heads and 4.64% for 28 mm heads [47].

Around the world, total hip arthroplasty is becoming more prevalent in younger
patients [48]. Ceramic bearing implants for THA surfaces are now extensively utilized
across the world to reduce wear debris and aseptic loosening. When utilizing ceramic
components, the surgical technique must be precise [49].

Our findings show that AMC-on-AMC couplings provide outstanding outcomes in
THA conducted in high-demand patients, with no material-related side effects, no ceramic
fracture and no mechanical loosening of implant components. The danger of dislocation
should be reduced if the head has a diameter of 32 mm or more. Overall, we believe
AMC-on-AMC to be the bearing of choice for younger and more active patients due to its
dependability and longevity.
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Abstract: Calcium phosphates (CaPs) are widely accepted biomaterials able to promote the regener-
ation of bone tissue. However, the regeneration of critical-sized bone defects has been considered
challenging, and the development of bioceramics exhibiting enhanced bioactivity, bioresorbability
and mechanical performance is highly demanded. In this respect, the tuning of their chemical com-
position, crystal size and morphology have been the matter of intense research in the last decades,
including the preparation of composites. The development of effective bioceramic composite scaf-
folds relies on effective manufacturing techniques able to control the final multi-scale porosity of
the devices, relevant to ensure osteointegration and bio-competent mechanical performance. In
this context, the present work provides an overview about the reported strategies to develop and
optimize bioceramics, while also highlighting future perspectives in the development of bioactive
ceramic composites for bone tissue regeneration.

Keywords: calcium phosphates; hydroxyapatite; scaffolds; bone cements; bioactive composites;
bone regeneration

1. Introduction

Musculoskeletal diseases are a worldwide cause of disability and pain, as they involve
bones, teeth and joints, which are anatomical districts relevant for structural support, handling,
protection, locomotion, mastication and many other physiological functions [1–3].

Bones are complex structures continuously undergoing dynamic remodeling due
to a complex interaction of multiple biochemical processes, primarily ascribable on two
different cell lines, osteoblasts and osteoclasts, as actors of bone deposition and resorption,
respectively. Such processes can occur spontaneously in the case of minimal bone damage;
however, if massive bone defects occur, as a result of a metabolic or traumatic cause, the
physiological bone healing process has to be supported by a solid 3D scaffold, acting as a
physical and instructive guide for cells [4–8].

Some properties requested for ideal bone scaffolds include biocompatibility, which
is the ability of a biomaterial to function in vivo without eliciting any adverse side ef-
fects; bioactivity, which is the additional ability of a biomaterial to chemically bond with
the surrounding tissue and to participate in specific biologically relevant phenomena
(e.g., ion exchange); and bioresorbability, which is the ultimate ability of the implanted
material to be resorbed over time, by active participation in physiological turnover re-
actions, favoring the formation of new tissue [9–12]. More specifically, scaffolds should
exhibit osteoinductivity and osteoconductivity, both stimulating the osteointegration of the
scaffold, which consists of a direct bone–scaffold interaction without fibrous tissue at the
interface, essential to ensure mechanical stability and also the in-growth of blood vessels.
In this respect, a leading concept guiding scaffold development is the achievement of high
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mimicry with targeted bony tissues, aiming to achieve a physiological cell response while
preventing adverse foreign body reactions [13].

The design and development of biomimetic bone scaffolds have to be inspired by the
complex physiological bone composition and structure. The bone microstructure is the
result of the biomineralization of type I collagen, secreted by fibroblasts and osteoblasts
cells, as a major component of the extracellular matrix of skin, tendon and bone [14].
Osteoblasts create the nano-composite structure of bone by secreting the ions responsible
for the formation of apatite crystals. In turn, the ECM influences the adhesion, proliferation
and differentiation of osteoblast, osteoclast and osteocyte [5,12]. The ECM is composed
of inorganic and organic phases and water: the organic component consists of collagen
and non-collagenous proteins, and the inorganic component contains calcium phosphate
(mainly plate-like nanocrystalline hydroxyapatite, HA), calcium carbonate, magnesium
phosphate and magnesium fluoride doped with various anionic (HPO4

2−, CO3
2− and

Cl−) and cationic species (Na+, K+, Mg2+, Sr2+, Zn2+, Ba2+, Cu2+, Al3+, Fe2+ and Si2+)
trapped in the crystal structure. Carbonate ions are found in extent up to 8 wt%, while
Na+, Mg2+, K+, Sr2+, Zn2+, Ba2+, Cu2+, Al3+, Fe2+/3+, F−, Cl− and Si4+ ions occur at trace
(<1 wt%) [15]. Biogenic HA in bony tissue is non-stoichiometric with a Ca/P ratio between
1.5 and 1.67, where the inclusion of foreign ions in the crystal structure influences solubility,
bioactivity, surface chemistry and morphology [16,17]. The general chemical formula
for biogenic apatite is Ca10−x(PO4)6−x(HPO4 or CO3)x(OH or 1

2 CO3)2−x with 0 ≤ x ≤ 2.
One of the most common doping ions in biogenic HA is CO3

2− ions, which can replace
both phosphate and hydroxyl ions (leading to type B and type A carbonated apatite,
respectively). For example, in B-type carbonated HA, the presence of CO3

2− ions in the
phosphate site inhibits the crystal growth and decreases the crystallinity; this structural
disorder increases the chemical reactivity and enhances the solubility without changing the
affinity of the osteoblast cells. Other possible anionic substitutions are with fluoride and
chloride ions [17,18]. Cationic substitutions generally involve monovalent and bivalent
cationic in the calcium sites of HA crystal lattice as reported in Table 1 [18–20].

Table 1. Relevant cation substitutions in natural HA crystal structure.

Cations Biological Effects

Magnesium Enhancing skeletal metabolism and bone growth

Strontium Increasing bone mass: stimulating bone formation and reducing bone
resorption (anti-osteoporotic agent)

Silicon Stimulating extracellular matrix formation and mineralization

Zinc Stimulating osteoblastic activity in vitro and inhibiting bone resorption
in vivo

The bone structure exhibits a complex hierarchical architecture resulting from complex
interactions of multilevel components, from micrometric osteons to apatite nanocrystals [21]
(Table 2).

Table 2. Main components of bone structure, from macroscale to nanoscale.

Macrostructure Cortical bone
Spongy bone

Microstructure
Osteons (100 μm)
Haversian canals (10 μm)
Collagen fibrils (25–500 nm)

Nanostructure
Tropocollagen triple helix
Collagen molecule
Hydroxyapatite nanocrystals (30 nm)
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In particular, it is possible to classify the levels and structures of components as follows:

1. Macrostructure: cancellous and cortical bone;
2. Microstructure: (10–500 mm): Haversian channel, osteons and single trabeculae;
3. Sub-microstructure (1–10 mm): lamellae;
4. Nanostructure (100 nm–1 mm): fibrillar collagen and embedded mineral;
5. Sub-nanostructures (<100 nm): molecular structure of constituent elements, such as

minerals, collagen and non-collagenous proteins [22].

Such a complexity is the main responsible factor for the outstanding mechanical
performance of bone and its self-repair ability [23].

The ideal bone scaffolds should be endowed by several physico-chemical features,
including chemical composition mimicking both the natural bone ECM and mineral phase,
open and interconnected porosity capable of promoting neo-vascularization, tissue in-
growth, nutrient and oxygen supply, nano-structured surface topography positively driving
adhesion, proliferation and differentiation of cells, that are adequate mechanical properties
able to sustain the biomechanical loads toward the effective regeneration of the tissue.

Several studies have been carried out on the research of biomaterials, such as met-
als, natural or synthetic polymers, ceramics and composites, which can match all these
characteristics, but no one fully satisfies all these requirements [24–30]. In particular,
bioceramic-based scaffolds are widely used in numerous biomedical applications, includ-
ing maxillofacial reconstruction, the stabilization of jaw bones, periodontal disease, as
space fillers, self-hardening bone pastes/cements and as a coating on implants, due to their
positive interaction with human tissue. Bioceramic-based materials can be classified as
bioactive and bioinert materials. Ceramics considered as bioinert include alumina and
zirconia; they show high chemical stability in vivo as well as high mechanical strength.
However, they do not have osteogenic properties [31]. Bioactive ceramics, such as calcium
phosphates (CaPs), silicates, bioactive glass, and titanium oxide, are capable of interacting
with cells and thus able to promote and stimulate bone regeneration [28–33].

CaP bioceramics are widely used as bone substitutes since the 1920s and are consid-
ered as the golden standard in bone regeneration due to their similarity to the inorganic
bone [34–37]. The chemical composition of CaPs relies on multiple ions, including calcium
(Ca2+), orthophosphate (PO4

3−), metaphosphate (PO3
−), pyrophosphate (P2O7

4−) and
hydroxide (OH−) [9,37] (Table 3).

Table 3. Some CaP materials: name, abbreviation, chemical formula, Ca/P ratio and solubility.

Name Abbreviation Chemical Formula Ca/P Ratio Solubility at 25 ◦C, mg/L

Hydroxyapatite HA Ca10(PO4)6(OH)2 1.67 ~0.3

Calcium-deficient
hydroxyapatite CDHA Ca10−x(PO4)6−x(HPO4 or CO3)x(OH or

1
2 CO3)2−x

1.5–1.67 ~9.4

Dicalcium phosphate dihydrate DCPD CaHPO4·2H2O 1 ~88

α-Tricalcium phosphate α-TCP α-Ca3(PO4)2 1.5 ~2.5

β-Tricalcium phosphate β-TCP β-Ca3(PO4)2 1.5 ~0.5

The solubility of CaP compounds strongly influences their behavior in vivo [37].
Among CaPs, HA is particularly promising for bone tissue regeneration due to its

very close composition with natural apatite. In the last decades, the synthesis of HA has
been investigated for different applications, including scaffolds, injectable pastes/cements,
coatings for metallic implants and in nanomedicine as drug delivery platforms [38,39].

HA can be produced by several methods: high-temperature solid-state reactions or
low-temperature precipitation [38]. Stoichiometric HA exhibits high stability at physio-
logical pH, limiting its long-term resorption. Therefore, various recent studies have been
focused on increasing the solubility and osteogenic activity of HA by ionic doping [39,40].

The notable interest in TCP comes from the combination of its solubility and low Ca/P
ratio, particularly interesting when obtaining apatite crystals in an aqueous environment [16].
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There are two polymorphs of TCP: the high-temperature α-TCP and the low-temperature
β-TCP[41]. The β-TCP polymorph is stable at room temperature, while a transformation into
α-TCP occurs at temperatures higher than 1125 ◦C. Besides a similar chemical composition,
the TCP polymorphs have different crystalline structures, density and solubility, thus also
resulting in different biological performance. The α-TCP phase is more soluble than β-TCP
and can be easily hydrolyzed in calcium-deficient hydroxyapatite (1).

3 Ca3 (PO4)2 + H2O → Ca9(HPO4)(PO4)5OH (1)

In addition, several ions can be introduced in the structure of TCP (Mg2+, Sr2+, Zn2+,
Si2+, etc.), opening different thermodynamic scenarios in terms of polymorph stabilization;
e.g., silicon was reported to stabilize α-TCP, while magnesium ions stabilize β-TCP.

Due to its high solubility, TCP has been used for the preparation of biphasic CaP
scaffolds, able to conjugate the osteogenic properties of HA and the resorption behavior of
TCP [42,43].

DCPD is biocompatible, biodegradable and osteoconductive [9]. DCPD can be prepared
by the neutralization of phosphoric acid with calcium hydroxide at pH 3–4 at room temper-
ature. DCPD can be obtained by double decomposition between calcium- and phosphate-
containing solutions in slightly acidic media. It can also be formed by the conversion of
calcium phosphate salts, in acidic media, or by the reaction of calcium salts, such as calcium
carbonate in acidic orthophosphate solutions. In vivo studies showed that DCPD converts
into HA or it degrades and is replaced by bone [44–46]. Brushite, in medicine, is used in CaP
paste/cement and as an intermediate for tooth remineralization [44,47].

Other silica-based bioceramics have also been studied as bone scaffolds, including
wollastonite (CaSiO3), larnite (Ca2SiO4), hatrurite (Ca3SiO5), monticellite (CaMgSiO4),
diopside (CaMgSi2O6), akermanite (Ca2MgSi2O7), merwinite (Ca3MgSi2O8), silicocarnotite
(Ca5(PO4)2SiO4), nagelschmidtite (Ca7(SiO4)3(PO4)) and bioglass [48]. Silicon ions
participate in bone metabolism, and silica-based materials exhibit good biological re-
sponse in vitro, resulting in bioactive, biocompatible, bioresorbable, osteoinductive and
osteoconductive behavior. The favored formation of apatite in physiological fluid was
reported, thus facilitating the chemical interaction into the living bone structure following
implantation [29,32].

The following steps explain the formation of apatite on the surface of silica-based
bioceramics:

• The rapid exchange of Ca2+ with H+ or H3O+ from a body fluid solution results
in the hydrolysis of silica groups, which creates silanol, according to Si-O-Ca+ +H+→
Si-OH+Ca2+(aq).

• The loss of soluble silica in the form of Si(OH)4 to the body fluid, resulting from the
breaking of Si-O-Si bonds and the formation of silanol (Si-OH) at the glass solution
interface: Si-O-Si + H2O → 2Si-OH.

• The condensation and polymerization of a SiO2-rich layer on the surface short in
alkalis and alkaline earth cations: Si-OH+HO-Si → Si-O-Si+H2O.

• The migration of Ca2
+ and PO4

3− groups to the surface via the SiO2-rich layer forming
a CaO-P2O5-rich film by the incorporation of soluble calcium and phosphates from
the solution.

• The crystallization of the amorphous CaO-P2O5-rich film by the addition of OH− and
CO3

2− anions from body fluid forms a mixed hydroxyl, carbonated apatite layer.
• The adsorption and desorption of biological growth factors on the carbonated apatite

layer to activate stem cells.
• The action of macrophages to remove debris from the site allowing cells to occupy

their space.
• The attachment of stem cells to the bioactive surface and its differentiation to form

osteoblasts.
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• The generation of ECM by the osteoblast to form new bone and its crystallization in
the living composite structure.

Bioglasses are also a class of bioactive, osteoconductive and osteoinductive materials
essentially composed of silicate, calcium, sodium and phosphate (e.g., composition of
Bioglass 45S5® (wt%) 45 SiO2, 24.5 CaO, 24.5 Na2O, 6 P2O5). Upon implantation, bioglasses
are not surrounded by fibrous tissue but form a strong, integrated bond to bone. In
fact, when immersed in body fluids, the formation of a silica-rich layer on its surface
takes place, which converts to a silica-CaO/P2O5-rich gel layer as a precursor of HA
layer formation [24,33]. In addition, they are able to release ions, which enhance gene
up-regulation and favor bio-degradation, in turn favoring bone regeneration [49]. Major
drawbacks are related to the difficult consolidation of bioglasses into 3D porous scaffolds,
as the required thermal treatment easily provokes the crystallization of oxides, thus losing
the bioactive properties related to the material in its amorphous state. Therefore, alternative
consolidation methods are currently under investigation; however, a major issue remains
regarding the achievement of substantial mechanical properties associated with open
porosity [50].

The mechanical properties of scaffolds play an important role in bone tissue engi-
neering. The relevant mechanical properties of bone include Young’s modulus, toughness,
shear modulus, tensile strength, fatigue and compressive strength. Several approaches
have been reported to increase the mechanical performance and load transfer efficiency
between the scaffold and the surrounding bone tissue, mainly related to stronger interfacial
bonding of the coating layer to the substrate [51].

The mechanical strength of ceramics mainly relies on their chemical composition,
grain size, porosity extent and internal structural defects [37] (Table 4).

Table 4. Ideal features of scaffolds for bone regeneration, with respective proposed strategies to improve them.

Properties Proposed Improving Strategies

Open and interconnected porosity

• Traditional techniques for the fabrication of a 3D porous device
(sacrificial template, direct foaming)

• Low-temperature self-hardening methods
• Biomimetic and biomorphic synthesis
• 3D printing technology

Mechanical properties • Reinforced scaffold by compression, using fibers (polymeric or
ceramic) or a dual setting system

Biofunctionality
• Biomimetic and biomorphic synthesis
• Surface topography modifications

Bioactivity
• Biomimetic and biomorphic synthesis
• Ion-doping ceramic-based scaffold
• Ceramic-based composites

Bioceramics typically exhibit higher compressive than tensile strength, but they are
also intrinsically brittle, leading to sudden failure during handling and fixation [52]. In this
respect, a critical challenge is related to the optimization of toughening mechanisms for
ceramics [53,54].

The enhancement of the performance of bioceramic scaffolds has been widely explored
by the combination of different calcium phosphate phases into bioceramic composites. The
present work aims to provide the reader with an overview about the recently reported
strategies to enhance the biofunctionality and mechanical properties of bioceramic scaffolds.
In particular, various manufacturing techniques are explored, including the replica method,
the sacrificial template, direct foaming, the low-temperature self-hardening method and
biomorphic and biomimetic synthesis, as well as 3D printing, while also highlighting
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future perspectives for the development of bioactive ceramic composites and devices with
enhanced biofunctional properties (Figure 1).

Figure 1. Flow chart of biological and structural requirements underlying the ideal scaffold for bone
tissue regeneration.

2. Fabrication of Bioceramic Composites

The biological events occurring upon implantation of a scaffold for bone regeneration
are strongly influenced by pore size distribution. The scaffold porosity affects the capabil-
ity of the surrounding tissue to promote cell infiltration, migration, vascularization and
nutrient and oxygen flows [18,55]. The morphological properties of scaffolds in terms of
pore volume and size are important at both the macroscopic and the microscopic level.

It was reported that osteointegration and angiogenesis can be favored by intercon-
nected macroporosity (100–600 μm) with channel-like microporosity [18]. A pore size
increase is generally associated with an increase in permeability and the new bone in-
growth, while small pores are more suitable for soft tissue in-growth.

Over the past two decades, several technologies have been developed for the manufactur-
ing of highly porous bioceramic-based scaffold for bone tissue regeneration [15,17,31,40–47].
In the next paragraphs, we explore the main fabrication techniques of porous scaffolds: tra-
ditional methods (partial sintering, replica method, sacrificial template and direct foaming),
low-temperature self-hardening methods, biomorphic and biomimetic synthesis and 3D
printing technology.

2.1. Macroporous Compositescaffolds

The development of materials with tailored porosity has been a matter of intense
research in the last decades, particularly in the case of composite scaffolds for bone tissue
regeneration, because of the crucial role of voids in the structure to guide and facilitate cell
proliferation and neovascularization [56].

One of the first reported approaches to tune the porosity of ceramics was the partial
sintering process: the pore size distribution is mainly affected by powder particle size and
sintering temperature, as higher sintering temperatures induce a significant decrease in
intergranular porosity [57,58].

A great research effort has also been devoted to the preparation of macroporous
bioceramic scaffolds, leading to the establishment of various techniques, including
template-assisted (replica and sacrificial template) and template-free techniques (direct
foaming) [56,59,60] (Table 5) [56,60].
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Table 5. Main processing steps involved in the fabrication of porous bioceramics.

Template-Assisted Techniques Processing

Replica

• Preparation of stable ceramic suspension
• Impregnation of synthetic/natural porous template into the ceramic

suspension
• Drying and template removal
• Sintering

Sacrificial template

• Preparation of ceramic or ceramic precursor in solid or liquid form
• Addition of sacrificial phase
• Drying, pyrolysis and evaporation
• Sintering

Template-Free Technique

Direct foaming

• Preparation of stable ceramic suspension
• Addition of surfactants
• Incorporation of gas
• Drying of the foamed suspension
• Sintering

These methods generally involve the preparation of slurries, intended as aqueous
suspensions of dispersed powders; then, the slurries are properly manipulated, dried and
thermally consolidated.

The replica method is a template-assisted technique based on the impregnation of a
polymeric sponge with a defined porous structure and pore size into the ceramic slurry in
order to produce microporous structures exhibiting the original sponge morphology [56].
The templates used in this technique can be either synthetic or natural polymers (e.g.,
polyurethane and cellulose, respectively). The macroporous scaffolds obtained with this
method can reach an anisotropic porosity ranging from 40 to 95% and are characterized by
a cross-linked structure with highly interconnected pores ranging in size from 200 μm to
3 mm [56].

The sacrificial template method involves the homogeneous dispersion of sacrificial
phases into a continuous matrix of ceramic particles or ceramic precursors, followed by
drying and sintering. A wide variety of sacrificial materials can be used as pore-forming
agents, including natural polymers (e.g., gelatin, potato starch, cotton), synthetic polymers
(e.g., polymer beads, organic fibers, polyethylene) and inorganic polymers (e.g., NaCl,
K2SO4). The removal of sacrificial materials from the matrix can be achieved by thermal
treatments or chemical processes. This method leads to porosity ranging from 20 to 90%,
with an average pore diameter of 1–700 μm [18,56].

Template-free foaming techniques are particularly promising due to the absence of
massive amounts of organic phases to be eliminated during thermal consolidation. Direct
foaming represents an easy, cheap and fast way to prepare macroporous bioceramics with
open porosity from 40 to 97% and pore size 10 μm–1 mm by incorporating gas bubbles into
ceramic slurries, followed by drying and sintering [18,56,61]. The total porosity volume is
related to the amount of gas bubbles incorporated during the foaming process, whereas
the pore size depends on the stability of the poured foam before drying [18,56,61].

The sacrificial template approach also includes the freeze-casting method, which is
based on the controlled freezing of liquid-based ceramic slurries [18]. The freezing of
the liquid, generally water, induces the formation of anisotropic ice structures, intended
as fugitive materials, during the subsequent freeze-drying process [62]. The efficacy
of the process is affected by several parameters, including the viscosity of the slurry,
the solvent and the freezing control in space and time. Typical structures obtained by
freeze-casting methods showed well-defined pore connectivity along with directional and
completely open porosity, such as a lamellar morphology after sintering [63]. The channel-
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like anisotropic porosity obtained by the freeze-casting method may lead to scaffolds with
channels similar to cortical bone, particularly useful for long bone applications [18].

2.2. Self-Hardening Bioceramic Composites

The possibility to obtain bioactive ceramics through low-temperature self-hardening
processes has been widely explored in the form of bone cements for injectable orthopedic
applications, including spinal fusion, vertebroplasty and kyphoplasty [30,64–66]. Bone
cements refer to pastes able to self-harden under physiological conditions and can be
injected in vivo through minimally invasive surgery [64]. The first bone cement used in
orthopedics was based on polymers, in particular polymethylmethacrylate (PMMA) in
1958, and, in the 1970s, the FDA approved bone cement for use in hip and knee prosthetic
fixation [67]. Despite PMMA-based cements exhibiting good handling, setting times and
mechanical performance, they are not osteogenic nor bioresorbable. Calcium phosphate
cements (CPC) were discovered by Brown and Chow in the 1980s [68–70], overcoming
the drawbacks of PMMA cements in terms of exothermic polymerization hardening and
chemical composition. In this respect, CPCs exhibit bioactivity, bioresorbability and a
physiological hardening at 37 ◦C, also allowing the incorporation of biomolecules [68].
The main drawback of CPCs hampering their clinical applications is related to their poor
mechanical performance, which limits their applicability to a moderate- or non-load-
bearing situation [71].

CPCs can be classified by several parameters, including the number of components in
the solid phase, the type of setting reaction and the type of end product (Table 6) [38,68].

Table 6. Classification of CPC.

Apatitic CPC Brushitic CPC

Single Component Multiple Components

Reactives α-TCP TTCP + DCPA/DCPD B-TCP + MCPM/MCPA

Reaction type Hydrolysis Acid-Base

Reaction 3α− Ca3(PO4)2 + H2O →
Ca9(HPO4)(PO4)5(OH)

Ca4(PO4)2O + 2CaHPO4
→ Ca10(PO4)6(OH)

β− Ca3(PO4)2 + Ca(H2PO4)2·H2O
+7H2O → 4CaHPO4 ·2H2O

Many different formulations of CPCs have been developed, and they can be di-
vided into two groups based on the type of end product: brushite (DCPD) and apatite
(HA or CDHA) cements. Both brushite and apatite CPCs are produced upon mixing one or
more CaP powders with aqueous solutions, which induces the dissolution of the initial
CaPs; this is followed by precipitation into crystals of DCPD, HA or CDHA depending
on the compositions of the powders and the setting reactions that take place [38,72]. Dur-
ing precipitation, new apatitic crystals grow and their physical entanglement causes the
hardening or setting at body temperature.

Apatitic CPCs can be obtained by mixing single or multi-components with aque-
ous solutions that undergo hydrolysis or acid–base reactions, respectively. In the first
case, the end product is calcium-deficient hydroxyapatite (CDHA), and in the latter, it is
stoichiometric HA [64,68]. Some examples are as follows:

- Hydrolysis of metastable α-TCP:

3 α-Ca3(PO4)2 + H2O →Ca9(HPO4)(PO4)5(OH)

- Acid–base reaction between tetra calcium phosphate, TTCP (basic), and di calcium
phosphate anhydrous, DCPA (acidic):

Ca4(PO4)2O + CaHPO4→Ca5(PO4)3(OH)
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Brushite CPC obtained by an acid–base reaction between TCP (almost neutral) and
monocalcium phosphate monohydrate, MCPM (acidic):

β-Ca3(PO4)2 + Ca(H2PO4)2·H2O + 7H2O →4 CaHPO4·2H2O

Two of the most important parameters that play a key role in the final CPC features are
the liquid-to-powder ratio (LPR) and the particle size of the starting powder [37,68]. The
LPR influences setting time, injectability, cohesion, mechanical properties and the porosity
of harder CPC [73]. The setting time is the “time required from the start of powdered agent
and liquid agent blending until hardening of the cement”, according to ISO/DIS 18531 for
CaPs [30,74], and influences the clinical applicability of both apatite and brushite cements
as well as their injectability [30,74].

Both particle size and the LPR influence the final surface morphology of the brushite
or apatite crystals and the total porosity of the final scaffolds, which affects the mechan-
ical performance and the resorbability of scaffolds and therefore the overall bioactivity
(Table 7) [37,68]. The reduction in the particle size of CaPs increases the surface area, thus
affecting the reaction kinetics and yielding small needle-like crystals rather than large
plate-like crystals as observed when larger CaP precursor particles are used [38,75]. More-
over, porosity is also attributed to the amount of liquid phase used; thus, by increasing the
LPR, the amount of liquid phase decreases, and the porosity increases. This effect of the
LPR explains the difference between brushite and apatite cement in terms of microstruc-
ture porosity: the water consumption during the setting reaction of brushite cement is
larger than that of the apatite, which leads to the formation of a larger crystal size and
makes the total porosity smaller and average pore size greater than those of the apatitic
cements [37,73]. The typical porosity of CPC ranges between nano- and sub-micrometer
size, allowing the flow of physiological fluids within the microstructure of the cement, but
the pores are too small to facilitate the growth of bone tissue; in this regard, porogens are
often used [69].

Table 7. Effect of particle size and liquid-to-powder ratio on the crystals’ morphology and pore distribution.

Particle Size Liquid-to-Powder Ratio

Fine Particles Coarse Particles Low L/P High L/P

Final crystal morphology Needle-like crystals Plate-like crystals Low inter-aggregate
distance

High inter-aggregate
distance

Pore size distribution Fine Coarse Fine Coarse

As mentioned above, increasing porosity leads to decreasing mechanical strength;
thus, a compromise must be sought between mechanical performance and porosity degree.

One of the advantages of CPC is the room-temperature self-hardening mechanism,
which, combined with the intrinsic porosity, allows the incorporation of drugs, biologically
active molecules and cells, obtaining drug delivery materials [76,77]. The incorporation
of active molecules in CPCs can be achieved by dissolving it in the liquid phase or by a
combination with the powder phase of the CPC mixing setting [68,78]. Another possible
approach is the superficial adsorption of drugs on the CPC surface by incubation of the
scaffold in the drug solution: the kinetic release of drugs depends on the functionalization,
microstructure and resorbability of the CPC matrix [68,78].

2.3. Biomorphic Transformations

A valuable approach to obtain bioceramic composite scaffolds with a complex struc-
tural hierarchy relies on biomorphic transformations of natural structures mimicking the
morphology and microstructure of the target tissue [20,77,79].

Since the 1970s, biomorphic transformations from natural sources have been proposed
for the fabrication of bioceramic scaffolds due to their 3D highly interconnected porous
architecture, including the replica of the porous microstructure of CaCO3-based corals,
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which are impossible to create artificially, and the replica of marine sponges, soft vegetal
structures and fruit- and wood-template bioceramics [75,80,81].

The approach of wood biotransformation is particularly interesting, as many ligneous
species exhibit a porous and hierarchically organized structure very close to that of cortical
and cancellous bone. The transformation of wood generally involves pyrolysis followed by
a hydrothermal treatment; in particular, a complex multi-step strategy to convert rattan
wood structures into biomimetic HA scaffolds was proposed [76,77,82]. In particular,
several subsequent and strictly controlled reactions are required, including (i) the pyrolysis
of wood to produce a carbon template; (ii) carburization, calcium infiltration to transform
carbon in CaC2; (iii) an oxidation process that leads to CaO formation; (iv) carbonation
by hydrothermal processes or by heterogeneous processes carried out at supercritical
conditions and high pressure; and finally (v) phosphorylation through the hydrothermal
process generating biomimetic, hierarchically organized scaffolds made of ion-doped HA.

2.4. 3D Printing

Three-dimensional (3D) printing represents an additive manufacturing (AM) tech-
nique (also known as rapid prototyping) to produce complex-shaped devices with complex
geometry and design flexibility from 3D model schemes [83–86]. A wide range of materials
have been employed with 3D printing techniques, including metals, polymers, ceramics
and composites [85,86].

Different 3D printing methods have been proposed [85,87–90]. Extrusion-based tech-
niques consist of the deposition of ink to create designed structures by forcing the ink
through a nozzle as a melt, in fused deposition modeling (FDM), or viscous suspensions,
in direct ink writing (DIW), to form lines that solidify onto a build plate [90].

DIW represents an easy manufacturing technique that allows the creation of a wide
range of structures, from solid monolithic parts to highly complex porous scaffolds and
composite materials. The use of pastes also allows shape retention due to the high solid
loading and visco-elastic properties. The use of high viscous inks requires larger diam-
eter nozzles compared to the conventional inkjet printing ink; it can therefore be used
successfully to print extremely viscous pastes that are HA based [88].

Three-dimensional printing technology finds a wide range of biomedical applications:
craniofacial implants, dental models, prosthetic parts, scaffold for tissue regenerations (bone
and skin), organ printing, tumor therapy and tissue modeling for drug discovery [90–92]. In
these kinds of applications, printable materials are formulated from biomaterials and bio-
inspired materials to achieve patient-specific scaffolds with high structural complexity [93].
Moreover, printable biomaterials should be biocompatible and bioactive and should have good
degradation kinetics, appropriate mechanical properties, give desirable cellular responses and
exhibit tissue biomimicry [94,95].

Bioceramic powders, natural or synthetic hydrogels, polymers and their composites
have been used as raw materials to formulate inks for 3D printing; in this review, we
focused on ceramic-based scaffolds and bioceramic/polymer composites. Bioceramics
commonly printed are calcium phosphate-based bioceramics (HA, TCP and biphasic CaP),
calcium silicate-based bioceramics and bioactive glasses [91,93].

Moreover, the precise tuning of the macro- and micro-porosity permitted by 3D
printing technology not only allows the fabrication of scaffolds with hierarchical porosity
but also leads to the controlled release of biomolecules or drug loaded in the scaffold matrix
or adsorbed on the scaffold surface [96,97].

Three-dimensional-printed bioceramics include sintered 3D-printed bioceramics, non-
sintered 3D-printed bioceramics and composites with polymers.In the first case, bioceramic
scaffolds are printed and sintered, removing the organic phases and improving the me-
chanical properties of the structure [93]. In the presence of biologically active ions, such
as magnesium or strontium, in addition to an improvement of mechanical properties, an
increase in biological performance in vivo was also reported [98]. Another study described
biphasic CaP scaffolds (HA:β-TCP with a weight ratio 60:40) coated with calcium perox-
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ide and polycaprolactone in order to promote bone growth with greater proliferation of
osteoblasts under hypoxic conditions, following the release of oxygen dependent on the
concentration of calcium peroxide in the PCL coating [99].

In non-sintered 3D-printed bioceramics, a small amount of organic solvent is used as
a binder for bioceramic powders and is not removed after printing. Sun et al. developed a
porous 3D scaffold of biodegradable CaP loaded with antibiotics for the regeneration of
the bone tissue of the jaw, achieving a controlled drug release. This scaffold was based on
an HA or biphasic mixture of CaP (β-TCP and HA with a weight ratio of 1:1) cross-linked
with sodium alginate in the presence of the drug, and the paste was then extruded by the
3D printer. By modulating the degree and the time of cross-linking, it is possible to control
the drug release kinetics. In vitro studies show low cytotoxicity and good cell adhesion
and proliferation on the scaffold surface [100].

Bioceramic and polymer composite are synthesized to combine the bioactivity and
osteoconductivity of bioceramics with the handling performance of polymers [87]. For
example, the presence of strontium-doped HA nanoparticles in 3D-printed PCL scaffolds
leads to a significant increase in cell proliferation and bone regeneration, due to the
simultaneous release of calcium and strontium ions, associated with an improvement
in mechanical properties as related to the inorganic phase content [101]. HA nanoparticles
were also used as an external coating for 3D-printed polymer scaffolds in order to enhance
cell proliferation and differentiation while also strengthening the scaffold [94].

Recently, 4D printing approaches have been developed, which, in addition to three-
dimensional spatial control, introduces the concept of temporal control, i.e., active smart
materials responsive and mechanically converted into other shapes via external stimuli.
This technique enables the production of smart 3D scaffolds responding to external stimuli,
such as changes in pH and temperature or when subjected to magnetism or light radiation
of adequate energy [95,102,103].

3. Enhancing the Biological Performance of Bioceramic Composites

3.1. Biofunctionalization

Biofunctionalization is the modification of a material to achieve improved biological
function and/or stimulus, whether permanent or temporary. The biofunctionality of
scaffolds for regenerative medicine has been considered to play a key role for effective
tissue regeneration [92,95].

Several parameters can be tuned, including surface energy and roughness, Ca/P ratio,
solubility, particle size and crystallinity, in order to improve the biological events beyond
the interaction with the biological environment, e.g., protein adsorption, cell attachment,
cell proliferation and cell differentiation [93,104] (Figure 2).

Figure 2. Key properties of CaP-based bioceramics that have an impact on biological events.
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The architecture of biomimetic scaffolds greatly affects the chance to obtain a suitable
microenvironment for bone regeneration. The presence of a diffuse macroporosity favors
cell adhesion, cell proliferation and vascular growth. In turn, the surface micro-architecture
enhances protein adsorption, and specific nano-topography could directly modulate the os-
teogenic differentiation, producing a favorable osteoimmune microenvironment [97]. Among
the various microstructures, microgrooves have strong effects in the regulation of cell orienta-
tion and adhesion [96,105]. The width of the micro-channels controls the orientation, while
the depth regulates the adhesion strength of the cells, which decreases as the depth of the
groove increases. Micro–nano hybrid structures (micropattern–nanorod hybrid structure)
showed higher cell adhesion, proliferation and ALP (alkaline phosphatase protein) activity
than a single-scale structure (including nanorods and micropatterns) [96,106].

The roughness of the surface plays a crucial role in cellular behavior [107–109] (Table 8).

Table 8. Effects of structural size, morphology and roughness surface of CaP biomaterials on cellular behavior.

Surface Structure
Parameters (Size,

Morphology, Roughness)
Biological Function

Enhance Decrease

Micro/nano size (CaP)

Microgroove width:
From 20–40 um to 60–100 um Cell number inside the pattern Cell alignment/orientation

Microgroove depth
From 3 um to 5.5 um Cell adhesion force

Microgroove depth pattern:
From nano-hybrid to

micro-hybrid

Cell adhesion, proliferation,
osteogenesis

Micro-/nano-morphology (CaP)
Micro-morphology:

Plate-like and net-like Cell attachment expansion

Nano-morphology:
Plate-like and wire-like Osteogenesis

Micro-/nano-roughness (CaP)
Micro-roughness:

Ra from 1 um to 2 um Cell attachment osteogenesis

Nano-roughness:
Ra from 5.3 nm to 9.8 nm Focal adhesion osteogenesis

It was demonstrated that specifically designed roughness can enhance osteogenesis
due to the modulated concentration of calcium ions and osteocalcin in the grooves [110].

The surface chemistry also plays a key role in cell behavior. The crystallinity of
nanometric bioceramics, i.e., ACP and HA, was observed to affect cell attachment efficiency,
proliferation and differentiation of bone marrow-derived mesenchymal stem/stromal
cells (BMSCs) [111]. In particular, nano-HA allows a better adhesion, proliferation and
differentiation of BMSCs into osteoblasts than ACP.

The chemical approach of creating functional groups on the surface of the scaffolds is
also promising for the improvement of cell adhesion and osteogenic differentiation. For
example, functional groups, such as –COOH and –NH2, improve protein adsorption due
to the formation of hydrogen bonds linking proteins, finally resulting in improved cell
adhesion [97].

3.2. Enhancing the Mechanical Performance of Bioceramics Composites

CaP-based scaffolds generally exhibit poor mechanical properties compared to teeth
and bone, especially due to their intrinsic brittleness, limiting their load-bearing bone
applications [82,112]. Brittle materials are more likely to fail under tension or shearing
rather than compression, essentially due to the crack propagation in preexisting flaws, such
as micro-cracks or macro-pores [70,113].

Common approaches to improve mechanical performance and reduce the brittleness
of ceramic materials are classified as intrinsic or extrinsic modifications (Figure 3).
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Figure 3. Mechanical reinforcement strategies for CaP-based biomaterials in a load-bearing application.

The intrinsic approach involves changes in the inherent properties of the scaffold, such
as the composition, porosity and microstructure, whereas extrinsic modifications involve
the use of reinforcing fibers or, in the case of CaP-based cements and pastes, the use of a
cross-linker agent or hydrogel for the optimization of the dual setting system [72].

3.2.1. Intrinsic Material Modifications

The mechanical strength of scaffolds closely depends on their microstructure. Several
factors, such as composition, crystal size and porosity, greatly affect the microstructure
of scaffolds and its final strength [102]. One of the major factors affecting the mechan-
ical performance is porosity, as the strength exponentially decreases with increasing
voids [56,114,115].

