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Ceramic bone implants have potential properties ideal for long-term implantation applications. On com-
parison with other materials, ceramic biomaterials have advantages such as biocompatibility, low cost,
osteoconductivity, osteoinductivity, corrosion resistance, and can be made into various shapes with de-
sired surface properties. Among transplantation surgeries, bone transplantation is the second largest in
the globe after blood transfusion which is an indication for rising hope on the potential treatment options
for bone. 3D printing is one of the most advanced fabrication techniques to create customized bone im-
plants using materials such as ceramics and their composites. Developing bone scaffolds that precisely
recapitulate the mechanical properties and other biological functions of bone remains a major challenge.
However, extensive research on ceramic biomaterials have resulted in the successful 3D printing of com-
plex bony designs with >50% porosity with cortical bone mechanical properties. This review critically
analyses the use of various 3D printing techniques to fabricate ceramic bone scaffolds. Further, various
natural and synthetic ceramic materials for producing customized ceramic implants are discussed along
with potential clinical applications. Finally, a list of companies that offer customized 3D printed implants
and the future on clinical translation of 3D printed ceramic bone implants are outlined.
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1. Introduction

Over the last several years, injuries to bone have increased due
to various reasons such as falls, accidents, sports injuries, and
others [1,2]. As a therapeutic option, bone grafts are used to treat
critical sized bone defects to promote bone repair and regeneration
[3]. Tissue engineering-based strategies are employed to effective-
ly repair bone since patient-derived cells/tissues in the scaffolds
may promote the healing process [4,5]. The scaffold manufacturing
techniques and materials utilized to fabricate scaffolds are critical
for tissue regeneration [6]. Various tissue engineering strategies,
such as electrospinning, gas foaming, particulate leaching, freeze-
drying and additive manufacturing (AM) or 3D printing, are cur-
rently utilized to produce highly customizable, patient-specific
functional bone scaffolds/implants for specialized clinical needs
[5,7]. Biomaterials used to prepare scaffolds are critical for tissue
engineering, and the use of each biomaterial differs based on the
application [8,9]. An ideal biomaterial for bone tissue engineering
and regeneration should be biocompatible, biodegradable, bioac-
tive, and osteoconductive. Various natural and synthetic biomate-
rials are used for bone tissue engineering. Interestingly,
archaeological findings have revealed that the missing bones and
teeth were replaced using wood, shells, corals, human or animal
teeth, and several other metals like gold, silver, amalgam, etc. [10].

Over the last few decades, various scaffolds have been fabricat-
ed using biometallics, bioceramics, biopolymers, and biocompos-
ites for bone tissue engineering. Still, it remains challenging to
design scaffolds that mimic the native microenvironment & func-
tions of bone. Stainless steel, titanium-based alloys, cobalt-based
alloys, nickel & titanium alloys, magnesium-based alloys, and bulk
metallic glass (BMG) are the commonly used metals for the fabri-
cation of bone implants. However, different reasons may con-
tribute to the failure of metallic implants, such as releasing ions
from the metallic surface, high stiffness, reactivity of metal surface
with enzymes, high corrosion rate, toxicity, loosening or instability,
and infection [11]. Polymers consist of repeating monomer units
arranged in long chains, connected by branches or crosslinks. Nat-
ural polymers used for bone scaffold preparation include protein-
based natural biomaterials like silk, fibrin, and collagen;
polysaccharide-based materials like agarose, hyaluronan, alginate,
and chitosan. Although natural polymers promote cell adhesion
and proliferation owing to their biocompatibility, biodegradability,
biomimetic, and immunomodulatory properties, they have several
drawbacks, such as poor mechanical strength, difficulties in pre-
serving their integrity and rapid degradation due to enzymatic re-
actions [12]. Hence, researchers are developing synthetic polymers
to overcome the limitations of natural biomaterials in developing
bone scaffolds. Synthetic polymers which are biocompatible and
biodegradable are widely used in the preparation of scaffolds to
treat damaged tissues and organs [13]. The most commonly used
synthetic polymers for bone tissue engineering include polyanhy-
drides, polypropylene fumarate, polycaprolactones, polyphosp-
hazenes, polylactide, polyglycolide, etc. Tunable mechanical
properties, porosity, controllable degradation, ease of fabrication,
and potential for offering structural support have made synthetic
polymers highly attractive as materials for bone regeneration.
However, synthetic polymers have various disadvantages for bone
applications, including lack of bioactivity, poor osteoconductivity,
toxicity, and poor integration with host tissues. Recent studies
have shown that ceramics are more durable and fracture resistant
than metals and polymers in in vivo conditions & demonstrate high
wear resistance and hardness similar to natural bone. Several syn-
thetic ceramic biomaterials such as tricalcium phosphate, zirconi-
um oxide, barium titanate, silicon carbide, and hydroxyapatite, are
commonly used for bone tissue engineering, due to their superior
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biocompatibility, mechanical strength, and chemical inertness
[14]. Moreover, the wear debris produced by ceramic implants
are practically negligible when compared with metals and
polymer-based implants. Although the main drawback of ceramic
materials is their low fracture toughness, they possess high com-
pression resistance, high humidity degree, and high Young’s
modulus.

The advancements in science have introduced a lot of progress
in bone tissue engineering compared to the conventional methods
used for bone replacements and treatments. Autografts and allo-
grafts are the conventional strategies to repair bone defects due
to their structural similarity with native bone. However, these ap-
proaches have several drawbacks, such as inflammation, pain and
graft rejection. To overcome the drawbacks of conventional tech-
niques, researchers developed materials and methods that help
to fabricate bone scaffolds that closely resemble the characteristics
and function of a human bone [15]. Scaffold-based tissue engineer-
ing has gained a lot of attention for bone tissue engineering and re-
generation due to their long-term stability, sustained release of
soluble factors, cellular support, integration with native bone,
etc. [16]. Traditionally, ceramics-based bone scaffolds are produced
using methods such as solvent casting, particulate leaching, freeze
drying, injection molding, compression molding, electrospinning,
and hydrogels [17]. In the techniques like injection molding and
compression molding, ceramic materials are mixed with polymers
and high pressure is applied to remove air pockets and consolidate
the ceramic powder to make dense bone scaffolds with specific ge-
ometry [18,19]. However, it is challenging to fabricate scaffolds ac-
cording to patient requirements, controlled porosity, and pore size
distribution using these traditional fabrication methods. As an al-
ternative, 3D printing has been emerging as a viable fabrication
method due to numerous advantages, including design flexibility,
customizability, reduced material waste, faster production, ability
to control porosity and improved mechanical properties [20].