A possible strategy to increase the mechanical strength is the reduction of intergranular
voids by favoring the packing of the particles or using multimodal particle size distribu-
tions, leading to a decrease in the microporosity extent, especially in the struts [116].

The pore size distribution influences the degradation performance of the scaffold,
and, therefore, the biodegradation kinetics can be modulated by varying the pore architec-
ture [91]. Triangular, rectangular and elliptic pores were reported to support angiogenesis
and faster cell migration due to their greater curvature [55]. Nevertheless, the increase in
scaffold porosity is inversely related to mechanical strength; this is a key problem, difficult
to solve and strongly limiting to load-bearing applications. In this respect, an exponential
decrease in the compressive strength with increasing porosity was observed [115].

σ = [(E0R)/(πc)]0.5 exp(−KP) (2)

where E0 is the Young’s modulus at zero porosity; c is the average pore size; R is the
fracture surface energy; K is an empirical constant, which can be extracted from the slope
of a semi-logarithmic plot of the strength–porosity curve; and P is the porosity extent (in
volume) [117,118].

Higher compressive moduli are associated with smaller pore sizes, porosity gradients
and oriented pores [114,115]. The capability to modulate the porosity extent and distribu-
tion is helpful in limiting the concentration of mechanical stresses toward damage-tolerant
structures; that is, micro-fractures occur until the scaffold’s failure.
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3.2.2. Extrinsic Material Modifications

The approaches proposed to increase the mechanical strength while limiting the
brittleness of bioceramics include the combination with polymers, fibers or a dual setting
system, especially for cements [104,107,108,119,120].

The dual setting system refers to the addition of reactive monomers to the liquid
phase, together with an initiator into the inorganic component of the cement or eventually
polymeric component that can be cross-linked [121,122]. In the first case, during the setting,
there are simultaneous gelation/polymerization and dissolution–precipitation reactions,
thus obtaining cement with a porous microstructure reinforced with a hydrogel-based
matrix. As a consequence, an increase in compressive strength and hardness with stable
rheological properties was achieved [102]. In turn, the cross-linking agent permits the bind-
ing of Ca2+ ions with carboxylic acid or organic phosphate fractions in the polymer chain,
thus resulting in a reduction in brittleness and an increase in compressive strength [82,122].

The addition of fibers is one of the most effective approaches to increase the strength
and toughness of bioceramics [123,124]. The mechanical behavior of fiber bioceramic
composites is based on the interaction between the composite components and is time
dependent due to the potential degradation of both fiber and CaP-based materials after im-
plantation to allow bone regeneration. The reinforcements are related to several parameters,
including (i) composition, mechanical properties and degradation of the matrix; (ii) fiber–
matrix interface properties; and (iii) type, length, diameter, volume fraction, orientation and
mechanical properties of fibers [124,125]. It was observed that the long-term strengthening
effect of fibers was related to the type of fibers: the addition of non-resorbable fibers led to
a stable increase in mechanical performance over time, while resorbable/biodegradable
fibers provided only an initial reinforcement, followed by the creation of a macroporosity
in the ceramic matrix after degradation of the fibers, favoring osteointegration [102].

The application of critical loads to brittle materials induces catastrophic fractures
without any reversible deformation. The incorporation of fibers provides intergranular
bridges increasing the tensile strength, flexural strength and fracture toughness.

There are three main fiber-reinforcing mechanisms [108,119,120]:

• Fiber bridging: the fibers bridge the existing crack, limiting its opening and propagation;
• Crack deflection: the fibers increase the length of the crack propagation, requiring

more energy in newly formed surfaces;
• Frictional sliding: the presence of intergranular fibers in the matrix increases the

fracture resistance of the composite.

Fibers can be classified as natural and man-made fibers, further divided into resorbable
and non-resorbable [71] (Table 9).

Table 9. Fiber classification and some examples of fibers used in bioceramic reinforcement.

Natural Fibers Man-Made Fibers

Resorbable Non-Resorbable

Natural Polymer Synthetic Polymer Polymeric Ceramics

Silk fibroin [107] Polylactide [109]
Cellulose [112]

Poly-caprolactone
[109]

Polyamide
[103,113]

Carbon [104,115,116,118]
Silicate based [117,121,122,126]

HA whiskers [122,127]

The introduction of carbon fibers (CF) in bioceramic scaffolds, including bone cements,
has been explored in the past decades [123–125]. In particular, previous works showed that
the addition of fibers led to an increase in compressive strength without interfering with
HA formation during the setting of CPC [127]. The presence of CF induced a significant
reinforcement also in calcinated HA-based scaffolds, while preserving biocompatibility
and bioactivity; the mechanisms underlying the increase in mechanical properties were
attributed to crack deflection, interlocking of the fibers, pullout and crack bridging [118].
Basically, the interaction between fibers and the surrounding ceramic matrix is based on
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several properties of fibers, including chemical composition, wettability and surface modi-
fications. HA bioceramics reinforced with silicon-coated CF with controllable alignment
were prepared via hot pressing and pressureless sintering, leading to the formation of a
SiO2 protective layer upon thermal decomposition of HA [118].

Various oxidation treatments were also implemented to improve the performance
of CF as a strengthening agent of CPCs, including a preliminary treatment with aqua
regia followed by immersion in CaCl2 [104]. This treatment favored the heterogeneous
nucleation of apatite nanocrystals on the surface of fibers, thus reducing the setting times;
the addition of 1 wt% of fibers led to a significant increase in both bending strength and the
work of fracture, essentially due to the deflection of crack propagation, while the in vitro
biocompatibility was preserved.

Moreover, silicate-based fibers, calcium silicate, glass and basalt fibers have been used
to reinforce bioceramics [117,121,122,126]. In particular, wollastonite (CaSiO3) fibers were
introduced into CPCs, showing that Si could favor the crystallization of needle-like apatite
during cement setting, associated with a significant increase in compressive strength [126].
Furthermore, the presence of CaSiO3 fibers was a promoter of cell viability and ALP
activity [121].

Glass fibers (GF), such as E-glass and bioactive glass fibers (BGF), have been proposed
as CPC-reinforcing agents [128,129]. E-glass fibers are composed of alumino-borosilicate
with about 1 wt% alkali oxides, while BGF is described by the ternary system SiO2-CaO-
P2O5 [122]. Xu and co-workers had incorporated short and long E-glass fibers into CPC,
obtaining an increase in elastic modulus, flexural strength and the work of fracture [115].
The addition of 15 wt% of BGF also determined an improvement of compressive strength,
toughness and elastic modulus of CPCs [122].

In addition to fibers, apatite whiskers were proposed to improve the mechanical
properties of CPCs; the enhancement of 120% of the work of fracture and 60% of flexural
strength was obtained by adding 30 vol% of HA whiskers [127].

4. Ion-Doped Bioceramics and Composite Scaffolds

4.1. Ion Doping

Calcium phosphates, especially HA, are capable of hosting a variety of foreign
(i.e., different from Ca and P) ions, involving the formation of atomic defects but with a
limited modification of the overall crystal structure [39]. As biological apatites forming the
inorganic part of bone are characterized by nanocrystallinity, poor crystal ordering and
multiple ion doping, in the last few decades, various approaches were proposed to tune
the biological properties of ceramics [129–136] in order to obtain novel biomaterials with
multifunctional abilities, including antibacterial [137–140] and magnetic properties [128].

Some of the most studied substituting ions in bioceramics, with related biological
roles, are listed in Table 10.

Table 10. Doping ions in calcium phosphate bioceramics, with related biofunctional ability.

Ion Biological Effects References

Si4+ - Induction of the biomimetic precipitation of HA [39,78,114]

Sr2+

- Osteogenic activity
- Anti-osteoporotic agent
- Enhancement of mechanical properties

[39,132,141]

Mg2+

- Enhancement of bone growth
- Induction of angiogenesis
- Antibacterial agent [39,132,139,141]
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Table 10. Cont.

Ion Biological Effects References

Zn2+

- Stimulation of osteoblastic activity
- Inhibition of bone resorption
- Antibacterial agent

[142–144]

Ag+ - Antibacterial agent [137,138,140]

Mn2+

- Regulation of osteoblastic differentiation
- Control of bone resorption
- Promotion of cell adhesion
- Promotion the synthesis of extracellular matrix proteins

[131,136]

Cu2+ - Antibacterial agent [131,136]

Co2+

- Neo-vascularization promotion
- High cell proliferation
- Osteogenic activity

[131,136]

Fe2+/3+

- Antibacterial agent
- Super-paramagnetism
- Promotion of bone formation
- Osteoinductivity

[39,128,131,145]

F−

- Shrinkage of HA crystal lattice
- Decreasing solubilization and increasing stability of HA
- Induction of biomineralization
- Osteogenic activity
- Antibacterial agent

[136,142,144,146,147]

4.1.1. Magnesium

Magnesium is considered as the main ion capable of replacing Ca in biological apatite,
in an amount close to 1 wt% [132]. Mg2+ ions play a key role in bone metabolism, taking
part of the biochemical reaction beyond bone formation, while also controlling bone growth
and metabolism [47,142,148].

Magnesium phosphates are also associated with a higher dissolution rate than calcium
phosphates [149]. Mg has been shown to inhibit the formation of crystalline minerals, such
as hydroxyapatite, whereas more soluble phases, such as brushite, are minimally affected
by the presence of Mg [150–152]. Specifically, it was observed in basic solutions that HAP
precipitation is inhibited by Mg substitution for Ca higher than 10%, and amorphous
calcium phosphate (ACP) or whitlockite, the Mg polymorph of β-tricalcium phosphate,
forms [153,154].

The incorporation of magnesium was also associated with increased protein adsorp-
tion and cell adhesion on the surface of bioceramics [17,18]. Furthermore, an intrinsic
antibacterial activity was described for Mg-HA [136,139].

4.1.2. Strontium

Strontium (Sr2+) is a natural component of bones and teeth and have affinity with Ca2+

ions, thus representing a calcium-like entity within cells, acting along similar biochemical
and cellular pathways [136,141]. At a low concentration, strontium inhibits osteoclast activity,
reduces bone resorption, enhances osteoblast proliferation and promotes bone formation. In
this context, the addition of strontium in bioceramics is promising for the local treatment of
bone affected by metabolic diseases, such as osteoporosis [45,155–159]. Several approaches
can be implemented to obtain Sr-doped bioceramics, including the addition of strontium salts
in wet synthesis processes [160] or of Sr-doped inorganic reactants involved in solid-state
reactions at high temperatures [73,159]. The incorporation of strontium ions replacing Ca2+ in
the crystal lattice of calcium phosphates generally induces deformations in the crystal lattice
due to its higher ionic radius in respect to calcium. This affects the physicochemical properties
of CaPs; for instance, it was observed that Sr2+ ions stabilize the β-TCP polymorph during
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thermal synthesis reactions. Furthermore, various previous studies reported a mechanical
reinforcement ascribed to strontium doping, possibly due to enhancement of the interatomic
bond strength in the CaP crystal in respect to calcium [161–163].

4.1.3. Silicon

Silicon plays a key role in the physiological formation of bone and cartilage tissues,
especially due to its intrinsic capacity to act both as a cross-linker in ECM and to favor
the precipitation of HA and bone mineralization [29,135]. When used in the synthesis of
bioceramics, such as tricalcium phosphate (TCP), normally obtained with high-temperature
treatments, silicon has the capacity to favor the formation of α-TCP polymorph against
β-TCP [164,165]. Silicon-containing bioceramics exhibit high bioactivity, including bio-
glasses (Na-Ca-P-Si), wollastonite (CaSiO3) and Si-doped bioceramics (e.g., Si-HA and
Si-TCP) [24,27,29,32,48].

The pivotal role of Si-containing bioceramics, such as silicon-doped HA, in bone
tissue regeneration was confirmed by in vivo studies revealing the enhanced formation
of collagen fibrils after 6 weeks at the bone/Si-HA interface and after 12 weeks with the
bone/HA interface [134,135]. In addition, the enhanced formation of mature osteoclasts
from mononuclear precursor cells was observed, thus showing the potential of silicon
to favor the complex bone regeneration cascade by stimulating the various cell lines
involved in new bone formation and remodeling. Long-term in vivo studies also reported
the significantly higher bioresorbability of Si-doped HA scaffolds compared to pure HA
scaffolds, as only few residues of the doped scaffold were observed at one year upon
implantation, while non-doped HA scaffolds remained unchanged even after five years
from implantation [129].

4.1.4. Silver

The incorporation of silver ions into bioceramics, as a replacing element for calcium,
is possible due to their similar ionic radius [133].

Silver doping has been proposed as a valuable antibacterial strategy due to its ability
to interfere with the electron transfer process on bacterial membranes and to promote the
production of reactive oxygen species (ROS), finally causing cell death [148].

4.1.5. Iron

The incorporation of iron ions into bioceramics has been widely studied in recent decades,
together with its neighboring transition elements from the fourth period of the periodic table
(Mn, Co, Ni, Zn) [39], with the purpose of generating new bioceramics with magnetic proper-
ties. Indeed, super-paramagnetic iron oxide nanoparticles (SPIONs) are widely approved mag-
netic biomaterials (usually composed of magnetite Fe3O4 or maghemite γ-Fe2O3) as a contrast
agent in magnetic resonance imaging applications for cancer diagnosis or hyperthermia-based
cancer treatments. Nevertheless, their iron oxide core also causes long-term cytotoxicity; there-
fore, intensive effort is today dedicated to develop iron-doped magnetic ceramics preserving
good biocompatibility and bioactivity [166].

In this respect, iron-doped CPCs for magnetic hyperthermia were obtained, exhibiting
improved osteoconductive and antibacterial properties [167–169]. A new concept of mag-
netic CaP was obtained by synthesizing apatite nanocrystals doped with Fe2+/3+ ions, so as
to generate intrinsic superparamagnetic ability, generated by the specific positioning of Fe2+

and Fe3+ ions in the crystal lattice and in the outer hydrated layer of the apatite [128,145].
Such a new phase exhibited a magnetization ability similar to that of iron oxides but with
excellent biocompatibility and enhanced osteogenic ability [170].

4.1.6. Fluorine

Fluorine ions take part in several biochemical processes, becoming particularly impor-
tant for oral care applications, neuromodulation and bone structure [136]. Fluorine pro-
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motes osteoblast proliferation and inhibits osteoclast activation and differentiation; more-
over, when present in a low concentration, it can enhance in vivo bone formation [147,171].

The substitution of OH− groups of apatite with F− ions accelerated the crystallization
process, increasing the stability of the crystals while decreasing their solubility [147,171]; the
incorporation of fluorine also affected the crystal morphology toward flattened hexagonal
rod-like shapes [147,171].

Fluorine-doped HA also exhibited antibacterial behavior, inhibiting the adhesion and
proliferation of bacteria typically detected in an oral environment [147,171].

4.2. Composites with Silicates

The preparation of composites containing both calcium phosphates and silicates
has been explored with several approaches for the purpose of enhancing the mechanical
properties of scaffolds. In fact, various studies showed that calcium phosphate composites
with calcium silicates exhibited enhanced compressive and flexural strength [172,173].

Si-containing bioceramics include colloidal silica nanoparticles [174,175], silicates
(i.e., calcium silicates and zinc silicates) [176–178], glasses [179,180] and silicate-phosphates
(i.e., silicocarnotite and nagelschmidtite) [181,182]. Regarding the preparation of bone
cements, previous studies showed that the addition of silica nanoparticles led to a decrease
in the setting times and led to improved mechanical properties, especially due to the
formation of Si-O-Si bonds among the particles [174,175]. Calcium phosphate cements
containing zinc silicate and PLGA microspheres were also prepared [162]: the role of Si
and Zn in improving setting times, injectability and compression strength was observed,
while the addition of the microspheres did not affect the porosity.

The incorporation of silicates becomes particularly interesting in bioglass-reinforced
cements, e.g., single-phase crystalline or amorphous calcium silicate phosphates (CaO-SiO2-
P2O5, CaSiP) or Bioglass A5S4, resulting in increased setting times and injectability [179,180].
The incorporation of bioglasses also significantly improved the bioactivity of the scaffold,
promoting osteoblast attachment, proliferation and differentiation in vivo. The effect of CaSiP
(silicocarnotite, Ca5(PO4)2SiO4) in brushite cements was also investigated, showing the role of
Si in favoring the formation of HA, osteoblast proliferation and the formation of novel bone
tissue [181].

The application of single-phase calcium phosphate silicate bioceramics (CaSiP) is
not limited to bone regeneration but also to periodontal repair. In this respect, various
works showed the preparation of 3D-printed silicate bioceramics, such as nagelschmidtite
(Ca7(SiO4)3(PO4)2, CSP) and silicocarnotite (Ca5(PO4)2SiO4, Sss) [48]. CaSiP showed good
biological performance with the formation of flake-like apatite layers (in the cases of Sss and
CSP, respectively). The ion release positively induced cell proliferation and differentiation
as well as the formation of the extracellular matrix and the mineralization of periodontal
tissue [183,184].

4.3. Composites with Carbon

The interest in the synthesis of composites with calcium phosphates and carbon-
derived structures rapidly rose in recent years, especially considering graphene, a 2D
material made of nanosheets of hexagonally bonded carbon atoms characterized by a high
surface area, high conductivity, excellent mechanical properties and good biocompatibility,
particularly interesting for tissue engineering applications [185–187].

The synthesis strategies to obtain graphene/carbon nanotubes–hydroxyapatite compos-
ites have been reported, evidencing hemocompatibility, antibacterial properties and the ability
of graphene–hydroxyapatite composites to increase osteogenic activity [161,163,188–194].

A hybrid composite made of graphene oxide (GO), chitosan (CS) and HA (GO-CS-HA)
was developed as a coating for titanium implants, exhibiting an increased formation of
biomimetic apatite and also antibacterial properties, possibly ascribed to the increased
production of reactive oxygen species [177].
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Furthermore, 3D-printed composite scaffolds made of β-TCP, reduced graphene oxide
(RGO), magnesium nanoparticles and arginine were prepared [176]. The combination of
amino groups of arginine, released Mg ions and the nanotopography of GO resulted in
increased mechanical performance.

The effect of RGO and carbon nanotubes (CNT) in α-TCP-based cements was eval-
uated. The setting times decreased when increasing the concentration of RGO, while
negligible variations were observed with the addition of CNT; the mechanical performance
was also valuable for load-bearing applications [178,195].

The use of microwaves resulted in a reduction in setting time and an increase in
mechanical properties, ascribed to the evaporation of gas from the surface of RGO and
CNT, strengthening the final composite [195]. The formation of an external HA layer was
observed, favoring cell adhesion and proliferation.

4.4. Composites with Titanates

Titanium and its alloys have been used in combination with calcium phosphates
for bone tissue engineering due to their excellent mechanical properties [196]. Metallic
prostheses and implants are widely used to replace damaged bones and teeth, and their
interaction with the surrounding tissue depends on the chemistry and microstructure of
the surface [197], but their main drawback is related to their poor bioresorbability. In
this respect, the preparation of bioceramic composites containing titanium oxides was
considered as a valuable approach, exhibiting good biocompatibility and enhancing in vivo
osteointegration [198,199].

Titanium oxide nanomaterials can also be added to injectable cements and pastes,
leading to higher injectability and improved mechanical performance [175].

Some titanates, such as barium titanate (BaTiO3, BT) and strontium titanate (SrTiO3),
are also characterized by piezoelectric properties, potentially providing microstructural ac-
cumulation of charges mimicking the mechanotransduction of bone cells [183,184,200,201].
BT-HA composites were investigated to combine the bioactivity of HA with the piezoelec-
tricity of BT [184,200]. Three-dimensional-printed highly porous piezoelectric scaffolds
based on BT and HA were obtained, with good cytocompatibility and cell attachment [184].
An aligned porous BT-HA piezoelectric composite was obtained by the ice-template
method, exhibiting high porosity, cell proliferation, differentiation and adhesion of os-
teoblastic cells [200].

5. Conclusions

Calcium phosphates are widely accepted biomaterials and the gold standard to pro-
mote the regeneration of bone tissue. CaP scaffolds with biomimetic composition can
exhibit osteogenic ability, bioresorbability and antibacterial properties. However, appropri-
ate mechanical properties are required if the target is the regeneration of critical-sized bone
defects, particularly when load bearing.

The co-existence of various factors, such as bioactive chemical composition, nanos-
tructure and bone-like mechanical performance, is a major problem with ceramics due to
the need of sintering and the difficulty of achieving complex bone-mimicking 3D struc-
tures. In fact, several technologies developed in the last decades for the manufacturing
of a highly porous bioceramic-based scaffold from traditional methods (partial sintering,
replica method, sacrificial template and direct foaming, as well as various 3D printing
technologies) usually fail in generating bioactive and effective bone scaffolds. Hence, future
perspectives are strongly related to the development of new approaches that can generate
bone scaffolds endowed with bone-mimicking features yielding effective regenerative
ability. To this end, recently developed innovative approaches targeting low-temperature
processes, including chemically induced consolidation of CaP pastes or biomorphic trans-
formation processes, are examples of radically new methods enabling the possibility to
create scaffolds retaining nanocrystallinity and bioactive, ion-doped composition or even
multi-scale hierarchically organized architectures inherited from natural sources. These
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results open new perspectives in ceramic science and are encouraging for further research
in the field, targeting the decisive resolution of many still unmet clinical problems related
to bone regeneration.

Author Contributions: Conceptualization, S.S., A.T. and M.D.; methodology, S.S., A.T. and M.D.;
writing—original draft preparation, M.T.; writing—review and editing, M.D.; supervision, M.D. and
S.S.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bean, A.C. Basic Science Concepts in Musculoskeletal Regenerative Medicine. In Regenerative Medicine for Spine and Joint Pain;
Springer: Berlin/Heidelberg, Germany, 2020; pp. 5–27. [CrossRef]

2. Li, J.J.; Ebied, M.; Xu, J.; Zreiqat, H. Current Approaches to Bone Tissue Engineering: The Interface between Biology and
Engineering. Adv. Healthc. Mater. 2018, 7, 1–8. [CrossRef] [PubMed]

3. Sommerfeldt, D.; Rubin, C. Biology of bone and how it orchestrates the form and function of the skeleton. Eur. Spine J. 2001, 10,
86–95. [CrossRef]

4. Armiento, A.R.; Hatt, L.P.; Sanchez Rosenberg, G.; Thompson, K.; Stoddart, M.J. Functional Biomaterials for Bone Regeneration:
A Lesson in Complex Biology. Adv. Funct. Mater. 2020, 1909874, 1–41. [CrossRef]

5. Berthiaume, F.; Maguire, T.J.; Yarmush, M.L. Tissue Engineering and Regenerative Medicine: History, Progress, and Challenges.
Annu. Rev. Chem. Biomol. Eng. 2011, 2, 403–430. [CrossRef] [PubMed]

6. Cooper, G.; Herrera, J.; Kirkbride, J.; Perlman, Z. Introduction to Regenerative Medicine. In Regenerative Medicine for Spine and
Joint Pain; Springer: Berlin/Heidelberg, Germany, 2020; pp. 1–4. [CrossRef]

7. Oryan, A.; Alidadi, S.; Moshiri, A.; Maffulli, N. Bone regenerative medicine: Classic options, novel strategies, and future
directions. J. Orthop. Surg. Res. 2014, 9, 1–27. [CrossRef]

8. Vaish, A.; Murrell, W.; Vaishya, R. History of regenerative medicine in the field of orthopedics. J. Arthrosc. Surg. Sports Med. 2020,
1, 154–158. [CrossRef]

9. Eliaz, N.; Metoki, N. Calcium phosphate bioceramics: A review of their history, structure, properties, coating technologies and
biomedical applications. Materials 2017, 10, 334. [CrossRef] [PubMed]

10. Jodati, H.; Bengi, Y.; Evis, Z. A review of bioceramic porous sca ff olds for hard tissue applications: Effects of structural features.
Ceram. Int. 2020, 46, 15725–15739. [CrossRef]

11. Pereira, H.F.; Cengiz, I.F.; Samuel, F.; Rui, S.; Reis, L.; Oliveira, J.M. Scaffolds and coatings for bone regeneration. J. Mater. Sci.
Mater. Med. 2020, 31, 27. [CrossRef]

12. Williams, D.F. On the mechanisms of biocompatibility. Biomaterials 2008, 29, 2941–2953. [CrossRef]
13. Polo-Corrales, L.; Latorre-Esteves, M.; Ramirez-Vick, J.E. Scaffold design for bone regeneration. J. Nanosci. Nanotechnol. 2014, 14,

15–56. [CrossRef] [PubMed]
14. Kielty, C.M.; Grant, M.E. The Collagen Family: Structure, Assembly, and Organization in the Extracellular Matrix. In Connective

Tissue and Its Heritable Disorders; Wiley: Hoboken, NJ, USA, 2003; pp. 159–221. [CrossRef]
15. No, Y.J.; Holzmeister, I.; Lu, Z.; Prajapati, S.; Shi, J.; Gbureck, U.; Zreiqat, H. Effect of baghdadite substitution on the physicochem-

ical properties of brushite cements. Materials 2019, 12, 1719. [CrossRef] [PubMed]
16. Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials and applications in bone

regeneration. Biomater. Res. 2019, 23, 1–11. [CrossRef] [PubMed]
17. Tampieri, A.; Iafisco, M.; Sprio, S.; Ruffini, A.; Panseri, S.; Montesi, M.; Adamiano, A.; Sandri, M. Hydroxyapatite: From

Nanocrystals to Hybrid Nanocomposites for Regenerative Medicine. In Handbook of Bioceramics and Biocomposites; Springer:
Berlin/Heidelberg, Germany, 2016; pp. 119–144. [CrossRef]

18. Sprio, S.; Sandri, M.; Iafisco, M.; Panseri, S.; Filardo, G.; Kon, E.; Marcacci, M.; Tampieri, A. Composite biomedical foams for
engineering bone tissue. In Biomedical Foams for Tissue Engineering Applications; Woodhead Publishing: Sawston, UK, 2014;
pp. 249–280. [CrossRef]

19. Barrère, F.; van Blitterswijk, C.A.; de Groot, K. Bone regeneration: Molecular and cellular interactions with calcium phosphate
ceramics. Int. J. Nanomed. 2006, 1, 317–332.

20. Sprio, S.; Ruffini, A.; Valentini, F.; D’Alessandro, T.; Sandri, M.; Panseri, S.; Tampieri, A. Biomimesis and biomorphic transforma-
tions: New concepts applied to bone regeneration. J. Biotechnol. 2011, 156, 347–355. [CrossRef]

21. Wegst, U.G.K.; Bai, H.; Saiz, E.; Tomsia, A.P.; Ritchie, R.O. Bioinspired structural materials. Nature 2015, 14, 23–36. [CrossRef]
22. Rho, J.Y.; Kuhn-Spearing, L.; Zioupos, P. Mechanical properties and the hierarchical structure of bone. Med. Eng. Phys. 1998, 20,

92–102. [CrossRef]
23. Kang, J.; Dong, E.; Li, D.; Dong, S.; Zhang, C.; Wang, L. Anisotropy characteristics of microstructures for bone substitutes and

porous implants with application of additive manufacturing in orthopaedic. Mater. Des. 2020, 191, 108608. [CrossRef]

114



J. Compos. Sci. 2021, 5, 227

24. Arcos, D.; Vallet-Regí, M. Sol-gel silica-based biomaterials and bone tissue regeneration. Acta Biomater. 2010, 6, 2874–2888.
[CrossRef]

25. Burdus, el, A.-C. Bioactive composites for bone regeneration. Biomed. Eng. Int. 2019, 1, 9–15. [CrossRef]
26. Fernandez de Grado, G.; Keller, L.; Idoux-Gillet, Y.; Wagner, Q.; Musset, A.M.; Benkirane-Jessel, N.; Bornert, F.; Offner, D. Bone

substitutes: A review of their characteristics, clinical use, and perspectives for large bone defects management. J. Tissue Eng. 2018,
9, 2041731418776819. [CrossRef] [PubMed]

27. Lei, Q.; Guo, J.; Noureddine, A.; Wang, A.; Wuttke, S.; Brinker, C.J.; Zhu, W. Sol–Gel-Based Advanced Porous Silica Materials for
Biomedical Applications. Adv. Funct. Mater. 2020, 1909539, 1–28. [CrossRef]

28. Shue, L.; Yufeng, Z.; Mony, U. Biomaterials for periodontal regeneration A review of ceramics and polymers. BioMatter 2012, 2,
271–277. [CrossRef]

29. Venkatraman, S.K.; Swamiappan, S. Review on calcium- and magnesium-based silicates for bone tissue engineering applications.
J. Biomed. Mater. Res. Part A 2020, 108, 1546–1562. [CrossRef]

30. Yousefi, A.-M. A review of calcium phosphate cements and acrylic bone cements as injectable materials for bone repair and
implant fixation. J. Appl. Biomater. Funct. Mater. 2019, 17, 228080001987259. [CrossRef] [PubMed]

31. Yamamuro, T. Bioceramics. In Biomechanics and Biomaterials in Orthopedics; Springer: Berlin/Heidelberg, Germany, 2004; pp. 22–33.
[CrossRef]

32. Gul, H.; Khan, M.; Khan, A.S. 3—Bioceramics: Types and clinical applications. In Handbook of Ionic Substituted Hydroxyapatites;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 53–83. [CrossRef]

33. Li, X.; Wang, J.; Joiner, A.; Chang, J. The remineralisation of enamel: A review of the literature. J. Dent. 2014, 42, S12–S20.
[CrossRef]

34. Doremus, R.H. Review Bioceramics. J. Mater. Sci. 1992, 27, 285–297. [CrossRef]
35. Low, K.L.; Tan, S.H.; Zein, S.H.S.; Roether, J.A.; Mouriño, V.; Boccaccini, A.R. Calcium phosphate-based composites as injectable

bone substitute materials. J. Biomed. Mater. Res. Part B Appl. Biomater. 2010, 94, 273–286. [CrossRef]
36. Surmenev, R.A.; Surmeneva, M.A.; Ivanova, A.A. Significance of calcium phosphate coatings for the enhancement of new bone

osteogenesis—A review. Acta Biomater. 2014, 10, 557–579. [CrossRef]
37. Kucko, N.W.; Herber, R.-P.; Leeuwenburgh, S.C.G.; Jansen, J.A. Calcium Phosphate Bioceramics and Cements. In Principles of

Regenerative Medicine; Elsevier: Amsterdam, The Netherlands, 2019; pp. 591–611. [CrossRef]
38. Ginebra, M.P.; Espanol, M.; Maazouz, Y.; Bergez, V.; Pastorino, D. Bioceramics and bone healing. EFORT Open Rev. 2018, 3,

173–183. [CrossRef]
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Abstract: Bioceramics are widely considered as elective materials for the regeneration of bone
tissue, due to their compositional mimicry with bone inorganic components. However, they are
intrinsically brittle, which limits their capability to sustain multiple biomechanical loads, especially
in the case of load-bearing bone districts. In the last decades, intense research has been dedicated
to combining processes to enhance both the strength and toughness of bioceramics, leading to
bioceramic composite scaffolds. This review summarizes the recent approaches to this purpose,
particularly those addressed to limiting the propagation of cracks to prevent the sudden mechanical
failure of bioceramic composites.

Keywords: bioceramics; mechanical properties; calcium phosphate; carbon fibers; mineralization

1. Introduction

Bone tissue is classified as a calcified connective tissue with several important roles
in the human body, including storing minerals, protecting vital organs, enabling move-
ment, providing internal support, and providing the sites of attachment for muscles and
tendons [1,2]. Bone can be considered as a natural composite made of inorganic com-
ponents (naturally doped calcium phosphates, ~70 wt %), organics (Collagen Type I,
non-collagenous proteins, proteoglycans, cells, ~22 wt %), and water (~8 wt %) [2–4].

The complex metabolism and 3D hierarchic structure of bone tissue give it an innate
ability to heal from minor defects. However, the natural healing process of bone is limited
when major injuries due to traumas or metabolic or neoplastic bone pathologies occur [1,2].
In such instances, the orthopedic surgeon is challenged to find out adequate regenerative
approaches [3]. The use of natural bone grafting (i.e., autologous or heterologous bone) can
be pursued to replace the bone defect. Autografts are considered as the gold standard for
bone grafting, as they closely resemble the natural bone structure, without immunogenic
response. Despite these benefits, some limitations are evident, including the morbidity of
the donor site, increased operation time, increased blood loss, and risk of immunogenicity
and pathogenicity [4–7]. In addition, the sterilization and irradiation processes of natural
bone grafts have been reported as critical steps that limit their bioactivity [8–11].

In this context, a great deal of research effort has been devoted in the last decades
towards the synthesis of synthetic scaffolds [12–15]. The naturally occurring mineral phase
in bone tissue is represented by poorly crystalline calcium phosphates with the crystal
structure of hydroxyapatite (HA). HA can be synthesized in laboratory, and it is currently
under study for the development of bone grafts, due to its excellent biocompatibility,
osteoconductivity, and osteoinductivity [16–22].

In the last decades, bioceramics have been considered as ideal candidates for bone
grafting due to their ability to locally deliver biomolecules in vivo. Calcium phosphates
are a major member of bioceramics, covering a wide range of biomedical applications in
tissue engineering, including orthopedic and dental surgeries [23–26].
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Bioceramics must meet strict criteria to be approved for biomedical applications, such
as biocompatibility, bioactivity, and an absence of proinflammatory features [27]. The
classification of bioceramics is generally based on their chemical composition, as well as on
the basis of their interaction with natural tissues; thus, bioceramics can be considered as
bioinert or bioactive, considering biodegradability as an added value that enables the re-
placement of damaged bone parts with new ones during the scaffold bioresorption [28–32].
In this respect, recent studies demonstrated that the modulation of composition and textu-
ral properties can be considered as a valuable strategy to control material resorption and
bone formation [33,34].

Bioinert ceramics, including alumina, zirconia, and silicon nitride, are not able to
undergo any modification upon implantation, and thus maintain their chemical structure
and represent a foreign body within the biological environment [35,36]. In contrast, bioac-
tive ceramics have the capability to form chemical bonds with the surrounding tissues,
and actively interact with the surrounding environment [37,38]. Among them, calcium
phosphates (CaPs), bioglasses, and calcium silicate (Ca-Si) bioceramics are intensively
studied for skeletal bone regeneration applications [22,39–43].

The osteogenic capability of bioceramic scaffolds is significantly correlated to their
intrinsic pore size distribution and interconnection, enabling cell infiltration, migration,
and neo-vascularization. The pore distribution and geometry of the scaffold strongly
influence the ability of cells to penetrate, proliferate, and differentiate as well as the rate of
scaffold degradation [44–48]. In spite of their great potential, a main drawback associated
with bioceramics is their intrinsic brittleness, i.e., incapacity to withstand deformation
without rupture, which is a major problem that can potentially cause a sudden failure
of the scaffold structure under physiological mechanical loading. This is particularly
relevant for porous calcium phosphates that associate brittleness to limited fracture strength,
in comparison with inert ceramics such as zirconia or alumina [38,49,50]. In the last
century, an intense research effort has been devoted to the reinforcement of bioceramics for
different applications. In this respect, various approaches have been proposed, including
modified sintering treatments [51–53], combination with polymeric phases to produce
composites [49,54,55], the addition of fibers or the development of additive manufacturing
as a 3D technique to prepare complex-shaped bioceramic structures [34,56–60]. A major
approach to this purpose is the addition of ceramic particles, whiskers, and fibers to the
ceramic matrix to improve the fracture toughness [61–65]. Ceramic fibers selected for their
lightweight, adequate strength and modulus, and biocompatibility have been tested in the
last decade for improving the mechanical properties of bioceramics [66–69]. The key factor
influencing the performance of the final material is represented by the interfacial adhesion
between fibers and the surrounding matrix [70]. The main factors affecting the fabrication
of fiber-reinforced scaffolds include the chemical composition of fibers and matrix, the
physical interaction between them, and the amount and alignment of fibers [59,71,72].
These factors affect the mechanical strength and degradation properties of the scaffold,
leading to changes in the cell response. In this respect, many studies have reported the
biocompatibility of fiber-reinforced ceramics both in vitro and in vivo [73–77].

It was observed that smooth fibers with a chemically inert surface are provided with
less reactive functional groups, resulting in poor adhesion with the matrix [78]. Some
studies reported chemical approaches to activate the fibers’ surfaces, in order to strengthen
this interaction [59,79–85].

The present review summarizes the relevant progress made on the mechanical rein-
forcement of bioceramic composites. The fabrication techniques for these scaffolds, along
with the current strategies for toughening mechanisms, are described. Furthermore, the
concerns related to porosity along with the mechanical and biological properties of fibrous
ceramics are reported. As the advances in bone tissue engineering move toward application
in the clinical setting, achieving adequate bioceramic toughness for clinical applications is
particularly critical. In this context, recent computational approaches have been proposed
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in order to predict the crack propagation pathways, while increasing the toughness of
ceramic-based bioinspired materials [86].

2. Bioceramic Composites in Bone Regeneration

2.1. Bone Tissue Formation and Remodeling

The adult human skeleton is made up of 206 bones. Each bone is a very complex
hierarchical structure consisting of osteon, lamellar, fibrils, and mineral and collagen fibers
(Figure 1). The bone is a dynamic tissue that continuously remodels during the life span
of an individual: the term “bone remodeling” refers to a complex biochemical process in-
volving the degradation of the mineralized bone via osteoclasts followed by the deposition
of newly formed bone matrix by osteoblasts [87]. Due to this remodeling, the timing for
complete bone tissue renewal is about 5 to 10 years [88–90]. This helps it in adapting to
ever changing biomechanical forces by replacing the old or micro-damaged bone with a
new and mechanically stronger bone, thereby preserving bone strength [91]. The bone
has a unique ability to shift the intricate balance between osteoclastic and osteoblastic
activities depending upon the external stimuli [92–94]. Such mechano-transduction sig-
nals can amplify the osteoblastic activity, resulting in an enhanced deposition of bone
matrix [44]. In other circumstances, this equilibrium can be triggered by a chemical rather
than a mechanical signal [44,95,96]. After receiving the mechanical signal, osteoclasts are
deployed to the bone to initiate resorption. This process results in the release of calcium
or phosphate to the body fluid as it is crucial for specific metabolic reactions. It is also
assumed that chemokines are responsible for the differentiation-fusion of monocytes into
osteoclasts and for carrying out the subsequent osteoclastic activity [97–99].

In this context, the regulation of osteoblasts-osteoclasts mediated processes plays
a key role in achieving effective bone tissue regeneration [100]. Bioceramic composites
can be engineered for better resorption and bone remodeling by mixing different ceramic
materials [101]. The incorporation of strontium (Sr) into bioceramic composites can im-
prove the bone tissue density via increasing osteoblast function and inhibiting osteoclast
activity [102–105]. In addition, the surface topography also affects the resorption capacity
of osteoclasts [104,105]. It was observed that human peripheral blood monocyte derived
osteoclasts were more actively resorbed onto sub-micro structured β-TCP compared to
microscale topography [106].

Figure 1. Hierarchical structure and mechanism of the formation and remodeling of long bone.
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2.2. Classification of Bioceramic Composites

One major classification of bioceramics relies on the biochemical reactions occurring
between the implanted scaffold and the surrounding tissue, particularly on the increasing
capacity to be resorbed upon implantation in vivo. In this way, bioceramics can be consid-
ered as bioinert, bioactive, or bioresorbable materials [107]. Zirconia (ZrO2) and alumina
(Al2O3) are examples of inert bioceramics with minimal adverse reactions on tissue and
body organs after coming into contact with the human physiology [108]. They have inher-
ently low levels of reactivity compared with other materials, such as polymers and metals,
as well as surface reactive or resorbable ceramics. Strategies for the improvement of the
biocompatibility of inert ceramics were proposed, such as surface modifications, coatings,
or ion doping [109–112].

In contrast, bioactive ceramics, such as bioglasses, show an ability to superficially
bond with the surrounding bone, thus improving their interfacial strength [103,113]. The
ability to bond to bone tissue is a unique property of bioactive ceramics. Analyses of
the bone implant interface revealed that the presence of hydroxyapatite is one of the key
features in the bonding zone [103].

Bioresorbable bioceramics represent a further improvement in their long-term inter-
action with surrounding tissues, because in addition to their chemical similarity to the
mineral component of bone, they are able to be gradually resorbed and replaced by new
bone tissue over time. The in vivo behavior of ceramic bone substitutes includes three main
steps: (i) solubility: if the compound is soluble in physiological conditions, dissolution and
removal can occur; (ii) the dissolution kinetics, related to the speed at which the particular
ceramic is removed from the body; and (iii) conversion into another compound via a
dissolution–precipitation mechanism [114]. Bioresorbable bioceramics are represented by
calcium sulphates (Plaster of Paris) and calcium phosphates, especially with ion doping
with Sr, Mg, Si, and Zn, which can improve their biological activity [19,115–120]. However,
there are some drawbacks of calcium phosphates, such as their poor mechanical strength,
differences between the bone regeneration and degradation rate, inflammatory reaction of
synthetic bioceramics, and limited ingrowth due to pore size [121–123].

In this context, the possibility to introduce additional inorganic phases in bioceramics
opened a wider choice of materials for their use as implants. Some of these materials
include ceramic/ceramic, ceramic/metal, and ceramic/polymer composites. However,
ceramic/polymer composites have been observed to release toxic components in the sur-
rounding tissues, while metals undergo corrosion-related issues as the ceramic coating
on the metallic implant degrades over time [124–126]. Ceramic/ceramic composites are
thought to have a better performance because they resemble bone minerals and exhibit high
biocompatibility [127–129]. Nevertheless, the biological activity of bioceramic composites
has to be defined, especially considering the specific implantation site [130]. Bioceramic
composites have exceptional biocompatibility and are non-toxic [131–133]. Some addi-
tional features of bioceramics composites include their hydrophilicity and antibacterial
properties [134–136].

2.3. Surface Chemistry

The effective chemical interaction between the surfaces of the implanted scaffolds and
the surrounding tissues plays a crucial role in the regeneration of bone tissue [137,138].
The three different types of bioceramics (bioinert, bioresorbable, and bioactive) have
significantly different superficial interactions [139]. It is worth mentioning here that these
fundamental differences in surface chemistry result in different interacting conditions at
the biomolecular interface with cells and proteins [23,140,141].

The implantation of a scaffold into a biological environment is followed by the hy-
dration and hydrolysis of the surfaces, typically leading to the formation of chemical
bonds, containing either hydrogen or hydroxyl groups, with a rate dependent on the pH
environment [142].
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The superficial properties essentially modulate the interaction with water molecules
and the mechanisms of adsorption of biological macromolecules (e.g., proteins). This
interaction ultimately determines the interplay between the implanted bioceramics and
bone cells.

It was reported that an electrostatic attraction primarily affects the protein adsorption
on bioceramic surfaces, and effective surface charge modulation can be achieved by the
immobilization of biomolecules such as bisphosphonates (BPs), amino acids, or carboxylic
acid on the bioceramic surface [140]. Additional factors affecting the protein adsorption and
cell adhesion include surface wettability and surface energy. The tuning of the chemical and
morphological features of bioceramics can be performed by chemical or physical surface
modifications, including atomic layer deposition, chemical vapor deposition, plasma vapor
deposition, and electrochemical deposition [141,143,144].

Chemical treatments generally result in the formation of coating layers or the induction
of specific chemical functional groups (e.g., carbidization, nitration, oxidation), while phys-
ical modifications result in micro- to nanoscale morphological or topographical alterations
via a multitude of processes (e.g., machining, grit-blasting, and etching) [145–147].

2.4. Mechanical Properties

The mechanical properties of bioceramics, including compressive strength, stiffness,
fracture toughness, and fatigue resistance, represent the key factors for effective bone regen-
eration [148]. These criteria include “static” mechanical properties (e.g., stiffness, hardness,
strength), as well as “dynamic” mechanical properties (e.g., fatigue cycle resistance, crack
propagation stability, and fracture toughness) [149].

A major concept in defining mechanical properties of ceramics is the difference be-
tween strength and toughness. They are frequently considered to be overlapped, despite
the fact that they are mutually exclusive—strength is a stress representing the intrinsic
capability of a material to resist to irreversible deformations, while toughness refers to the
energy required to induce a fracture [150].

Toughness can also be determined using fracture mechanics methods, which deter-
mine the critical value of a crack-driving force, such as the stress intensity K, strain-energy
release rate G, or nonlinear elastic J-integral, required to initiate and/or propagate a previ-
ously formed crack.

However, the intrinsic brittleness of ceramics basically limit the capability to improve
the toughness, primarily because they cannot be toughened by promoting plasticity [151].

The compressive strength of the human cortical bone is reportedly in the range
90–209 MPa, while the reported flexural strength is 135–193 MPa [152,153]. The mechanical
strength of bioceramics is reported to be in the range of cortical and cancellous bones [154].
The ideal scaffolds for bone regeneration should be designed considering this feature,
but also considering that extensive bone penetration in a porous scaffold will increase the
mechanical properties of the bone-scaffold construct until reaching physiological levels [44].
In particular, fracture toughness is important because it refers to the ability of the scaffold to
contrast the propagation of a crack defect [155]. Hence, compressive strength and fracture
toughness are relevant properties to be considered for effective bone regeneration [156,157].
The particle size, composition, porosity, and crystallinity of bioceramics significantly
affect their mechanical performance—an increase of porosity and particle size leads to the
decrease of mechanical properties [158–160].

The fracture toughness of cortical bone (KIc = 2–12 MPa·m0.5) is higher than that of
ceramics or inorganic glass [160–162]. Numerous methods have been developed over
time to measure the fracture toughness and hardness [163–165]. The low fracture tough-
ness and poor mechanical strength of bioceramics limits their usage in load-bearing
applications [166,167]. It was reported that the fracture toughness and flexural strength of
bioceramics increase in wet environments [168].

The toughness and flexibility of bone tissue can be ascribed to the complex biominer-
alization of collagen fibers with apatitic crystals, associated to the multi-scale hierarchical
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architecture [168]. The toughness of bioceramics can be improved by including additional
biocompatible phases [169,170], crack bridging, or phase transformation, in order to control
the crack growth [171–173]. The dispersion of second phase such as fibers, whiskers, and
particles for creating toughness in bioceramics was also reported [174–177].

The mechanisms for increasing the toughness of ceramics can be classified as either
intrinsic or extrinsic. Intrinsic toughening is primarily related to plasticity, that is, enlarging
the plastic zone, mainly against the initiation of a crack. Conversely, extrinsic toughening
acts to limit an initiated crack, reduce the stress and strain fields at the crack tip, preventing
further opening, including crack bridging by fibers or ductile phases in composites.

A significant increase of flexural strength, flexural modulus, and fracture toughness
of ceramic dental composites was also reported through the addition of zirconia-silica (ZS)
or zirconia-yttria-silica (ZYS) nanofibers (2.5 wt % or 5.0 wt %) [178,179].

Bioceramic composites made from HA and TZP (tetragonal zirconia polycrystal) pow-
ders coated with Al2O3 also exhibited significantly higher strength and fracture toughness,
due to the integration of ZrO2 (15 vol %) and Al2O3 (30 vol %) [180].

The microstructural and mechanical changes of Al2O3 matrixes, after the incorporation
of Cr2O3, was also studied, resulting in improved hardness and elastic modulus, while
fracture toughness deteriorated with the addition of 2 mol % Cr2O3 particles [181].

It was also reported that Zr–Ti–Nb–Cu–Be glasses containing 42–67 vol % dendrites
exhibited 100–160 MPa

√
m toughness at tensile yield strengths of 1.1–1.5 GPa [182].

A monolithic and amorphous Pd–Ag–P–Si–Ge glass alloy with 1.5 GPa tensile strength and
200 MPa·m0.5 toughness properties was also recently reported; its properties were a result
of the generation of shear band after loading, which resembles large-scale plasticity [183].
Nevertheless, it has drawbacks related to critical processing and production costs [150].

Moreover, researchers produced novel dental restorative composites by using hy-
droxyapatite whiskers. They reported that the efficiency of reinforcement depends on
the filler morphology. Hydroxyapatite has good wettability with polymer which leads to
increased toughness in comparison to nano-size HA powder [184,185]. Two composite
materials have been produced by using ZrO2-Al2O3 system: zirconia toughened alumina
(ZTA) and alumina toughened zirconia (ATZ) [186–191]. The ZTA ceramic composites with
0.5 wt % MgO content exhibited the best attributes, such as a fracture toughness value of
9.14 MPa·m0.5 and a hardness value of 1591 HV. Similarly, the effect of TiO2 phase composi-
tion and mechanical properties of Ca-TZP (calcium stabilized tetragonal zirconia) ceramic
have been observed, with fracture toughness values up to 9.1 MPa

√
m after reinforcement

with TiO2 in the range of 0.5–0.65 mol % [192].
A great research effort for the reinforcement of bioceramics with carbon fibers (CF) has

been established, due to their excellent biocompatibility and mechanical properties [193–195].
The addition of CF to HA matrix effectively improves the bending strength and frac-
ture toughness of HA [177,196]. ZrO2-HAp composites (40 and 60 vol % of ZrO2) were
fabricated and evaluated, demonstrating the reinforcing effect of ZrO2 [174].

3. Toughening Strategies for Bioceramic Composites

The brittleness of bioceramics significantly limits their applications because in addition
to strength, adequate toughness is required to sustain the biomechanical loads [86].

Any crystallographic defect or irregularity within the crystal structure represents the
main cause for dislocations, the mechanisms of which are related to the Peierls–Nabarro
(PN) barrier energy that defines the fracture toughness of a material [197].

Metals contain mobile dislocations, leading to local plasticity and desirable tough-
ness [197,198], while ceramics are characterize by the immobility of dislocations and low
fracture toughness, especially at room temperature [199]. In this respect, the high-strength
ionic bond typical for ceramic structures plays a crucial role, limiting atomic slip systems.

The mechanical performance of bioceramics is closely related to several factors, in-
cluding microstructure, chemical composition, ionic impurities, and structural defects.
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The strategies to improve the toughness or fracture strength of ceramics refer to the capac-
ity to control or limit the propagation of cracks along the powder particles and grains.

Several methods have been reported to improve the toughness of ceramics, including
crack-bridging, crack-deflection, microcrack-induced toughening, generation of phase
transformations, and reduction of the defect size (Figure 2).

Figure 2. Different strategies to improve the toughness of bioceramics.

Moreover, the basic scaffold structure can be combined with polymer coatings, or
interpenetrating polymer-bioactive ceramic microstructures can be formed to improve the
toughness of the ceramic as a simple and effective approach [200].

3.1. Phase Transformation

Toughening phenomena related to phase transformation are well known for zirconia-
containing composites, where the phase transition from the tetragonal to monoclinic phase
is the essential mechanism behind the enhanced toughness of zirconia used for the devel-
opment of dental and orthopedic implants. This approach is based on stress induced phase
transformations, which are mainly responsible for microstructural additional compressive
stresses during the propagation of cracks, which increase the crack growth resistance KIc.

Similar to precipitation hardening, the stabilization of particles in a metastable and
thermodynamically unfavorable state requires overcoming an energy nucleation barrier.
In this case, the modulation of particle volume can be achieved by the application of
adequate tensile stress at the crack tip. Phase transformation is initiated by the presence
of sufficiently large elastic energy. As the particle was metastable prior to the transforma-
tion, the decrease in stress due to an increase in volume does not hamper the process of
transformation [201]. Moreover, compressive stress in radial direction and tensile stress in
circumferential direction around a particle are superimposed to the external load during
the transformation. These compressive residual stresses may result in the reduction of
stress on the crack and hence may partially or completely close the crack. In addition, as
the tensile stress is applied in circumferential direction around a particle it can generate
microcracks, further leading to the dissipation of energy [202,203].

The stress induced transformation is also related to the free enthalpy reduction [204].
The addition of hydrostatic tensile stress strongly decreases the enthalpy of the phase with
a larger volume. This, in turn, increases the driving force for the transformation, enabling
the particle to overcome the nucleation barrier [205,206].
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3.2. Defect Size Reduction

The main limitation of bioceramics’ mechanical properties is related to their brit-
tleness [207–209]. Ceramics generally exhibit higher compressive strength than tensile
strength, essentially due to limitations in stress concentrations and crack propagation
when micropores are flattened instead of dilated [210]. Bioceramics are characterized by
very limited strain to failure and toughness, compared with ductile material counterparts
(e.g., metals, polymers). Tensile stress could cause a fracture to propagate through the
material, often causing failure in ceramic material.

Many defects can occur during the production, finishing, and application of ceramic
because of the foreign particles, porous regions, or large grain sizes (Figure 3) [211].

Figure 3. Different types of processing-derived defects in bioceramics.

A great research effort has been dedicated to the design of ceramic microstructures
with increased toughness and damage tolerance. In this context, the reduction of defect
sizes can also be obtained by the incorporation of various ions such as nickel, silver,
tantalum [212], and strontium [212–214].

Some requirements for reducing the size of defects include an efficient, fast, and
reliable fine grinding, a compact design, and the versatility of the process [215].

The fracture mechanics of bioceramics is mainly affected by the powder particle size
distribution. Grain size is usually tuned towards monomodal or multimodal distributions,
in order to increase the packing density of particles [216]. It was reported that the largest
grain may control the size of largest flaw [217]. Alternatively, grain size can be measured
at the fracture origin [218]. The microstructure is affected by multiple factors (e.g., powder
impurities, thermal treatments of powders, sieving size), complicating the possibility to
understand the role of each factor [24]. This methodology has been in use for the production
of ceramics to obtain a more homogenous microstructure [219–221].

3.3. Crack Deflection

The propagation of cracks in bioceramics is a critical issue that can cause sudden failure
of large structures. Crack deflection can be used as a strategy to increase the toughness of
bioceramics. Some local areas in the bioceramics exhibit low resistance to crack propagation,
resulting in crack deflection [222]. In particular, when a crack is deflected, the surface of
the crack increases, leading to more energy required for crack propagation and an increase
of fracture toughness [221,223]. The prediction of a crack path as the crack approaches
a fiber can be based on an energy criterion or a stress criterion [217,219,220,224–227].
Young’s modulus mismatches are also reported as mechanisms of crack deflection [211].
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The microstructural paths for crack propagation in bioceramics generally reflect the grain
boundaries [211,217,228–230].

The evaluation of crack deflection by disks, rods, and spheres [217] showed that
(1) increased toughness as a result of crack deflection is dependent on particle shape and
volume fraction, and is independent of particle size [231]; (2) a rod-shaped morphology
is the most effective, followed by disk and sphere, for increasing the toughness [232].
An increase in volume fraction of up to 20% increases the toughness, however, very little
increase was observed with a higher volume fraction.

The toughness significantly increases when using rods compared to toughness without
deflecting particles [226,233]. Another cause of crack deflection is partial bridging by grains,
occurring when a grain/whisker causes the deflection of a crack around it, hence leaving
the grain/whisker to bridge the crack [234].

Interactions between crack bridging and crack deflection in silicon nitride containing
rod-shaped grains and whiskers toughened alumina were observed, demonstrating that
crack deflection is crucial for the development of crack bridging [235].

3.4. Microcrack Formation and Crack Branching

Stress-induced microcrack formation and crack branching represent irretrievable
deformation phenomena associated with energy dissipation [151,236]. Microcracks appear
to debond at a poorly bonded matrix particle interface [237,238]. The stress energy near
the tip of the fracture can result in the formation of micro cracks at weak areas in the
bioceramic, for example, due to the undesired orientation of grain boundaries.

It was observed that a microcrack can decreased crack resistance at the macrocrack tip,
which encourages crack progression [239]. The microcrack’s effect on fracture propagation
can be examined in two ways: energy dissipation owing to microcrack generation [170] and
change in local stress intensity factor by simulating the interaction of microcracks with the
main cracks [240,241]. The crack shielding phenomena has a role in microcrack toughening
because of two aspects: the material’s lower elastic modulus as a result of microcracking
and the microcracking-induced dilatation [242].

3.5. Crack Bridges Formation

A variety of reinforcing phases can improve the fracture toughness of bioceramic
composites. The reinforcement in this case bridges the crack surfaces that effectively pins
the crack and increases resistance for any further extension of the crack [243]. It was
observed that these reinforcing phases bridge the crack in the region behind the crack
tip [243]. When the two opposing crack surfaces interact during crack propagation, an
increase in energy dissipation occurs during the propagation of a crack.

This behavior was observed in coarse-grained microstructures with intercrystallite
crack propagation [243,244]. Different varieties of ceramic whiskers (high-strength crystals
with length/diameter ratios of 10 or more), particulates, or fibers can be added to the
matrix material of the host in order to generate a composite that can improve fracture
toughness. This reinforcement strategy relies on two different mechanisms: (i) the pres-
ence of additional particles or fibers represents a deflection stimulus for opening cracks,
against its propagation [238,245,246]; (ii) in case of weak bonds between the matrix and
reinforcement phase, crack propagation energy can be absorbed by pulling out the fiber
from its original location, thus preventing crack propagation by forming a bridge in a crack
and holding the two face together [247].

3.5.1. Particles

Crack bridging is generally induced by the addition of particles that can confer ductile
behavior (e.g., particles with lower Young’s Modulus), as in this condition, additional
work is required to achieve deformations and crack propagation [248]. Moreover, the
addition of ductile particles in bioceramics can also significantly increase their fracture
toughness by forming crack bridging behind the crack tip via a discontinuous but strong
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reinforcing second phase that imposes a closure force on the crack [249]. The mathematical
description of non-linear fracture processes and stress transfer across cracks was proposed
in the Dugdale–Barenblatt model, useful for estimating the effect of particles addition in
increasing toughness [250]. This model encounters the behavior of crack extension when
intersecting the particles: the primary crack propagation is impeded by particles, thus
retarding its interaction with the surrounding cracks [246].

The doping of HA with strontium-doped particles can improve the mechanical prop-
erties [213,214]. The compressive strength was improved from 50 MPa to 66.57 MPa up to
5 mol % Sr/(Sr + Ca) doping [251]. The incorporation of Sr2+ in HA lattice replaces Ca2+

with Sr2+ and form a Ca10−nSrn(PO4)6(OH)2 (Sr-HA). This decreases the crystallization
size and crystallization rate of HA and changes the lattice constant.

The addition of titanium particles was also proposed as a promising approach to
improve the mechanical properties [252]. Titanium and its alloys are considered as some of
the most attractive and important materials due to their unique properties, such as high
tensile strength, resistance to body fluid effects, flexibility, and high corrosion resistance.
They exhibit a unique combination of strength and biocompatibility, which makes them
suitable for biomedical applications. Commercially pure titanium (c.p. Ti) is prominent in
dental implants and Ti-6Al-4V is dominant in orthopedics applications [253].

3.5.2. Whiskers

A whisker is a single crystal in the form of a fiber. Whiskers can be considered as a
sub-group of random fibers, possessing shorter lengths compared to conventional fibers.
They are defect free and thus stronger and stiffer than fibers. Due to these properties,
there is a more pronounced difference in the mechanical properties of a whisker when
compared to bulk materials [254,255]. Materials are crystallized on a very small scale for
the production of whiskers. Internal alignment within each whisker is observed to be
extremely high. The processes that cause toughening in whisker-reinforced ceramics are
considered to be fundamentally similar to those in ceramic matrix reinforced with aligned
continuous fibers [256–258].

3.5.3. Nanosheets

Recently, regenerative medicine focused on the nanosheets applications owing to
their excellent biocompatibility and unique mechanical and physicochemical properties.
Two-dimensional (2D) structures of nanosheets (e.g., 1–100 nm thickness) are characterized
by a large surface-to-volume ratio, ultrathin structure, and enhanced mechanical strength,
which can be substituted with a large number of functional biomolecules [259–261]. They
express a greater ability to interact with polymers through hydrophobic interaction, Van
der Waals force, physical adsorption, and electrostatic attraction. The mechanical strength
and biocompatibility of scaffolds can be improved by combinations of nanosheets with
ceramics polymers [262].

Nanosheets are categorized into monolayered hydroxide nanosheets (MLDHs), poly-
meric nanosheets, metallic nanosheets, and nonmetallic nanosheets. Metallic and non-
metallic nanosheets are used for tissue engineering. They have desirable features for tissue
engineering, such as biocompatibility, mechanical strength, and photothermal and colloidal
stability [78,145,263,264]. Molybdenum disulfide (MoS2), manganese dioxide (MnO2), and
magnesium phosphate (MgPO4) are frequently used metallic compounds, while the com-
monly used non-metallic components include graphene (GN), graphene oxide (GO), and
black phosphorus (BP) [262,265].

Graphene oxide nanosheets (GOns) have improved mechanical ability, a large surface-
to-volume ratio, protein adsorption, and biocompatibility, all of which are important
properties required in tissue engineering [266]. Surface roughness, protein absorption,
hydrophilicity, and cell adhesion can be improved by adding extracellular matrix (ECM)
components such as Col and HAp to the above nanostructured composites [267].
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Molybdenum disulfide (MoS2) nanosheets exhibit excellent mechanical properties,
including 300 GPa Young’s modulus, a tensile strength of over 23 GPa, and excellent elas-
ticity [266,268]. Graphene nanosheets are mostly used to strengthen HAp scaffolds. After
nanosheets were incorporated into the scaffolds, the elastic modulus of the composite was
increased by 40% to 141 ± 8.50 GPa and the fracture toughness was increased by 80% to
1.06 ± 0.03 MPa [269]. Plasma spray was used to create a graphene nanosheet (GNS) rein-
forced HA on Ti6Al4V substrate. The resulting GNS/HA composite coating has increased
strength and toughness, with ~32.3% and ~54.7%, increases in fracture toughness and
indentation yield strength, respectively [68]. The composite coating’s improved strength
and toughness were attributed to synergetic toughening and strengthening mechanisms
such as load transfer, graphene nanosheet (GNS) pull-out, GNS inter-layer sliding, crack
branching, and GNS bridging. Moreover, the frequent crack deflection when a crack comes
into contact with GNS could tailor the trade-off between strength and toughness through
crack branching and GNS bridging [68].

3.5.4. Fibers

Fibers in ceramic matrix composites (CMC) help increase the fracture toughness, due
to their excellent mechanical properties [270]. Different types of fibers on the basis of length,
i.e., particulates and fiber network, continuous fibers, and short fibers, can be used for the
processing of ceramic matrix composites. For bridging by brittle short fibers, an increase
in interfacial shear forces is observed until it either causes the particle to break or debond
from the matrix. This interfacial debonding, when followed by the subsequent frictional
pulling out process, has a great impact on the toughness of the material. Hull and Clyne
(1996) expressed the fracture energy related to fibers pull-out with the following formula:

ΔGPULL−OUT =
∫ l

0

Nπrx2τi
l

dx =
Vf l2τi

3r
(1)

where G represents the interfacial shear strength, r is fiber radius, l is pull-out length, and
N is the number of fibers per unit area.

In bioceramics, the mechanism for fiber reinforcement involves fiber bridging the
crack after its appearance due to stress, impeding its further propagation. Furthermore, the
frictional sliding of fibers against the matrix during pullout further consumes the applied
force that results in increased fracture toughness. The addition of different types of fibers
(e.g., carbon, e-glass, aramid, and polyglactin) increased the strength of bioceramics and
resulted in an increase of approximately two orders of magnitude in the fracture work [271].

Carbon fibers are the preferred choice among researchers compared to all other types
of fibers due to their high strength-to-weight ratio, thermophysical properties, sorption,
and high elastic modulus [272]. Carbon fibers are crystalline filaments of carbon that have
a regular hexagonal pattern of carbon sheets. Moreover, due to their inherent biocompati-
bility (in vivo and in vitro), they are extensively used in the production of artificial heart
valves, purulent wounds, in the treatment of bone fractures, and for making bio compos-
ites. Carbon fibers are produced by high temperature conversion during the pyrolysis of
carbon-rich precursors.

The fracture toughness of bioceramic composites can be increased by adding carbon
fibers. A 300% increase in fracture toughness of alumina-single-walled carbon nanotubes
(SWCNTs) composites was reported [221]. In another report, a 69% improvement in
fracture toughness for silica-CNT composites by loading only 0.05 wt % CNTs was ob-
tained [273]. A significant increase in the fracture toughness of BaTiO3-CNTs composites
was described when loading 0.5, 1, and 3 wt %, respectively [274]. Wang also reported
a moderate improvement of 15% for ZrB2-SiC-multi-walled carbon nanotube (MWCNT)
nanocomposite (2 wt %) [275]. He successfully manufactured composites comprising of
micrometer-sized carbon fibers (CFs) and also made biocompatible nanocrystalline calcium
hydroxyapatite that contained carbon fibers by 1.0, 2.0, and 5.0 wt %. Moreover, he re-
ported the manufacturing of a HAp-carbon fiber composite via hot pressing by using high
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temperature, pressure, and argon atmosphere. The resulting bioceramic composite had
improved fracture toughness and strength [276]. In another instance, the microabrasion
resistance of carbon fiber based reinforced and non-reinforced hydroxyapatite was worked
on. Commercial grade Hap and carbon fibers were used by hot pressing. The researchers
used a temperature of 1000–1150 ◦C and 25 MPa pressure with 15 min pressing time in an
argon atmosphere. Most researchers have used the microhardness indentation method to
the measure fracture toughness (KIc) of carbon-based bioceramic composites due to the
small sample sizes [277].

A chemical treatment performed to activate the fiber surface to improve the adhesion
adhesion with surrounding matrix concerned the conditioning of the fibers surface, using
molecules such as carboxylic acid, sulfuric acid, nitric acid, alkali, formaldehyde, and
isocyanate [276,278–281].

The main drawbacks associated with the use of fiber-reinforced bioceramics include
the tendency of fibers to agglomerate due to their high Van-der-Walls forces of interaction
among carbon particles and light weight, and the low interfacial adhesion between the
fibers and the matrix. This tendency to agglomerate has obstructed their application
in various fields. In this context, surface functionalization/modification processes that
can reduce this agglomeration tendency and increase the fiber–bioceramics interfacial
adhesion through covalent or ionic bonding were proposed [276]. Several functionalization
strategies were reported for fibers, including wet oxidation (oxidation using potassium
permanganate, hydrogen peroxide, sulfuric acid, nitric acid, etc.), dry oxidation (oxidation
by using plasma, air, ozone, etc.), surface adsorption, and encapsulation [282].

The oxidation of carbon fibers can be carried out in both wet and dry conditions [282].
Strong acids, such as H2SO4, HNO3 or a mixture of the two with a strong oxidant, i.e.,
KMnO4, is used for the wet oxidation of CFs and ozone or reactive plasma is used for the
oxidation of CFs in dry conditions. Wet oxidation is the most cost-effective process for the
surface modification of CFs. A few studies have indicated that the addition/activation of
some functional groups on CF surface favors the bonding between bioceramics and carbon
fibers; in particular, defects caused by oxidants on the surface of carbon fibers are stabilized
by bonding with hydroxyl (-OH) or carboxylic acid (COOH) [282,283].

4. Processing Approaches towards Ceramic Toughening

Several approaches have been developed to improve the mechanical properties of
bioceramics [26]. The accurate processing of toughened bioceramic composites involves
many steps, from raw materials to the semi-finished processing, including the synthesis of
powders, controlled drying, calcination, the debonding of organic components, the addition
of second phases, and thermal sintering [284]. The intrinsic features of the ceramic powders
significantly influence each physical (e.g., density, porosity), microstructural (e.g., shape
of grains, grain size, grain boundaries), mechanical (e.g., strength, hardness, toughness,
resistance to fatigue failure,), and chemical (e.g., dissolution, hydrolysis) property of the
final bioceramic composite scaffold.

Essential criteria for the effective preparation and reinforcement of bioceramic compos-
ites are the homogeneous mixing of the matrix and reinforcement phase and a controlled parti-
cle size distribution to optimize the packing density of particles while avoiding agglomeration.

The preparation of powders involves several approaches, classified into dry and
wet chemical methods. The formulation technique has a significant impact on surface
characteristics, powder morphology, stoichiometry, and crystallinity. Dry methods involve
three main types of chemical reactions: thermal decomposition, oxidation/reduction,
and solid-state reactions. In contrast, various methods can be used for the liquid or
wet reaction of bioceramic powders such as hydrothermal synthesis, precipitation, liquid
drying, and sol–gel synthesis [24,285]. The preparation of bioceramic powders, in particular
hydroxyapatite, mainly involves wet chemical methods, especially hydrothermal synthesis
and solid-state reactions [286].
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A promising approach for the toughening of bioceramics is the addition of carbon
fibers into the matrix. The manipulation of carbon fibers can be performed by the solu-
tion powder mixing technique to prepare polymer–carbon composite materials [287] or
biomimetic mineralization to improve the biocompatibility and bone inductivity [83,288].

The consolidation of bioceramic scaffolds is modulated by thermal treatments capable
of improving the interactions among the particles. Sintering is a high-temperature treatment
that can compact the ceramic particles of a pre-shaped green body or powder to consolidate
a solid structure [289]. The major goal of sintering is the densification; fine and uniform
microstructure and bioceramics are typically sintered at temperatures ranging from 500
to 1200 ◦C. The high temperature of sintering provides adequate energy to force material
transport processes such as the migration of grain boundaries via the diffusion of atoms or
evaporation–condensation phenomena, with the aim of reducing the superficial energy
of ceramic particles and eliminating the pores [290]. The sintering can be performed in
different atmospheres, including inert gas or air [291].

Semi-finished processing techniques for bioceramic composites involve a myriad of
techniques, including hand layup, spray up, injection molding, resign transfer molding,
compression molding, filament winding, and pultrusion, according to the type of filler
(particles, whiskers, and fibers) [175,176].

A recently reported approach also explored the possibility to increase the toughness of
bioceramics by introducing a large and controlled density of dislocations, thus leading to
local plasticity [292]. It was observed that conventional sintering, the standard densification
method for ceramics, actually yields ceramics virtually free of dislocations and dislocation
sources. In other words, the brittleness of ceramics appears as merely a consequence of the
established conventional production method.

5. Conclusions

The limited toughness of bioceramics highlights a relevant clinical need, especially
when the regeneration of load-bearing bone portions is required. Despite the multitude of
approaches that have been explored in the past decades, further research is still needed
to improve the performance of sintered bioceramics for clinical use. In particular, fiber
reinforcement is a promising approach, even though some critical issues still remain,
mainly related to the achievement of a strong interface between fibers and the surrounding
matrix and to the thermal fiber decomposition. In this respect, processes based on the
activation of the fibers’ surface or dislocation-toughening have been proposed and are
promising for improving the reinforcement–matrix interface. Relevant research targets for
material scientists in the future will be to focus on new forming processes that can generate
reinforced ceramics with tailored porous architecture, thus enabling advanced applications
in bone surgery.
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nanostructures for biomedical applications. Nanotechnology 2015, 26, 062002. [CrossRef]

254. Milewski, J.V. Whiskers and short fiber technology. Polym. Compos. 1992, 13, 223–236. [CrossRef]
255. Jones, R.M. Mechanics of Composite Materials; CRC Press: Boca Raton, FL, USA, 2018.
256. Belitskus, D. Fiber and Whisker Reinforced Ceramics for Structural Applications; CRC Press: Boca Raton, FL, USA, 1993.
257. Hillig, W. Strength and toughness of ceramic matrix composites. Annu. Rev. Mater. Sci. 1987, 17, 341–383. [CrossRef]
258. Wereszczak, A.A. Toughening Mechanisms in Whisker/Short Fiber–Reinforced Ceramic Matrix Composites at Elevated Tempera-

tures. Ph.D. Thesis, University of Delaware, Newark, DE, USA, 1992.
259. Miyamoto, A.; Lee, S.; Cooray, N.F.; Lee, S.; Mori, M.; Matsuhisa, N.; Jin, H.; Yoda, L.; Yokota, T.; Itoh, A.; et al. Inflammation–free,

gas–permeable, lightweight, stretchable on–skin electronics with nanomeshes. Nat. Nanotechnol. 2017, 12, 907–913. [CrossRef]
260. Phakatkar, A.H.; Shirdar, M.R.; Qi, M.-L.; Taheri, M.M.; Narayanan, S.; Foroozan, T.; Sharifi-Asl, S.; Huang, Z.; Agrawal, M.;

Lu, Y.-P.; et al. Novel PMMA bone cement nanocomposites containing magnesium phosphate nanosheets and hydroxyapatite
nanofibers. Mater. Sci. Eng. C 2020, 109, 110497. [CrossRef]

261. Wu, J.; Cao, L.; Liu, Y.; Zheng, A.; Jiao, D.; Zeng, D.; Wang, X.; Kaplan, D.L.; Jiang, X. Functionalization of silk fibroin electrospun
scaffolds via BMSC affinity peptide grafting through oxidative self–polymerization of dopamine for bone regeneration. ACS Appl.
Mater. Interfaces 2019, 11, 8878–8895. [CrossRef] [PubMed]

262. Li, X.; Zhao, Y.; Li, D.; Zhang, G.; Long, S.; Wang, H. Hybrid dual crosslinked polyacrylic acid hydrogels with ultrahigh
mechanical strength, toughness and self–healing properties via soaking salt solution. Polymer 2017, 121, 55–63. [CrossRef]

263. Fujie, K.; Yamada, T.; Ikeda, R.; Kitagawa, H. Introduction of an ionic liquid into the micropores of a metal–organic framework
and its anomalous phase behavior. Angew. Chem. 2014, 126, 11484–11487. [CrossRef]

264. Peng, S.; Cao, L.; He, S.; Zhong, Y.; Ma, H.; Zhang, Y.; Shuai, C. An overview of long noncoding RNAs involved in bone
regeneration from mesenchymal stem cells. Stem Cells Int. 2018, 2018, 1–11. [CrossRef] [PubMed]

265. Fujie, T.; Ricotti, L.; Desii, A.; Menciassi, A.; Dario, P.; Mattoli, V. Evaluation of substrata effect on cell adhesion properties using
freestanding poly (l–lactic acid) nanosheets. Langmuir 2011, 27, 13173–13182. [CrossRef] [PubMed]

266. Feng, L.-L.; Yu, G.; Wu, Y.; Li, G.-D.; Li, H.; Sun, Y.; Asefa, T.; Chen, W.; Zou, X. High–index faceted Ni3S2 nanosheet arrays as
highly active and ultrastable electrocatalysts for water splitting. J. Am. Chem. Soc. 2015, 137, 14023–14026. [CrossRef] [PubMed]

267. Saranya, N.; Moorthi, A.; Saravanan, S.; Devi, M.P.; Selvamurugan, N. Chitosan and its derivatives for gene delivery. J. Biol.
Macromol. 2011, 48, 234–238. [CrossRef]

268. Feng, P.; Kong, Y.; Yu, L.; Li, Y.; Gao, C.; Peng, S.; Pan, H.; Zhao, Z.; Shuai, C. Molybdenum disulfide nanosheets embedded
with nanodiamond particles: Co–dispersion nanostructures as reinforcements for polymer scaffolds. Appl. Mater. Today 2019, 17,
216–226. [CrossRef]

269. Zhang, X.; Xie, X.; Wang, H.; Zhang, J.; Pan, B.; Xie, Y. Enhanced photoresponsive ultrathin graphitic–phase C3N4 nanosheets for
bioimaging. J. Am. Chem. Soc. 2013, 135, 18–21. [CrossRef]

270. Zhang, C. Understanding the wear and tribological properties of ceramic matrix composites. In Advances in Ceramic Matrix
Composites; Elsevier: Amsterdam, The Netherlands, 2014; pp. 312–339.
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Abstract: The authors report on the manufacturing of mechanically stable β-tricalcium phosphate
(β-TCP) structural hybrid scaffolds via the combination of additive manufacturing (CerAM VPP)
and Freeze Foaming for engineering a potential bone replacement. In the first step, load bearing
support structures were designed via FE simulation and 3D printed by CerAM VPP. In the second
step, structures were foamed-in with a porous and degradable calcium phosphate (CaP) ceramic
that mimics porous spongiosa. For this purpose, Fraunhofer IKTS used a process known as Freeze
Foaming, which allows the foaming of any powdery material and the foaming-in into near-net-shape
structures. Using a joint heat treatment, both structural components fused to form a structural hybrid.
This bone construct had a 25-fold increased compressive strength compared to the pure CaP Freeze
Foam and excellent biocompatibility with human osteoblastic MG-63 cells when compared to a bone
grafting Curasan material for benchmark.