3D printing had its origins in the late 19th century when photo
sculpture and geomorphology technologies were established. 3D
printing is an additive manufacturing (AM) technique that helps
to create three-dimensional objects using a computer-aided de-
sign. Fused deposition modeling (FDM), selective laser sintering
(SLS), stereolithography, selective laser melting (SLM), inkjet 3D
printing, adhesive droplet and powder bed-based AM, digital laser
processing, continuous liquid interface production, and other 3D
printing techniques were developed between 1980 s and 2010 s
based on various working principles [21]. Various 3D printing tech-
niques, like FDM, SLS, stereolithography, etc., are very promising in
the fabrication of scaffolds for bone tissue engineering and regen-
eration. Customized shape, pore size, and enhanced mechanical
properties are some of the main advantages of 3D printed bone
constructs. Because of the precise control over the production pro-
cess and the ability to customize the final products, biomedical re-
searchers have been fascinated with 3D printing technology.

This review paper provides a comprehensive overview on steps
involved in 3D printing of bone scaffolds, various ceramic biomate-
rials and additive manufacturing techniques used for fabricating
bioactive and osteogenic scaffolds along with their applications
and commercial scope. Initially, the pre-requisites for 3D printing
and steps involved in 3D printing along with the post-processing
steps for fabricating biomimetic bone scaffolds are discussed. Fur-
ther, various natural and synthetic bioceramic materials used for
the fabrication of bone scaffolds and the essential requirements
for 3D printing of ceramics are discussed. Additionally, the advan-
tages and disadvantages of 3D printing of ceramic materials using
fusion deposition modeling (FDM), selective laser sintering, stere-
olithography, digital light processing, and 3D bioprinting of ceram-
ic ink are discussed in detail. Furthermore, the use of ceramic based
3D printed bone substitutes for treating variety of clinical condi-
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tions such as fractures, cancers, traumatic injuries, osteomyelitis,
cartilage repair, and drug delivery. In order to demonstrate the po-
tential of 3D printing ceramic materials for commercial applica-
tions, several details about bone scaffold manufacturers and
market growth statistics were discussed. Finally, the technological
constraints, design considerations, practical challenges and future
perspectives associated with the fabrication of 3D printed ceramic
bone scaffolds are described.
2. Requirements for 3D printing of ceramics:

Ceramic scaffolds are usually produced by 3D printing a green
body, which is then sintered at high temperatures to turn them in-
to solid structures. Ceramic 3D printing for treating bone defects
involves the same basic steps as general 3D printing strategies, in-
cluding pre-processing (before printing), printing, and post-
processing (after printing). Pre-processing involves patient defect
scanning/imaging, digital implant designing in computer-aided de-
sign (CAD) software, material selection, surgical planning, and sim-
ulation testing. Ink formulation and parameters optimization are
required for printing high-resolution 3D structures during the
printing step. Post-processing is required for residual removal
and implant strengthening steps through debinding, sintering,
coating, surface modification, sterilization, and other basic steps.
Before implanting into the patients, the 3D printed scaffolds/im-
plants are tested for strength, durability, biocompatibility, and
host-implant interactions to ensure safety and effectiveness. Final-
ly, these printed scaffolds can be used for various applications such
as bone, cartilage regeneration, drug delivery, etc. by implanting
them at defect site [22]. Satisfying the material/printing require-
ments in the processing steps is crucial for 3D printing of ceramic
materials with good printability, stability, high resolution, and con-
trolled porosity, which could help in directly utilising the 3D print-
ed ceramic implants for clinical applications.
2.1. Pre-processing stage

Advancements in computer-aided design and computer-aided
manufacturing (CAD-CAM) have made it possible to design cus-
tomized scaffolds for bone deformities according to patient re-
quirements. The process of designing a bone implant digitally
according to patient needs involves scanning/imaging, reconstruct-
ing, designing, fixing analysis, and generating printable files [23].
Implant fabrication starts with digital imaging and CT scanning
to create a 3D image of the patient’s defect site in Digital Imaging
and Communications in Medicine (DICOM) format, followed by a
mask-drawing process to design the missing bone part in each
2D image slice, and ultimately designing the bone implant using
software, such as 3Matics or Solidworks. Also, modifications in
the shape or morphological features of 3D printed bone can be im-
plemented according to the guidance of the surgeons for fixing and
better integration with native bone [24]. Moreover, designing 3D
bone implants with controlled porosity (pore morphology) and in-
fill patterns are required to achieve better mechanical strength (s-
tiffness), nutrient/waste transport, and cell-material interactions.

To understand the role of 3D model design in customizing bone
implants Vijayavenkataraman et al., designed & fabricated gradient
bone implant by printing alumina (Al2O3) using Lithography-based
Ceramics Manufacturing (LCM) technology to mimic the trochan-
ter region of hip bone to reduce the stress shielding effect. A total
of 12 unit cell designs were selected from a pool of 90 designs
based on their porosity (�50%) and pore size (500–1000 lm)
which was achieved by changing the size and thickness of the unit
cell and sintered for 48 h to enhance mechanical strength (com-
pression Youngs’s modulus – 2–5.5 GPa; fractural strength of 11–
3

133.5 MPa). This method allowed the design of an implant contain-
ing four quadrants: medioanterior (MA), lateroanterior (LA), latero-
posterior (LP), and medioposterior (MP), with varying trabecular
and cortical structures. Using this 3D printing method, gradient
3D structures were successfully fabricated with smooth shape
transition and mechanically similar to native hip. The printed
structures (10 mm height) consisted of 3 different gradient of re-
gions: region 1 mimicked MA & MP cortical bone with Youngs
modulus of 3 GPa, region 2 mimicked trabecular bone with 2
GPa and finally region 3 mimicked LA and LP cortical bone with
5.5 GPa Youngs modulus [25].

2.2. Printing of ceramic materials

Materials like barium titanate, silicon carbide, hydroxyapatite,
etc., have gained great importance in 3D printing due to their avail-
ability, safety and efficacy. Careful selection of ceramic materials/-
composites and optimal concentrations to prepare slurry/ink are
required to fabricate bone scaffolds according to the functional re-
quirement of defect site. 3D printing techniques such as FDM, DLP,
SLS, SLM, 3D gel printing, etc., has some prerequisite conditions to
facilitate high-resolution ceramic printing. The selection and
preparation of ceramic slurry as well as additive manufacturing
methods are generally determined by implant design [24]. For ex-
ample, ceramic particles can be suspended or mixed with thermo-
plastic polymers to form printable filaments for FDM, which are
extruded layer-by-layer to form a stable porous 3D structure after
solidification. Saranti et al. printed bone scaffolds by producing a
PLA filament containing 45S5 BG and carbon dots composites,
which was extruded using a desktop filament extruder and printed
at 200 �C nozzle temperature [26]. Similarly, for other 3D printing
techniques, such as extrusion, DLP, stereolithography, SLA, and SLS
technique, the ceramic material should mix with a medium (sol-
vent or dispersant) to form uniform paste or slurry with appropri-
ate viscosity [27]. Further, ball milling of ceramic materials for
overnight helps to produce homogenous powder mixture of ce-
ramic composites such as calcium oxide:silicon dioxide:strontium
oxide/magnesium oxide ratio (11:5:4) to produce printable ceram-
ic ink without clogging [28]. Additionally, a few other additives like
plasticizers (poly(ethylene glycol) 400), binders (polymethacrylate
ammonium, hydroxypropyl methylcellulose, polyethyleneimine,
etc.), dispersant (BYK-2155, sodium polyacrylate, S18, etc.,) and
inorganic electrolyte are used to enhance the printability [29].
Selection of optimal solid content (>40% w/v) & homogeneity of
slurry is important as it affects the shear stress, printability and
mechanical properties [30–32].