Keywords: Freeze Foam; hybrid bone; biocompatibility; bone replacement

1. Introduction

As reported in the U.S., 7.9 million fractures occur annually, of which 5–10% develop
non-unions and/or delayed unions, which are major sources of complications in the treat-
ment of bone fractures [1]. In 2005, 17 billion dollars in medical costs were attributed
to the treatment of fractures caused by osteoporosis alone. By 2025, costs are estimated
to rise to 25 billion dollars [2,3]. These numbers highlight the importance of achieving
early mechanical stability and load-bearing capability in long weight-bearing bones. For
this reason, the successful treatment of bone defects is of great importance. Vascularity
and mechanical stability need to be taken into account. The “gold standard” of many
surgical techniques used to reconstruct bone for critical-sized bone defects is the use of
autologous bone tissue [4]. However, the use of autografts has limitations, like donor-side
morbidity, additional operations, or limited availability of tissue, as well as geometric mis-
match between the harvested bone and the defect site, which can result in voids and poor
integration [5,6]. Further alternative substitutes are allografts and xenografts [7]. Xenograft
(animal-derived material) approaches often carry risks, like inflammation and rejection of
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the transplant due to physiological incompatibility of animal organs in human beings [8].
Therefore, research activity concerning bone-grafting approaches has shifted from natural
grafts to synthetic bone graft substitutes and the use of biological factors [9]. Among these
materials, next to metals (e.g., titanium, titanium alloys [10]) and bioglasses [11], ceramics
like calcium phosphates (CaP; e.g., tricalcium phosphates (TCP), hydroxyapatite (HAp)) as
well as added active growth factor recombinant human bone morphological proteins (e.g.,
rhBMPs) are the typical materials of choice, either alone or in combination [9,12]. Calcium
phosphate ceramics are among the most commonly used and effective synthetic bone
replacement materials. For example, β-tricalcium phosphate (β-TCP) is osteoconductive
and is integrated into the bone without a disturbing connective tissue layer [13,14]. This
property combined with its cell-mediated resorption enables the complete regeneration of
bone defects. Pores and especially micropores (0.1 to 10 μm) promote bone ingrowth and
can give β-TCP osteoinductive properties [13,15–18]. From this, it can be deduced that the
bone implants should have similar properties, in terms of porosity, strength and stiffness,
to the piece of bone to be replaced. If the strength of the implant is too low, there is a
risk that the component will fail after implantation. However, if the strength and stiffness
of the implant is too high, the surrounding bone will degrade. This process is known as
“stress-shielding” and, like component failure, should be avoided at all costs [19,20]. The
compressive strength of spongy bone is between 2–20 MPa, depending on the literature
reference. With regard to porosity, cancellous bone has values between 50–90%, which
explains the low mechanical load capacity. At the same time, however, the bone becomes
light and the pores enable the supply of nutrients to the bone and the removal of metabolic
products [21,22]. The majority of studies on CaP scaffolds focus on bone growth in the
macropores (>100 μm), where bone structures such as osteones and trabeculae can form.
However, more and more studies show that micropores (<50 μm) also play an important
role. Not only do they improve bone growth in the macropores, but they also provide addi-
tional space for bone growth [23]. Bone growth in the micropores offers great mechanical
advantages in CaP scaffolds, as it optimizes the properties of otherwise brittle materials by
further stabilizing the implant and improving load transfer.

To date, specific material combinations have been examined in order to combine the
tissue engineering advantages of organic materials with the mechanical load resistance of
inorganic materials. Examples of such composite biomaterials are given in [24] and [25].
The latter reports on inorganic-organic hybrid scaffolds. Polyethylene glycol (PEG) and
star poly(dimethylsiloxane) were mixed with bone-like matrices collagen type I, CaP, and
osteocalcin, indicating that developed hybrid gels may prove promising for osteochondral
regeneration. However, the compressive strength was limited by these polymers. In
addition, no specific 3D construct was achievable. Ref. [24] reports on the fabrication
of porous SF/β-TCP hybrid scaffolds for bone tissue reconstruction by a freeze-drying
process. The manufactured scaffolds demonstrated high porosity (>60%) with good inter-
pore connectivity and showed good biocompatibility. However, compressive strength and
modulus were relatively low (<1 MPa), and no complex 3D scaffold was achieved.

Before the development of additive manufacturing technologies, ceramic bone re-
placement structures were usually manufactured using so-called dip coating processes in
order to be able to approximately reproduce the filigree and highly porous structures [26].
Foams made of polyurethane, for example, serve as a lost form in this process. The polymer
foam is cut to size and dipped into a ceramic slurry, which penetrates the pores. In a
subsequent processing step, the foam mold is then burned out, and the scaffold is sintered.
Although this approach can be used to produce highly porous structures, the resulting
geometry is not greatly influenced but is rather predetermined by the (PU)foam. This
disadvantage is overcome by the use of specific direct foaming or additive manufacturing
technologies, since the mold geometry can be specifically modeled or is not needed at
all. An example of an additively manufactured SiO2- and zinc-doped β-TCP scaffold is
given in [27]. Although the results indicate that addition of dopants to the TCP scaffolds
enhanced early stages of bone formation and implant fixation when compared to pure
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TCP alone in a rabbit tibia model, the compressive strength of the achieved scaffolds only
amounted to around 6 MPa.

The human bone consists of a dense and solid outer shell (Substantia corticalis) and
an inner porous filling (Substantia spongiosa). In order to be able to reproduce such bone
architectures with different structures, which could be used as implants in the future,
two technologies were recently intelligently combined. The outer shell of the bone was
produced using a commercial three-dimensional (3D) printer, and the sponge-like inner
bone structure was reproduced by a ceramic foam [28,29]. For the foam production, so-
called Freeze Foaming was used. In this approach, in a freeze dryer, the ambient pressure
around an aqueous ceramic suspension is lowered, causing the suspension to first foam
and then to suddenly freeze. Ongoing pressure reduction lets the frozen water sublimate,
i.e., it evaporates without becoming liquid beforehand. A subsequent heat treatment
produces a solid ceramic foam. In the next step, the porous bone-like structures are fitted
to a customized, complex outer ceramic shell and, thereby, made mechanically more stable.
This is where additive manufacturing (AM) comes into play. One of the best-known
processes in AM is the conventional stereolithography (SLA) process. This process basically
allows photopolymerizable suspensions, which are filled with ceramic particles, to be cured
by a UV laser. Today, the commercially available material portfolio using lithography-based
ceramic manufacturing (LCM) for high-performance components also works with β-TCP,
thus playing a role in this contribution. The LCM technology as a projection-based (PSL)
top-down process with a light source in the blue range (452–465 nm) is representative
of the so-called ceramic additive manufacturing vat photopolymerization (CerAM VPP)
process (Ceramic Additive Manufacturing Vat Photopolymerization). This allows a digital
micro-mirror unit, which splits a light beam into individual pixels and then projects a
digital image pixel-by-pixel onto the building platform. This makes it possible to image
the entire contour of the component cross-section without a mask. Thus, layer by layer,
a complex 3D structure is created. In a last hybridization step, the two methods can be
combined to produce porous-dense, graded, structural hybrids by a joint sintering process.
However, it is possible to not only foam within additively manufactured structures but
also to foam them in. This solution makes it possible to provide a porous and sponge-like
scaffold as the lead structure for cells to grow into, and at the same time, AM parts serve as
load-bearing support structures. In this current study, advanced scaffolds made of β-TCP
were manufactured and analyzed in terms of their biocompatibility in vitro and in vivo and
tested for their mechanical behavior. The authors postulated that such a complex inorganic
hybrid structure, due to the combination of load-bearing support and porous cell-ingrowth-
allowing interior, will eventually allow the manufacturing of bone-like mechanically stable
implants that are potentially applicable for long-bone defects.

2. Materials and Methods

2.1. Freeze Foaming

Hydroxyapatite (Sigma-Aldrich, now Merck KGaA, Darmstadt, Germany; BET =
70.01 m2/g, d50 = 2.64 μm) was chosen as the raw material. Prior to suspension, it was
calcined at 900 ◦C for 2 h to reduce the BET (now only 5.9 m2/g). The ceramic suspensions
consisted of water, Dolapix CE 64 (Co. Zschimmer & Schwarz Mohsdorf GmbH & Co.
KG, Burgstädt, Germany) as a dispersing agent, the ceramic powder, polyvinyl alcohol
as the binder and a rheological modifier (Tafigel AP15, Co. Münzing Chemie GmbH,
Heilbronn, Germany) in combination with 2-Amino-2-methyl-1-propanol—AMP (Merck
KGaA, 64,271 Darmstadt, Germany) for pH adjustment. The following processing route
was used: 49 wt.% deionized water, 1.3 wt.% polyvinyl alcoholic binder, hydroxyapatite
and 4.6 wt.% dispersing agent, referring to powder content, were mixed in a centrifugal
vacuum mixer (ARV310, Thinky Corporation, Fukuoka, Japan). To disperse the particles
and reduce agglomeration, the mixture was exposed to a high stirring rate (2000 rpm,
mixing time 1 min, with 3 ZrO2 mixing spheres of 10 mm diameter). The spheres were then
separated, and 1.9 wt.% rheological modifier together with 1.5% wt. AMP was added. To
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distribute the modifier, the suspension was mixed for 2 min at 1500 rpm. Afterwards, the
suspensions were filled into specific molds (see Section 2.3) and transferred to a freeze dryer
(Lyo Alpha 2–4, LSCplus, Co. Martin Christ Gefriertrocknungsanlagen GmbH, Osterode,
Germany) for Freeze Foaming.

Freeze Foaming for In Vivo Studies

For in vivo studies, the potential of using the Freeze Foaming process and manufac-
turing structural hybrids was assessed for the manufacture of artificial rat bones. A femoral
bone from an 11-week-old rat was scanned using computer tomography followed by CAD
file reverse-engineering. From this, a femoral bone segment was chosen, and single Freeze
Foams as well as structural hybrids were manufactured (see Section 2.4). In addition
to using HAp as the initial material, ZrO2 (TZ-3YS-E; Co. TOSOH with a d50 = 0.7 μm)
was used as a bioinert counterpart for manufacturing porous Freeze Foams. In doing
so, we hoped to be able to differentiate between material effects and structural effects
regarding possible in vitro/vivo results. Ideally, the Freeze Foam’s characteristic porous
structure/pore morphology would perform independently from the bioceramic materials.

2.2. FE Analysis and Material Failure Model

For providing a mechanical stability of porous bioceramics sufficient to address
long-bone defects, a support structure is needed. This is offered either by providing
a shell-like structure that mimics a complete artificial corticalis and/or by an outside,
broad, accessible support structure that provides adequate strength. Both approaches are
presented. However, the focus was on an outside accessible support. A simple column
geometry was chosen as such support (Figure 1a, left). Its additive manufacturing by the
VPP process should be uncomplicated and provide required mechanical support as well as
load balance for inside lying foams. A FE (Finite Element) analysis was made (ANSYS v.
2020 R2, ANSYS Inc., Pittsburgh, PA, USA) to approximate mechanical loads appearing in
the structure and, additionally, to identify possible locations of material failure. Therefore, a
geometrical model was created with respect to the existing symmetry conditions (Figure 1a,
right).

  
(a) (b) 

Figure 1. Simple column structure and boundary conditions: (a) column structure (left) for simulation using geometry
regarding symmetry planes (right); (b) boundary conditions (left); meshed geometry (right).

Corresponding boundary conditions were applied to the model (Figure 1b, left),
which implies fixation of translational DOF (Degree of Freedom) in the z-direction at the
bottom face, symmetry conditions in the x- and y-direction and a given displacement
at the top face of the structure. A displacement instead of a pressure load was used to
match experimental conditions where a press specifies a defined displacement, and the
resulting pressure (reaction force) was measured. Displacement values for the model
were selected to achieve reaction forces of about 800 N for 1/4 of the geometry and
3200 N for the complete geometry. This load was well estimated because experimental
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data indeed showed that the full column structure withstood average loads up to 3200 N
(see Section 3.2 on mechanical characterization). Table 1 shows the displacements and
reaction forces used for the simulation. Three load cases were chosen to simulate the
complex deformation of the ceramic VPP structure. Because of the well-known brittleness
of ceramic hydroxyapatite/TCP [30], the load was slowly increased, and the deformation
was determined starting from a 780 N reaction force. Material failure should occur suddenly
at a certain point, as shown by simulation results.

Table 1. The displacement, reaction forces and respective maximum principal stresses used in the
structure.

Load Case Displacement/mm Reaction Force/N Maximum Principal Stress/MPa

1st −0.41 780 61
2nd −0.45 806 80
3rd −0.48 809 128

The chosen material for the model geometry was β-TCP. Young’s modulus can be
assumed to be 5.37 GPa at a porosity of 18% (previously measured [31]). Previously
measured porosities of sintered VPP column structures varied between 5 and 20%, because
process conditions, not yet thoroughly optimized to the β-TCP suspension, led to micro
delamination between layers and/or cavities within the bulk material. For simulations,
a porosity of 5% was selected, representing a stable and load-bearing material. Young’s
modulus, depending on porosity, can be estimated using the following Equation [32]:

E(φ) = E0(1 − 2φ) (1)

where E(0.05) = 7.552 GPa for porosity of 5% (E is Young’s modulus and φ is porosity).
There was no given data for Poisson’s ratio. To be reasonable, 0.22 was chosen. The
model geometry was discretized with a tetrahedral mesh of an appropriate density to get
reliable results for a mechanical solution (Figure 1b, right). It was solved considering non-
linear mechanical behavior (large deflection effects) and a high-resolution load stepping
for simulation runtime to capture complex deformation of the model. Whether those
material failure studies fit the experimental compressive strength tests is further shown in
Section 3.2.

2.3. CerAM VPP

As bioceramic material, the same calcined HAp was used as for the Freeze Foams.
HAp (content: 40 vol.-%) was dispersed in a fluid (polyethylene glycol, Sigma-Aldrich,
now Merck KGaA, Darmstadt, Germany) with a dispersing agent (BYK-Chemie), and
various monomers were used a as binder (a mixture of acrylic resins) and a photoiniator
(combination of a camphor derivate and an amine). A planetary centrifugal high-speed
vacuum mixer (Thinky ARV310, Thinky Corporation, Tokyo, Japan) was used for the
stepwise (three times 5 min at 2000 rpm) preparation of the suspensions. Following CerAM
VPP manufacturing, the column geometry as defined in Section 2.2 was chosen.

2.4. Mold Filling, Hybridization and Part Characterization

For achieving the hybrid parts, cylindrical rubber molds were made, in which the
CerAM VPP parts fit in very closely. In the first step, the ceramic suspension filled the
molds. Then the column structure was pushed into the cavity. All molds were then
transferred to the freeze dryer and foamed at once. A crucial step in creating the structural
hybrids is the adjustment of the shrinkage of the two different structures. At the beginning,
different suspensions were developed having different contents of water, rheological
modifier and binder. With those suspensions, Freeze Foams were manufactured, which
shrank between 30–46% (determined by thermo dilatometry DIL 402 C/7/G Netzsch-
Gerätebau, Selb, Wunsiedel, Germany). The VPP-manufactured column structure shrank
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around 30% altogether. However, it was found that the VPP part shrank around 5.4% at
the beginning of the heating process (the debinding), whereas the foam did not. As a result,
the foams would have shrunk onto the VPP part, leading to a part failure. To compensate
for the overall shrinkage, the VPP columns were pre-sintered prior to being used for in
situ Freeze Foaming. This pre-sintering amounted to a shrinkage of around 5% volume.
Thus, carefully adjusted for shrinkage, the hybrid parts were sintered at 1250 K (+50 K
overheating effect) for 1.5 h. Afterwards, the column-including foams were dismantled
and evaluated regarding porosity and microstructure. It must be noted that, after sintering,
the initial hydroxyapatite was changed to β-TCP. Among many other references reporting
about the transition of HA to TCP during heat treatment, similar Freeze Foams with the
same initial HA powder were analyzed via XRD in a previous work [22], showing the
HAp to TCP transformation. For microstructure analysis, the resulting Freeze Foams were
characterized by SEM (Ultra 55, Co. Carl Zeiss, Oberkochen, Germany). By measuring the
height and diameter of three different foam positions of manufactured Freeze Foams and
deriving the average, geometrical porosities were calculated according to (P = porosity,
ρth = theoretical density, ρbulk = bulk density):

P = 1 − (ρth/ρbulk) (2)

In addition, porosity was determined via a foam structure analysis tool based on com-
puter tomographic images of the manufactured parts. The allocation of that 3D volumetric
pore morphology information (foam cell size) was managed using VGStudio Max v3.0
(Volume Graphics GmbH, Heidelberg, Germany). For X-ray computed tomography, a
CT-Compact (Procon X-ray, max. 150 kV power) was used. The universal electromechanical
testing machine Instron 8562 (Norwood, MA, USA) was used for the compression strength
tests (load cell 10 kN, 1-Taster). To determine the surface roughness, the hybrid foam
samples and the Cerasorb M (Kleinostheim, Germany) control were examined using a
KEYENCE 3D Laser Scanning Microscope VK-X210 (Keyence, Osaka, Japan). The surface
roughness (Sa) was determined using KEYENCE VK analysis software version 3.5.0.0. At
least 3 different samples of each were analyzed. Five different positions were determined
for each sample. The specimens were measured using 400x magnification.

2.5. In Vitro Biocompatibility

For comparison purposes, commercially available β-TCP ceramics, cylindrical Cera-
sorb M moldings with a diameter of 7 mm and a length of 25 mm, were purchased from
Curasan (Kleinostheim, Germany). In all experiments, we used our hybrid foam scaf-
folds, consisting of (TCP) and, for comparison, β-TCP scaffold (Cerasorb M) cubes with
an edge length of 15 mm and regular parallel macropores (1.2–1.4 mm), purchased from
Curasan (Kleinostheim, Germany). Biocompatibility experiments were performed using
the human osteoblastic MG-63 cells (ATCC CRL 1427). The cells were first thawed from
the liquid nitrogen tank (at −196 ◦C) in passage 15 and cultured in a Dulbecco’s Modified
Eagle Medium (DMEM) with an F12 nutrient content and additives consisting of 1% peni-
cillin/streptomycin (P/S) and 10% fetal bovine serum (FBS). Cells were maintained in a
New Brunswick Galaxy 170R incubator (Eppendorf, Hamburg, Germany) at 37 ◦C, with a
CO2 saturation of 5%. The cells were passaged twice a week and then split 1:10 and 1:5. For
all biocompatibility tests and experiments with SBF, the scaffolds were heat-sterilized at
200 ◦C for 4 h in a UF500 drying oven (Memmert, Schwabach, Germany). Each experiment
was repeated 3 times.

2.5.1. Live/Dead Assay

The live/dead examinations were performed after 3, 7, and 10 days. Three samples
per scaffold (DD, Curasan) per time period were placed in cell culture plates. Subsequently,
50,000 cells each, which were in 200 μL of medium, were placed directly onto the samples
and incubated for 2 h at 37 ◦C, with a CO2 saturation of 5% in the incubator so that the cells
could adhere to the surface of the samples. After two hours, 2.5 mL of a DMEM-F12 (Art.
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No. BE12-719F, Lonza, Basel, Switzerland) complete medium was added to each well and
incubated in the incubator for a defined time (3, 7, and 10 days). After this, the samples
were prepared for staining. The staining solution was first prepared by adding 2 mL of
DPBS (Art. No. 14190-094, Gibco, Grand Island, NE, USA) to a Falcon and 4 μL of Ethidium
Homodimer III (Eth D-III) solution. The solution was then mixed. Then, 1 μL of calcein dye
was added and mixed again. Finally, the prepared solution was covered with aluminum foil
due to the sensitive fluorescent dye. For staining after the first cultivation, the medium was
removed, and the cells were washed to eliminate serum esterase activity. Subsequently, the
cells were stained according to the protocol [19]. After incubation, the cells were inspected
under a fluorescence microscope. For evaluation, images were taken with an Olympus
fluorescence microscope (BX51, Olympus, Tokyo, Japan) from five different positions, with
5× and 10× magnification on the scaffolds. Then, the ceramics were cut horizontally and
viewed at the same three positions with the known magnifications. Living cells fluoresced
green under blue light, and dead cells fluoresced red.

2.5.2. Cell Proliferation Assay

Three samples of each of the differently sized scaffolds were examined after 3, 7 and
10 days using the WST-1 test. A NuncTM ThermanoxTM Coverslip (Thermo Fisher Scientific,
Waltham, MA, USA) membrane served as the positive control. All samples and controls
were equally covered with 50,000 cells in 200 μL. The cells were incubated for 2 h at 37 ◦C,
with a CO2 saturation of 5% in the incubator so that they could adhere to the surface of
the sample. At the end of this period, 2.5 mL of the DMEM-F12 complete medium was
added to each sample and incubated. A medium change with the DMEM-F12 with the 10%
FBS and 1% P/S additives was performed for days 7 and 10. The plate from day 3 was
prepared for the WST evaluation. The medium was aspirated, and the wells were washed
three times with PBS. The samples and the Thermanox coverslips were then transferred
to a new well, and then 2.5 mL of the DMEM-F12 phenol red free (Art. No. 11039-021,
Gibco, Grand Island, NE, USA) with the 1% P/S and 1% FBS additives were added to the
wells with the sample (TCP + R). A total of 400 microliters of the medium was added to
the previously used empty sample wells (TCP), positive control (C + R), empty control
well (C+) and the blank. The blank contained only the DMEM medium without phenol
red and was measured to account for background absorption. A 10% WST reagent (Art.
No. 05015944001, Roche, Basel, Switzerland) was added to the corresponding volume of
medium. Thus, 250 μL WST was added to the wells with sample (TCP + R), and 40 μL was
added to the old wells (TCP and C+), the blank wells and the positive control (C+). This
was incubated in an incubator at 37 ◦C for 2 h. After this time, the liquids were transferred
into a 96-well plate. Three times in a row, 100 μL of each solution was added to the wells.
The absorption was then measured at 450 nm using a Spectrostar Nano microplate reader
(BMG Labtech, Ortenberg, Germany). The experiment was performed at least three times
for each time point (3, 7, and 10 days).

2.5.3. Lactate Dehydrogenase (LDH) Assay

The scaffolds for use in the lactate dehydrogenase LDH experiment were seeded
in three 12-well plates. Each experiment assessed three scaffolds from each size, three
Thermanox coverslips each as controls, a positive control, a negative control, and a blank
to account for background absorbance in the ELISA reader. The experiments were repeated
at least three times. A 200 μL cell solution containing 50,000 cells was seeded onto each
scaffold, and a 100 μL cell solution containing 50,000 cells was seeded onto the Thermanox
coverslips and additionally into two empty wells to act as the positive and negative controls,
respectively. One well was left empty for use as a blank. The well plate was placed in
an incubator at 37 ◦C with 5% CO2 for 2 h. Following incubation, 2.5 mL of DMEM-F12
phenol red free with the 1% P/S and 1% FBS additives was added into the samples wells
and negative control wells. Since FBS itself contains LDH, a concentration of 10% in the
medium might have triggered background absorption. Therefore, only a concentration
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of 1% FBS was added to the medium. For the positive controls, 1% Triton X 100 (Art. No.
X100, Sigma Aldrich, Saint Louis, MO, USA) was added to the DMEM-F12 medium with
1% P/S and 1% FBS to 100% to kill the cells. The LDH experiments were carried out at
24, 48 and 72 h following seeding, and the same procedure was repeated at each interval.
Three 100 μL samples were taken from each well into a 96-well plate. An LDH reagent
(100 μL) was added to each well in use, and the plate was incubated in darkness at room
temperature for 30 min. Following incubation, the plate was placed in a Spectrostar Nano
microplate reader, and absorbance was measured at a λ of 490 nm with a reference λ of
600 nm.

2.5.4. GIEMSA Staining

MG-63 cells were seeded onto the samples analogous to Sections 2.5.1–2.5.3 and
stained after 3, 7 and 10 days with GIEMSA solution (GIEMSA Azure Eosin Methylene
Blue, Merck). For this purpose, the samples were washed with PBS and incubated with
1 mL GIEMSA solution (diluted 1:10 with deionized water) for 10 min at room temperature.
Samples were subsequently rinsed with deionized water. Microscopy was performed on
an OLYMPUS SZ-61 stereo microscope.

2.6. In Vivo Preparations

A total of 30 female Wistar rats aged between 12 and 15 weeks were used to test
the TCP implants. They were divided in six groups of 5 rats each. One group was a
negative control (SHAM-surgery without any implant), and the zirconium oxide group
served as a positive control along with the four experimental groups. Before we started,
the animals were housed in the IVC cages, with two daily feedings and water ad libitum, in
the Animal Testing Center of the Fraunhofer IZI. Animals were examined for release 5 days
before surgery. On surgery day, the rats were anesthetized with a fully antagonizable
cocktail containing Medetomidin (0.15 mg/kg), Midazolam (2.0 mg/kg) and Fentanyl
(0.005 mg/kg) i.m. The artificial bones were implanted into a prepared subdermal pocket
of the rat’s flanks and closed with clips. The sham was treated the same way but was
put into the subderm of the flank. The antagonizing was done with a cocktail containing
Atipamezol (0.75 mg/kg), Flumazenil (0.2 mg/kg) and Naloxon (0.12 mg/kg) i.m. On the
surgery day, and up 2 days after this intervention, the rats were treated with meloxicam
0.2–0.5 mg/kg s.c. During the controls on day 2, 7 and 14, the rats were anesthetized
in a box with 2.0–3.0% isoflurane (0.8–1.5 L/min oxygen) and kept in this unconscious
status with 2.0% isoflurane (0.4–0.8 L/min oxygen). On surgery day (day 0) and every
control day, 500 μL of blood was taken to test the liver (ALT, AST, GGT) and kidney values
(Urea, Creatinine). The test was performed by the Clinic for Ungulates of the University of
Leipzig after centrifugation of the blood at 10,000× g for 5 min at room temperature. The
serum was then stored at −20 ◦C. On days 7 and 14, we also took a fine needle biopsy of
the implant location averted from the incision and fixed it with 4% PFA. On day 14, the
animal tests were finalized using deep isoflurane anesthesia. In the following necropsy,
tissue was removed for further investigation from the liver, kidney, spleen implant location
and local lymph nodes of the implant location, which was preserved in 4% PFA. Implants
were transferred into a 15 mL BlueCup with saline, photographed with a Leica camera 2.0
after 1 to 3 h and evaluated semi-objectively according to vascularization/tissue ingrowth,
removability of the tissue and loss of substance/tendency for break using a numerical
system. In the case of an indifferent vascularization/tissue ingrowth, we evaluated two
halves of each of the bones and took the average value.

0 = no
1 = minimal
2 = minimal–moderate
3 = moderate
4 = moderate–high
5 = high
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This semi-objective data and the serum parameters were collected for each group
in an Excel table and evaluated via box-plot. To assess the anticipated differences of
tissue attachment to the porous foam section and the denser, rather smooth CerAM VPP-
manufactured surface, whole artificial rat bones were cut in half. Each half was further
analyzed.

2.7. Statistics

The collected data were analyzed descriptively using SPSS statistics software (Version
25, IBM, Armonk, NY, USA). Based on the raw data, the mean value and the standard
deviation were calculated. The Mann-Whitney U-Test was used to evaluate the differences
between experimental and control samples. p-values < 0.05 were considered to indicate
statistical significance.

3. Results

The subsequent figure shows one exemplary manufactured near-net shaped hybrid
foam (Figure 2a, right side) consisting of the foamed-in additively manufactured support
structures (Figure 2a, left side) and the porous Freeze Foam, which together make up the
support structure case. Figure 2b illustrates the Curasan control. Figure 3 displays the
workflow from the rat bone to the reverse-engineered CAD file to the manufactured single
Freeze Foams and bioceramic artificial corticalis (i.e., corticalis case).

  
(a) (b) 

Figure 2. Overview samples vs. Curasan control: (a) VPP-manufactured column support structure (left)
and hybrid with Freeze Foam enclosing the VPP support (same figure, right); (b) Curasan control.

 

Figure 3. Reverse-engineering workflow from rat bone to a CAD file to the manufactured Freeze Foams and hybrid foams
(artificial corticalis case).
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3.1. Microstructural Characterization

Computer tomographic images of an exemplary hybrid structure confirmed that the
form and material fit between the columns and the foam (Figure 4). From left to right, first
the VPP column and then the hybrid, both in the green state, are displayed, followed by
the sintered hybrid.

 
Figure 4. CT images of an exemplary hybrid structure; from left to right: left: VPP support structure (green state); middle:
hybrid (green state); right: sintered hybrid (A: plan view, B: side view).

SEM images clearly showed the denser VPP-manufactured round column and the
porous Freeze Foam (Figure 5). At the junction between them, several gaps appear. Foam
and the VPP part fused together, but only partially and only in a few spots. However, this
SEM analysis only shows one specific location within one hybrid structure. More hybrids
need to be manufactured and examined to come to a general conclusion.

 

Figure 5. FESEM cross-cutting images displaying interface between VPP-manufactured column and Freeze Foam; magnifi-
cation/HFW 35×/3334 μm (left); 100×/1160 μm (middle); 500×/242 μm (right); 8 kV acceleration voltage.

The gap between column and foam was measured at one location (Figure 6), which
varied between 1 and 13 μm. In general, the column was much denser than the foam, with
macropores of around 100 to <600 μm. A closer look at a higher magnification showed
mesopores of around 1–2 μm in the foam and in the struts (Figures 5 and 6).

One hybrid foam was analyzed in the fractured view (Figure 7). The gap at the
interface between the foam and column is obvious as well as the interconnected pores
in the Freeze Foam. At this location, a higher magnification showed that the material fit
between the foam and the column and formed the TCP microstructure, with mesopores of
around 1–2 μm.
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Figure 6. FESEM image: measured distance in the gap interface of VPP column and Freeze Foam.

 

Figure 7. SEM fractured view of gap interface of VPP column and Freeze Foam: magnification/HFW 26×/4446 μm (left);
100×/1109 μm (middle); 500×/227 μm (right); 6 kV acceleration voltage.

Fractured and cross-sectioned images (Figure 8) once again show a good material
fit between the column and the foam. As stated before, the interface connection was not
thoroughly complete, and its state/appearance depended on the location in the hybrid
(referring to each column and each column length).

 

Figure 8. SEM fractured and cross-section view of gap interface of VPP column and Freeze Foam:
magnification/HFW 35×/3550 μm (left); 100×/1109 μm (right); 8 kV acceleration voltage.

The surface roughness Sa was determined to be 5.99 ± 1.43 μm for the Curasan
control, 3.73 ± 1.94 μm for the outer ceramics (column’s) ring of the hybrid foam and
6.54 ± 2.93 μm for the inner foam structure of the hybrid foams (Figure 9).
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(a) (b) (c) 

Figure 9. 3D Laser scanning image (top) and 3D reconstruction (bottom) of: (a) Curasan control; (b) Hybrid Foam, outer
ceramic ring; (c) Hybrid Foam, inner foam. Images were taken with the KEYENCE VK-X210 3D Laser scanning microscope,
400× magnification.

3.2. Mechanical Characterization and Comparison to FE Simulation

One of the aims of this study was to enhance the mechanical stability of the TCP.
Therefore, Freeze Foams and hybrid foams were tested for compressive strength. The
following table summarizes the compressive strength (relating to the cylindrical cross-
section) and porosity (geometrical and foam cells determined via foam structure analysis
based on CT images) of tested samples (five each, mean values shown in Table 2).

Table 2. Compressive strength of manufactured components (foams, hybrids, and columns).

Sample
Geometrical
Porosity (%)

Porosity of the
Foam Cells (%)

Fmax (N)
Compressive

Strength (MPa)

Freeze Foam 80 ± 0.5 76.1 ± 1.4 101 ± 53 0.9 ± 0.5
Hybrid Foam 74.4 ± 0.5 69.9 ± 0.9 2641 ± 452 23 ± 4
VPP Column 16.5 ± 0.7 * 3199 ± 831 31 ± 8

Curasan 55 ± 2 * 693 ± 89 3 ± 0.4
* Archimedes method.

Freeze Foams and hybrid foams exhibited similar porosity. However, the hybrid’s
compressive strength was 25 times higher (23 MPa) than the Freeze Foam alone (0.9 MPa).
Surprisingly, the VPP columns alone showed an even higher compressive strength. Those
values lie, however, within the standard deviation. It must be noted that the standard
deviation was quite large. There were microdefects leading to failures in the macrostructure
and/or the loaded surface was not plane, leading to varying forces upon contact with
the compression stamp. The Curasan component provided the lowest porosity of all CaP
scaffolds and showed much lower compressive strength than the hybrid foam (roughly
one-seventh).

For interpretation of the simulation results, the maximum principal stress was consid-
ered because of the known brittleness of the support structure’s ceramic material. Tensile
load cases are critical for ceramics. Results of the first load case (Figure 10a) showed the
largest maximum principal stress at the ringed segments. Maximum tensile stress appeared
at the bottom surface of the top ring at around 61 MPa. Its origin can be assumed by the
expansion of the rings by given external loads. This leads to an increase of a tangential
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component of normal stress in the ring. For the first load case, a reaction force of 780 N was
considered. In experiments, a structural failure occurred at an average load of 3200 N for
the support structure. This corresponds to 800 N for one-quarter of the structure. Therefore,
reaction force was increased for the second load case, up to 806 N (results displayed in
Figure 10b). The largest maximum principal stress reached 80 MPa. Maximum tensile
stress appeared at the same location, similar to the first load case. However, in the middle
region of the columns (front), a tensile stress suddenly evolved, which was likely due to the
buckling sensitivity of the support structure. At a certain uniaxial load, the structure will
collapse because of buckling if the tensile strength of the bulk material is larger compared
to this. In the third load case, the reaction force was increased to 809 N. Results are shown
in Figure 10c. In this load case, the maximum tensile stress appeared in the middle of the
columns at 128 MPa. The maximum principal stress was also high in the ring segments but
not at this level. This led to the conclusion that, in third load case, the structure started to
collapse by buckling. In Figure 11, a comparison of the three load cases for the maximum
principal stress is shown. This figure clearly demonstrates the buckling sensitivity of the
support structure. Between the first and the second load cases, the axial force was increased
by 26 N.

 
(a) 

 
(b) 

 
(c) 

Figure 10. Results of analysis for the maximum principal stress: (a) @780 N load; (b) @806 N load;
(c) @809 N load.
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Figure 11. Comparison of uniaxial load sets (deformation shown in true scale).

This contributed to an expected increase of the maximum principal stress in the ringed
segments but also led to an increase of tensile stress in the column of the structure. From
the second to the third load case, a further small increase of axial force of 3 N significantly
changed the load conditions. In the center region of the columns, maximum principal
stress grew proportionally. The location of the maximum tensile stress changed from the
ringed segments to the center region of the columns.

In Figure 12, experimental observed defects of the broken columns are shown. The
red marked defects (primary defects) show those defects that initially occurred during
experimental compression testing when the structure collapsed; the blue marked defects
show the secondary defects that followed.

 

Figure 12. Experimental observed defects at the column structure.

The experimental failure pattern shown above leads to the assumption that the support
structure collapsed by exceeding the tensile strength of the VPP-manufactured material,
which corresponds to the FE analysis (first load case), and not by buckling, because
cracks appeared at locations of maximum tensile stress in the ringed segments. However,
some aspects must be considered. First, the simulation showed that the critical buckling
loads appeared in the middle of the columns (third load case), which is very close to the
experimental testing conditions (i.e., secondary defects shown in Figure 12). Therefore,
complete structural failure by buckling should not be excluded. Second, the distribution of
micropores in the VPP-manufactured column structure was considered homogenous for the
simulated model. However, manufactured structures probably also include microdefects
leading to the observed failure pattern.

Third, technological tolerances (by 3D printing, sintering, etc.) can lead to geomet-
ric imperfections (e.g., flatness of the ringed cross-section), which induce critical tensile
stresses. Such effects were not included in the described FE model. At this stage of the pre-
sented research, there is still opportunity for adjustment if indeed microdefects appear, e.g.,
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adjusting CerAM VPP exposure parameter, suspension parameters, debinding/sintering
regime or the VPP design. By neglecting these aspects, a tensile strength of our manufac-
tured material with 5% porosity could be obtained by further optimizing the VPP process.
The tensile strength of a β-TCP 5% porous material should lie between 61 MPa and 80 MPa
and take the mentioned restrictions into account.

3.3. In Vitro Biocompatibility
3.3.1. Live/Dead Assay

Human osteoblastic MG-63 cells were counted using Image-J (Fiji, Version 1.52 h),
through which the cell number/mm2 of living and dead cells was determined. Figure 13
shows representative samples with live/dead staining of the inner surface of the 500 μm
scaffold as compared to the Curasan control after 3, 7 and 10 days. Long-term studies
(>4 weeks) were not assessed.

Hybrid Foam living and dead cells Curasan living and dead cells 

 

  

 

Figure 13. Cont.
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Figure 13. Living/dead cells on the inner surface of the ceramic; 500 μm scaffold after three days
((a): Hybrid foam; (b): Curasan), seven days ((c): Hybrid foam; (d): Curasan) and 10 days ((e): Hybrid
foam; (f): Curasan); (g): Auto-fluorescence of the ceramics; (h): Thermanox membrane (pos. control,
10 days); white bar = 200 μm. Green indicates living cells; red indicates dead cells.

Quantitative results of the number of living and dead cells per mm2 is shown in
Figure 14a,b, respectively. The number of living cells increased over the course of the
experiment in both the scaffold and the Curasan control, with no significant differences
between our scaffold and the Curasan control.

  
(a) (b) 

  
(c) (d) 

Figure 14. Overview of the biocompatibility tests: cell counts of (a) living cell numbers and (b) dead cell numbers per mm2

on the materials after 3, 7 and 10 days; (c) WST assay to demonstrate proliferation of MG 63 on the samples. Means and
controls were statistically compared to assess the material effect. Significances set at p < 0.05 are assigned the same symbol.
(d) Cytotoxicity of hybrid foams compared to the Curasan control; pos. Control = cells, neg. Control = TritonX.
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3.3.2. Cell Proliferation Assay

Figure 14c shows that the growth rate of the cells on the scaffold and Curasan control
compared to the growth of cells on a Thermanox cover slip as a positive control. The
growth rate of the cells on the scaffolds in the cell culture plates increased only up to seven
days and stagnated thereafter, while the cells on the Thermanox cover slip continuously
proliferated. No significant difference in cell proliferation was observed between the hybrid
foam and the Curasan control.

3.3.3. LDH Assay

The cytotoxicity for both the hybrid foam and the Curasan control was slightly above
the positive control (cells on the Thermanox cover slip) and very clearly below the negative
control (Triton X), with no significant differences between our scaffold, the Curasan control
and the positive control noted. The graphs of cytotoxicity over time were nearly congruent
for the Curasan control and the Hybrid Foam (see Figure 14d).

3.3.4. GIEMSA Staining

In the GIEMSA staining, it was evident that the MG-63 cells only colonized the inner
sponge area of the hybrid foams after 3 and 10 days, but only sporadically on the surface
of the CerAM VPP shell (see Figure 15). Once again we saw mainly complete material and
a form fit but also a gap between the ring structures and the Freeze Foam (Figure 15, upper
right-hand side.)