Ceramic paste concentration should be optimal for extrusion-
based implant printing to stack multi-layered structures and im-
prove adhesion between layers. Similarly, for SLA technique, ce-
ramic materials need to be suspended as a slurry containing
resin, photocurable monomer, initiator and dispersant. Ceramic
slurry with a low viscosity (<3 Pa.s) and high solid contents need
to be enabled with better photocrosslinking efficiency (low curing
depth) to improve printability [33]. For SLM/SLS, the ceramic ma-
terials should possess the optimal material density, melting point
and higher diffusion rate to produce printable paste. The ceramic
components are mixed with polymer based binders (PCL, PLA,
etc.,), which binds the ceramic component together during the
3D printing process [34,35].

2.3. Post-processing stage

The 3D printed ceramic implants for bone replacement require
following post-processing steps, such as sintering and surface
modifications to improve their mechanical properties and biocom-
patibility. Sintering is the process of compacting and forming a
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solid mass by applying pressure and/or heat to the material, caus-
ing the particles to bond together and form a solid mass. It induces
physical and chemical changes in the printed constructs to achieve
high interconnectivity, making them stronger and more durable.
Usually, lower temperatures (400–600 �C) during sintering burn
out organic binders and pore-forming agents, leaving porous struc-
tures. Sintering at higher temperatures fuses ceramic particles, re-
ducing pore size and increasing construct density to produce a
stable construct with shrinkage. Hence, parameters like sintering
temperature, atmosphere, heating rate, holding time, etc., affect
the mechanical properties and shrinkage behavior of the 3D print-
ed ceramic scaffolds. Xiangjia Li et al., reported that 3D printed hy-
droxyapatite/tricalcium phosphate scaffolds with 30% porosity
showed high compressive strength (4.32 MPa) after sintering at
1250 �C temperature compared to scaffolds sintering temperature
of 1050 �C (0.13 MPa) [36]. Similarly, Yu Pan et al. reported that the
holding time of alumina-based scaffolds for 180 min increased the
hardness of scaffolds to 30.1 GPa compared to scaffolds sintered for
30 min (13.6 GPa) which confirmed the role of holding time in im-
proving the mechanical properties of 3D printed constructs [37].
Sintering at higher temperatures or sintering for a longer duration
leads to the occurrence of multiple cracks. Based on these observa-
tions, 3D printed ceramic scaffolds require careful selection of op-
timal sintering conditions to achieve the desired mechanical
properties and dimensional accuracy without cracking and thermal
damage.

During the high-temperature sintering process the 3D printed
ceramic materials undergo densification which result in shrinkage.
It may be noted that percentage shrinkage of ceramic materials de-
pends on the concentration of ceramic material, ratio between bin-
der and ceramics, sintering temperature, holding time and initial
porosity of green body (before sintering). To demonstrate the influ-
ence of sintering parameters on shrinkage, Xiangjia Li et al., ana-
lyzed the relationship between sintering temperature,
concentration of ceramics, holding time, and shrinkage ratio. In-
creasing the concentration of ceramics resulted in a significant re-
duction in the shrinkage of the green body. Scaffolds prepared with
20% (%wt) HA/TCP ceramic ink shrunk by 45.25%, and scaffolds pre-
pared with 40% (%wt) ceramics shrunk by 17.8% at a sintering tem-
perature of 1150 �C. The height of green bodies shrunk more than
the length and width, due to the weak binding forces between lay-
ers, where binders get removed easily, causing greater shrinkage in
the z-direction (height). Higher microhole density reduces HA/TCP
scaffold shrinkage and causes varying shrinkage ratios in both axial
(Z) and radial (XY) directions, with greater axial shrinkage due to
isotropic stress [36]. Due to extensive particle fusion during sinter-
ing, ceramic materials with high melting points shrink more during
sintering. Further, the effect of infill density on shrinkage was re-
ported by Uday Kiran Roopavath et al., where the scaffolds printed
with 100% infill density showed low shrinkage (12 ± 3.7%) com-
pared to 75% (28 ± 3.8%) and 50% (42 ± 4.7%) infill density due to
more deposition of materials with 100% infill density [38].

For enhanced tissue regeneration, these printed bone scaffolds
can be tailored with surface modifications or bioactive factors to
provide a favorable milieu for the cells of interest and to integrate
with native bone [9]. Recent reports showed surface coating of 3D
printed bone scaffolds with oxygen-generating biomaterials such
as calcium peroxide (CPO), magnesium peroxide (MPO), sodium
percarbonate (SPO) promoted bone regeneration with increased
cell viability and proliferation [39–41]. Further, incorporating
growth factors such as bone morphogenetic proteins (BMPs -
BMP-2, BMP-4, and BMP-7), vascular endothelial growth factor
(VEGF), insulin-like growth factor (IGF), fibroblast growth factor
(FGF), and platelet-derived growth factor (PDGF) enhanced cell ad-
hesion, proliferation, osteogenic differentiation, and bone forma-
tion in defects created in animal models. Ceramic scaffolds for
4

bone regeneration require control over the surface roughness with
printing parameters or post-processing techniques to influence os-
teoblast behavior by increasing contact area and promoting cell ad-
hesion, proliferation, & differentiation through focal adhesion
formation. A detailed discussion on various ceramic materials, 3D
printing methods used for the fabrication of bone scaffolds, and po-
tential applications of these printed scaffolds is provided in the fol-
lowing sections.
3. Ceramic materials for bone tissue engineering

Ceramics are group of materials made up of inorganic and non-
metallic solids such as oxide, nitride, carbide, or boride. Upon ex-
posure to higher temperatures these materials become bone like
structures due to formation of ionic and covalent bonds. Usually,
ceramics are widely used in the production of semiconductors,
electrical insulators, plugs, capacitors, transducers, data storage
elements, bone tissue implants, etc. Ceramic materials are highly
tensile and form stable bonds with the host tissues. Ceramic scaf-
folds must be mechanically stable, as they are subjected to various
forces, including compressive, tensile, & shear forces, and inade-
quate mechanical properties might lead to compromised bone
healing. The mechanical properties of ceramic scaffolds are signif-
icantly influenced by various parameters such as concentration,
porosity, pore size, sintering temperatures, interconnectivity be-
tween the pores, infill densities in the printed scaffolds, etc. Ceram-
ic scaffolds for bone regeneration require a balance between
porosity and mechanical properties, as higher porosity leads to
compromises in mechanical performance, while low porosity leads
to reduced nutrients/oxygen diffusion, and poor integration with
native bone. Choice of ceramic materials for scaffold fabrication
usually depends on the application since load-bearing and non-
load-bearing bones have very different mechanical requirements.
Bioceramics is a class of bioactive materials extensively used in
bone tissue engineering to replace or repair damaged bone tissues
[42]. Bioceramics can be both natural and synthetic and their key
features and applications are mentioned in Table 1.