  

  
(a) (b) 

Figure 15. GIEMSA staining after (a) 3 and (b) 10 days; top and side view.

3.4. In Vivo Studies

Figure 16 displays manufactured TCP Freeze Foams (porosities between 83–85%, with
an average of 84%), TCP hybrid scaffold halves (porosities around 80%) and single ZrO2
Freeze Foams (porosities between 70–72%, with an average of 71%).
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a. Clinical Examination

After implantation, all rats had a score of “0” overall. This score means, clinically,
we had no signs that the surgery or the implants had negative influences on the rats.
However, the evaluation of histological samples (fine needle aspiration and explanted
implantation area) had not been commenced. However, for all of the presented in vivo
results, the authors think that the gathered serum parameters are more important regarding
our following in vivo assessments than histological analyses would be at this stage of the
research. We base our argument on studies of Trevisani et al. [33]. The main findings of this
study were that the agreement between chronic histological kidney damage (CKD) and
CKD staging was poor. In fact, about 30–40% of patients with CKD stage 3 had mild or no
lesions in the histological evaluation (Chronicity Score = 0–1), whereas 7 to 10% of cases
with CKD stage 1 (eGFR > 90 mL/min/1.73 m2) had moderate or even severe histological
lesions (Chronicity Score ≥ 3). Moreover, different patients with the same eGFR values
may have had either severe (Chronicity Score ≥ 3) or no histological damage (Chronicity
Score = 0) (eGFR = estimated glomerular filtration rate).

b. Serum Parameters

The serum parameters of day 0, 2, 7, and 14 were measured by the accredited laboratory
of the Clinic for Ungulates of the Veterinary Faculty of the University of Leipzig. These
results were evaluated in a box-plot diagram to adjust them according to the physiological
parameters as described in Charles River 2008 [34] and Boehm et al. [35] (Figures 21 and 22).
Regarding these analyses, a photometric measurement (extinction determination) was
executed. The photometric method is applicable for multi-species analyses [36]. Since no
references were sent by the clinic, we had to compare the determined values, especially the
creatinine and urea values, with the literature references of Charles River [34] and Boehm
et al. [35].

 

Figure 16. Comparison of the different manufactured scaffolds: left—TCP freeze foams, middle—TCP hybrid scaffold
halves and right—ZrO2 Freeze Foams.

3.4.1. ALT

It is clearly visible that all alanine transaminase (ALT) values of all rats on the surgery
and the control days are greater than the references in the literature. Furthermore, there is
one higher aspartate aminotransferase (AST) value in the negative control group, while
all the other AST values of the other four rats and the median of this group stay in the
reference area over the experimental time. Although all ALT and AST values in one rat
of the negative control were this high over the entire time period, there is no sign of liver
damage as proven by Gamma-Glutamyl Transferase (GGT), as the liver-specific value is
located well within the reference in all rats all over the experiment. However, the chosen
physiological ALT reference may not be specific enough for rats, or it might be increased
by food containing a higher amount of proteins. Furthermore, the indicated references
in different literature sources varied between 25 U/L and 163 U/L [35] in the mean for
ALT and from 26 U/L to 155 U/L in mean for AST. They also varied based on age and
sex. That is why we took a critical view of these parameters according to their values. In
addition, it is well known in veterinary medicine that ALT and AST are also produced
in other organs, e.g., in muscles and kidneys both are produced quickly in response to
medical/toxic agents, and values three times the upper limit attract attention in practice. As
the rats had such a medical supply during anesthesia, analgesic treatment, and anesthesia
during surgery, and analgesics were injected, the increase of ALT and AST might be a result
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of this treatment (see Figure 17). However, it is noteworthy that, with the exception of ALT
levels on day 14, AST and ALT concentrations were within the physiological range in all of
the experimentally treated groups.

Figure 17. Course of (A) ALT, (B) AST and (C) GGT over the study period of 14 d; for clarity, the
physiological control values were only entered for day 14. Physiological values taken from Giknis
et al. [34] (ALT, AST) and Boehm et al. [35] (GGT).
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3.4.2. Creatinine

Kidney creatinine (crea, long-term) and urea (short-term) values stayed under the
references in all rats of all groups at all time points (Figure 18). As values depend heavily
on the method used for their determination, the engaged laboratories have their own
references. Since no references were sent by the clinic as stated above, we compared the
determined values of creatinine and urea with references [34,35]. This might be an expla-
nation for the lower values. However, as the kidney values did not show any increases
over the time, this shows that the implants did not have a negative influence on the kid-
neys. Nevertheless, regarding proof of a non-toxic effect, long-term additional histological
examinations of the removed kidneys, in line with the 3R principles, must be executed.

Figure 18. Concentrations of creatinine and urea from days 0 to 14. For clarity, the physiological
control values were only entered for CREA and UREA at day 14. The physiological values for
creatinine (CREA) and UREA were taken from Boehm et al. [35].

3.4.3. Necropsy

All rats in all treatment groups showed no macroscopic alterations of the spleen,
kidney or liver during the necropsy. One rat treated with the ZrO2 foams showed a
minimally increased spleen, which was probably caused by post-mortal blood congestion.
All rats in all treatment groups showed a slight to moderate increase of the regional lymph
nodes, which is likely due to the resorption and healing processes after surgery.
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3.4.4. Implant Parameters

As written above we judged the implants according to different semi-objective pa-
rameters. One of them was their ability to be vascularized or rather the adherence and
ingrowth of tissue to the implants after 14 days. Vascularization is important for the supply
of oxygen, nutrients, the transport of metabolic products and immune cells. As the goal is
to help bone to grow into this pattern, a high vascularization results in a high metabolic
rate and growth factors in the area. As shown in the following figure, the more porous the
artificial bones the more tissue grows into them (84% TCP Freeze Foam > 81% TCP hybrid
foam halves > 71% ZrO2 Freeze Foams). The zirconium oxide group showed less tissue
adherence than the TCP specimen (Figure 19A). Additionally, we noted a non-adherence of
host tissue to the part of the hybrid foam halves that were made by CerAM VPP for the
artificial corticalis. As we do not only want vessels to grow into the implants but ultimately,
host tissue to replace the implant and later giving stability, we evaluated the removability
of tissue from the implants after 14 days. It is obvious that not only the porosity seems to be
an important factor for the surrounding tissue but also the material. As expected, TCP was
more integrative than zirconium oxide (Figure 19B). We also observed that parts of broken
implants were held together by the immigrated tissue giving them additional stability. On
the other hand, this adherent growing can be seen critical in case of a removal of an implant
for instance due to incompatibility or failure. Though this growth was very invasive, we
detected no signs of macroscopic fibrosis, capsular formation, inflammation, or calcification
in the implantation area. An additional statement could be given after the evaluation
of histological samples (fine needle aspiration and explanted implantation area). As the
biodegradable implants are developed to replace bone in the short to midterm, they have to
provide enough stability until the hosts own bone material is calcified. Therefore, we also
looked at the scaffolds loss of stability and the tendency to break after 14 days (Figure 19C).
In necropsy we did not find evidence of a broken implant in the ZrO2 group, likely due to
a slightly decreased porosity as well as its general material properties), one broken implant
in the TCP Freeze Foams and one nearly broken implant in the hybrid bone, whereby the
fracture was located at the connection between porous and additively manufactured shell
part. These tendencies likely reflect the material and porosity properties.

3.4.5. In Vivo Conclusion

From the macroscopic and clinical point of view, and according to incompatibility
and toxicity, we had no sign that any of the implants, independent of the material, the
manufacturing or the handling before implantation, negatively influenced the results of
this oriented and leveled study. This well-founded statement is based on proven literature
references as discussed above and as demonstrated in [36,37]. In accordance, our in vivo
results are unobtrusive. In that regard, we can make a recommendation that the scaffolds be
developed further as a result of their vascularization/tissue ingrowth tendency, which is an
important factor for an implant in the muscoskeletal system. The TCP Freeze Foams are the
most promising scaffolds for a use in artificial trabecular bones according to the determined
parameters in the study. The TCP hybrid foam halves (artificial corticalis case) showed
insufficient connection of additively manufactured parts to the tissue. In accordance with
the in vitro analyses, where the cells only sporadically colonized/attached to the CerAM
VPP-manufactured columns, the tissue did not adhere to the CerAM VPP shell structure
but only to the porous artificial spongiosa acting Freeze Foams (see Figure 15). Roughness
measurements indicated that there were clear differences between the manufactured com-
ponents, with the additively manufactured one likely being too smooth for cell attachment
(see Figure 9). However, they still may be good candidates for further development, consid-
ering the fact that the shell part is very stable, likely for a long time, and thus this implant
could potentially allow bridging of very big/long bone defects. However, a solution must
be found to enhance cell attachment capability (e.g., chemical and/or physical surface
modification and/or adding porosity). Alternatively, the support structure case might be
chosen.

167



J. Compos. Sci. 2021, 5, 281

Figure 19. Implant parameters after 14 days: (A) tissue adherence/ingrowth into the artificial bones;
(B) removability of tissue from the implants; (C) break-tendency of implanted scaffolds.

4. Discussion

An ideal engineered tissue scaffold for the regeneration of load-bearing bones should
possess appropriate mechanical functions to provide structural support, share the biome-
chanical load, and distribute stress that stimulates bone growth and remodeling. Due to
excellent biocompatibility, calcium phosphate scaffolds have been successfully used for
non-load-bearing bone restoration in recent decades. Current bioceramic scaffolds cannot
re-establish massive load-bearing bones. The mechanical properties of materials decrease
with increasing porosity and pore size. For optimal new bone building, scaffolds normally
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require an interconnected macroporous structure, with a high porosity of over 90% and
a pore size ranging from 100 to 1000 μm. Such porous constructs typically have low me-
chanical properties. Therefore, in this study, porous bone-like foams were fitted around/in
a customized additively manufactured support structure to manufacture bioceramic hy-
brid foams that are mechanically much more stable than single porous components. The
scaffolds were made of β-TCP and were analyzed in terms of their biocompatibility and
mechanical behavior. As a result, the authors postulate that these complex structural hy-
brids, due to the combination of load-bearing support and porous cell-ingrowth allowing
interior growth, will eventually allow the manufacturing of bone-mimicking, mechanically
stable implants.

4.1. Microstructural and Mechanical Characterization

All manufactured Freeze Foams and hybrid foams showed the microstructural charac-
teristics necessary for use as potential bone replacement materials and implants, including
macro and micro/mesoporosity of the right size as well as interconnectivity. Manufac-
tured hybrid foams showed connected/joined porous and dense sections similar to a real
bone. However, more parts must be analyzed in order to obtain a general overview of
the success rate of materials as well as form fit. On the other hand, it is yet not clear to
what extent apparent gaps between additively manufactured and porous components have
influenced the mechanical as well as biocompatibility behaviors. More research needs to
be conducted. Regarding the already enhanced compressive strength, for possible further
improvements and increased failure tolerance, the column structure should be reengi-
neered. For example, this can be done by adding a further ring in the structure’s middle
or making the columns meet each other in the center of the structure (reduction buckling
length). Optimization of the VPP process would further result in less porosity and fewer
microdefects, assuming that the same material and thermal treatment is applied. However,
through improving loads, the biodegradability will most likely decline. A balance between
good biocompatibility and sufficient mechanical strength must be found. The maximum
failure load was 29 ± 9.0 N for the commercially available Curasan β-TCP ceramic [38],
693 ± 85 N for the Curasan cube, which served as a control, and 2641 ± 452 N for the
hybrid foam. The hybrid’s failure load was 91 times higher than the commercially available
Curasan ceramic and four times higher than the control. There were comparable values for
compressive strength: 23 ± 4 MPa for the hybrid foam and 24 ± 6 MPa for the Curasan
β-TCP ceramic. Freeze Foams and hybrid foams exhibited similar porosity. However,
the hybrids compressive strength was 25 times higher (23 MPa) than the Freeze Foam
alone (0.9 MPa). The additively manufactured bioceramic support structures made the
porous spongious structures mechanically more stable. Bone is structurally complex and
hierarchically designed. Cortical bone is stronger and stiffer in comparison to trabecular
bone. The material behavior of cortical bone is anisotropic. The compressive moduli of
cortical bone along the longitudinal direction (193 MPa) are greater than those along the
transverse direction (133 MPa) [39]. The compressive moduli of trabecular bone is 50 MPa.
Trabecular bone is a highly porous material with anisotropic mechanical properties. Due
to its high porosity versus that of cortical bone, the mechanical properties of trabecular
bone are determined primarily by its porosity. The mechanical properties of the bone are
thus still higher than the measured hybrid foams, which still only have a strength support
structure and no surrounding corticalis. With the help of FE analysis, we were able to
approximate mechanical loads appearing in the structure and to analyze and predict failure
mechanisms that then also occurred in the mechanical tests.

4.2. Biocompatibility

Regarding the biocompatibility experiments, the most noticeable aspect was that the
cells did not attach to the VPP-manufactured parts. There was a clear gap present. We now
need to work out whether that gap was correlated with a possible mismatch/non-material
fit between the VPP part and the Freeze Foam, as shown before. Alternatively, the cells
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might behave like this because the VPP part is too smooth to “hold” onto. Despite this,
the cells clearly attached to the foam surface and even grew into the Freeze Foam, as
proven in in vitro and in vivo results. In the WST-1 experiment, the ceramics and hybrid
foams and the control group showed comparable vitality values and a constant cell growth
over the examined period of time. These results are congruent with the ones seen in
the live-dead assay. The hybrid foam sample showed a similar high biocompatibility
comparable to the Curasan ceramic. This is not surprising, since both samples consist of
β-TCP. We were able demonstrate the high biocompatibility of β-TCP in various studies in
the past [15,16,40]. However, the proliferation values for the Curasan sample were slightly
lower than those of the hybrid foam, which may be due to the fact that cells generally prefer
a structured surface [41,42]. In addition, the Curasan sample had a lower porosity. In terms
of cytotoxicity, both samples, the hybrid foam and the Curasan sample, are on an equal
footing, with partly even congruent curves. This was also not surprising, as both studies
involved β-TCP. In line with our previous studies, β-TCP is non-cytotoxic [16,40,43].

Regarding the manufactured zirconia Freeze Foams, we showed that the specific
porous structure/pore morphology resulting from the Freeze Foaming process allows
tissue ingrowth independent of the bioceramic materials used.

5. Conclusions

As mentioned in the introduction and in the discussion, previous studies show that
β-TCP is a performing bone replacement material, not only as pure material and shaped
by conventional methods (e.g., freeze drying) but also as composite material (e.g., with
polymers) and shaped by additive manufacturing. The resulting compressive strength is
always relatively low, ruling out load-bearing clinical indications/bone defects. In contrast,
our results show that we can address load-bearing bone defects using the same material
as previously reported, by advancing known composites to become complexly shaped
structural composites that not only unite the structural features of a real bone (dense and
porous sections) but also reach similar and improved compressive strengths (of trabecular
bone [44,45]), while at the same time providing degradability as given by the material. By
fine-tuning the support structure design and working on composite materials to develop
new structural and material composites for potential bone replacements, we might be able
to further develop mechanical properties, aligning our approach with a variety of bone
defects, especially long-bone and load-bearing ones. Offering the same biocompatibility,
the bioceramic hybrid foams have significant mechanical advantages over the Curasan
benchmark. The hybrid’s failure load is 91 times higher in comparison to the commercially
available β-TCP ceramic. To summarize, the compressive strength of the bone-mimicking
hybrid bones was significantly enhanced, while high biocompatibility was maintained
as proven on the Curasan material. At present, the BMBF-funded project “Hybrid-Bone”
(03VP07633) is in progress, which builds on these results and strives for the evaluation and
validation of materials, processes and hybrid scaffolds for use as compressive-strength-
enhanced biodegradable jaw-bone replacements. Within the framework of this project, the
comprehensive bone-forming performance tests of similar scaffolds, with a focus on hybrid
foams, are carried out in animal models. The authors hope to report on these results soon.
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Abstract: Biomineralization consists of a complex cascade of phenomena generating hybrid nano-
structured materials based on organic (e.g., polymer) and inorganic (e.g., hydroxyapatite) components.
Biomineralization is a biomimetic process useful to produce highly biomimetic and biocompatible
materials resembling natural hard tissues such as bones and teeth. In detail, biomimetic materials,
composed of hydroxyapatite nanoparticles (HA) nucleated on an organic matrix, show extremely
versatile chemical compositions and physical properties, which can be controlled to address specific
challenges. Indeed, different parameters, including (i) the partial substitution of mimetic doping ions
within the HA lattice, (ii) the use of different organic matrices, and (iii) the choice of cross-linking
processes, can be finely tuned. In the present review, we mainly focused on calcium biomineralization.
Besides regenerative medicine, these multifunctional materials have been largely exploited for other
applications including 3D printable materials and in vitro three-dimensional (3D) models for cancer
studies and for drug testing. Additionally, biomineralized multifunctional nano-particles can be
involved in applications ranging from nanomedicine as fully bioresorbable drug delivery systems
to the development of innovative and eco-sustainable UV physical filters for skin protection from
solar radiations.

Keywords: calcium-based biomineralization; hydroxyapatite nanoparticles; biomimicry;
multifunctional materials

1. Introduction

Biomineralization is a naturally occurring process in which organisms form minerals
and consist in a complex cascade of phenomena generating hybrid nanostructured mate-
rials based on organic and inorganic matter [1–3]. These components are hierarchically
organized from the nanoscale to the macroscopic scale to create a protective and/or load-
bearing structure [4–9]. Resulting structures combine the hardness and pressure resistance,
due to the inorganic phase, and elasticity and tensile strength, due to the organic one.
Indeed, the inorganic phase helps to protect the living organisms (e.g., mollusk shells
or crustacean exoskeleton) and to support organisms (e.g., bones, teeth, and coral skele-
ton) [10–12]. Due to the strict interaction between biomineralized crystals and organic
matter, natural structures are usually very different to the synthetic ones. In detail, the
high level of control over the composition, structure, size, and morphology of natural
structures allows to create very fascinating properties that often overtake those of the
synthetic analogues [13–15]. Organisms use macromolecules (e.g., collagen and chitin) to
control the nucleation and growth of biominerals as well as crystalline form and shape of
inorganic crystals in a process called molecular recognition [2,16,17].

Biomineralization can be subdivided in two main categories, namely biological in-
duction and biological control. These processes differ for the fine regulation of size, shape

J. Compos. Sci. 2021, 5, 278. https://doi.org/10.3390/jcs5100278 https://www.mdpi.com/journal/jcs

173



J. Compos. Sci. 2021, 5, 278

and arrangement of resulting biominerals [2,8,18]. It is no surprise, then, that scientists
are strongly intrigued by these processes that have become a source of inspiration for the
development of highly organized materials with customized properties [19–21].

Mimicking Biomineralization in the Lab

Biominerals compared to natural or synthetic minerals often display excellent me-
chanical and other properties due to their multi-level order, hierarchically organized from
the nanoscale to the microscale. For this reason, in the last decades, researchers have been
trying to reproduce the calcium-based biomineralization processes in laboratory, inducing
the heterogeneous nucleation of the inorganic phase into organic matrix through fine
mechanisms driven by the organic matrix itself. The chemical and physical interaction
between phases confers unique features to the resulting hybrid materials, in a similar way
compared to what happens in the natural biomineralization process (Figure 1). These
peculiar properties cannot be obtained through a simple mixing of the phases [22–24].

Figure 1. Schematic illustration of the naturally occurring structure of bone microstructure and the synthetic approach
used to reproduce it. More in detail, in the natural occurring structure of bone, collagen fibers are organized in a triple
helix, forming tropocollagen fibrils; these fibrils are tightly tied and reinforced by hydroxyapatite crystals; the organization
and association of these fibrils confers peculiar structural and mechanical properties to the bone. Within the lab process, a
collagen acidic solution containing phosphate ions (e.g., phosphoric acid) is dropwise added and mixed to a basic solution
containing calcium ions (e.g., calcium hydroxide), promoting the formation of nano-hydroxyapatite crystals within the
collagen fibers. Reproduced from “Biomineralization process generating hybrid nano-and micro-carriers” by E. Campodoni
et al., 2018, Core-Shell Nanostructures for Drug Delivery and Theranostics: Challenges, Strategies, and Prospects for Novel
Carrier Systems, 19–24, (doi:10.1016/C2016-0-03458-7) (Under a Creative Commons Attribution 4.0 International License).

As a consequence, the biomineralization process study, together with other emerging
technologies to synthesize new nanomaterials, has spread into many fields in our life
such as mechanical, electrical [25,26], and environmental [27,28], as well as biomedical
engineering [29,30].

In this review focused on the biomedical field, we aim to provide an overview of
different materials mimicking the natural calcium-based biomineralization process to prove
that, finely tuning some process variables, it is possible to design multifunctional materials.
These materials can be exploited in several applications in order to obtain customized and
precise medical tools [31–34]. We will first provide a brief overview of the biomineralization
process: how it happens in nature, and how scientists have translated this natural process
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to an in-lab process. Taking into account the wide chosen topic, we decided to focus on
calcium-based biomineralization, more specifically on different applications aside from
bone regeneration, that were poorly or not considered in other reviews. Specifically, we
will discuss biomimetic hybrid material features that can be obtained by modulating
different process parameters, focusing on the materials chemical–physical and biological
features which are essential to make them suitable for biomedical field. Finally, we will
discuss the several applications of these materials besides tissue regeneration, such as
their use for the creation of 3D cancer predictive models or drug testing, as well as on
their use as innovative physical filters against solar radiations or as nano and micro drug
delivery systems.

2. Features of Biomimetic and Hybrid Biomaterials

From its first understanding, calcium-based biomineralization process uniqueness
has attracted high attention due to its applicability in many different fields, especially for
bone tissue engineering and regenerative medicine as well as the mild conditions, i.e.,
physiological temperature, pressure, and pH, in which this process occurs. Thus, the first
step has been trying to translate the natural process into an in-lab process, mimicking the
formation of the natural hierarchically structured organic–inorganic composites. Natural
mineralization is commonly divided into two different groups recognized as “biologically
induced” and “biologically controlled”.

As reported by Weiner and Dove [35], the precipitation of minerals that occurs as result
of interactions between biological components and the environment is termed “biologically
induced” mineralization. In this situation, the chemical conditions of the environment,
such as pH and CO2, indirectly favor the formation of a specific mineral type. The mineral
composition varies consistently with the variation of the environments in which they form,
resulting in different morphologies, water content, element composition, structure, and
particle size.

In “biologically controlled” mineralization, the organism uses cells that actively take
part in the nucleation, growth, morphology, and final location of the mineral that is
deposited. While the degree of control varies across species, almost all controlled min-
eralization processes occur in an isolated environment. The result can be remarkably
sophisticated, species-specific products that give the organism specialized biological func-
tions. Calcium-based biomineralization can be described with subsequent stages, the first
of which consist of inorganic molecules pre-assembling into ordered structures. Then,
the molecular recognition among the organic and inorganic interfaces controls crystal
nucleation and growth, allowing the formation of subunits. Finally, cells will take part in
the process, forming biominerals with multilevel structure by assembling subunit minerals.
All these steps are controlled by synergistic action of various environmental factors such as
pH, temperature, and organic matrix chemistry [2]. Regarding the matrix, the interaction
between inorganic and organic matrices leads the entire process, resulting in widely differ-
ent results depending on the stereo-chemical and physical interaction occurring among
the two components. This process is affected by different parameters; nevertheless, taking
into account the influencing factors, the process can be transferred into an “in-lab” process
and can even be controlled and directed towards the development of novel materials
endowed with intriguing features. Speaking of organic matrices, it has been proven that
the structural organization complexity highly affects the final biomineralization product,
which might result in a three-dimensional scaffold in the case of highly organized matrices,
or well as flakes or powders in the case of poorly organized matrices [36]. A clear example
of this is given by the mineralization of collagen compared to gelatin. Collagen, with its
multi-level organization, can undergo the biomineralization process without losing its
structure, resulting in a three-dimensional scaffold with different properties depending
on the biomineralization grade [10]. Gelatin, on the other hand, being a lower assembled
polymer, can be exploited to form low structured biomineralized materials, composed of
hybrid micro-flakes made of clusters of nano-particles [37].
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In addition to collagen and gelatin, it is possible to find examples in the literature of
mineralization with different polymer matrices as cellulose, chitosan, alginate, and silk
(Table 1). Ahmed Salama has shown, for instance, how cellulose and its derivatives are
promising candidates for developing and constructing smart organic/inorganic hybrid
biomaterials through a calcium-based biomineralization process [38]. Cellulose/calcium
phosphate hybrid materials, for example, combine the properties of both components, the
functionality and flexibility of the cellulose with the heat resistance and stability of the in-
organic material, to generate compounds that are being exploited for different applications
such as bone regeneration, drug delivery vehicles, dental repair, and adsorption. Chitosan
can be efficiently exploited to produce hybrid composites based on hydroxyapatite [39,40].
These hybrid composites are mainly devised for bone regeneration. Indeed, chitosan shares
some peculiar features with collagen (e.g., a comparable role in the exo- vs. endo-skeleton
and flexibility) [41]. Regarding alginate, a recent work [42]. reported the effect of alginate
and its well-defined oligomers with defined structure on brushite nucleation and growth
for the synthesis of hybrid materials, useful in bioactive agent delivery, wound healing,
and tissue engineering. Growth experiments showed that molecular weight and additives
of alginate affect the crystal growth rates and the growth mechanisms. Finally, Yang and
collaborators [22] have described as silk fibroin as able to facilitate nucleation of the hydrox-
yapatite crystals through its molecular self-assembly, and to create efficient biomaterial
with mechanical and functional properties for biomedical applications.

The ideal scaffold useful to obtain a robust in vivo affinity must be designed with
the final purpose to resemble the 3D architecture, nanostructure, chemical composition
and mechanical properties of the extracellular matrix (ECM) of the native tissue [21]. The
scaffold must be composed of biocompatible materials able to guarantee cells viability,
support of cellular functions and induction of molecular and mechanical signals without
eliciting adverse effects on cells and, consequently, local or systemic undesired responses
in the host [43,44]. Biomineralized substrates influence cells biochemistry by the exchange
in proteins and ions that, subsequently, conditions the 3D microenvironment. This implies
that proteins and ions composition (e.g., calcium and phosphate ratio, collagen, proteo-
glycans, etc.) of native tissue is a crucial parameter to be consider for scaffold design and
synthesis [45]. If materials quickly degrade in vivo, the scaffold fails in its mechanical
support role; conversely, an inflammatory response could be provoked by the foreign
material if the scaffold has an excessively long biodegradation time. Therefore, a controlled
biodegradability is crucial in scaffolds fabrication [46]. Overall, the microarchitecture of the
support should be highly porous and interconnected to provide inwards diffusion of oxy-
gen and nutrients and elimination of waste products in order to meet cellular requirements
for adhesion, growth, differentiation and migration [47].

Porosity generally supports cell migration into the scaffold by promoting interaction
between cells and the available surface area of the scaffold. Pores density and size influence
cellular behavior in a inversely proportional way [48]; as pores size decreases, pores density
increases as well as the surface area available on the scaffold for cells interactions. However,
if pores are too small, cells are not able to penetrate and migrate inside the structure. Indeed,
the pores dimension is able to affect vascularization of scaffolds. A different vascularization
can consequently tune cells differentiation [49–51]. Consequently, scaffolds composition,
but also scaffold porosity, need to be optimized on dependence of the tissue type to interact
with; as example, for bone tissue engineering scaffolds need to contain a mixture of macro-
and micro-pores that allow cells to grow in vivo, facilitating cell-material interaction and
complete scaffold colonization, respectively [52].

Additionally, in vivo mechanical signals (Young’s modulus, compressive strength and
fatigue strength mechanical forces) for cells must be replicated in the scaffold to induce
the correct cellular differentiation pathway. Mechanical stiffness and porosity are often
conflicting physical properties, as the first is inversely related to the other. Consequently,
finding a good compromise between the scaffold properties for to promote the correct
cellular activity and mechanical integrity is often a hard challenge [53]. The scaffold surface
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can be bio-decorated with specific proteins/biomolecules or biomotives to improve its
outcomes on cell adhesion, proliferation, and differentiation. Tissue formation and ECM
deposition are regulated and performed by a wide variety of biomolecules. For this reason,
scaffolds can be enriched by growth factors during their production, assuming a significant
role in tissue engineering applications [54–56], such as improving tissue formation or the
reward of specific biomolecules in pathological conditions [21].

The set of all above-mentioned properties makes the scaffold bioactive, osteoconduc-
tive and osteoinductive in tissue engineering, regeneration and modelling of mineralized
tissue (bones, tooth, tendons, and cartilage). Osteoconductive scaffold can support the
ingrowth of cells into pores, channel or pipes, while osteoinduction refers to the activity
of a contact or soluble material to induce the differentiation of pluripotent stem cells to-
wards specific cells lineage. Achieving these demands, calcium-based biomineralization
process represents an excellent biomimetic manufacturing strategy to obtain hierarchically
designed scaffolds with appropriate mechanical stability, flexibility and a highly porous
and interconnected structure [12,15,57].

Biomineralized nanomaterials represent also a promising tool for different clinical
applications. Nanoparticles as drug carriers for drug delivery involves the linking of drug
molecules to the nanomaterial to guarantee a controlled distribution and release rate of
the drug [58,59]. In this case a good biological activity and biodegradability together with
good stability under close physiological conditions are required. Most of the components
of biomineralized nanomaterials (e.g., calcium phosphate, carbonate and iron oxide) are
naturally present in the body and easily and normally metabolized and absorbed by it;
(3) good biological activity. Biomineralized nanomaterials facilitate loading of active
molecules into the mineral phase by the interaction between biominerals and biomolecules,
making possible to use them for drugs and molecules loading to be used inseveral biomed-
ical practices [1].

Table 1. Influence of physical chemical properties of hybrid materials on in vitro/in vivo behavior.

Physic-Chemical Parameter Scaffold Nanosystems

Biocompatibility Absence of cytotoxicity [44];
Support and stimulation of cellular activity [43]

Absence of cytotoxicity
Support and stimulation of cellular activity [1]

Biodegradability Controlled biodegradability [46] High bioabsorption and biodegradability
Absence of bioaccumulation of ions [1]

Architecture
Stability under physiological condition
Highly porous and interconnected [47]

Hierarchical design structure [9,57]
Stability under physiological conditions [1]

Porosity and pore size Mixture of macro- and micro-porosity [48–52] /
Mechanical properties Mechanical integrity [53] Stability under physiological conditions [1]

Surface properties Support and stimulation of cellular activity
Tissue-specific functionalization [54–56]

Tissue-specific functionalization
Target-specific functionalization [1]

Bioactivity Osteoinductive
Osteoconductive [6,9,57]

Controlled drug release and
distribution [1,58,59]

3. Applications in Biomedical Field: Tissue Regeneration and Many More

Bone is the second most transplanted tissue with four million operations per year, us-
ing different bone alternatives worldwide [21,60]. Calcium-based biomineralization process
is responsible for the formation of natural hard tissues such as bone and teeth [2,9,36,61]
that are composed of extracellular matrix (ECM), several cells types, and water, which
through a fascinating process are able to create a highly organized and hierarchically
structured nanocomposite [13,36,62]. In detail, biomineralized ECM is mainly composed
of plate-like nanocrystalline hydroxyapatite (the inorganic phase) and several organic
components among which collagen is prevailing [63–65].

ECM highly influences adhesion, proliferation and differentiation of several cells types
such as osteoblasts, bone lining cells, osteocytes as well as osteoclasts [65–67]. Several
factors determine the fascinating and unique characteristic of bone, starting from compo-
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sition arriving to structure and porosity, features essential for bone remodeling process.
More precisely, bone tissue is characterized by a dynamic nature which allows to preserve
its healthy condition, thanks to bone remodeling which consist in a dynamic and fine
equilibrium between bone resorption by osteoclasts and bone formation by osteoblasts in
response to biomechanical stimuli [68,69].

However, although this process preserve bone, its self-healing capacity is enough
only to repair small bone damages. Subsequently, in case of extensive bone damage, bone
substitutes are often required. For several decades, the gold standards were autografts or
allografts [36,44]. In the last decade, instead, tissue engineering and regenerative medicine
attention shifted towards development of biological replacements able to mimic and regen-
erate the tissues itself. In this perspective, scaffolds are becoming a fundamental tool for
tissue engineering and regeneration, they indeed act as substrates able to structurally guide
cells and provide anchorage sites, making possible to develop engineered structure made
of a combination of materials and living cells. More precisely, the ideal bone scaffold is a
transient implant that must create an adequate environment for cells to stay viable, attach,
proliferate, differentiate and deposit ECM to replace the damaged or impaired one [70–72].
To do what describe above, scaffolds should resemble the natural bone tissue under differ-
ent points of view, such as composition, structure, mechanical requirements and biological
features. As consequence, to mimic the chemistry and structure of natural bone, biomin-
eralization process is absolutely the most suitable in-lab process to produce biomimetic
biomaterials, in which low-crystalline hydroxyapatite is mineralized on collagen fibrils,
and highly porous scaffolds suitable to promote bone tissue regeneration [13,16,73].

Although this process has touched several fields of our life, biomedical engineering has
surely received more specific attention, ending to be the most investigated. Nonetheless,
recently, the attention has moved towards new advanced applications of mineralized
materials. These applications include: (i) development of 3D predictive models for cancer
study or drug testing, (ii) study of physical filters against solar radiation, (iii) creation of
nano and micro controlled drug delivery systems. Additionally, the introduction of new
fabrication technologies, e.g., 3D (bio) printing, are further extending the applications in
other fields. These features will be discussed in the next sections.

3.1. Biomineralization, 3D Printing and 3D Bio-Printing

Biomineralization has been proven to be an incredible versatile process, exploitable
for multiple purposes in different fields. The same could be stated for 3D printing, that
with its simple basic principle paved the way for realization of incredibly ambitious and
elaborated projects. The combination of these two elements have been giving rise, in the
last decades, to incredible results.

The importance of scaffolds geometry at multiple level, from nano- to macro- scale,
for cells attachment, spreading and viability has been so far well assessed and recognized.
At the macro-scale, it is desirable for the scaffold to assume the defective part shape of the
tissue or organ meant to be replaced or repaired, in order to help the neo tissue to organize
into the required three-dimensional structure [74].

From the macro- point of view, especially for pursuing highly challenging goals, as it
can be the regeneration of long bone defects, additive manufacturing has been attracting
great interest. This, as it allows both a precise and controlled spatial-deposition of materials
as well as their easy combination in complex multi-material structure, in addition to the
possibility of creating shape-customized scaffold based on the anatomical site targeted [75].

If the scaffold shape and geometry play a crucial role at the macroscale, the same
can be said for the composition of the material used as ink for the realization of the
three-dimensional structure at the micro- and nanoscale

Speaking of bone regeneration, the key element lies in the mineral phase, in nature
commonly produced by cells through the calcium-based biomineralization process.

Many approaches have been used through the years to mimic, reproduce, or induce
this process in order to exploit its unique ability within the creation of new materials
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suitable for bone tissue regeneration. 3D printing tries to combine the ultimate technology
with the ancient principle of biomimesis. One of the most used approaches has been the use
of different mineral phases, such as hydroxyapatite (HA), within the composition of the ink
or as post-process modification. This, with the intention to not only to emulate, but also to
stimulate the biomineralization, triggers the process by making the cells perceive a suitably
functionalized environment and transforming the material from just osteoconductive to
osteoinductive (Figure 2) [20,76]. In order to stimulate bone regeneration, other biominer-
alized polymers, including silk, a well-known high strength polymer, were exploited as
biocompatible filler for 3D printing [77].

An alternative approach was devised by Romanazzo and collaborators. According to
this strategy, it is possible to promote the formation of mineralized constructs in a support
bath containing live cells and microgels, mimicking the complex and hierarchical structure
of native bone. In these conditions, cells were able to differentiate at the interface of the
constructs, while remaining multipotent in the intervening spaces, opening the potential
for fabricating gradient tissue structures and for future in situ fabrication of bone-like
tissues [78].

In this context, it is easy to understand how coatings to improve prosthetic implants
biomimetic features have been the first to arise, but in recent years this trend has reached
upgraded levels. For instance, Park and co-workers reported an osteoinductive coating
of polydopamine, biomineralized HA, and bone morphogenetic protein-2 of a 3D printed
polycaprolactone (PCL) structure elegantly exploits the advantages of three different strate-
gies to reach noteworthy results. A different approach, which departs from post-process
modifications and moves to the inclusion of biomineralization boosting elements into the
ink formulation, is proposed by Hernandez and collaborators. A complex 3D printed multi-
material system made of PCL and HA-loaded hydrogel for long bone defect regeneration
was developed. In this work, the PCL provided the appropriate mechanical support, while
the hydrogel composition supports cells, promoting biomineralization [75]. Recently, more
unconventional mineral phases, such as graphene oxide (GO) and black phosphorus (BP)
have been used with the same purpose, with promising results [79].

Indeed, Yang and co-workers used an innovative combination of bio-glass and black
phosphorus to devise three-dimensional therapeutic structures for localized photothermal
osteosarcoma treatment and subsequent bone regeneration (Figure 3), profit from black
phosphorus degradation to induce a phosphorus-driven in situ biomineralization [80].

A similar approach, but with different applications was exploited by Lin et al. They
used a biomineralization inspired process to create a synthetic graphene composite with
reshaping and self-healing features which can be used in a large variety of applications,
including energy storage to actuators [81].
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Figure 2. (A) Schematic illustration of the 3D printing of hydrogels based on sodium alginate and
hydroxyapatite (SA/HAP). In this case, alginate and hydroxyapatite were solubilized in water and
extensively mixed together. Glucono-delta-lactone (GDL), a controlled acidifying agent able to
promote partial calcium release from hydroxyapatite, was then added to the alginate mixture (pre-
crosslinking). The resulting mixture was then extruded. The progressive calcium release was able to
promote the gelation of alginate, and thus the formation of hybrid hydrogels based on alginate and
hydroxyapatite. These hydrogels were freeze-dried obtaining scaffolds. (B) Confocal Laser Scanning
Microscopy (CLSM) micrographs of fluorophore labelled Bone Marrow Stem Cells (BMSCs) after
5 days of culture on the same scaffolds; (C) BMSCs proliferation at different timeframes (1, 3, and
5 days of culture) on the porous scaffolds with different HAP amount. Reproduced with permission
from Bioactive and Biocompatible Macroporous Scaffolds with Tunable Performances Prepared Based on
3D Printing of the Pre-Crosslinked Sodium Alginate/Hydroxyapatite Hydrogel Ink by S. Liu et al., 2019,
Macromolecular Materials and Engineering, 304 (4), 11 (doi:10.1002/mame.201800698). Copyright
2019 by John Wiley and Sons.
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Figure 3. Schematic illustration of scaffolds fabrication based on black phosphorous/bio-glass
(BP-BG) and devised for the elimination of osteosarcoma and the subsequent osteogenesis. These
scaffolds were produced by 3D printing a black phosphorus and bio-glass mixture (BP-BG). These
scaffolds can be exploited to promote osteosarcoma cells ablation upon light exposure. Subsequently,
the scaffolds, due to their osteoconductive and osteoinductive properties, can be degraded into the
main components of bone, promoting biomineralization and formation of new bone. Reproduced
with permission from 2D-Black-Phosphorus-Reinforced 3D-Printed Scaffolds: A Stepwise Countermeasure
for Osteosarcoma by Shi et al., 2018, Advanced Materials, 30 (10), 12 [80]. Copyright 2018 by John
Wiley and Sons.