3.1. Natural bioceramics

Natural bioceramics are ceramic materials that are naturally
available for bone scaffold preparation with properties like bio-
compatibility, low immunogenicity and biodegradability. Howev-
er, their usage is currently limited because of their weak
mechanical characteristics and the possibilities of immunological
responses in the body after implantation. Natural bioceramics are
prepared from numerous natural sources, including bones from ca-
davers, scales of fishes & animals, eggshells, etc. There are wide va-
rieties of natural bioceramics, and some of their properties,
biocompatibility, and sources, are discussed briefly below.

3.2. Hydroxyapatite

Hydroxyapatite (Ca10(PO4)6(OH)2) is a calcium phosphate,
which is naturally occurring inorganic compound in the bone and
widely used as ceramic material for fabricating bone scaffolds and
implants [38]. There are various methods for preparing hydroxya-
patite from synthetic and natural sources [75]. The natural hydrox-
yapatite sources include bones, scales of fishes and other animals,
eggshells, etc. In a study by Trakoolwannachai et al., hydroxyap-
atite was successfully prepared from eggshell waste and a compos-
ite was prepared using it along with polycaprolactone (PCL).
Hydroxyapatite was successfully prepared by co-precipitating
phosphoric acid and calcium oxide from the egg shell [76]. Cahyan-
to et al., prepared hydroxyapatite from fish bones by deproteiniza-



Table 1
Different ceramic materials and their applications.

Materials Chemical
Formula

Sintering
Temperature

Key Features Applications Ref

b-Tricalcium
phosphate

b-Ca3(PO4)2 200–1400 �C Good biodegradability, bio absorption, low crack/
deformation, low shrinkage, and porosity

Hard tissue repair [43–
49]

Silica carbide SiC 1860–1950 �C Excellent strength, good compressive properties, fracture
behaviour, microscopic features

Light weight design of structural
ceramics

[50–
55]

Ferrite Fe3O4 900–1400 �C Cost-effective, high biocompatibility and magnetic behaviour Magnetic
hyperthermia and bone tissue
regeneration

[56,57]

Alumina Al2O3 1500–1800 �C Biocompatibility, Chemical inertness, inexpensive, easy
availability

Joint replacements, bone spacers, dental
implants

[58,59]

Hydroxy-
apatite

Ca10(PO4)6
(OH)2

1000–1250 �C Good cell growth, good compression performance, good
biocompatibility

Clinical repair of bone defects [60–
64]

Zirconium
oxide

ZrO2 1000–1450 �C Good tensile strength, good mechanical properties Bone repair, bone tissue engineering [64–
66]

Calcium silicate CaSiO3 1200–1400 �C Excellent bioactivity, biodegradability and osteoconductivity Hard tissue regeneration and as coating
for metal implants

[67,68]

Barium titanate BaTiO3 900–1200 �C Good tensile strength, good biocompatibility Large bone defects [62,69–
71]

Calcium
carbonate

CaCO3 600–1000 �C Good biocompatibility, bioactivity, high osteoconductivity Bone tissue engineering,
osteoconductive bone substitutes

[72–
74]
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tion and using a reflex method with KOH and H3PO4 solutions [77].
Similarly, hydroxyapatite was prepared naturally from various
other sources like pig bone [78], bovine bone [44], and fish scales
[79], etc. These hydroxyapatites are less toxic and osteoconductive,
facilitating bone cell growth [80] and used as an effective biomate-
rial for bone fabrication.

3.3. Synthetic bioceramics

Advances in materials science have led to the usage of synthetic
ceramics more than natural ceramics for bone tissue engineering
applications. Synthetic ceramics are made in vitro using the pro-
teins and organic substances found naturally in the body [3]. Most
synthetic materials used for making bone grafts are commonly
composed of calcium, aluminum and silicon. Ceramics do not occur
naturally in body, but they are widely used since they show similar
biological responses and present a similar microenvironment as
natural bone [81]. For example, the stoichiometry of tricalcium
phosphate ceramics is comparable to that of amorphous bone pre-
cursors, but the stoichiometry of hydroxyapatite is similar to that
of bone minerals [82]. Various synthetic ceramic materials widely
used for the preparation of bone scaffolds are explained below.

3.3.1. Tricalcium phosphate
Tricalcium phosphate (Ca3(PO4)2) is a bioactive substance com-

monly used as a component in bone replacement implants since it
potentially induces osteoblastic development in progenitor cells.
Tricalcium phosphate is a remarkably successful biomaterial for
bone regeneration because of its biocompatibility, bioactivity, os-
teoconductivity, and biodegradability [83]. Drugs embedded or
functionalized on the surface of tricalcium phosphate can treat
osteoporosis-related fractures, large bone defects, bone tumors,
and osteomyelitis [84]. Increased osteoconductivity and osteoin-
ductivity help bone development and mineralization, which aids
in bone regeneration. The most distinguishing characteristic of tri-
calcium phosphate is that it can be produced in situ by dissolution
precipitation process at body temperature. The process by which a
solute in a gaseous, liquid, or solid phase dissolves in a solvent to
form a solution is known as the dissolution process [85]. This prop-
erty contributes to its beneficial characteristics, such as the ability
to mold after mixing and its injectable property, which allows for
less invasive application and the potential to operate as a medica-
tion & delivery vehicle for biological molecules. Injectable tricalci-
um phosphate was used to heal intrabony defects in humans, an
5

osseous defect with definite morphology [86]. On radiographs, tri-
calcium phosphate was well-integrated and absorbed in the verte-
bra with no indications of osteolysis or necrosis. Tricalcium
phosphate is blended with materials like collagen, sphingosine 1-
phosphate, and metal ions to increase its biochemical characteris-
tics and osteogenic capacity [45,46].

One of the challenges in tricalcium phosphate scaffold prepara-
tion is the requirement to optimize the component distribution
and microporous structure for enhancing biodegradation & bone
defect repair. To address this issue, Chen et al., 3D printed a core-
shell-typed nonstoichiometric wollastonite macroporous scaffold
with a microporous core-shell using 4% and 10% Magnesium
(Mg) doped Calcium silicate (CaSi), which formed CSiMg4 and
CSiMg10. From the previous research, it was evident that Mg-
doped CaSi bioceramics can improve mechanical characteristics,
surface biocompatibility, and osteogenesis of the scaffold. In this
study, Mg-doped CaSi were prepared by a wet chemical method.
CSiMg4 and CSiMg10 were combined with polyvinyl alcohol
(PVA) to prepare the core-shell bioceramics, which were 3D print-
ed and sintered for three hours at 1100 �C (Fig. 1A). Four sets of
scaffolds were printed with and without pores (by adding polystyr-
ene spheres 20%) and labelled CSiMg4@CSiMg10,
CSiMg4@CSiMg10-p, CSiMg10@CSiMg4 and CSiMg10@CSiMg4-p.
However, high-density micropores were found in
CSiMg4@CSiMg10-p and CSiMg10@CSiMg4-p, despite the fact that
macropore structure and interconnectivity were found in all scaf-
folds (Fig. 1B). Mechanical strength analysis of these scaffolds
demonstrated that CSiMg4@CSiMg10 had a greater compressive
strength of �25.8 MPa and an elastic modulus of 784 MPa. Biodis-
solution test with Tris-HCl showed fast release of Ca, Mg and Si
ions and a faster mass loss of �17–23% after 8 weeks was also ob-
served. New Zealand white rabbits with femoral bone abnormali-
ties were used to evaluate the in vivo efficacy of these scaffolds
after 12 weeks of implantation. 3D lCT reconstruction and histo-
logical examination revealed that the CSiMg4@CSiMg10-p scaffold
had significantly stronger osteogenic abilities compared to other
scaffolds (Fig. 1D). After four weeks of implantation, X-ray images
demonstrated the integration between the scaffold and host bone
tissue. Further, CSiMg10@CSiMg4-p and CSiMg4@CSiMg10-p
groups showed significantly increased bone tissue formation and
biodegradation at 12 weeks post-implantation (Fig. 1C). Thus, it
was shown that a core-shell bioceramic 3D printing approach
could be used to produce single-phase or biphasic bioactive ceram-



Fig. 1. Various types of scaffolds fabricated using Tricalcium phosphate. [A] Schematic representation of preparation and three–dimensional printing of porous core–shell
scaffolds using bioceramics; [B] SEM images of bioceramics powders and 3D printed scaffolds; [C] Implantation of 3D prited scaffolds in femoral bone defect and radiological
images of the femoral bone specimens at different time points; [D] 3D and 2D micro–CT images for the animal model filled with bioceramics scaffolds (Blue: bioceramics;
yellow: new bone). Reproduced with permission from [87]. [E] Fabrication and Post–fabrication process of coiled ceramic/hydrogel core � shell beads; [F] Live–dead assay of
cell–loaded core–shell beads immersed in 1X PBS and MCPM (50 mM) (Live – green & Dead – red). Reproduced with permission from [88]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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ic scaffolds with precisely tuned biodegradation for bone regener-
ation and repair in certain pathological conditions [87].

Apart from bone healing and repair and, these scaffolds are also
used for other applications like drug delivery. Quercetin and bis-
phosphates are drugs that are commonly used to treat osteoporo-
sis. Raja et al., prepared unique coil structured bioceramics using a-
tricalcium phosphate (TCP) loaded with quercetin, enclosed in algi-
nate hydrogel beads for cell and drug delivery applications. The al-
ginate hydrogel, which makes the shell, was loaded with
preosteoblast (MC3T3-E1) cells. The prepared ceramic paste and
the alginate hydrogel were extruded simultaneously through the
inner and outer nozzle, respectively. Further, the alginate shell
was crosslinked using calcium chloride or monocalcium phosphate
6

monohydrate (MCPM) solution (Fig. 1E). The a-TCP hardened to
form calcium-deficient hydroxyl apatite (CDHA) by immersing it
in phosphate-buffered saline solution. After 24 h, 84% of the
MC3T3-E1 cells remained viable when CaCl2 was utilized as the
crosslinker solution. In contrast, MCPM had a much lower survival
rate of 34% after 30 min. (Fig. 1F). These scaffolds also showed a
good drug release profile since the quercetin was released effi-
ciently with a rate of 3.8 ng/day and 28.4 ng/day by 1 wt% and
5 wt% samples respectively in 120 days. These multifunctional,
structured microbeads could be used as new bone graft alterna-
tives for hard tissue regeneration [88]. Although TCP is a bioactive
ceramic material due to osteointegration ability, it has low me-
chanical strength (compressive strength: 2.5–16 MPa) which
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makes it only suitable for low to medium load-bearing applications
[48].

3.3.2. Zirconium oxide
Zirconium dioxide (ZrO2), also called zirconia, is a white crys-

talline zirconium oxide [65]. It has monoclinic crystalline struc-
ture, and one of the most popular bioceramics in the market
[89]. Scaffolds manufactured using zirconia showed bending
strengths ranging from 900 to 1200 MPa and fracture resistance
ranging from 9 to 10 MPa [90]. Zirconium oxide has an extremely
high melting point of 2715 �C and also is known for its biocompat-
ible nature [91]. It has a wide range of applications, including abra-
sive items, paint additives, joint implants, dental bridges, etc.
Dentistry scaffolds were fabricated using 3D slurry printing tech-
nology with zirconium oxide, and a two-stage sintering approach
fulfilled the requirements of micro-hardness (1556 HV) and aver-
age flexural strength (539.1 MPa) compared to other polymers
[92]. Further, studies showed that the efficiency of these scaffolds
were further increased by combining it with nano-hydroxyapatite
powder [63,93]. The exceptional mechanical properties of ZrO2,
which include high compressive, bending, tensile, and flexible
strengths, make it as an ideal material for load-bearing bone appli-
cations. However, due to its bioinertness and high stiffness, zirco-
nium oxide is not suitable for applications in which flexibility and
osteointegration are critical.

3.3.3. Barium titanate
Barium titanate (BaTiO3) is a well-known piezoelectric ceramic

substance commonly used to prepare scaffolds for bone tissue
engineering [94]. The piezoelectric effect is important for bone for-
mation, fracture healing, maintaining a charged surface, improving
bone cell adhesion and proliferation [95–97]. Increased sintering
temperature improves the compressive strength of porous scaf-
folds, piezoelectric coefficient, biocompatibility, and capacity to
build strong interfacial contact with the surrounding bone. Barium
titanate scaffolds are effective for bone tissue engineering and
other biomedical applications due to their osteogenic differentia-
tion and cytocompatibility [69,98–100]. Sol–gel, mechanical mix-
ing and sintering techniques are used to prepare barium titanate
slurries & scaffolds, which have high compressive strength, bend-
ing module, elastic property, and Young’s modulus [101,102]. Re-
cent studies have shown that scaffolds coated with barium
titanate exhibit good antibacterial properties and improved osteo-
genesis [103]. Barium titanate has high mechanical strength and
stiffness, making it a suitable material for load-bearing bone im-
plants. However, the blending of barium titanate with bioactive
materials like hydroxyapatite (HA) is essential to enhance bioactiv-
ity and implant stability by integrating with host bone tissues.