3.2. 3D Predictive Models: From Cancer Study to Drug Testing

The scientific community has recently focused on the design and bioengineering of
innovative 3D culture systems able to overcome the well-recognized inadequacy of con-
ventional bi-dimensional (2D) in vitro models in recapitulating the complexity of in vivo
microenvironment [82–84]. 3D tools and technologies reproduce cellular heterogeneity,
tissue-specific ECM, and biological interactions in a more biomimetic way, providing
in vitro platforms which closely resemble native microenvironment. These biomimetic
materials can be exploited for basic biological studies, drug screening, and reproduction
of viable biological niches for in vivo transplantation. The biomineralization process is
an excellent strategy for the development of advanced biomimetic models, including 3D
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biomaterials, cellular coatings, and nanoplatforms with flexibility, diversity, and utility of
frameworks for a wide variety of applications [85,86].

Ye and co-workers [87] established a rapid biomimetic mineralization approach to
obtain a 3D porous and mineralized hydroxyapatite/collagen composite scaffold for bone
regeneration. By a custom synthesis process based on self-assembled collagen fibrils as fixed
template, the authors created an in vitro 3D bone-like niche seeded with human Umbilical
Cord Mesenchymal Stem Cells (hUCMSCs) with high cell viability, adhesion, proliferation,
and differentiation into osteoblasts due to the mineralized scaffold. A rabbit femoral
condyle defect model was tested to confirm the ability of the viable niche to facilitate bone
regeneration and repair over a period of 6–12 weeks. The mineralized collagen scaffold
seeded with hUCMSCs successfully promoted the healing of bone defect in vivo; as new
bone tissue formed, the scaffold gradually degraded and was absorbed, confirming the
promising use of the hUCMSCs-loaded bone-like niche for in vivo transplantation for bone
tissue regeneration.

The same concept was exploited by Menale et al. [71] in 2019 for a cell-therapy based
strategy. In this case, a biomineralized bone-like scaffold was used as a rationally designed
device conceived to be seeded with cells and subsequently transplanted in vivo to restore
or replace a missing function that cannot be completely renewed by only cells [88]. The
authors used the scaffold as productive factory of bioactive soluble osteogenic Receptor
Activator of Nuclear Factor k B Ligand (RANKL) directly secreted by seeded Mesenchy-
mal Stem Cells (MSCs) on the 3D support [89,90]. The scaffold, obtained through direct
nucleation of magnesium-doped hydroxyapatite (HA) nano-crystals on self-assembling
collagen fibrils (MgHA/Coll) by a pH-driven biomineralization process, showed structural,
compositional, and morphological similarities to the native bone ECM. The biomineralized
scaffold guarantees the development of an in vitro, viable, bone-like niche able to compen-
sate the RANKL factor deficit in Autosomal Recessive Osteopetrosis (RANKL-ARO) once
transplanted in vivo due to the continuous secretion by MSCs; the MgHA/Coll scaffold
promoted the differentiation of MSCs towards osteoclasts [91,92], helping to restore the
physiological functions of bone cells in a RANKL-/- mice.

Recently, the same MgHA/Coll scaffold was used as bone-like ECM to be seeded with
tumor spheroids, called sarcospheres, and parental cells of MG63 and SAOS-2 osteosarcoma
cell lines as enriched Cancer Stem Cells (CSCs) models with the final purpose of obtaining
a 3D in vitro CSC-niche of osteosarcoma (Figure 4) [73]. The material provided specific
physical-chemical and biomechanical stimuli to the critical pluripotent stem cell popu-
lation, giving birth to a 3D predictive in vitro model of CSC-niche of osteosarcoma with
enhanced stemness and niche-related properties compared to those seeded with parental
cells. Through an in-depth cellular and molecular characterization of sarcospheres, and an
optimization of the scaffold resembling tumor ECM, the authors were able to provide a
closely mimetic in vitro platform for tumor studies and CSC-specific drug screening [93].

A novel biomineralization-inspired cancer therapy has recently been developed as
proof-of-concept of advanced nanotechnological therapy. Natural mineral accumulation
is a significant biological process that, in abnormal cases, causes the excessive deposition
of calcium ions in damaged or defective tissues, leading to common pathologies, such as
kidney stones and vascular calcification [94]. The anomalous mineralization can be ex-
ploited as “biomimetic pathological mineralization” onto some tumor cells, such as human
cervical cancer cell line (HeLa), which can selectively assimilate, folate, and concentrate
calcium ions by the overexpression of folate receptor in cancer cells, creating a Cancer Cell-
Targeting Calcification-based therapy (CCTC) as reported by Zhao and co-workers [95].
On this trajectory, a biomineralization-inspired drug free strategy can be used to promote
cell death by creating a calcium phosphate (CaP) mineral cell coating that leads to the
agglutination of tumor cell nuclei without inducing normal cell death [95]. This approach
also showed promising results on metastasis, where the survival rate of pathological mice
improved significantly (up to 80%) due to the suppression of the metastasis by selective
calcification-based substitution of the tumor with curable sclerosis. However, the required
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concentration of calcium ions exceeds physiological levels, thus identifying an innova-
tive biomineralization-inspired material able to specifically accumulate ions in the target
tissue to facilitate calcium mineral nucleation is still a challenge that may be addressed,
for example, by the exploitation of specific ligand/antigens interactions on cancer cell
membranes [95]. Without a doubt, this concept can be used to eventually create in vitro 3D
biomineralized-based scaffolds able to specifically induce tumor cell death.

 

Figure 4. Panel of figures of in vitro 3D model of Cancer Stem Cells (CSCs)-niche of osteosarcoma from [73]. (Under a
Creative Commons Attribution 4.0 International License) using biomineralized scaffolds based on collagen and magnesium-
doped hydroxyapatite (MgHA/Coll scaffold) as bone-like ExtraCellular Matrix (ECM). (A) Histological analysis after
Haematoxylin–Eosin (H&E) staining of the MgHA/Coll scaffold seeded with both cellular phenotypes, parental and
spheroidal, of MG63 and SAOS-2 osteosarcoma cell lines. The morphological features and the interaction behavior of
the sarcospheres and parental cells with the scaffold is shown, with image enlargements of 200 μm on the right of the
figure. (B,C) Immunofluorescence analysis of the 3D MgHA/Coll models with sarcospheres. Representative image of
OCT-4 immunolocalization in SAOS-2 sarcospheres in image (B); scale bar 50 μm. SOX-2 immunolocalization in MG63
sarcospheres in image (C); scale bar 25 μm. Blue DAPI: cell nuclei; green: OCT-4; and red: SOX-2.

Microcalcifications (MCs) also serve as diagnostic markers for breast cancer; breast
cancer screenings (e.g., mammography) frequently rely on MCs, and their chemical com-
position (e.g., calcium phosphate, apatite, calcium oxalate, etc.) is associated with tumor
malignancy [96,97]. However, due to the absence of sufficiently predictive 3D tumor
models, little is known about how they form in the body, their effective role in cancer
progression, or how cancer cells are involved in the mineralization process. Therefore,
Vidavsky and co-workers [98] exploited the role of biological induction of biomineral-
ization [99] for developing in vitro 3D model of breast tumor MCs to study the cellular
pathways involved in MCs formation as a function of malignancy potential. Mammary
multicellular spheroids were obtained by parent MCF10A benign human breast epithelial
cell line, MCF10DCIS.com [100] and MCF10CA1a [101] which derived from MCF10A and
possessed ductal carcinoma in situ (DCIS) and invasive tumors characteristics, respectively;
together, these three cell lines allow the modeling of varying stages of breast cancer, ranging
from non-malignant (MCF10A), pre-cancerous (MCF10DCIS.com), to invasive phenotype
(MCF10CA1a) allowing us to investigate the correlation between cell phenotype and MCs
formation. To ensure the physiological relevance of the model, the authors cultured cells
in ultra-low attachment conditions with media that contained calcium, magnesium, and
phosphate concentrations similar to the human body, but lacked any osteogenic agents in
order to observe the real malignancy potential of spheroids just by the development of MCs.
Obtained spheroids had diameters larger than 300 mm with low cell viability at the core
due to limited diffusion of oxygen and nutrients (Figure 5A). Interestingly, no particles are
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observed in the MCF10A spheroids (Figure 5B–D). Moreover, apatite MCs were primarily
detected within viable cell regions in the shells and their number and size increased with
malignancy potential of the spheroids; conversely, alkaline phosphatase (ALP) decreased
with malignancy potential, while osteopontin (OPN) increased. These findings support the
induction of a mineralization pathway by cancer cells in a manner that is linked to their
malignancy potential. This work offers an innovative exploitation of the mineralization
process, which allows us to both create more reliable 3D stage-specific cancer models by
inducing specific-MCs as indicators of malignancy potential and, consequently, use these
platforms to deeply investigate cancer pathways.

 

Figure 5. Panel of figures of in vitro 3D culture model of breast cancer microcalcifications from [98]. (A) A schematic description
of the proposed mineralization pathways in the 3D in vitro breast cancer model of various tumor stages; while OPN expression
levels increase, ALP expression levels decrease with an increase in malignancy potential of cell line. Viable cell region in light blue,
necrotic core in gray, and calcification in red. (B–D) Mineralized particles in pre-cancerous MCF10DCIS.com spheroids core by SEM
magnified section in images; EDS spectrum in image C of asterisk-marked area showing the presence of calcium (Ca), phosphorus (P),
and sulfur (S). SRF maps of a spheroid section showing S, P, and Ca distribution in image (E). Ca K-edge XANES of the particle
marked in (E) and a hydroxyapatite standard in image (F). (G–N) Characterization of non-malignant MCF10A (G,I,K,M) and invasive
MCF10CA1a (H,J,L,N) spheroids at day 13 of culture; light microscope (G,H), 3D reconstructed volumes of spheroids (I,J), H&E
histological staining (K,L), and nanoCT data stained with iodine of the spheroids cross section (M,N). All the figures of this panel are
reproduced with permission from Studying biomineralization pathways in a 3D culture model of breast cancer microcalcifications by Vidavsky
et al., 2018, Biomaterials, 179, 12 (doi:10.1016/j.biomaterials.2018.06.030). Copyright 2018 by Elsevier.

In conclusion, few studies exploited biomineralization-inspired process for various
useful biomedical applications, from cancer modelling [73] to diagnosis markers [98],
showing the need to deeply investigate the potential used of this process independently
from conventional applications.
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3.3. Physical Filters against Solar Radiations

Sunlight is essential for our well-being; it is responsible for regulating our internal
clock, metabolism, immune systems, and for vitamin D production, essential for healthy
bones. Nevertheless, it is well-known that excessive exposure to the solar radiations can
cause serious damage to human health [102]. In particular, UVA (320–400 nm) and UVB
(290–320 nm) radiations are the main radiations to interact with the human body, and their
hazard relies in their ability to generate reactive oxygen species (ROS), which cause skin
photo-aging, sunburn, dermatitis, and can also evoke long-term health effects, such as
malignant tumors [103,104]. In this regard, the use of sunscreens composed of effective UV
filters as protective barriers, absorbing harmful UVA and UVB radiation, has become a
very important topic on which research is paying an increasing attention. UV filters can be
divided in two main classes, chemical or physical filters, but nowadays physical filters are
considered more attractive for sunscreens. Indeed chemical filters, despite having different
advantages [105], were proven to increase environment pollution [106], and resulted to
be harmful for human health [107]. For these reasons, physical filters, especially titanium
dioxide (TiO2) and zinc oxide (ZnO) [104], being able to shield the skin from both UVA and
UVB radiation, are the most commonly used. However, these also have some important
limitations, especially regarding their size and photocatalytic properties (Table 2). Indeed,
to decrease the difficult spreading and whitening effect on the skin, the particle size is
reduced to the nano-size range [108]. This entails that these particles are able to penetrate
deep layers of skin, causing phototoxic reactions [109]. Furthermore, TiO2 is known for its
high photocatalytic activity, generating reactive oxygen species (ROS), which can oxidize
and degrade other ingredients in the formulation, raising safety concerns [110]. Finally,
the main problem, relating all common UV-filters, is that, being mainly used on the beach,
the components of the cream are often released in water, causing damage to the marine
environment, coral blenching, and bioaccumulation in the fauna [111]. Considering all these
issues, attention is shifting towards the development of effective and safer UV-physical
filters for both humans and the environment.

Recently, Battistin and co-workers [112] reported a new class of UV-physical filters
through the combination of a common physical filter, TiO2, and dihydroxyphenyl benzimi-
dazole carboxylic acid (Oxisol) [113], an antioxidant molecule with booster effect. Boosters
can be small molecules, polymers, or other particles, that act on the rheological properties
of the formulation, but can also synergistically interact with the UV filters through antioxi-
dant mechanisms or interfere with the electronic processes of UV radiations absorption.
In particular, this work reported that Oxisol, functionalizing the surface of TiO2, is able
to increase the UV-protection, and also to stabilize TiO2 nanoparticles, preventing their
penetration to deeper skin layers. Furthermore, its booster activity, by means of antioxidant
effects, allows a reduction in physical filter content in sunscreen formulation and a signifi-
cant lowering of photocatalytic effect, typical of TiO2. Nevertheless, Oxisol is considered
as a low eco-sustainable sunscreen product. Thus, alternative, safer, and eco-sustainable
sunscreen products are currently under investigation.

In the last years, the sector of sunscreens shifted attention towards formulations con-
taining calcium phosphates (CaPs), especially hydroxyapatite (HA), the main component
of animal bones, due to their excellent biocompatibility, non-toxicity, and ability to partially
absorb UV radiation (Table 3) [114]. In the literature, there are some works related to
hydroxyapatite as physical filter; for instance, Rehab and collaborators [115] reported the
synthesis of ascorbic acid-modified, nanosized HA, stabilized with polyvinylpyrrolidone
(PVP), to act as a potential biocompatible and safe constituent of sunscreens. In detail, the
incorporation of the antioxidant ascorbic acid (vitamin C) [116] in HA particles maximizes
photoprotection against UV damage and removes reactive oxygen species (ROS), while
PVP prevent nanoparticles aggregation avoiding their skin permeation.

Another type of HA-based sunscreen has been shown by Morsy and co-authors [117],
who developed a multifunctional hydroxyapatite-chitosan (HA-chitosan) gel that works as
a natural antibacterial sunscreen agent for skin care. Through the simple coprecipitation
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method, thus avoiding use of toxic or high-cost materials, nanosized HA particles trapped
within the chitosan matrix were obtained. HA acts as a physical filter against solar radiation,
while chitosan acts as polymer matrix, able to avoid the agglomeration of particles and
to prevent skin penetration. Additionally, chitosan acts as a natural antimicrobial agent,
preventing skin wound infections caused by excessive sun exposure. Both works [115,117]
focused on the intrinsic photoprotective capability of hydroxyapatite, combining it with
other compounds to improve its absorption range in the UV region and to bypass the main
drawbacks related to this kind of material, such as nano-size and whitening effect.

However, several studies on HA [118,119] showed its lattice has the particular ability
to be modified through the doping with ions (such as Mg2+, Sr2+, CO3, Fe2+/3+, Zn2+,
and Ti4+), thus making it a multifunctional product, adaptable according to the requests.
Due to this, in the specific case of sunscreens, some works have reported that doping HA
with appropriate ions can lead to an increase in the value of protection factor without
necessarily having to combine other external components. In 2010, de Araujo et al. [120,121]
developed, through a chemical precipitation process, four different hydroxyapatites doped
with Cr3+, Fe3+, Zn2+, and Mn2+ ions, having better absorption properties than pure HA
in the UV region. Mostly, iron and manganese-doped HA showed the best absorption
features in the UV range, necessary to be an effective sunscreen, without creating problems
of toxicity or photocatalytic effect. Inspired by the previously published results [120,121],
another work [122] has reported an iron-doped HA-based material containing both Fe ions
(Fe2+/Fe3+) substituted into the hydroxyapatite lattice and iron oxide in hematite (α-Fe2O3)
form, successfully developed from waste fish bones with a simple treatment. This was the
first time an HA-based sunscreen has been synthetized, formulated in cream, and validated
as proof of concept. In detail, the introduction of iron ions in the HA lattice allowed an
increase in the absorption range in the UV-region, creating an effective physical filter, no
photoreactivity, and a potential safe option for cream formulation, starting from waste
by-products with several environmental benefits. Although iron is able to improve the
photoprotective abilities of hydroxyapatite, several studies reported that titanium has a
greater shielding power [123,124].

On the other hand, taking into account the photocatalytic problems associated with
the use of titanium dioxide within sunscreens, some recent works shifted attention to-
wards titanium as Ti4+ ions, developing titanium-doped hydroxyapatite. Yasukawa and
Tamura [125] were the first to demonstrate the effective protection from solar radiations of
titanium-hydroxyapatite suspensions combined with cerium ions (TiCeHA). In particular,
it was revealed that the Ti4+ ions and Ce3+ ions absorbed another range of UV: UVB and
UVA, respectively. Therefore, the simultaneous use of these ions further enhances the
UV absorptive ability and by changing their contents in TiCeHA it is possible to create a
physical filter suitable for shielding from UVA and/or UVB. Given the potential of these
compounds, it would be interesting to evaluate the development of a new UV-physical
filter composed of titanium-doped hydroxyapatite and biopolymers obtained by a nature
inspired calcium-based biomineralization process [126]. Considering the problems associ-
ated with “classic” commercial sunscreen, having a physical filer not only able to shield
solar radiations, but also safe for the human body and eco-friendly, could be the solution
to overcome the main UV-filters drawbacks.
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Table 2. Advantages and drawbacks of some physical filters.

Physical Filter Advantages Drawbacks

TiO2-Oxiol [112]
• Booster UV-shield
• Stabilize nanoparticles
• Antioxidant effect

• Low ecosustainable
• Photocatalytic effect
• No biocompatible

HA-Ascorbic Acid [115]
• High UV-shield
• No toxic residual (ROS)
• Biocompatible

• Low chemical stability

HA-Chitosan [117]

• Antibacterial activity
• Low-cost material
• Biocompatible
• Eco-sustainable

• Low UV-shield

ions-doped HA (Cr3+, Fe3+,
Zn2+, Mn2+,

Ti4+) [120,121,125]

• Biocompatible
• High UV-shield
• Eco-friendly
• No photocatalytic effect
• Stabilize nanoparticles

Table 3. Differences between chemical, physical and hydroxyapatite (HA)-based physical filters.

Chemical Filter Physical Filter HA-Based Physical Filter

• Absorb UV-rays [105];
• Not degradable [106];
• Lypophilic [107];
• Partial penetration of UV-rays in the skin [107];
• Harmful for the environment [106].

• Reflect UV-rays [104];
• Not degradable [106];
• Cause whitening effect [108];
• Avoid penetration of UV-rays [104];
• Photocatalytic effect [110];
• Nanoparticles penetration [109];
• Harmful for the environment [111].

• Absorb and reflect UV-rays [114];
• Biodegradable [126];
• Avoid whitening effect [127];
• Ecosustainable [114];
• No-photocatalytic effect [127];
• Avoid particles penetration [127].

3.4. Nano and Micro Drug Delivery Systems

Bioceramics are widely used as components of implants for bone and teeth restoration.
Nowadays the advanced processing techniques and the new synthesis strategies allow the
incorporation of drugs, bioactive molecules, or cells within them or on their functionalized
surfaces. In this regard, bioceramics and biomineralized materials can be exploited as
drug delivery or controlled release in several applications, such as nanomedicine, wound
healing, and bone regeneration [128,129].

Local antibiotic release is a promising and effective procedure for delivering drugs
at the implantation site. With this strategy, antibiotic was loaded on a scaffold in order to
both promote bone regeneration and to prevent common bacterial infections happening
after surgery. In this way, scaffolds act as carriers for local antibiotic release to avoid
following implant removal due to osteomyelitis (Figure 6) [130]. Different drugs can be
loaded into the scaffolds, including anticancer drugs. For instance antitumoral drug-loaded
scaffolds can be used to restore large bone defects after tumor extirpation, resulting in
tumor inhibition with low levels of systemic toxicity [131–134].
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Figure 6. Schematic illustration of the loading of antibiotics within hybrid scaffolds based on col-
lagen and magnesium-doped hydroxyapatite. Two different antibiotics, namely gentamicin and
vancomycin, were introduced during biomineralization of collagen. Antibiotics proved to be tightly
associated within the biomineralized scaffolds. These scaffolds were able to provide a piecemeal
release of antibiotics, avoiding microbial colonization (and therefore avoiding infections) and simul-
taneously promoting bone tissue regeneration. The figure is reproduced from Medicated Hydroxya-
patite/Collagen Hybrid Scaffolds for Bone Regeneration and Local Antimicrobial Therapy to Prevent Bone
Infections by M. Mulazzi et al., 2021, Pharmaceutics, 13 (7), 1090 (doi:10.3390/pharmaceutics13071090)
(Under a Creative Commons Attribution 4.0 International License).

Often, in orthopedic, maxillofacial, and dental surgery, whether the defect size is com-
plex or irregular, bioceramic beads are used to induce bone tissue regeneration [135–137].
In the last decades, some research has been focused on the possibility, not only to promote
tissue regeneration due to bioceramics beads, but also to modify the functionalization of
them with several active molecules such as antibiotics, anticancer agents, and osteogenic
agents to act themselves as drug delivery vehicles [129,138–140].

Ceramic component contributes to the mechanical stability and bioactivity of the
structure; however, its adsorption of drugs often is featured by weak bonds leading to an
initial burst release [140–142]. To overcome this issue, polymers can be added, forming
a composite material endowed with a fine chemical and physical control of the drug
adsorption and release [143,144]. These polymeric and bioceramic phases can be used
as separated phases or as a single mixed phase. For example, hydrogel/bioceramic core-
shell beads can be developed, by means of concentric nozzles or microfluidics exploiting
both advantages of the two phases; polymers can preserve the drug, avoiding an initial
excessive release, whereas ceramics contribute to the mechanical stability and bioactivity
of the structure for a synergic and effective loading and sustained release of proteins [145],
or drugs [146] (Figure 7), as well as cells [147].

For example, Raja and co-workers fabricated a multifunctional core-shell bead struc-
ture featured by a hydrogel shell composed of alginate including cells around a ceramic
core made of α-tricalcium phosphate (α-TCP) loaded with Quercitin dihydrate, a well-
known phytochemical used for the treatment of osteoporosis [129]. The core-shell beads,
immersed in PBS, lead to the formation of bone-like low-crystalline apatite from α-TCP
that provides structural integrity to the bead, along with a surface for the growth of cells
embedded in the hydrogel shell. Researchers demonstrated a slow release of quercetin
throughout the entire 120 days testing period, together with the formation of a homogenous
cell layer on the ceramics structure, due to cells loaded into the hydrogel. Finally, they
showed that in the region in which hydrogel and ceramics are strictly in contact, cell growth
was specifically increased, highlighting the potential of the core-shell model for further
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material–cells interaction study [129]. This kind of composite belongs to promising class of
materials able to load different types of drugs and cells to produce highly biofunctional
beads, which provide an effective bone substitute for both drug delivery and bone tissue
regeneration [8,147,148].

 

Figure 7. Schematic illustration of the two-stage synthesis approach of hybrid microparticles based on bioactive glass
and poly(ester amide) (PEA). The singular components were mixed with an active agent. Subsequently the two mixtures
were mixed together, and gelation was promoted, forming hybrid microparticles loaded with two different drugs. The
figure is reproduced with permission from Intrinsically fluorescent bioactive glass-poly(ester amide) hybrid microparticles for dual
drug delivery and bone repair by Aslankoohia and Mequanint et al., 2021, Materials Science and Engineering: C, 128, 112288
(doi:10.1016/j.msec.2021.112288). Copyright 2021 by Elsevier.

Moreover, calcium-based biomineralization paves the way to promising and very
interesting materials where ceramics composites are nucleated onto the organic phase,
as previously described, creating a single and very reactive phase that combines the
advantages of the two phases. Furthermore, thanks to the possibility of introducing
doping ions into apatite lattice, the resulting phase will be featured by different and new
functionalities, in addition to those normally occurring in vivo, such as high bioactivity,
biocompatibility, and biodegradability. Doping with magnesium or Zn ions, for example,
is possible to confer antimicrobic properties essential to prevent bacterial infection or in
wound healing [149,150].

The encapsulation of antibiotics in nanocarriers such as bioceramics allows the elim-
ination of microorganisms by releasing a high antibiotic dose at a target site before the
development of resistance [151]. Furthermore, many researchers demonstrated that ions
present in hydroxyapatite can promote the antibacterial activity of the device. For instance,
Ain and co-workers demonstrated that vancomycin-loaded HA had a slower release in
comparison with pure vancomycin and also an enhanced antibacterial activity due to the
presence of ions in the HA structure [140].

On the other hand, doping with Fe ions results in an interesting superparamagnetic
apatite phase, able to be exploited in diagnostic field as a contrast agent or therapeutic
field, due to the possibility to move it by an external magnetic field or to release drugs by
means of magneto-shaking [4,139,152,153].

Concerning that point, Patricio and collaborators have developed a bio-hybrid mi-
crosphere obtained through the biomineralization of iron-doped hydroxyapatite (FeHA)
within an organic matrix. In this case, the organic matrix is an animal-free recombinant
peptide based on human type I collagen (RCP) enriched with RGD motif. The resulting
material is bioresorbable, biocompatible, and can enhance cell adhesion. Through the fine
tuning of the emulsification process, the resulting hybrid microsphere is endowed with a
monomodal size dispersion, low crystallinity, and superparamagnetic properties typical of
FeHA [4,23,154–156].

The resulting microspheres displayed excellent osteogenic ability with human mes-
enchymal stem cells, and were able to provide a slow release of recombinant human bone
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morphogenetic protein-2 (rhBMP-2) within 14 days. Furthermore, the release profile can be
finely tuned by application of pulsed electromagnetic field, thus highlighting the potential
of remote controlling the bioactivity of the new micro-devices, an interesting feature for
their application in precisely designed and personalized therapies.

To conclude, the administration of therapeutic agents is still a major concern of
medicine, as the systemic dose prescribed needs to be high to ensure the suitable dose in
the target area, causing several collateral effects. The synergy between bioceramics and
drugs therapy has paved the way to several possibilities, especially in bone pathologies,
anticancer therapy, and heart diseases [157–159].

4. Conclusions and Future Perspectives

Biomimetic approaches are very promising for the design of advanced and multifunc-
tional materials. The application of self-organization has wide potential for the tailoring
structure, composition, properties, and function of materials from nano- to macroscale.
Additionally, the calcium-based biomineralization process can be finely tuned by changing
the environmental conditions (e.g., pH), doping ions, and organic network. Biomineralized
materials can be tailored to address specific issues, including devising of materials for
regenerative medicine, as well as 3D predictive models and development of drug deliv-
ery systems. Furthermore, these hybrid materials display an excellent resource to devise
physical filters able to prevent UV-light-induced danger.

We believe this review will point out the future development of calcium-based biomin-
eralization process for the creation of materials in several applications. Indeed, some issues
need to be addressed, including the industrial production scale up and the sustainability—
both economic and environmental—of the production.
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Abstract: Preventive and regenerative techniques have been suggested to minimize the aesthetic
and functional effects caused by intraoral bone defects, enabling the installation of dental implants.
Among them, porous three-dimensional structures (scaffolds) composed mainly of bioabsorbable ce-
ramics, such as hydroxyapatite (HAp) and β-tricalcium phosphate (β-TCP) stand out for reducing the
use of autogenous, homogeneous, and xenogenous bone grafts and their unwanted effects. In order to
stimulate bone formation, biodegradable polymers such as cellulose, collagen, glycosaminoglycans,
polylactic acid (PLA), polyvinyl alcohol (PVA), poly-ε-caprolactone (PCL), polyglycolic acid (PGA),
polyhydroxylbutyrate (PHB), polypropylenofumarate (PPF), polylactic-co-glycolic acid (PLGA), and
poly L-co-D, L lactic acid (PLDLA) have also been studied. More recently, hybrid scaffolds can
combine the tunable macro/microporosity and osteoinductive properties of ceramic materials with
the chemical/physical properties of biodegradable polymers. Various methods are suggested for the
manufacture of scaffolds with adequate porosity, such as conventional and additive manufacturing
techniques and, more recently, 3D and 4D printing. The purpose of this manuscript is to review
features concerning biomaterials, scaffolds macro and microstructure, fabrication techniques, as well
as the potential interaction of the scaffolds with the human body.

Keywords: biomaterials; bone grafts; bone repair; dental implants; scaffolds

1. Introduction

Osseointegration and dental implants were introduced in dentistry more than 40 years
ago, thanks to the pioneering studies of Per-Ingvar Brånemark and collaborators [1–3].
Since then, unitary, partial, and total dental losses have been rehabilitated by implant-
supported prosthesis successfully and predictably [4]. Dental implants are devices usually
made of pure grade IV titanium and are surgically installed in healthy bone areas. After
the osseointegration period, which is about 3 to 6 months, they can be restored by the
dental prostheses, thus collaborating with the restoration of the masticatory function and
the return of oral comfort and aesthetics to the patient [5].

However, the loss of alveolar bone that occurs before or after a tooth extraction is
responsible for altering the original volume of the alveolar ridge, as well as for the formation
of bone defects (Figures 1–3). After tooth extraction, an average alveolar bone loss of about
30% (in the vertical direction) and 40–50% (in the horizontal direction) occurs for up to
6 months [6]. If no treatment is made, bone loss advances, reaching 40–60% reductions in
bone crest volume within 3 years [7].
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Figure 1. Diagram showing the change in the volume of the alveolar bone ridge due to bone loss before tooth extraction.
(A) Proper dental implantation. (B) Alveolar bone loss due to periodontal disease. (C) Bone condition after tooth extraction.
(D) Alveolar bone healing.

Figure 2. Diagram showing the change in the volume of the alveolar bone ridge resulting from the atraumatic tooth
extraction. (A) Proper dental implantation. (B) Dental extraction with no fracture of the alveolar bone wall. (C) Bone
condition after tooth extraction. (D) Alveolar bone healing.

Figure 3. Diagram showing the change in the volume of the alveolar bone ridge resulting from the traumatic tooth extraction.
(A) Proper dental implantation. (B) Dental extraction with fracture of the alveolar bone wall. (C) Bone condition after tooth
extraction. (D) Alveolar bone healing.

Bone loss before tooth extraction may be related to periodontal diseases, periapical
pathologies, and trauma to the dentition and/or bone [6]. It is important to mention that
bone loss after a tooth extraction is also related to the type of the surgical procedure, being
aggravated mainly by invasive and traumatic surgeries [8]. In addition, bone loss resulting
from tumors or genetic disorders has also been reported [9,10].

Bone remodeling that occurs after tooth loss certainly results in the formation of a
bone defect that makes dental implant placement difficult or even unfeasible depending
on the size and location [8]. In cases of implants, positioned in deficient bone or extraction
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cavities with compromised bone walls, horizontal and/or vertical defects can be formed,
exposing the implant body and compromising the short- and long-term functional and
aesthetic results [11]. Therefore, the reestablishment and maintenance of the dimensions of
the alveolar ridge after tooth loss are essential to ensure a favorable and predictable result
with osseointegrated implants [8,12].

Additionally, in order to minimize the aesthetic and functional effects caused by
intraoral bone defects, the clinical use of scaffolds as preventive and regenerative tech-
niques have spread widely, enabling the installation of dental implants and, consequently,
implant-supported prosthesis rehabilitation. This review describes the features of biomate-
rials used as scaffolds to promote bone formation, macro and microstructures of scaffolds,
fabrication techniques, as well as the potential interaction of the scaffolds with the human
body. Scaffolds composed of mainly bioabsorbable ceramics, such as hydroxyapatite (HAp)
and β-tricalcium phosphate (β-TCP), and biodegradable polymers like cellulose, collagen,
glycosaminoglycans, polylactic acid (PLA), polyvinyl alcohol (PVA), poly-ε-caprolactone
(PCL), polyglycolic acid (PGA), polyhydroxylbutyrate (PHB), polypropylenofumarate
(PPF), polylactic-co-glycolic acid (PLGA), and poly L-co-D, L lactic acid (PLDLA) are de-
scribed. This present review also examines hybrid scaffolds that can combine the tunable
macro/microporosity and osteoinductive properties of ceramic materials with the chemi-
cal/physical properties of biodegradable polymers. Various methods for the manufacture
of scaffolds with adequate porosity, such as conventional and additive manufacturing
techniques and, more recently, 3D and 4D printing are discussed. Finally, this review
briefly discusses the new trends and future directions in developing scaffolds for bone
formation and presents relevant information regarding the main materials and manufac-
turing techniques for scaffolds used in implant dentistry, including the trends in material
composition and manufacturing techniques.

2. Bone-Grafting Techniques

Preventive (such as atraumatic tooth extraction and filling the socket soon after extrac-
tion) or regenerative techniques (such as grafting to gain bone volume after healing the
ridge) have been suggested to minimize the esthetic and phonetics effects caused by the
bone defects and enable the placement of dental implants [11,13] (Figures 4 and 5). Both
techniques employ bone grafts to promote bone repair and the reduction of bone defects. In
preventive techniques, the bone grafts help to maintain the volume for cell infiltration and
proliferation, as well as assist in closing the surgical wound [14]. In regenerative techniques,
the bone grafts have been used to increase the vertical and/or horizontal volume of the
alveolar ridge, being the guided bone regeneration (GBR) indicated as the best technique,
with satisfactory results over time [15–17].

Figure 4. Diagram showing a preventive technique after tooth extraction. (A) Dental implantation. (B) Dental extraction.
(C) Filling the dental socket with biomaterial. (D) Closure with a membrane. (E) Suturing the grafted area.
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Figure 5. Diagram showing a regenerative technique in an area with the bone defect. (A) Alveolar ridge with a bone defect
in thickness. (B) Bone graft adapted to the area of the defect and membrane positioned. (C) Suturing the grafted area.

Since bone repair depends on mechanisms of osteoconduction, osteoinduction, and
osteogenesis, the ideal bone graft should guide the bone growth three-dimensionally, es-
tablishing cell recruitment, inducing differentiation of resident bone cells, and providing
cells at the implantation site [18] (Figure 6). For many years, autogenous bone grafts had
been considered the reference standard for the treatment of bone defects. In addition
to having imunocompatible cells, they are osteogenic, osteoconductive, and osteoinduc-
tive presenting characteristics of bioabsorption and angiogenesis, which guarantees high
clinical predictability [19,20]. While osteoinductors are biomaterials that stimulate undiffer-
entiated cells to differentiate into osteoblasts, osteoconductors act as a framework for the
proliferation of blood vessels, perivascular tissue, and osteoprogenitor cells of the patient.
Osteogenitors biomaterials are capable of forming bone tissue by themselves since they
have viable precursor cells and/or osteoblasts [21].

Figure 6. Diagram showing mechanisms of osteoconduction, osteoinduction, and osteogenesis.

In autogenous grafts, the patient is both the donor and the graft receptor. When used
to correct intra-oral bone defects, autogenous bone grafts have been obtained from the
oral cavity (such as the mental area, mandible body, or maxillary tuberosity) or extra-oral
donor areas (such as the iliac crest, tibia, or skullcap) [19]. However, limitations such as the
restricted availability of bone for removal, increased surgical morbidity, high rates of graft
bone remodeling, and difficulty in predicting the rate of degradation over time, have been
associated with autogenous bone grafts [22–24]. Therefore, autogenous bone grafts have
declined in use over time, especially from the extra-oral area.

In order to minimize the inherent limitations of autogenous bone grafts, bone substi-
tutes such as homologous, xenogenous, and alloplastic grafts have been suggested in the
literature [19,25–27]. Homologous bone grafts are originated from another individual of the
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same species from cadavers (e.g., DFDBA: demineralized freeze-dried bone allograft; FDBA:
freeze-dried bone allograft), while xenogenous grafts are obtained from another species
(ex: CB-BB: chemically deproteinized bovine bone; TD-BB: thermally deproteinized bovine
bone). Despite being available in large amounts, the main disadvantages of homologous
bone grafts are high costs, the requirement for complex sterilization and storage techniques,
difficulty in predicting the rate of degradation over time, the risks of disease transmission,
variable osteoinductive and osteoconductive properties, and lower osteogenic potential
compared to autografts [28,29]; while risks of zoonotic diseases transmission (e.g., bovine
spongiform encephalopathy), prion infections, and immunological activation of diseases
have been related to xenogenous grafts [30,31].

Conversely, alloplastic bone grafts are fabricated from inorganic or synthetic biomate-
rials, which, despite not having the osteogenesis and osteoinduction capacity, considerably
reduce surgical morbidity rates and the risk of disease transmission [32,33]. Therefore,
alloplastic bone grafts have been developed to overcome the limitations of autogenous,
homologous, and xenogenous grafts. Indeed, these biomaterials have demonstrated ad-
vantages such as a reduction in surgical time, an abundance of materials with no amount
limitation, ease of handling, no risk of disease transmission, and very low antigenicity
potential [34–36].

Alloplastic bone grafts are fabricated from absorbable or non-absorbable synthetic
materials, with different sizes and shapes, and variations in their physical and chemical
properties, such as granule morphology, crystalline or amorphous phase, and pore size and
interconnectivity [37]. Composed of osteoconductive biomaterials, these grafts provide a
framework, which will be populated by cells originated from osteoprogenitor cells (from
the defect margins), thus promoting bone neoformation until the biomaterial is completely
replaced by the new bone [33,35,36]. Alloplastic grafts can be used alone, or in association
with autogenous bone, biomaterials, or bioactive substances [35,37,38].