3.3.4. Silicon carbide
Silicon carbide (SiC) has biomimetic features, such as superior

density, strength, and thermo–mechanical properties, making it
an important material for biomedical applications, including bone
tissue engineering [104]. In its crystalline form, silicon carbide pos-
sesses stronger elastic modulus, lower frictional coefficient, ex-
treme hardness, resistance and is chemically inert nature. SiC has
a wider bandgap, ranging from 2.4 to 3.2 eV depending on the
polytype, improving sensing capability and making it more bio-
compatible [105]. Low density, high strength, oxidation resistance,
excellent thermal shock resistance, high hardness, wear resistance,
chemical resistance, low thermal expansion and high thermal con-
ductivity are some of the other interesting characteristics of silicon
carbide [106–108]. SiC bioceramics have proven to be good mate-
rials for biomedical implants due to their bio-inertness, simplicity
of handling, capacity to be molded into any desired shape, chemi-
cal & physical stability, and biocompatibility [109]. Several studies
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have shown that SiC can be used extensively for hip implants and
load-bearing bones since it possess superior mechanical properties,
slow degradation and high biocompatibility [50,51]. However, due
to its low toughness, these scaffolds are susceptible to cracking
over time. Therefore, careful design and processing methods are re-
quired to ensure long-term stability.

3.3.5. Calcium carbonate
Calcium carbonate (CaCO3) is one of the most commonminerals

found on the earth and it is an excellent ceramic material to fabri-
cate bone due to good biocompatibility and faster resorption rate.
The disadvantage of calcium carbonate as a ceramic material is
that it decomposes to calcium oxide (CaO) and carbon dioxide
(CO2) around 600 �C–700 �C, making the sintering process difficult
[110]. Amorphous calcium carbonate (ACC) is a biomineral that has
been used as a bioink by Shaked et al., for 3D bioprinting of bone
scaffolds. ACC paste was prepared by stabilizing it with magnesium
by using different binders like glycerol (GLY), ethylene glycol (EG),
and triethylene glycol (TEG), which was later 3D printed using
Hyrel 3D Engine-SR printer followed by sintering at 150℃ over-
night. The chemical composition of the sintered samples was eval-
uated using energy-dispersive X-ray spectroscopy (EDS), where
50/50 (50% Ca solution and 50 % Mg solution) ACC models exhibit-
ed higher incorporation of Mg compared to other concentrations
(60/40 & 70/30). It was observed that GLY could promote the for-
mation of larger crystals than EG, and the smallest crystal was
formed when TEG was used as a binder. This novel method of 3D
printing ACC could emphasize the benefits and open up new pos-
sibilities for energy-efficient ceramic 3D printing in various appli-
cations [111]. Despite its biocompatibility, biodegradability, and
low cost, calcium carbonate has less favorable mechanical proper-
ties than commonly used materials like hydroxyapatite (HA) and
other ceramics.

3.3.6. Nano hydroxyapatite
Hydroxyapatite (HA) is a calcium apatite mineral Ca10(PO4)6(-

OH)2 with calcium to phosphorus ratio of 1.67. It is a physiological-
ly active, biodegradable calcium phosphate that accounts for
nearly 65% of bone mass and the bulk of inorganic components
in bone tissue [112–114]. Synthetic HA will become highly crys-
talline calcium phosphate when treated at high temperatures.
However, their physical properties differ slightly, such as mi-
crostructure, crystal size, and porosity. After implantation at the
bone defect site, HA can directly link with nascent bone tissue, in-
creasing graft vascularization and stem cell proliferation thereby
accelerate bone regeneration [3,115]. Due to changes in physical
and chemical features of HA crystallinity, microstructures, and
solvability, the mechanical & biological aspects of HA-based bone
substitutes can be improved by adding Sr2+ or Mg2+ [116,117].
The mechanical properties of 3D-printed nano-hydroxyapatite
scaffolds can be tailored by varying the amount of ceramic material
used, and they have been widely used for fabricating both load-
bearing and non-load bearing bone implants. Furthermore, accord-
ing to recent findings, HA bone grafts may aid in the faster healing
of critical and non-critical-sized bone defects. Inkjet-based 3D
printing, stereolithography (SLA) based 3D printing, extrusion-
based 3D printing, and laser-based 3D printing are the four most
common 3D printing procedures for printing hydroxyapatite-
based bone models [118,119].

Although bioceramic/polymer composites are well-known for
producing customized implants, their influence and use in 3D bio-
printing are not thoroughly studied. In a study by Lee et al., hydrox-
yapatite (HA)/gelatin composites were prepared by mixing
different concentrations of HA (0%, 60%, 70%, and 80%) with gelatin,
their mechanical and biological properties were studied. Maximum
compressive strength of 8.4 ± 2.7 MPa was observed in 70% HA
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scaffold compared to other conditions similar to cancellous bone.
Further, the biological characterization of scaffolds was analyzed
by culturing rat adipose-derived mesenchymal stem cells (RASMD)
on the scaffolds, where maximum cell proliferation was observed
in the scaffolds containing 60% HA. Moreover, osteogenic differen-
tiation was seen greater in scaffolds with 60–80% HA, which was
confirmed using ALP (alkaline phosphatase) and ARS (Alizarin
Red-S) assays. This study confirmed that bioprinting of bioceramics
and hydrogel composite scaffolds had improved shape fidelity, me-
chanical strength and bioactivity [120]. Zhang et al., used UV curing
method to prepare hydroxyapatite (HAP) suspensions. UV oligo-
mers and monomers were combined with HAP powder, and then
nano zirconia was added before 3D printing using a DLP printer.
Mouse bone mesenchymal stem cells (mBMSCs) were seeded on
these printed constructs with a density of 3000 cells/cm2 and high
cell viability was observed using live-dead staining [121]. In anoth-
er study, Shao et al., prepared a HA slurry and printed scaffolds
with dimension of 18 � 18 � 5 mm3 at three different speeds of
3 mm/s, 5 mm/s, and 8 mm/s using the 3D-gel printing (3D-GP)
technique (Fig. 2A). The printability of the HA scaffold was affected
by printing parameters such as printing speed, nozzle diameter,
and layer height, where 5 mm/s printing speed was optimal for
printing 3D scaffolds. The SEM analysis of the prepared scaffold
showed the presence of micropores on the surface of the printed
lines and the width of the printed lines was similar to the nozzle
diameter (Fig. 2B). Fig. 2C shows the image of the green body
and sintered sample, which shows uniform pore distribution with-
out any structural defect in both the samples. Further, Tris-HCl
degradation test showed 10.38% weight loss after 5 weeks, which
indicate that these scaffolds are suitable for bone regeneration
with controlled degradation [122].

Polycaprolactone (PCL) is also widely used for bone tissue engi-
neering since it provides a porous architecture that resembles nat-
ural bone. Some of the properties of PCL such as hydrophobic
nature, low bioactivity and poor mechanical properties limit its po-
tential for bone tissue engineering applications. To overcome these
existing challenges, Chlana et al., modified and covered the PCL
with nano hydroxyapatite (nHA), a ceramic layer of hydroxyapatite
by wet chemical deposition method and further by low-
temperature plasma surface modification with hexamethyldisi-
lazane (HMDSZ) monomer. Each strand in printed construct had
a diameter of 303–309 lm, and the scaffold had maximum com-
pressive strength of 34 ± 1 MPa. Further, the wettability of the scaf-
folds was determined using contact angle measurements where
PCL-printed scaffolds were hydrophobic with a contact angle of
110 ± 5�, and the PCL-HA scaffolds were hydrophilic with a contact
angle of 27 ± 7�. Based on the findings of this study, it can be con-
cluded that the surface modifications using HA improve the wetta-
bility of hydrophobic synthetic polymer scaffolds such as PCL
[123].
4. 3D printing methods

Ceramic materials are tailored into required shapes from pow-
der with or without binders using standard methods like gel cast-
ing, injection molding, machining, etc. The major drawbacks of
making ceramics scaffolds are cost and long processing times
[124]. Molding is the most commonmethod for fabricating ceramic
scaffolds. However, producing intricate geometries and intercon-
necting porous structures with this procedure is difficult. The rigid-
ity and fragile nature of ceramics make them more difficult to
machine processes and hence, these conventional processes fail
to make intricate 3D structures using ceramic constituents [125].
3D printing is a process that allows the facile fabrication of com-
plex geometries and shapes, which is difficult to achieve using
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the standard fabrication techniques mentioned before [126,127].
The use of 3D printing in ceramic scaffold fabrication brings new
prospects for addressing the limitations and challenges of tradi-
tional scaffold fabrication approaches. 3D printed ceramic materi-
als are biocompatible, chemically resistant, have high strength-to-
weight ratio and good thermal conductivity. In the same way, dif-
ferent 3D printing strategies like FDM, SLS, stereolithography, DLP
and 3D gel printing, etc., are widely employed to fabricate bone
scaffolds for tissue engineering & clinical research applications.
The advantages and disadvantages of various 3D printing methods
and their applications in the fabrication of ceramic scaffolds are
mentioned in Table 2.

4.1. Fused deposition modelling

Fusion deposition modeling (FDM) is an extrusion-based 3D
printing in which thermoplastic polymer filament materials are
used to print 3D objects. Four major components of the FDM pro-
cess include feeding material, print head, gantry and a building
surface [145]. The FDM works on the principle of additive concept
in which the material is laid down on the surface in a layer-by-
layer fashion. 3D printing using FDM is performed by feeding a
plastic thread or wiring into an extrusion outlet that controls the
flow of material [146]. When thermoplastic filaments are placed
in FDM, they melt between rollers and are extruded through a noz-
zle onto the build surface (Fig. 3A). A great advantage of FDM tech-
nology is multi-material printing to ensure good design quality,
improved mechanical properties, better adhesive strength and ex-
cellent mechanical interlocking. The adhesive strength in FDM
technology is determined by the slicing pattern of the substance
attached as well as the density of the layers beneath the adjacent
surface [128].

The bioactivity and mechanical characteristics of L-polylactic
acid (PLLA)/hydroxyapatite (HA) in the fabrication of composite
scaffolds using FDM were studied by Zhang et al., for bone repair.
The PLLA scaffold has a hydrophobic surface with a contact angle
of 95.9�, and the hydrophilicity was increased further with an in-
crease in the concentration of hydroxyapatite (HA 30% – 87.2�
and HA 50% – 77.4�) (Fig. 4A). With a compressive strength of
15 MPa, scaffolds containing 50% HA had mechanical properties
that were comparable to human cancellous bone (2–12 MPa). Rab-
bit mesenchymal stem cells (rMSCs) with a density of 5 � 104 were
used for in vitro studies, and the CCK-8 assay showed no cytotoxi-
city effect of scaffolds after five days of culture. On day 1, the cells
adhered to the porous scaffolds and cells grown on 50% nHA scaf-
folds showed elongated morphology compared to other groups
(Fig. 4B). Further, scaffolds were implanted into femur defects
(5 mm size) in rabbits for in vivo efficacy analysis. After 4 weeks
of implantation, H&E staining results revealed bone tissue forma-
tion within the pores of the scaffold, and osteocytes had an orient-
ed distribution which indicated the matured bone tissue (Fig. 4C).
Compared to other complex, advanced, and cutting-edge 3D print-
ing technologies, this research provides a low-cost, stable, simple,
and quick method for personalized bone scaffold printing, which is
unquestionably conducive to the advancement and rapid response
of personalized biomaterials in clinical applications [129].

Clinical management of bone defects causes various difficulties,
and 3D printing is helping to resolve them to a significant extent.
Wang et al., [130] developed a composite bone scaffold using
poly-lactic acid (PLA) and nano-hydroxyapatite (nHA) by 3D print-
ing using FDM. The composites were prepared by varying the ratio
of nHA, which includes 0% nHA/PLA (Pn0), 10% nHA/PLA (Pn10),
20% nHA/PLA (Pn20), 30% nHA/PLA (Pn30), 40% nHA/PLA (Pn40)
and 50% nHA/ PLA (Pn50) of which the 3D printed structure of
Pn0 and Pn30 is shown in the Fig. 4D. The composition gradient
was evaluated after fabrication, and it was determined that the



Fig. 2. Various scaffolds fabricated using nano–hydroxyapatite. [A] Ceramic samples printed by 3D gel printing, with different printing speeds: (i) 3 mm/s, (ii) 5 mm/s, and
(iii) 8 mm/s. [B] SEM images of 3D printed sintered HA porous scaffolds; [C] HA porous scaffolds fabricated using 3D gel printing; (i) green body, (ii) sintered sample.
Reproduced with permission from [122]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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fiber color changed from translucent to white as the concentration
of nHA increased. Mechanical tests of printed scaffolds showed
that they could maintain their shape and integrity after applying
pressure and maintained their elasticity. However, the scaffolds
with more than 40% nHA were more brittle and did not maintain
their shape after compression. Bone marrow mesenchymal stem
cells (BMSCs) grown on scaffolds showed stretched morphology
with pseudopodium for seven days without any cytotoxic effect.
The Pn0 and Pn30 scaffolds were implanted into the defect of the
rabbit femoral bone for 3 months. H&E staining and CT images of
the scaffold demonstrated no tissue necrosis and inflammatory re-
sponses after implantation, and bone regeneration was maximum
where the implant was in contact with the cortical bone. The CT
image showed that the fastest-growing new bone was found to-
wards the periphery of the bone defect area, which eventually
filled inward and toward the center. At three-time intervals within
three months of surgery, the Pn30 group consistently outper-
formed the Pn0 group in terms of the surface area and volume of
new bone development (Fig. 4E). The H&E staining results showed
the new bone formation of the bone tunnel within the implanted
Pn0 and Pn30 scaffolds at 1, 2 and 3 months after implantation
(Fig. 4F). Thus, the PLA and nHA composite scaffold has much po-
tential for healing & treating various bone deformities and injuries.
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4.2. Selective laser sintering