3. Scaffolds

With the advancement and diversity of alloplastic bone grafts, the concept of “bone
tissue engineering (BTE)” stands out, which aims to combine biological knowledge con-
cerning the histology and morphology of bone tissues with the development of appropriate
biomaterials and techniques for the three-dimensional (3D) structure’s construction, capa-
ble of simulating the bone environment on a micro and nanoscale [39]. These structures,
better known as scaffolds, are carriers for cellular interactions (migration, adhesion, and
cell proliferation), allowing the deposition of a new bone extracellular matrix on its porous
surface [40–42]. Additionally, they also provide temporary support for newly formed bone
tissue and vessels [43,44].

Metals (tantalum, magnesium, titanium and titanium alloys, nickel-titanium alloy [niti-
nol]); natural polymers (collagen, gelatin, silk fibroin, chitosan, alginate, hyaluronic acid);
synthetic polymers (polylactic acid [PLA], polyglycolic acid [PGA], polylactic-co-glycolic
acid [PLGA], polycaprolactone [PCL], polyvinyl alcohol [PVA], polypropylene fumarate
[PPF], polyurethane [PU]); bioactive ceramics (hydroxyapatite [HAp], tricalcium phos-
phate [TCP], beta-tricalcium phosphate [β-TCP], calcium sulfate [CaSO4], akermanite [Ca,
Si, Mg], diopside [MgCaSi2O6], bioactive glass [BGs]); and bioinert ceramics (aluminum
oxide, zirconia) have been proposed for the manufacture of scaffolds-based bone tissue
engineering [41,45,46]. Additionally, the materials most used in clinical practices to repair
intra-oral defects are HAp, dicalcium, tricalcium phosphates, and bioactive glasses [47–50].
The materials used in scaffolds for implant dentistry are shown in Table 1.
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More recently, hybrid scaffolds, which combine polymers and ceramics have been
proposed to associate the advantages of polymeric materials with the favorable properties
of ceramic such as bioactivity and mechanical resistance [41]. It is relevant to mention
that there is still no single synthetic biomaterial that offers all the desirable properties for
a scaffold; thus, the association of biomaterials combines the best properties of each one,
in order to meet the needs of the bone-grafted area [48]. These 3D structures can also be
associated with growth factors (such as recombinant human bone morphogenetic protein-2
(rhBMP-2) and platelet-derived factors-BB), bioactive substances (such as simvastatin), and
specific cells which stimulate bone tissue regeneration (such as mesenchymal stem cells or
osteoblasts) [64–66].

4. Expected Properties for a Scaffold

Ideally, a scaffold should be composed of biocompatible materials that are easily
adaptable to the bone defect; must present controlled bioabsorption and in line with bone
formation; promote high surface wettability inducing cell adsorption and proliferation; hav-
ing appropriate surface chemical properties to enable cell adhesion; have an interconnected
pore architecture; present satisfactory mechanical properties to support intra-oral loads in
the defect area; allow sterilization, and present industrial viability to be manufactured in
different sizes and shapes [65–69].

Therefore, during the manufacture of a scaffold, the biomaterial design must be taken
into account, the desired morphology, pore size and interconnectivity, and the mechanical
properties [49,69]. If the scaffold conformation is similar to the defect shape, its adaptation
will be more effective, quickly establishing a solid interface and the complete integration
between the surface of the biomaterial and the bone tissue [70]. This intimate adaptation,
associated with the chemical properties of the surface and a porous structure interconnected
by the association of macro and micropores, facilitates cell dynamics, enabling the adhesion,
proliferation, and migration of bone-related cells with subsequent deposition of osteoid
tissue inside the scaffold [46,70,71].

However, although the importance of the presence of porosities to create a microenvi-
ronment for cell proliferation is clear, there is still no consensus on the ideal pore size for a
scaffold in bone repair. The literature presents different values, ranging from 40 to 500 μm
in diameter [41,71,72]. These variations are probably related to the nature and variability
of the bone (cortical and/or spongy) where the bone graft will be used and the biomaterial
used to manufacture the scaffold [72,73].

Studies suggest that smaller pores (with around 40 μm) favor cell agglomeration,
while larger pores (with approximately 100 μm) accelerate cell migration [74,75]. It is
recommended to use pores with at least 100 μm in diameter to ensure successful diffusion
of nutrients and oxygen, which enables cell survival and stimulates bone growth [76,77].
Other studies indicate that diameters of 5 μm are suitable for neovascularization, 5–15 μm
for fibroblast growth, 20 μm for hepatocyte growth, 20–125 μm for skin regeneration in
adult mammals, 40–100 μm for osteoid tissue growth, and diameters between 100–350 μm
favor bone regeneration [78]. Additionally, the use of nanoscale pores can increase the
surface area, which is advantageous for the apatite formation and proteins and/or os-
teoblasts fixation [79,80]. Interconnectivity among the pores must also be obtained, since a
network of interconnected pores increases the diffusion rates to the center of the scaffold,
allowing vascularization, improving the transport of nutrients and oxygen, and facilitating
the removal of metabolic waste [76,77].

It is also reported that porous scaffolds with nano, micro, and macroporosities, can
perform better than macroporous scaffolds [81]. However, the reproduction of varying
degrees of porosity increases the complexity and the challenge in making reproducible
scaffolds, especially when composed of a single material [68]. Additionally, high porosity
scaffolds demonstrated a reduction in the mechanical properties, directly impacting its
structural integrity [68,82]. The mechanical characteristics of a scaffold must be similar to
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those of native tissue, especially concerning the resistance to stresses suffered in vivo, until
the new tissue formed occupies the scaffold matrix [82].

The scaffold degradation capacity and speed are also important parameters to con-
sider. Ideally, the scaffold degradation should be concomitant with the bone formation
process, since its mechanical properties decrease as a result of its degradation [83]. In
physiological and artificial aqueous environments, biomaterials can degrade via some
mechanisms, including (i) physicochemical degradation (chain scission and dissolution in
an aqueous environment), (ii) enzymatic activity, (iii) cellular degradation (e.g., inflamma-
tion, foreign body response), and (iv) mechanical fragmentation due to a loss of structural
integrity resulting from the former mechanisms [84,85]. The rate of scaffold degradation is
determined by factors such as the configurational structure, crystallinity, molecular weight,
morphology, stresses, porosity, and implantation site [86]. Polymeric and resorbable ce-
ramic biomaterials can be degraded; however, polymeric scaffolds have higher degradation
rates [87].

5. Polymeric Biomaterials Applied to Fabricate Scaffolds Used in Implant Dentistry

Polymeric materials are composed of a long repeating chain of monomers formed by
covalent bonds. Natural polymers such as proteins (fibroin, collagen, gelatin, fibrinogen,
elastin, keratin, actin, myosin), polysaccharides (cellulose, amylose, dextran, chitosan,
glycosaminoglycans), and polynucleotides (DNA, RNA) have a better interaction with
biological systems due to its bioactive, bioadhesive, and hydrophilic properties [87], while
synthetic polymers (synthetic aliphatic polyesters: poly-glycolic acid (PGA), poly-lactic
acid (PLA), poly-lactic acid-co-glycolic acid (PLGA), polycaprolactone (PCL) demonstrated
more possibilities for chemical and mechanical modifications [51].

The polymer’s biodegradation occurs by hydrolytic scission in its main chain, resulting
in soluble, non-toxic oligomers or monomers. The main biodegradation processes occur
by two mechanisms: (i) hydrolysis or enzymatic digestion of the main chain, promoting
gradual erosion of the polymer, and (ii) rupture of the crosslinking links, generating
water-soluble fragments, which are transported away from the site deployment [84,85].

5.1. Poly-Lactic Acid (PLA)

PLA is a polyester obtained by condensing hydroxyl and carboxyl groups of the
lactic acid monomer or by opening the lactide ring. In addition to its biocompatibility
and biodegradability, it has low rigidity, good processability, and is thermally stable [88].
Chemically, PLA is considered an organic acid with an asymmetric carbon that has two
enantiomers (L+ and D−) and a racemic DL [51], being used as a precursor in the man-
ufacture of polymers. Approved for use in the biomedical area since the 1970s due to
its biocompatibility, when PLA comes into contact with the human body, it undergoes
hydrolytic degradation via a mass erosion mechanism by a random splitting of the ester
bonds, decomposing into lactic acid and producing water and carbon dioxide via the Krebs
cycle. Its degradation depends on characteristics such as degree of crystallinity, molar mass,
type of isomerism, and changes in pH [89]. In the treatment of peri-implant, periodontal,
and bone defects, PLA is used in the form of membranes.

5.2. Poly-Glycolic Acid (PGA)

PGA is a biodegradable, thermoplastic polymer, and the simplest linear aliphatic
polyester. It can be prepared to start from glycolic acid using polycondensation or ring-
opening polymerization. However, high-molecular-weight PGA could not be obtained
because it was unstable and easily degradable compared with other synthetic polymers [90].
Polyglycolide fiber is a clinically well-known non-woven fabric, which has rapid absorp-
tion as an advantage [91]. Conversely, the polyglycolide mesh has low integrity mechanics
in vitro. Therefore, its application in bone in an isolated form is inadequate. PGA com-
bining with materials that promote a greater reinforcement to bone tissue can obtain a
stable combination. The association of the PGA mesh with a PLLA solution allowed a
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substantial increase in resistance to compression than PGA alone [92]. Currently, PGA and
its copolymers poly(lactic-co-glycolic acid) with lactic acid, poly(glycolide-co-caprolactone)
with ε-caprolactone, and poly (glycolide-co-trimethylene carbonate) with trimethylene
carbonate have been widely used as biomaterials in the biomedical field [93].

5.3. Polylactic-Co-Glycolic Acid (PLGA)

PLGA is a biocompatible biomaterial, easily synthesized, and biodegradable in non-
toxic by-products [52,53,94]. This copolymer has been used in a variety of therapeutic
devices approved by the Food and Drug Administration due to its high rate of biodegrad-
ability and biocompatibility. PLGA is synthesized by the ring-opening copolymerization
of two different monomers, PGA and PLA. Therefore, modifications of physical-chemical
characteristics can be performed by the composition of the original monomers (PLA and
PGA). Depending on the ratio of PLA to PGA used in the polymerization, different forms of
PLGA can be obtained. These forms are usually identified concerning the molar proportion
of the monomers used (e.g., PLGA 75:25 identifies a copolymer whose composition is
75% PLA and 25% PGA). The crystallinity of PLGAs will vary from 100% amorphous to
100% crystalline depending on the block structure and molar ratio [95].

Since PLGA is highly biocompatible and non-toxic, in addition to being easily pro-
cessed in different devices, the clinical applications of PLGA have increased in recent years,
especially in the field of orthopedics as devices for fixing fractures in the craniomaxillofacial
region, support for cell growth, and a device for controlled drug release [96]. Additionally,
the PLGA membrane is also indicated for periodontal, peri-implant, and bone regeneration.
It is important to mention that although PLGA is not considered osteoinductive, it allows
the incorporation and release of biomolecules with substantivity [96].

PLGA is degraded faster than PLA because of glycolic acid incorporation in the poly-
mer chain through de-esterification. PLGA scaffolds are often used as bone reconstruction
materials. They can be synthesized in personalized shape and to satisfy the required
absorption time. There are various methods for processing these porous synthetic scaffolds.
Nevertheless, PLGA has demonstrated reduced cell adhesion and proliferation in response
to its hydrophobicity [54,97].

5.4. Polycaprolactone (PCL)

PCL consists of hexanoate units and represents an important biodegradable aliphatic
polymer. It is synthesized by poly-condensation of 6-hydroxyhexanoic acid and ring-
opening polymerization of ε-caprolactone [54]. Due to the interconnected pores, high poros-
ity, and elastic behavior, the 3D DPCL electrospun nanofibrous has a similar structure to
the extracellular matrix and has demonstrated unique features for tissue formation [98,99].
PCL has been used to fabricate several types of hybrid scaffold [93,99].

5.5. Polyvinyl Alcohol (PVA)

PVA is a biodegradable synthetic polymer which is synthesized by hydrolysis of
poly(vinyl acetate [55,56]. Some unique features of PVA (e.g., solubility, flexibility, bio-
compatibility, biodegradability, mechanical strength) make it an important choice as a
polymeric scaffold for bone tissue engineering.

This polymer is interesting for electrospinning due to the presence of a hydroxyl
group in its repeating unit, which makes it cross-linkable using its interconnected hydro-
gen bonding [100,101]. PVA is the most commonly used water-soluble synthetic polymer
for biomedical applications [100]. PVA is not soluble in organic solvents and only sparsely
soluble in ethanol. Due to PVA compatibility with several polymers, it can be easily
mixed up with several biomaterials, extending its applicability. Different studies demon-
strated that the mechanical property of PVA can be improved without compromising the
degradability through the inclusion of reinforced agents [102,103].

The physicochemical property of PVA is determined by the degree of hydrolysis dur-
ing the synthesis procedure. Because PVA is a water-soluble polymer, before any biological
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application, cross-linking of polymers is important to maintain integrity. Therefore, the
degree of cross-linking plays an important role in deciding the stability in the biological en-
vironment, fluid uptake, degradation property, among others. For biomedical applications,
physical cross-linking is more useful as it does not leave any residual toxic crosslinking
agents [56,100].

5.6. Polypropylene Fumarate (PPF)

Since its introduction by Yaszemski et al. [57], PPF has been used preclinically for bone
regeneration. PPF demonstrates several medical requirements including biocompatibility,
mechanical properties, osteoconductivity, and capacity to be sterilized [57,104,105]. This
synthetic polymer degrades via hydrolysis of its ester bonds. Additionally, the degradation
time depends on the molecular mass of the backbone chain, the types of crosslinker used,
and the crosslinking density [104,105]. PPF is degraded in non-toxic fumaric acid and
propylene glycol, equal favorable for in vivo applications [106]. In PPF cross-linked, the
strength is adequate to guide and allow cell attachment and tissue formation in vivo.
Moreover, the PPF degradation occurs in a timeframe adequate to bone healing and
remodeling [107].

6. Ceramic Biomaterials Used in Scaffolds Applied in Implant Dentistry

Ceramics are inorganic, non-metallic, and crystalline materials, which can be classified
as bioinert and bioactive. Bioinert ceramics have no interaction with living tissue, while
bioactive ceramics are capable of promoting adherence to living bone tissue [108]. The
ceramics most used in bone tissue engineering are bioactive, also known as bioceramics,
with emphasis on hydroxyapatite and β-tricalcium phosphate [109,110].

These bioceramics contain calcium salts that stimulate the formation and precipitation
of calcium phosphates in bone tissue [111]. However, due to their low structural rigidity,
they cannot be used in areas of great mechanical stress, because of the risk of fracture [112].
To address these mechanical limitations, bioinert ceramics, such as zirconia, have been
suggested for use alone or associated with bioactive ceramics [113].

6.1. Hydroxyapatite (HAp)

Hydroxyapatite, a hydrated calcium phosphate (Ca10(PO4)6(OH)2), is a mineral
present in vertebrates (about 55% of the bone composition, 96% of dental enamel composi-
tion, and 70% of dentin), which acts as a reserve of calcium and phosphorus [58,110]. For
use as a graft material, it can be obtained by deproteinizing bone tissue (natural HAp, usu-
ally from bovine tissue) or by precipitating aqueous solutions from phosphates (synthetic
HAp) [114]. Natural and synthetic HAp are thermodynamically stable at physiological
pH and actively participate in bone bonds, forming a strong chemical bond with bone
tissue [58]. The HAp surface allows the interaction of dipole-type bonds, causing water
molecules and also proteins and collagen to be adsorbed on the surface, thus inducing
tissue regeneration [59].

Synthetic HAp has been the most widely used clinically, characterized by being
a biocompatible and osteoconductive material that presents high stability in aqueous
media [115]. It is commercialized in the form of dense or porous ceramics, in blocks,
granules, or coatings, being used in the repair of bone defects, an increase of alveolar ridge,
guided regeneration of bone tissues, and buccomaxillofacial reconstructions [116,117].
Compared with natural HAp, synthetic HAp has a higher crystallinity, which results in
slower degradation that can last 4 to 5 years [116]. Therefore, scaffolds manufactured in
HAp maintain their geometric shape for a longer time during the regeneration of bone
tissue [117].

However, in some clinical situations, the rate of HAp degradation may be out of step
with bone formation [118]. When compared to other calcium phosphates (amorphous
tricalcium phosphate: 25.7 to 32.7 g/L; calcium monophosphate monohydrate: about
18 g/L; anhydrous calcium monophosphate: about 17 g/L), the rate of HAp reabsorption
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is considered to be quite low (about 0.0094 g/L) [119,120]. Thus, studies have suggested
replacing phosphate groups (PO4

3−) with carbonate groups (CO3
2−) (carbonated or car-

boapatite HAp), which modifies the crystalline structure of HAp, increasing its solubility
and, consequently, its clinical application [116,120].

6.2. Tricalcium Phosphates (TCP)

When subjected to high-temperature treatments, HAp can give rise to other phases
such as tricalcium phosphates (α and β-TCP) that are also frequently used as bioceramic
materials. α-TCP and β-TCP have the same chemical composition (Ca3(PO4)2); however,
the crystallographic structures are different, and the α phase is more soluble. Additionally,
α- and β-TCP have different densities: α-TCP (2.86 g/cm3) and β-TCP (3.07 g/cm3); the
last being closer to that of HAp (3.16 g/cm3) [59].

Biomaterials composed of calcium phosphate (CaP) can be manufactured in both
porous and dense forms as bulk, granules, and powders, besides the de-coating form.
These biomaterials demonstrated biocompatibility, safety, availability, low morbidity, and
are affordable. CaP bioceramics are now in common use for different medical and dental
applications such as treatment of bone defects and fractures, total joint replacement, spinal
surgery, dental implants, peri-implants and periodontal therapy, and craniomaxillofacial
reconstruction [121].

CaP-based biomaterials are bioactive and have a composition and structure similar
to the mineral phase of bone. Despite the osteoconductive property [60], CaP-based
biomaterials have a high affinity for protein adsorption and growth factors [122]. The
osteoinductive property can be achieved by: (i) structural or chemical optimization of the
biomaterials themselves; and/or (ii) incorporation of osteoinductive substances, such as
rhBMP [123,124].

Notwithstanding the several advantages of CaP bioceramics, these biomaterials
demonstrated poor mechanical strength, lack of organic phase, presence of impurities,
micro-scale grain size, non-homogenous particle size and shape, prolonged fabrication
time, and difficult porosity control [125]. However, several modifications of fabrication
parameters have been performed and the physicochemical properties of these biomaterials
are thereby improved [126].

6.3. Bioactive Glass (BG)

Bioactive glass (BG) was first developed by Hench et al. in 1971, with the 45S5 compo-
sition through the use of Na2O-CaO-SiO2-P2O5 phase diagram [61], which demonstrated
biocompatibility and bone-bonding ability. These synthetic materials based on silica are
highly bioactive, due to the calcium and phosphate ions in their composition [127]. When
BGs are exposed to bone or biologic fluids, their structure fully reacts to form internal
silica gel cores with calcium phosphate-rich surface. Therefore, the internal silica gel core
degrades, leaving an external calcium phosphate bulk, which is structured as a hydroxy-
carbonated apatite layer that improves protein adsorption to BGs’ surface and integration
with surrounding tissue [128,129]. The Ca:P ratio, composition, and microstructure of BGs
determines the rate of ion release from the BGs’ surface.

Inside the degraded BGs, osteoprogenitor cells differentiate and form new bone. BGs
are particularly attractive for bone repair due to their controllable degradation, osteogenic
potential, and bone-bonding affinity [130]. It is relevant to mention that BGs degradation
rate is highly tunable due to changing their chemical compositions or material processing
methods. Therefore, BGs can be designed with a specific degradation rate to respond to
the precise requirement of a certain bone repair.

Many variations of BGs are currently being used in periodontics and implantology.
They are generally composed of silica (45%), calcium oxide (24.5%), sodium oxide (24.5%),
and pyrophosphate (6%), named 45S5. Clinically, this composition of BGs has been used in
restorative dentistry, periodontics, implantology, and maxillofacial area for periodontal,
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peri-implant, and bone defects [131,132]. Recently, mesoporous BGs have been developed,
which enables greater degradation control [133].

6.4. Zirconia (ZrO2)

Zirconia is a structural ceramic that has been used for biomedical applications due to
its biocompatibility, osseointegration potential, radiopacity, favorable mechanical proper-
ties, and in particular, its toughness [134–136]. When a crack occurs in zirconia, an internal
tension is generated due to its propagation, transforming some grains from tetragonal to
monoclinic (t→m), which increases the volume by about 5% [137]. As a result, compressive
stress is generated, acting on the crack tip and hindering its propagation [137,138]. This
phenomenon of “containment” of the crack is known as “transformation toughening”, and
since the discovery by Garvie et al. [139], it has been the focus of research for the biomedical
application of zirconia.

Due to this favorable behavior, zirconia can supply the mechanical needs of a scaffold,
so that it does not deform when submitted to loading and can be used to increase atrophic
alveolar ridges or to replace the bone loss in the maxillofacial area [62]. Additionally,
zirconia scaffolds can be manufactured by various techniques, resulting in different degrees
of porosity, control of the geometric structure, and micro-roughness, which allows a good
interconnection structure between the pores to support the growth of osteoblasts, vessels,
and new bone [63,140].

However, despite offering superior properties, such as corrosion resistance, low
friction coefficient, great wear resistance, hardness, and resistance to fracture propaga-
tion, zirconia scaffolds do not have the same efficiency in integration with bone tissue
as phosphate-based ceramics [141]. Thus, nanocrystalline calcium phosphate powders,
tricalcium phosphates, and/or bioactive glass have been associated with zirconia scaffolds,
in the form of coatings or infiltrations, to increase biological activity, healing capacity, and
osteogenesis within the adjacent tissue [138,140,142–144]. The current trend of using hybrid
scaffolds, through the association of different materials, has been the path that tissue bone
engineering has been seeking to obtain artificial structures more similar to bone biology.

7. Techniques for Manufacturing Scaffolds

Due to the several biomedical areas that benefit from tissue bone engineering, the
rapid advance in the manufacture of 3D structures has been accompanied by the develop-
ment and improvement of methods that aim to achieve the desired criteria for a scaffold.
Scaffolds can be manufactured by conventional or additive manufacturing techniques
and more recently, by 3D and 4D printing techniques [145,146]. Conventional techniques
include methods such as solvent casting and particle leaching, freeze-drying, thermally in-
duced phase separation, gas foaming, powder-forming, polymeric sponge replica method,
and electrospinning [145,147–150], while among additive manufacturing techniques stere-
olithography, fused-deposition modeling, selective stand out laser sintering and electron
beam melting stand out [145,151].

7.1. Conventional Techniques

Conventional techniques for manufacturing scaffolds use subtraction methods, in
which part of the materials is removed so that the desired properties are achieved [152].
Generally, these techniques are easy to made and present low cost; however, these tech-
niques may have limitations, such as the difficulty of obtaining structures with complex
geometries [73]. The chemicals in the solvents used may not be completely removed from
the scaffolding, being toxic to the newly formed tissue and the surrounding tissue of the
host [153]. Table 2 describes the most commonly used conventional techniques and the
scaffolds that can be obtained from them.
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Table 2. Conventional manufacturing techniques: description and typical scaffold materials.

Technique Description
Scaffold

Materials

Solvent casting and
particle leaching [154]

A polymer solution is dissolved in a solvent rich in crystals of soluble salts or organic particles. After
removing the solvent by evaporation, these particles come together to form a matrix. The system is
immersed in water, allowing the dissolution of the salt matrix and the removal of the produced
polymeric structure, which is highly porous. The structures produced are simple but may contain
some solvent residue. The centrifugation and layer technique can be combined to minimize
these limitations.

- PLGA

Freeze drying [155,156]

The polymeric material is dissolved in a solvent and the solution obtained is cooled below its
freezing point taking the solvent to solidification. This system is taken to a freeze dryer, previously
adjusted with a temperature below the freezing point of the solvent and a pressure below
atmospheric pressure to promote the sublimation of the solvent. The result is the formation of a
porous structure, with multiple empty spaces and channels connected.

- Gelatine
- HAp
- PLA
- PCL
- Chitosan

Thermally-induced phase
separation [148,157]

A polymer is dissolved in a solvent at high temperature, followed by rapid cooling. The solvent is
separated from the polymeric structure due to the change in the solubility coefficient caused by the
temperature reduction, forming one phase rich in polymer and another poor. The polymeric phase
solidifies, while the other phase is removed, resulting in a highly porous polymeric structure. This
technique can be used in association with other techniques to manufacture 3D structures with
controlled pore morphology, such as leaching.

- PPLA
- Chitosan

Gas foaming [158]

Blowing agents are used to pressurize molded polymers. These agents generate gas bubbles that act
as porosity builders, causing expansion in volume and reduction in the density of polymers. When
associated with the replica technique, the polymeric foam is impregnated with a ceramic suspension.
The structure sintered at high temperature, degrades the polymer, resulting in a porous
ceramic structure.

- HAp
- β-TCP

Powder-forming [116] A suspension of ceramic particles is prepared in an appropriate liquid to form a paste. From this
paste, green bodies are produced in different ways. Subsequent sintering results in porous scaffolds.

- PLGA
- HAp

Electrospinning [159,160]

An electric field is used to form fibers with diameters ranging from micrometer to nanometer scale. A
typical apparatus consists of an infusion pump, syringe set, and metallic needle for the formation of
the spinning droplet, a collector, and the electrical system. The potential difference applied by the
electrical system generates high electric fields and its strength exceeds the surface tension of the
droplet, elongating it. After evaporation of the solvent, the fibers are collected.

- PLA
- β-TCP

7.2. Additive Manufacturing Techniques

Additive manufacturing (AM), commonly known as 3D printing (3DP), includes
techniques based on the traditional principles of rapid prototyping, which are used to
manufacture a physical object, using three-dimensional computer-aided data (CAD) [161].
They employ additive processes, where the manufacture of three-dimensional physical
models is undertaken layer by layer. The production of parts with low volume and with
the high complexity of format is facilitated, due to better control of properties such as
compressive strength, elastic modulus, dissolution, and mass transport [160,162]. Also,
a specific geometry, with a particular shape, size, and porosity (uniform or functionally
graded) can be achieved.

AM techniques have the advantage of manufacturing patient-specific designs, which
can be obtained from the computed tomography scan of the bone defect. This is particularly
important when repairing more complex injuries [163]. These techniques do not use toxic
organic solvents and allow better control of pore architecture, pore volume, and percentage
porosity, in addition to the mechanical properties of the scaffold. Thus, AM techniques are
superior to conventional methods, where it is difficult to control the pore size, shape, and
pore interconnectivity [152]. Moreover, AM techniques increasingly allow the manufacture
of hybrid scaffolds, combining the advantages of the selected materials [30,48,113,142].

AM or 3DP techniques—such as stereolithography (SL), fused-deposition model-
ing (FDM), and selective laser sintering (SLS)—combine computer-aided design (CAD),
computer-aided manufacturing (CAM), and computer numerical control (CNC) [164].
More recently, additively manufactured structures using smart (intelligent) materials that
can modify in a pre-defined form or perform a pre-defined function according to the stimuli
are characterized in “4D printing” processes [146]. The techniques used are the same as
those mentioned for 3DP; however, the nature of the materials used are different, which
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must present “shape memory” or “self-performance” [165]. Table 3 describes the most
widely used AM techniques and which scaffold materials can be obtained from them.

Table 3. Additive manufacturing techniques: description and typical scaffold materials.

Techniques Description
Scaffold

Materials

Stereolithography (SL)
[166,167]

Solid objects are manufactured, layer by layer, by curing a photoreticulable liquid resin of ultraviolet
or visible light beams, directed by a dynamic mirror system. A mobile platform moves the cured part.
Therefore, another layer can solidify producing a three-dimensional structure.

- PEG
- PPF

Fused Deposition
Modeling (FDM) [168]

Thermoplastic filaments, consisting of an extruded material or composite, are melted and deposited
layerwise on a build platform until the object is formed.

- ABS
- PLA
- nylon

Selective Laser Sintering
(SLS) [169,170]

In this technique, also known as selective laser melting (SLM), the poorly compacted powder is
sintered with a high-power laser (e.g., CO2), particle by particle, uniting them in a controlled manner,
forming thin layers. The layers are joined to each other according to predefined computer-aided data
(CAD) parameters. The interaction of the laser beam with the powder increases the temperature of
the powder above the glass transition temperature and below the melting temperature, causing the
melting and bonding of the particles to form a solid mass. The process results in solid or porous
structures with superior mechanical properties, custom density, and elastic modulus, and a
post-processing phase is required to remove the remaining power.

- PPLA
- HPa

Bioprinting [171]

Cells and biomaterials are printed using inkjet, extrusion, or laser-assisted bioprinting techniques
with micrometric precision. Jet-based bioprinting produces 2D and 3D structures by applying layers
of bio-ink on a substrate. In extrusion-based bioprinting, a mixture of hydrogels is injected by
pressure. Afterward, the hydrogels are solidified physically or chemically, and the 3D structures are
manufactured by stacking. In laser bioprinting, a receptor material made of glass covered with a
layer of gold absorbs the laser, and in this way, a drop is created at high pressure, which in turn
transfers materials to the substrate.

- alginate
- chitosan
- collagen
- fibrin

8. Future Studies

The progress of scaffolds for bone formation during the last few decades has been
remarkable. As described in this review, scaffolds can be composed with different materials
and combinations, as well as, using several manufacturing techniques. Due to the notable
developments in biotechnology and manufacturing technologies in the last few years, emer-
gent smart scaffolds have been arising. However, the clinical application of some of such
scaffolds needs time. It is necessary to further clarify the interaction between the surface
of the scaffolds and tissues and study the degradation process of such materials in differ-
ent kinds of human bone (trabecular/cortical, different densities in different age groups).
Moreover, it is arduous to understand all these biological events in depth, especially taking
into account that in some situations the scaffolds will be grafted simultaneously to the
dental implant or that, after the grafting procedure, the dental implant will be installed.

9. Conclusions

In summary, conventional and 3D printing manufacturing techniques and associated
materials are revolutionizing the development of biomaterials for scaffolds in implant
dentistry. Clinical applications include patient-specific implants and prostheses; engi-
neering scaffolding for the regeneration of tissues, and customization of drug-delivering
systems. Currently, there are only a limited number of biodegradable materials available
for the manufacture of materials and composites, particularly by 3D printing techniques.
Therefore, there is a great need for research to manufacture new biomaterials and bio-
composites with adjustable properties that can restore functionality at the application site.
Low-cost and readily available lactic acid-based polymers (such as PLA and PCL) are
focused, mainly due to their ability to work well in most types of 3DP technologies. Also,
they have excellent mechanical and biodegradable properties. These polymers can be
mixed with ceramic biomaterials (such as HAp, TCP, bioglass) and used as composites
to provide greater printability, mechanical stability, and better integration of tissues for
dentistry applications.

211



J. Compos. Sci. 2021, 5, 78

Author Contributions: M.Ö.: Critically revised and edited the manuscript for important intellectual
content. D.H.: Edited and revised the manuscript for important intellectual content. M.C.F.: Drafted
the manuscript and revised the manuscript for important intellectual content. A.C.: Contributed
to the acquisition and analysis of articles; drafted the manuscript. C.A.M.V.: Contributed to the
acquisition and analysis of articles; drafted the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brånemark, P.I.; Hansson, B.O.; Adell, R.; Breine, U.; Lindström, J.; Hallén, O.; Ohman, A. Osseointegrated implants in the
treatment of the edentulous jaw. Experience from a 10-year period. Scan. J. Plast. Rec. Surg. 1977, 16, 1–132.

2. Adell, R.; Lekholm, U.; Rockler, B.; Brånemark, P.I. A 15-year study of osseointegrated implants in the treatment of the edentulous
jaw. Int. J. Oral Surg. 1981, 10, 387–416.

3. Adell, R.; Eriksson, B.; Lekholm, U.; I Brånemark, P.; Jemt, T. Long-term follow-up study of osseointegrated implants in the
treatment of totally edentulous jaws. Int. J. Oral Maxillofac. Implant. 1990, 5, 347–359.

4. Howe, M.-S.; Keys, W.; Richards, D. Long-term (10-year) dental implant survival: A systematic review and sensitivity meta-
analysis. J. Dent. 2019, 84, 9–21. [CrossRef]

5. Srinivasan, M.; Meyer, S.; Mombelli, A.; Müller, F. Dental implants in the elderly population: A systematic review and meta-
analysis. Clin. Oral Implant. Res. 2017, 28, 920–930. [CrossRef]

6. Van Der Weijden, F.; Dell’Acqua, F.; Slot, D.E. Alveolar bone dimensional changes of post-extraction sockets in humans: A
systematic review. J. Clin. Periodontol. 2009, 36, 1048–1058. [CrossRef]

7. Tallgren, A. The continuing reduction of the residual alveolar ridges in complete denture wearers: A mixed-longitudinal study
covering 25 years. J. Prosthet. Dent. 2003, 89, 427–435. [CrossRef]

8. Araujo, M.G.; Lindhe, J. Dimensional ridge alterations following tooth extraction. An experimental study in the dog. J. Clin.
Periodontol. 2005, 32, 212–218. [CrossRef]

9. Shokri, T.; Wang, W.; Vincent, A.; Cohn, J.E.; Kadakia, S.; Ducic, Y. Osteoradionecrosis of the Maxilla: Conservative Management
and Reconstructive Considerations. Semin. Plast. Surg. 2020, 34, 106–113. [CrossRef]

10. Wu, C.; Pan, W.; Feng, C.; Su, Z.; Duan, Z.; Zheng, Q.; Hua, C.; Li, C. Grafting materials for alveolar cleft reconstruction: A
systematic review and best-evidence synthesis. Int. J. Oral. Maxillofac. Surg. 2018, 47, 345–356. [CrossRef]

11. Chiapasco, M.; Casentini, P.; Zaniboni, M. Bone augmentation procedures in implant dentistry. Int. J. Oral Maxillofac. Implant.
2009, 24, 237–259.

12. Cardaropoli, D.; Cardaropolli, G. Preservation of the postextraction alveolar ridge: A clinical and histologic study. Int. J.
Periodontics Restor. Dent. 2008, 5, 469–477.

13. Perelman-Karmon, M.; Kozlovsky, A.; Lilov, R.; Artzi, Z. Socket site preservation using bovine bone mineral with and without a
bioabsorbable collagen membrane. Int. J. Periodontics Restor. Dent. 2012, 32, 459–465.

14. Esposito, M.; Grusovin, M.G.; Kwan, S.; Worthington, H.V.; Coulthard, P. Interventions for replacing missing teeth: Bone
augmentation techniques for dental implant treatment. Cochrane Database Syst. Rev. 2003, 16, CD003607. [CrossRef]

15. Simion, M.; Jovanovic, A.S.; Trisi, P.; Scarano, A.; Piattelli, A. Vertical ridge augmentation around dental implants using a mebrane
technique and autogenous bone or allografts in humans. Int. J. Periodontics Restor. Dent. 1998, 18, 8–23.

16. Buser, D.; Dula, K.; Hirt, H.P.; Schenk, R.K. Lateral ridge augmentation using autografts and barrier membranes: A clinical study
with 40 partially edentulous patients. J. Oral Maxillofac. Surg. 1996, 54, 420–432. [CrossRef]

17. Simion, M.; Fontana, F.; Rasperini, G.; Maiorana, C. Long-term evaluation of osseointegrated implants placed in sites augmented
with sinus floor elevation associated with vertical ridge augmentation: A retrospective study of 38 consecutive implants with 1-
to 7-year follow-up. Int. J. Periodontics Restor. Dent. 2004, 24, 208–221.

18. Elsalanty, M.E.; Genecov, D.G. Bone Grafts in Craniofacial Surgery. Craniomaxillofacial Trauma Reconstr. 2009, 2, 125–134. [CrossRef]
19. Sheikh, Z.; Sima, C.; Glogauer, M. Bone Replacement Materials and Techniques Used for Achieving Vertical Alveolar Bone

Augmentation. Materials 2015, 8, 2953–2993. [CrossRef]
20. Tessier, P.; Kawamoto, H.; Matthews, D.; Posnick, J.; Raulo, Y.; Tulasne, J.F.; Wolfe, S.A. Autogenous Bone Grafts and Bone

Substitutes—Tools and Techniques: I. A 20,000-Case Experience in Maxillofacial and Craniofacial Surgery. Plast. Reconstr. Surg.
2005, 116, 6S–24S. [CrossRef]

21. Al Ruhaimi, K.A. Bone graft substitutes: A comparative qualitative histologic review of current osteoconductive grafting materials.
Int. J. Oral Maxillofac. Implant. 2001, 16, 105–114.

22. Acocella, A.; Bertolai, R.; Colafranceschi, M.; Sacco, R. Clinical, histological and histomorphometric evaluation of the healing of
mandibular ramus bone block grafts for alveolar ridge augmentation before implant placement. J. Cranio-Maxillofac. Surg. 2010,
38, 222–230. [CrossRef]

212



J. Compos. Sci. 2021, 5, 78

23. Scarano, A.; Degidi, M.; Iezzi, G.; Pecora, G.; Piattelli, M.; Orsini, G.; Caputi, S.; Perrotti, V.; Mangano, C.; Piattelli, A. Maxillary
Sinus Augmentation with Different Biomaterials: A Comparative Histologic and Histomorphometric Study in Man. Implant.
Dent. 2006, 15, 197–207. [CrossRef]

24. Keles, G.C.; Sumer, M.; Cetinkaya, B.O.; Tutkun, F.; Simsek, S.B. Effect of Autogenous Cortical Bone Grafting in Conjunction with
Guided Tissue Regeneration in the Treatment of Intraosseous Periodontal Defects. Eur. J. Dent. 2010, 4, 403–411. [CrossRef]

25. Iasella, J.M.; Greenwell, H.; Miller, R.L.; Hill, M.; Drisko, C.; Bohra, A.A.; Scheetz, J.P. Ridge Preservation with Freeze-Dried Bone
Allograft and a Collagen Membrane Compared to Extraction Alone for Implant Site Development: A Clinical and Histologic
Study in Humans. J. Periodontol. 2003, 74, 990–999. [CrossRef]

26. Araújo, M.G.; Lindhe, J. Socket grafting with the use of autologous bone: An experimental study in the dog. Clin. Oral Implant.
Res. 2011, 22, 9–13. [CrossRef]

27. Carvalho, P.H.D.A.; Trento, G.D.S.; Moura, L.B.; Cunha, G.; Gabrielli, M.A.C.; Pereira-Filho, V.A. Horizontal ridge augmentation
using xenogenous bone graft—Systematic review. Oral Maxillofac. Surg. 2019, 23, 271–279. [CrossRef]

28. Goulet, J.A.; Senunas, L.E.; De Silva, G.L.; Greenfield, M.L.V.H. Autogenous Iliac Crest Bone Graft: Complications and Functional
Assessment. Clin. Orthop. Relat. Res. 1997, 339, 76–81. [CrossRef]

29. Coquelin, L.; Fialaire-Legendre, A.; Roux, S.; Poignard, A.; Bierling, P.; Hernigou, P.; Chevallier, N.; Rouard, H. In Vivo and In
Vitro Comparison of Three Different Allografts Vitalized with Human Mesenchymal Stromal Cells. Tissue Eng. Part A 2012, 18,
1921–1931. [CrossRef]

30. Wenz, B.; Oesch, B.; Horst, M. Analysis of the risk of transmitting bovine spongiform encephalopathy through bone grafts derived
from bovine bone. Biomaterials 2001, 22, 1599–1606. [CrossRef]

31. Kim, Y.; Nowzari, H.; Rich, S.K. Risk of Prion Disease Transmission through Bovine-Derived Bone Substitutes: A Systematic
Review. Clin. Implant. Dent. Relat. Res. 2013, 15, 645–653. [CrossRef]

32. Chavda, S.; Levin, L. Human Studies of Vertical and Horizontal Alveolar Ridge Augmentation Comparing Different Types of
Bone Graft Materials: A Systematic Review. J. Oral Implant. 2018, 44, 74–84. [CrossRef]

33. Papageorgiou, S.N.; Papageorgiou, P.N.; Deschner, J.; Götz, W. Comparative effectiveness of natural and synthetic bone grafts in
oral and maxillofacial surgery prior to insertion of dental implants: Systematic review and network meta-analysis of parallel and
cluster randomized controlled trials. J. Dent. 2016, 48, 1–8. [CrossRef]

34. Shetty, V.; Han, T.J. Alloplastic materials in reconstructive periodontal surgery. Dent. Clin. N. Am. 1991, 35, 521–530.
35. Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium phosphate ceramics in bone tissue engineering: A review of properties

and their influence on cell behavior. Acta Biomater. 2013, 9, 8037–8045. [CrossRef]
36. Wang, E.; Han, J.; Zhang, X.; Wu, Y.; Deng, X.-L. Efficacy of a mineralized collagen bone-grafting material for peri-implant bone

defect reconstruction in mini pigs. Regen. Biomater. 2019, 6, 107–111. [CrossRef]
37. Teng, F.; Zhang, Q.; Wu, M.; Rachana, S.; Ou, G. Clinical use of ridge-splitting combined with ridge expansion osteotomy,

sandwich bone augmentation, and simultaneous implantation. Br. J. Oral Maxillofac. Surg. 2014, 52, 703–708. [CrossRef]
38. Galarraga-Vinueza, M.; Magini, R.; Henriques, B.; Teughels, W.; Fredel, M.; Hotza, D.; Souza, J.; Boccaccini, A.R. Nanostructured

biomaterials embedding bioactive molecules. In Nanostructured Biomaterials for Cranio-Maxillofacial and Oral Applications; Elsevier:
Amsterdam, The Netherlands, 2018; Volume 1, pp. 143–158.

39. Braddock, M.; Houston, P.; Campbell, C.; Ashcroft, P. Born again bone: Tissue engineering for bone repair. News Physiol. Sci. 2001,
16, 208–213. [CrossRef]

40. Ikada, Y. Challenges in tissue engineering. J. R. Soc. Interface 2006, 3, 589–601. [CrossRef]
41. Qu, H.; Fu, H.; Han, Z.; Sun, Y. Biomaterials for bone tissue engineering scaffolds: A review. RSC Adv. 2019, 9, 26252–26262.

[CrossRef]
42. Tutak, W.; Sarkar, S.; Lin-Gibson, S.; Farooque, T.M.; Jyotsnendu, G.; Wang, D.; Kohn, J.; Bolikal, D.; Simon, C.G. The support of

bone marrow stromal cell differentiation by airbrushed nanofiber scaffolds. Biomaterials 2013, 34, 2389–2398. [CrossRef]
43. Ramay, H.R.; Zhang, M. Preparation of porous hydroxyapatite scaffolds by combination of the gel-casting and polymer sponge

methods. Biomaterials 2003, 24, 3293–3302. [CrossRef]
44. Zhao, J.; Xiao, S.; Lu, X.; Wang, J.; Weng, J. A study on improving mechanical properties of porous HA tissue engineering scaffolds

by hot isostatic pressing. Biomed. Mater. 2006, 1, 188–192. [CrossRef]
45. Roseti, L.; Parisi, V.; Petretta, M.; Cavallo, C.; Desando, G.; Bartolotti, I.; Grigolo, B. Scaffolds for bone tissue engineering: State of

the art and new perspectives. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 78, 1246–1262. [CrossRef]
46. Shuai, C.; Li, Y.; Feng, P.; Guo, W.; Yang, W.; Peng, S. Positive feedback effects of Mg on the hydrolysis of poly-l-lactic acid (PLLA):

Promoted degradation of PLLA scaffolds. Polym. Test. 2018, 68, 27–33. [CrossRef]
47. Saffar, J.-L.; Colombier, M.; Detienville, R. Bone Formation in Tricalcium Phosphate-Filled Periodontal Intrabony Lesions.

Histological Observations in Humans. J. Periodontol. 1990, 61, 209–216. [CrossRef]
48. Schepers, E.; De Clercq, M.; Ducheyne, P.; Kempeneers, R. Bioactive glass particulate material as a filler for bone lesions. J. Oral

Rehabil. 1991, 18, 439–452. [CrossRef]
49. Pereira, H.F.; Cengiz, I.F.; Silva, F.S.; Reis, R.L.; Oliveira, J.M. Scaffolds and coatings for bone regeneration. J. Mater. Sci. Mater.

Med. 2020, 31, 27. [CrossRef]
50. Kumar, P.; Kumar, V.; Kumar, R.; Kumar, R.; Pruncu, C.I. Fabrication and characterization of ZrO2 incorporated SiO2–CaO–P2O5

bioactive glass scaffolds. J. Mech. Behav. Biomed. Mater. 2020, 109, 103854. [CrossRef]

213



J. Compos. Sci. 2021, 5, 78

51. Middleton, J.C.; Tipton, A.J. Synthetic biodegradable polymers as orthopedic devices. Biomaterials 2001, 21, 2335–2346. [CrossRef]
52. Erbetta, C.D.C.; Alves, R.J.; Resende, J.M.; Freitas, R.; de Sousa, R.G. Synthesis and Characterization of Poly(D,L-Lactide-co-

Glycolide) Copolymer. J. Biomater. Nanobiotechnol. 2012, 3, 208–225. [CrossRef]
53. Miao, X.; Tan, D.M.; Li, J.; Xiao, Y.; Crawford, R.W. Mechanical and biological properties of hydroxyapatite/tricalcium phosphate

scaffolds coated with poly(lactic-co-glycolic acid). Acta Biomater. 2008, 4, 638–645. [CrossRef]
54. Liu, X.; Okada, M.; Maeda, H.; Fujii, S.; Furuzono, T. Hydroxyapatite/biodegradable poly(l-lactide–co-ε-caprolactone) composite

microparticles as injectable scaffolds by a Pickering emulsion route. Acta Biomater. 2011, 7, 821–828. [CrossRef]
55. Chandra, R. Biodegradable polymers. Prog. Polym. Sci. 1998, 23, 1273–1335. [CrossRef]
56. Dibbern-Brunelli, D.; Atvars, T.D.Z.; Joekes, I.; Barbosa, V.C. Mapping phases of poly(vinyl alcohol) and poly(vinyl acetate)

blends by FTIR microspectroscopy and optical fluorescence microscopy. J. Appl. Polym. Sci. 1998, 69, 645–655. [CrossRef]
57. Yaszemski, M.J.; Payne, R.G.; Hayes, W.C.; Langer, R.; Mikos, A.G. In vitro degradation of a poly(propylene fumarate)-based

composite material. Biomaterials 1996, 17, 2127–2130. [CrossRef]
58. Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials and applications in bone

regeneration. Biomater. Res. 2019, 23, 4. [CrossRef]
59. De Lima, I.R.; Alves, G.G.; Fernandes, G.V.D.O.; Dias, E.P.; Soares, G.D.A.; Granjeiro, J.M. Evaluation of the in vivo biocompatibil-

ity of hydroxyapatite granules incorporated with zinc ions. Mater. Res. 2010, 13, 563–568. [CrossRef]
60. Giannoudis, P.V.; Dinopoulos, H.; Tsiridis, E. Bone substitutes: An update. Injury 2005, 36, S20–S27. [CrossRef]
61. Rahaman, M.N.; Day, D.E.; Bal, B.S.; Fu, Q.; Jung, S.B.; Bonewald, L.F.; Tomsia, A.P. Bioactive glass in tissue engineering. Acta

Biomater. 2011, 7, 2355–2373. [CrossRef]
62. Aboushelib, M.N.; Shawky, R. Osteogenesis ability of CAD/CAM porous zirconia scaffolds enriched with nano-hydroxyapatite

particles. Int. J. Implant. Dent. 2017, 3, 21. [CrossRef]
63. Alizadeh, A.; Moztarzadeh, F.; Ostad, S.N.; Azami, M.; Geramizadeh, B.; Hatam, G.; Bizari, D.; Tavangar, S.M.; Vasei, M.; Ai, J.

Synthesis of calcium phosphate-zirconia scaffold and human endometrial adult stem cells for bone tissue engineering. Artif. Cells
Nanomed. Biotechnol. 2014, 44, 66–73. [CrossRef]

64. El-Rashidy, A.A.; Roether, J.A.; Harhaus, L.; Kneser, U.; Boccaccini, A.R. Regenerating bone with bioactive glass scaffolds: A
review of in vivo studies in bone defect models. Acta Biomater. 2017, 62, 1–28. [CrossRef]

65. Que, R.A.; Chan, S.W.P.; Jabaiah, A.M.; Lathrop, R.H.; Da Silva, N.A.; Wang, S.-W. Tuning cellular response by modular design of
bioactive domains in collagen. Biomaterials 2015, 53, 309–317. [CrossRef]

66. Cicciù, M.; Scott, A.; Cicciù, D.; Tandon, R.; Maiorana, C. Recombinant Human Bone Morphogenetic Protein-2 Promote and
Stabilize Hard and Soft Tissue Healing for Large Mandibular New Bone Reconstruction Defects. J. Craniofacial Surg. 2014, 25,
860–862. [CrossRef]

67. Okamoto, M.; John, B. Synthetic biopolymer nanocomposites for tissue engineering scaffolds. Prog. Polym. Sci. 2013, 38,
1487–1503. [CrossRef]

68. Liu, X.; Ma, P.X. Polymeric Scaffolds for Bone Tissue Engineering. Ann. Biomed. Eng. 2004, 32, 477–486. [CrossRef]
69. Hollister, S.J. Scaffold engineering: A bridge to where? Biofabrication 2009, 1, 012001. [CrossRef]
70. Anselme, K. Osteoblast adhesion on biomaterials. Biomaterials 2000, 21, 667–681. [CrossRef]
71. Costa-Pinto, A.R.; Reis, R.L.; Neves, N.M. Scaffolds Based Bone Tissue Engineering: The Role of Chitosan. Tissue Eng. Part B Rev.

2011, 17, 331–347. [CrossRef]
72. Murphy, C.M.; Haugh, M.G.; O’Brien, F.J. The effect of mean pore size on cell attachment, proliferation and migration in

collagen–glycosaminoglycan scaffolds for bone tissue engineering. Biomaterials 2010, 31, 461–466. [CrossRef]
73. Karageorgiou, V.; Kaplan, D.L. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [CrossRef]
74. Thein-Han, W.; Misra, R. Biomimetic chitosan–nanohydroxyapatite composite scaffolds for bone tissue engineering. Acta Biomater.

2009, 5, 1182–1197. [CrossRef]
75. Akay, G.; Birch, M.; Bokhari, M. Microcellular polyHIPE polymer supports osteoblast growth and bone formation in vitro.

Biomaterials 2004, 25, 3991–4000. [CrossRef]
76. Rouwkema, J.; Rivron, N.C.; van Blitterswijk, C.A. Vascularization in tissue engineering. Trends Biotechnol. 2008, 26, 434–441.

[CrossRef]
77. Prananingrum, W.; Naito, Y.; Galli, S.; Bae, J.; Sekine, K.; Hamada, K.; Tomotake, Y.; Wennerberg, A.; Jimbo, R.; Ichikawa, T. Bone

ingrowth of various porous titanium scaffolds produced by a moldless and space holder technique: An in vivo study in rabbits.
Biomed. Mater. 2016, 11, 015012. [CrossRef]

78. Yang, S.; Leong, K.-F.; Du, Z.; Chua, C.-K. The Design of Scaffolds for Use in Tissue Engineering. Part I. Traditional Factors. Tissue
Eng. 2001, 7, 679–689. [CrossRef]

79. Xia, Y.; Sun, J.; Zhao, L.; Zhang, F.; Liang, X.-J.; Guo, Y.; Weir, M.D.; Reynolds, M.A.; Gu, N.; Xu, H.H. Magnetic field and
nano-scaffolds with stem cells to enhance bone regeneration. Biomaterials 2018, 183, 151–170. [CrossRef]

80. Funda, G.; Taschieri, S.; Bruno, G.A.; Grecchi, E.; Paolo, S.; Girolamo, D.; Del Fabbro, M. Nanotechnology Scaffolds for Alveolar
Bone Regeneration. Materials 2020, 13, 201. [CrossRef]

81. Woodard, J.R.; Hilldore, A.J.; Lan, S.K.; Park, C.; Morgan, A.W.; Eurell, J.A.C.; Clark, S.G.; Wheeler, M.B.; Jamison, R.D.; Johnson,
A.J.W. The mechanical properties and osteoconductivity of hydroxyapatite bone scaffolds with multi-scale porosity. Biomaterials
2007, 28, 45–54. [CrossRef]

214



J. Compos. Sci. 2021, 5, 78

82. Bose, S.; Roy, M.; Bandyopadhyay, A. Recent advances in bone tissue engineering scaffolds. Trends Biotechnol. 2012, 30, 546–554.
[CrossRef]

83. Thomson, R.C.; Yaszemski, M.J.; Powers, J.M.; Mikos, A.G. Fabrication of biodegradable polymer scaffolds to engineer trabecular
bone. J. Biomater. Sci. Polym. Ed. 1995, 7, 23–38. [CrossRef]

84. Davison, N.L.; Groot, F.B.-D.; Grijpma, D.W. Degradation of Biomaterials. Tissue Eng. 2015, 177–215. [CrossRef]
85. Wang, L.; Wu, S.; Cao, G.; Fan, Y.; Dunne, N.; Li, X. Biomechanical studies on biomaterial degradation and co-cultured cells:

Mechanisms, potential applications, challenges and prospects. J. Mater. Chem. B 2019, 7, 7439–7459. [CrossRef]
86. Gunatillake, P.A.; Adhikari, R. Biodegradable synthetic polymers for tissue engineering. Eur. Cells Mater. 2003, 5, 1–16. [CrossRef]
87. Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric Scaffolds in Tissue Engineering Application: A Review.

Int. J. Polym. Sci. 2011, 2011, 1–19. [CrossRef]
88. Carrasco, F.; Pagès, P.; Gámez-Pérez, J.; Santana, O.; Maspoch, M. Processing of poly(lactic acid): Characterization of chemical

structure, thermal stability and mechanical properties. Polym. Degrad. Stab. 2010, 95, 116–125. [CrossRef]
89. Park, K.; Xanthos, M. A study on the degradation of polylactic acid in the presence of phosphonium ionic liquids. Polym. Degrad.

Stab. 2009, 94, 834–844. [CrossRef]
90. Carothers, W.H.; Dorough, G.L.; Van Natta, F.J. Studies of polymerization and ring formation. X. the reversible polymerization of

six-membered cyclic esters. J. Am. Chem. Soc. 1932, 54, 761–772. [CrossRef]
91. Puelacher, W.; Vacanti, J.; Ferraro, N.; Schloo, B.; Vacanti, C. Femoral shaft reconstruction using tissue-engineered growth of bone.

Int. J. Oral Maxillofac. Surg. 1996, 25, 223–228. [CrossRef]
92. Mooney, D.J.; Mazzoni, C.L.; Breuer, C.; McNamara, K.; Hern, D.; Vacanti, J.P.; Langer, R. Stabilized polyglycolic acid fibre-based

tubes for tissue engineering. Biomaterials 1996, 17, 115–124. [CrossRef]
93. Amiryaghoubi, N.; Fathi, M.; Pesyan, N.N.; Samiei, M.; Barar, J.; Omidi, Y. Bioactive polymeric scaffolds for osteogenic repair and

bone regenerative medicine. Med. Res. Rev. 2020, 40, 1833–1870. [CrossRef]
94. Mano, J.F.; A Sousa, R.; Boesel, L.F.; Neves, N.M.; Reis, R.L. Bioinert, biodegradable and injectable polymeric matrix composites

for hard tissue replacement: State of the art and recent developments. Compos. Sci. Technol. 2004, 64, 789–817. [CrossRef]
95. Astete, C.E.; Sabliov, C.M. Synthesis and characterization of PLGA nanoparticles. J. Biomater. Sci. 2006, 17, 247–289. [CrossRef]
96. Sordi, M.B.; Da Cruz, A.C.C.; Aragones, Á.; Cordeiro, M.M.R.; Magini, R.D.S. PLGA+HA/βTCP scaffold incorporating simvas-

tatin: A promising biomaterial for bone tissue engineering. J. Oral Implant. 2020. [CrossRef]
97. Shen, H.; Hu, X.; Yang, F.; Bei, J.; Wang, S. Cell affinity for bFGF immobilized heparin-containing poly(lactide-co-glycolide)

scaffolds. Biomaterials 2011, 32, 3404–3412. [CrossRef]
98. Labet, M.; Thielemans, W. Synthesis of polycaprolactone: A review. Chem. Soc. Rev. 2009, 38, 3484–3504. [CrossRef]
99. Fu, S.; Ni, P.; Wang, B.; Chu, B.; Peng, J.; Zheng, L.; Zhao, X.; Luo, F.; Wei, Y.; Qian, Z. In vivo biocompatibility and osteogene-

sis of electrospun poly(ε-caprolactone)–poly(ethylene glycol)–poly(ε-caprolactone)/nano-hydroxyapatite composite scaffold.
Biomaterials 2012, 33, 8363–8371. [CrossRef]

100. Supaphol, P.; Chuangchote, S. On the electrospinning of poly(vinyl alcohol) nanofiber mats: A revisit. J. Appl. Polym. Sci. 2008,
108, 969–978. [CrossRef]

101. Ding, B.; Kim, H.-Y.; Lee, S.-C.; Shao, C.-L.; Lee, D.-R.; Park, S.-J.; Kwag, G.-B.; Choi, K.-J. Preparation and characterization of a
nanoscale PVA fibers aggregate produced by electro spinning method. J. Polym. Sci. Part B Polym. Phys. 2002, 40, 1261–1268.
[CrossRef]

102. Jeong, B.-H.; Hoek, E.M.; Yan, Y.; Subramani, A.; Huang, X.; Hurwitz, G.; Ghosh, A.K.; Jawor, A. Interfacial polymerization of
thin film nanocomposites: A new concept for reverse osmosis membranes. Compos. Sci. Technol. 2007, 294, 1–7. [CrossRef]

103. Wong, K.K.H.; Hutter, J.L.; Zinke-Allmang, M.; Wan, W. Physical properties of ion beam treated electrospun poly(vinyl alcohol)
nanofibers. Eur. Polym. J. 2009, 45, 1349–1358. [CrossRef]

104. Dom, A.J.; Manor, N.; Elmalak, O. Biodegradable bone cement compositions based on acrylate and epoxide terminated
poly(propylene fumarate) oligomers and calcium salt compositions. Biomaterials 1996, 17, 411–417. [CrossRef]

105. He, S.; Timmer, M.; Yaszemski, M.; Yasko, A.; Engel, P.; Mikos, A. Synthesis of biodegradable poly(propylene fumarate) networks
with poly(propylene fumarate)–diacrylate macromers as crosslinking agents and characterization of their degradation products.
Polymer 2001, 42, 1251–1260. [CrossRef]

106. Timmer, M.D.; Shin, H.; Horch, R.A.; Ambrose, C.G.; Mikos, A.G. In Vitro Cytotoxicity of Injectable and Biodegradable
Poly(propylene fumarate)-Based Networks: Unreacted Macromers, Cross-Linked Networks, and Degradation Products. Biomacro-
molecules 2003, 4, 1026–1033. [CrossRef]

107. Walker, J.M.; Bodamer, E.; Krebs, O.; Luo, Y.; Kleinfehn, A.; Becker, M.L.; Dean, D. Effect of Chemical and Physical Properties
on the In Vitro Degradation of 3D Printed High Resolution Poly(propylene fumarate) Scaffolds. Biomacromolecules 2017, 18,
1419–1425. [CrossRef]

108. Vallet-Regi, M.; González-Calbet, J.M. Calcium phosphates as substitution of bone tissues. Prog. Solid State Chem. 2004, 32, 1–31.
[CrossRef]

109. Tuukkanen, J.; Nakamura, M. Hydroxyapatite as a Nanomaterial for Advanced Tissue Engineering and Drug Therapy. Curr.
Pharm. Des. 2017, 23, 3786–3793. [CrossRef]

110. Daculsi, G.; LeGeros, R. Biphasic calcium phosphate (BCP) bioceramics: Chemical, physical and biological properties. In
Encyclopedia of Biomaterials and Biomedical Engineering; CRC Press: Boca Raton, FL, USA, 2006; pp. 1–9.

215



J. Compos. Sci. 2021, 5, 78

111. Matassi, F.; Nistri, L.; Paez, D.C.; Innocenti, M. New biomaterials for bone regeneration. Clin. Cases Miner. Bone Metab. 2011, 8,
21–24.

112. Leong, K.; Cheah, C.; Chua, C. Solid freeform fabrication of three-dimensional scaffolds for engineering replacement tissues and
organs. Biomaterial 2003, 24, 2363–2378. [CrossRef]

113. Gaihre, B.; Jayasuriya, A.C. Comparative investigation of porous nano-hydroxyapaptite/chitosan, nano-zirconia/chitosan and
novel nano-calcium zirconate/chitosan composite scaffolds for their potential applications in bone regeneration. Mater. Sci. Eng.
C Mater. Biol. Appl. 2018, 91, 330–339. [CrossRef]

114. Best, S.M.; Porter, A.E.; Thian, E.S.; Huang, J. Bioceramics: Past, present and for the future. J. Eur. Ceram. Soc. 2008, 28, 1319–1327.
[CrossRef]

115. LeGeros, R.Z. Properties of Osteoconductive Biomaterials: Calcium Phosphates. Clin. Orthop. Relat. Res. 2002, 395, 81–98.
[CrossRef]

116. Rezwan, K.; Chen, Q.Z.; Blaker, J.J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 2006, 27, 3413–3431. [CrossRef]

117. Abukawa, H.; Papadaki, M.; Abulikemu, M.; Leaf, J.; Vacanti, J.P.; Kaban, L.B.; Troulis, M.J. The Engineering of Craniofacial
Tissues in the Laboratory: A Review of Biomaterials for Scaffolds and Implant Coatings. Dent. Clin. N. Am. 2006, 50, 205–216.
[CrossRef]

118. Bohner, M. Calcium orthophosphates in medicine: From ceramics to calcium phosphate cements. Injury 2000, 31, D37–D47.
[CrossRef]

119. Dorozhkin, S.V. Biphasic, triphasic and multiphasic calcium orthophosphates. Acta Biomater. 2012, 8, 963–977. [CrossRef]
120. Montazeri, L.; Javadpour, J.; Shokrgozar, M.A.; Bonakdar, S.; Javadian, S. Hydrothermal synthesis and characterization of

hydroxyapatite and fluorhydroxyapatite nano-size powders. Biomed. Mater. 2010, 5, 045004. [CrossRef]
121. Vallet-Regí, M. Ceramics for medical applications. J. Chem. Soc. Dalton Trans. 2001, 97–108. [CrossRef]
122. Kroese-Deutman, H.C.; Ruhé, P.; Spauwen, P.H.; Jansen, J.A. Bone inductive properties of rhBMP-2 loaded porous calcium

phosphate cement implants inserted at an ectopic site in rabbits. Biomaterials 2005, 26, 1131–1138. [CrossRef]
123. Boden, S.D. Bioactive Factors for Bone Tissue Engineering. Clin. Orthop. Relat. Res. 1999, 367, S84–S94. [CrossRef]
124. Yuan, H.; Zou, P.; Yang, Z.; Zhang, X.; De Bruijn, J.D.; De Groot, K. Bone morphogenetic protein and ceramic-induced osteogenesis.

J. Mater. Sci. Mater. Med. 1998, 9, 717–721. [CrossRef]
125. Dorozhkin, S.V. Bioceramics of calcium orthophosphates. Biomaterials 2010, 31, 1465–1485. [CrossRef]
126. Pawar, A.M.; Sawant, K. Bioactive glass in dentistry: A systematic review. Saudi J. Oral Sci. 2020, 7, 3. [CrossRef]
127. Da Cruz, A.C.C.; Pochapski, M.T.; Tramonti, R.; da Silva, J.C.Z.; Antunes, A.C.; Pilatti, G.L.; Santos, F.A. Evaluation of physical–

chemical properties and biocompatibility of a microrough and smooth bioactive glass particles. J. Mater. Sci. Mater. Med. 2008, 19,
2809–2817. [CrossRef]

128. Vogel, M.; Voigt, C.; Gross, U.M.; Müller-Mai, C.M. In vivo comparison of bioactive glass particles in rabbits. Biomaterials 2001, 22,
357–362. [CrossRef]

129. Bosetti, M.; Hench, L.; Cannas, M. Interaction of bioactive glasses with peritoneal macrophages and monocytesin vitro. J. Biomed.
Mater. Res. 2002, 60, 79–85. [CrossRef]

130. Wilson, T.; Parikka, V.; Holmbom, J.; Ylänen, H.; Penttinen, R. Intact surface of bioactive glass S53P4 is resistant to osteoclastic
activity. J. Biomed. Mater. Res. Part A 2006, 77, 67–74. [CrossRef]

131. Skallevold, H.E.; Rokaya, D.; Khurshid, Z.; Zafar, M.S. Bioactive Glass Applications in Dentistry. Int. J. Mol. Sci. 2019, 20, 5960.
[CrossRef]

132. Mesquita-Guimarães, J.; Leite, M.A.; Souza, J.C.M.; Henriques, B.; Silva, F.S.; Hotza, D.; Boccaccini, A.R.; Fredel, M.C. Processing
and strengthening of 58S bioactive glass-infiltrated titania scaffolds. J. Biomed. Mater. Res. Part A 2017, 105, 590–600. [CrossRef]

133. Galarraga-Vinueza, M.E.; Mesquita-Guimarães, J.; Magini, R.S.; Souza, J.C.M.; Fredel, M.C.; Boccaccini, A.R. Mesoporous
bioactive glass embedding propolis and cranberry antibiofilm compounds. J. Biomed. Mater. Res. Part A 2018, 106, 1614–1625.
[CrossRef]

134. Chevalier, J.; Gremillard, L. Ceramics for medical applications: A picture for the next 20 years. J. Eur. Ceram. Soc. 2009, 29,
1245–1255. [CrossRef]

135. Kelly, J.R.; Denry, I. Stabilized zirconia as a structural ceramic: An overview. Dent. Mater. 2008, 24, 289–298. [CrossRef]
136. De Bortoli, L.S.; Schabbach, L.M.; Fredel, M.C.; Hotza, D.; Henriques, B. Ecological footprint of biomaterials for implant dentistry:

Is the metal-free practice an eco-friendly shift? J. Clean. Prod. 2018, 213, 723–732. [CrossRef]
137. Kelly, P.M.; Rose, L.F. The martensitic transformation in ceramics—Its role in transformation toughening. Prog. Mater. Sci. 2002,

47, 463–557. [CrossRef]
138. Piconi, C.; Maccauro, G. Zirconia as a ceramic biomaterial. Biomaterials 1999, 20, 1–25. [CrossRef]
139. Garvie, R.C.; Hannink, R.H.; Pascoe, R.T. Ceramic steel? Nature 1975, 258, 703–704.
140. Mondal, D.; So-Ra, S.; Sarkar, S.K.; Min, Y.K.; Yang, H.M.; Lee, B.T. Fabrication of multilayer ZrO2–biphasic calcium phosphate–

poly-caprolactone unidirectional channeled scaffold for bone tissue formation. J. Biomater. Appl. 2012, 28, 462–472. [CrossRef]
141. Malmström, J.; Slotte, C.; Adolfsson, E.; Norderyd, O.; Thomsen, P. Bone response to free form-fabricated hydroxyapatite and

zirconia scaffolds: A histological study in the human maxilla. Clin. Oral Implant. Res. 2009, 20, 379–385. [CrossRef]

216



J. Compos. Sci. 2021, 5, 78

142. An, S.-H.; Matsumoto, T.; Miyajima, H.; Nakahira, A.; Kim, K.-H.; Imazato, S. Porous zirconia/hydroxyapatite scaffolds for bone
reconstruction. Dent. Mater. 2012, 28, 1221–1231. [CrossRef]

143. Pattnaik, S.; Nethala, S.; Tripathi, A.; Saravanan, S.; Moorthi, A.; Selvamurugan, N. Chitosan scaffolds containing silicon dioxide
and zirconia nano particles for bone tissue engineering. Int. J. Biol. Macromol. 2011, 49, 1167–1172. [CrossRef]

144. Mesquita-Guimarães, J.; Ramos, L.; Detsch, R.; Henriques, B.; Fredel, M.; Silva, F.; Boccaccini, A. Evaluation of in vitro properties
of 3D micro-macro porous zirconia scaffolds coated with 58S bioactive glass using MG-63 osteoblast-like cells. J. Eur. Ceram. Soc.
2019, 39, 2545–2558. [CrossRef]

145. Kumar, A.; Nune, K.C.; Murr, L.E.; Misra, R.D.K. Biocompatibility and mechanical behaviour of three-dimensional scaffolds for
biomedical devices: Process–structure–property paradigm. Int. Mater. Rev. 2016, 61, 20–45. [CrossRef]

146. Tamay, D.G.; Usal, T.D.; Alagoz, A.S.; Yucel, D.; Hasirci, N.; Hasirci, V. 3D and 4D Printing of Polymers for Tissue Engineering
Applications. Front. Bioeng. Biotechnol. 2009, 7, 164. [CrossRef]

147. Castro, V.O.; Fredel, M.C.; Aragones, Á.; Barra, G.M.D.O.; Cesca, K.; Merlini, C. Electrospun fibrous membranes of poly
(lactic-co-glycolic acid) with β-tricalcium phosphate for guided bone regeneration application. Polym. Test. 2020, 86, 106489.
[CrossRef]

148. Dos Santos, V.I.; Merlini, C.; Aragones, Á.; Cesca, K.; Fredel, M.C. In vitro evaluation of bilayer membranes of PLGA/hydroxyapatite/
β-tricalcium phosphate for guided bone regeneration. Mater. Sci. Eng. C 2020, 112, 110849. [CrossRef]

149. Kumar, P.; Dehiya, B.S.; Sindhu, A.; Kumar, R.; Pruncu, C.I.; Yadav, A. Fabrication and characterization of silver nanorods
incorporated calcium silicate scaffold using polymeric sponge replica technique. Mater. Des. 2020, 195, 109026. [CrossRef]

150. Baino, F.; Fiume, E.; Barberi, J.; Kargozar, S.; Marchi, J.; Massera, J.; Verné, E. Processing methods for making porous bioactive
glass-based scaffolds—A state-of-the-art review. Int. J. Appl. Ceram. Technol. 2019, 16, 1762–1796. [CrossRef]

151. Carlier, A.; Skvortsov, G.A.; Hafezi, F.; Ferraris, E.; Patterson, J.; Koc, B.; Van Oosterwyck, H. Computational model-informed
design and bioprinting of cell-patterned constructs for bone tissue engineering. Biofabrication 2016, 8, 025009. [CrossRef]

152. Cheung, H.-Y.; Lau, K.-T.; Lu, T.-P.; Hui, D. A critical review on polymer-based bio-engineered materials for scaffold development.
Compos. Part B Eng. 2007, 38, 291–300. [CrossRef]

153. Coelho, P.G.; Hollister, S.J.; Flanagan, C.L.; Fernandes, P.R. Bioresorbable scaffolds for bone tissue engineering: Optimal design,
fabrication, mechanical testing and scale-size effects analysis. Med. Eng. Phys. 2015, 37, 287–296. [CrossRef]

154. Prasad, A.; Sankar, M.; Katiyar, V. State of Art on Solvent Casting Particulate Leaching Method for Orthopedic ScaffoldsFabrication.
Mater. Today Proc. 2017, 4, 898–907. [CrossRef]

155. Brougham, C.M.; Levingstone, T.J.; Shen, N.; Cooney, G.M.; Jockenhoevel, S.; Flanagan, T.C.; O’Brien, F.J. Freeze-Drying as a
Novel Biofabrication Method for Achieving a Controlled Microarchitecture within Large, Complex Natural Biomaterial Scaffolds.
Adv. Healthc. Mater. 2017, 6. [CrossRef]

156. Kumar, P.; Saini, M.; Dehiya, B.S.; Umar, A.; Sindhu, A.; Mohammed, H.; Al-Hadeethi, Y.; Guo, Z. Fabrication and in-vitro
biocompatibility of freeze-dried CTS-nHA and CTS-nBG scaffolds for bone regeneration applications. Int. J. Biol. Macromol. 2020,
149, 1–10. [CrossRef]

157. Conoscenti, G.; Schneider, T.; Stoelzel, K.; Pavia, F.C.; Brucato, V.; Goegele, C.; La Carrubba, V.; Schulze-Tanzil, G. PLLA scaffolds
produced by thermally induced phase separation (TIPS) allow human chondrocyte growth and extracellular matrix formation
dependent on pore size. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 80, 449–459. [CrossRef]

158. Moghadam, M.Z.; Hassanajili, S.; Esmaeilzadeh, F.; Ayatollahi, M.; Ahmadi, M. Formation of porous HPCL/LPCL/HA scaffolds
with supercritical CO2 gas foaming method. J. Mech. Behav. Biomed. Mater. 2017, 69, 115–127. [CrossRef]

159. Jiang, L.; Wang, L.; Wang, N.; Gong, S.; Wang, L.; Li, Q.; Shen, C.; Turng, L.-S. Fabrication of polycaprolactone electrospun fibers
with different hierarchical structures mimicking collagen fibrils for tissue engineering scaffolds. Appl. Surf. Sci. 2018, 427, 311–325.
[CrossRef]

160. Lin, W.; Chen, M.; Qu, T.; Li, J.; Man, Y. Three-dimensional electrospun nanofibrous scaffolds for bone tissue engineering. J.
Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108, 1311–1321. [CrossRef]

161. Bhushan, B.; Caspers, M. An overview of additive manufacturing (3D printing) for microfabrication. Microsyst. Technol. 2017, 23,
1117–1124. [CrossRef]

162. Bendtsen, S.T.; Quinnell, S.P.; Wei, M. Development of a novel alginate-polyvinyl alcohol-hydroxyapatite hydrogel for 3D
bioprinting bone tissue engineered scaffolds. J. Biomed. Mater. Res. Part A 2017, 105, 1457–1468. [CrossRef]

163. Sachlos, E.; Czernuszka, J. Making tissue engineering scaffolds work. Review on the application of solid freeform fabrication
technology to the production of tissue engineering scaffolds. Eur. Cells Mater. 2003, 5, 29–39.

164. Bose, S.; Ke, D.; Sahasrabudhe, H.; Bandyopadhyay, A. Additive manufacturing of biomaterials. Prog. Mater. Sci. 2018, 93, 45–111.
[CrossRef]

165. Rychter, P.; Pamula, E.; Orchel, A.; Posadowska, U.; Krok-Borkowicz, M.; Kaps, A.; Smigiel-Gac, N.; Smola, A.; Kasperczyk, J.;
Prochwicz, W.; et al. Scaffolds with shape memory behavior for the treatment of large bone defects. J. Biomed. Mater. Res. Part A
2015, 103, 3503–3515. [CrossRef]

166. Schmidleithner, C.; Malferrari, S.; Palgrave, R.G.; Bomze, D.; Schwentenwein, M.; Kalaskar, D.M. Application of high resolution
DLP stereolithography for fabrication of tricalcium phosphate scaffolds for bone regeneration. Biomed. Mater. 2019, 14, 045018.
[CrossRef]

217



J. Compos. Sci. 2021, 5, 78

167. Madrid, A.P.M.; Vrech, S.M.; Sanchez, M.A.; Rodriguez, A.P. Advances in additive manufacturing for bone tissue engineering
scaffolds. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 100, 631–644. [CrossRef]

168. Distler, T.; Fournier, N.; Grünewald, A.; Polley, C.; Seitz, H.; Detsch, R.; Boccaccini, A.R. Polymer-Bioactive Glass Composite
Filaments for 3D Scaffold Manufacturing by Fused Deposition Modeling: Fabrication and Characterization. Front. Bioeng.
Biotechnol. 2020, 8, 552. [CrossRef]

169. Mazzoli, A. Selective laser sintering in biomedical engineering. Med. Biol. Eng. Comput. 2013, 51, 245–256. [CrossRef]
170. Qin, T.; Li, X.; Long, H.; Bin, S.; Xu, Y. Bioactive Tetracalcium Phosphate Scaffolds Fabricated by Selective Laser Sintering for Bone

Regeneration Applications. Materials 2020, 13, 2268. [CrossRef]
171. Ashammakhi, N.; Hasan, A.; Kaarela, O.; Byambaa, B.; Sheikhi, A.; Gaharwar, A.K.; Khademhosseini, A. Advancing Frontiers in

Bone Bioprinting. Adv. Healthc. Mater. 2019, 8, e1801048. [CrossRef]

218



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Journal of Composites Science Editorial Office
E-mail: jcs@mdpi.com

www.mdpi.com/journal/jcs





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-3634-7 


	Bioceramic cover.pdf
	[J. Compos. Sci.]Bioceramic Composites.pdf
	Bioceramic cover
	空白页面