Selective laser sintering (SLS) is a 3D printing method that uses
a high-power laser to sinter or bind all the components into a solid
mass. This method operates with a CO2 laser that helps to sinter
the powder to form the first layer of the solid 3D printed structure
(Fig. 3B). A roller is used for the deposition of the new layer of the
powder, and the thickness of the corresponding layer increases
[147]. Due to rapid cooling and heating rates induced by the
high-intensity laser, it is not easy to produce bioceramics using
SLS directly. However, this technology is particularly beneficial to
fabricate composite scaffolds [132]. The essential parameters to
be controlled in this method includes laser power, powder compo-
sition, and temperature. SLS is the only method that can be used to
produce metal structures for fabricating dental implants. SLS is
preferable over stereolithography because it achieves superior di-
mensional accuracy and does not require the usage of a support
structure [148]. However, high temperatures in SLS may result in
the decomposition of materials, making it more difficult to remove
these substances once the scaffold has been manufactured, which
may prevent cell proliferation and trigger inflammatory responses.
In addition, the resolution of the product is determined by the size,
shape, and arrangement of the dust particles, which is the major
drawback of this approach.



Table 2
Different 3D printing methods used in the fabrication of ceramic based bone scaffolds.

Sl.
No

Additive
manufacturing
method

Printing
Resolution

Ceramic slurry/ink
preparation method

Parameters for
optimization

Advantages Disadvantages Ref

1. Fused deposition
modelling (FDM)

100 lm �
1 mm

Thermoplastic polymer &
ceramic powders mixed to
form a continuous filaments
to print 3D scaffolds

Printing speed,
nozzle
temperature,
offset and feed
rate

Compatible with wide
range of materials, easy
operation, reproducibility
and low – cost

Low resolution and improper
adhesion between deposited
layers

[128–130]

2. Selective laser
sintering (SLS)

50–
250 lm

Powdered bed prepared with
equal sized ceramic particles
which can withstand the laser
power & temperature to
ensure defect free constructs

Laser power,
powder
composition,
temperature,
size and shape
of powder

High resolution, printed
constructs possess high
mechanical strength,
complex structure
fabrication using powder
as support

Requirement of powder
materials, materials should
withstand laser heat,
shrinkage of the scaffolds, pre-
and post-heating treatments
for powders

[131–134]

3. Stereolithography
(SLA)

20–
100 lm

Mixing of
photopolymerizable liquid
resin with ceramic materials

Layer height,
exposure
duration,
intensity of
light

High resolution, high
printing speeds, low
wastage of ceramic
materials

Photopolymers are required
for printing, additional
support and post-processing
steps

[135–138]

4. Digital light
processing (DLP)

25–
100 lm

Vat filled with ceramic
powder and liquid
photopolymer is exposed to
digital arrays of lights to
fabricate bone scaffolds

Light intensity,
exposure time,
type of resin
and layer
height

High resolution, accuracy
and cost-effectiveness

Limited materials availability,
requirement of photo
reactivity, limited build
volume

[137–140]

5. 3D gel printing
(3DGP)

100 lm �
1 mm

Homogenous ceramic slurry
is prepared by mixing
ceramic materials with
water-soluble polymer binder
solutions

External
pressure,
nozzle
diameter,
printing speed
and slurry
viscosity

Low cost, complex shape
printability, high
scalability, large size
scaffold fabrication

Low-resolution, high-pressure
requirements, needle
clogging, support material
requirements

[87,120,141–
143]

Fig. 3. Different types of 3D printing techniques used for ceramics printing. [A] Fused deposition modelling; [B] Selective laser sintering; [C] Stereolithography; [D] Digital
light processing; (Reproduced with permission from [144]); [E] 3D gel printing. (Reproduced with permission from [127]).
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Laser melting deposition is another method for manufacturing
machine parts in industry and fabrication of ceramic scaffolds.
Chioibasu et al., [133] used this method to 3D print bone plates us-
ing titanium alloy (Ti6Al4V) and analyzed the physicochemical and
biological properties. According to elemental mapping, the distri-
bution of elements on the surface was uniform with no segrega-
tions or regions with the poor elemental distribution. The
cytocompatibility of the implants were evaluated using Human os-
10
teosarcoma cells (SaOs2), which showed an exponential increase
(40%) in the cell proliferation rate from day 1 to 7. Thus, the proto-
type orthopedic bone plates, 3D printed by laser melting deposi-
tion has great potential in tissue engineering. Tsai et al., [134]
fabricated a composite porous titanium scaffold (Ti-6Al-4V) using
magnesium-calcium silicate (Mg-CS), and chitosan (CH) for ortho-
pedic applications. Different types of composite scaffolds were pre-
pared by varying the concentration of calcium silicate (CS0–0%,



Fig. 4. [A] Morphology of composite scaffolds – (i) PLLA scaffolds; (ii) 30% nHA composite scaffolds; (iii) 50% nHA composite scaffolds and (iv) Water contact angle. [B] In vitro
evaluation of 3D–printed scaffolds – (i – iii) Cell viability and (iv – vi) SEM images of rMSC cells cultured on different scaffolds at day 1. [C] (i) Creating bone defect model; (ii)
Implantation of the scaffold in vivo and (iii – v) harvested after one month. Reproduced with permission from [129]. [D] 3D printed scaffolds of composite materials (Pn0 and
Pn30); [E] Rabbit femoral bone defect repair using Pn0 and Pn30 composite scaffolds – (i) 3D micro–CT images of bone implants after 1, 2 and 3 months after implantation
(Scaffold – red & bone – grey); (ii) Reconstructed images. [F] H&E staining of the bones slice for identifying new bone formation within the implanted scaffolds (Pn0 and Pn30)
after 1, 2, and 3 months of implantation of rabbit femur. Reproduced with permission from [130]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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CS20–0.2%, and CS50–0.5%) (Fig. 5A). The scaffolds showed higher
hydrophilic behavior with higher content of Mg-CS (CS20 – 0� &
CS50 – 0�) compared to CS0 and Al-4 V scaffolds. The scaffolds
showed micro/macro porous architecture and good mechanical
properties with compressive strengths between 48.5 ± 1.4 MPa
and 50.3 ± 1.6 MPa. However, no significant difference was ob-
served in the mechanical properties of scaffolds between the
groups. The scaffolds were immersed in simulated body fluid
(SBF), and ion release was studied using inductively coupled plas-
ma atomic emission spectroscopy (ICP-AES) analysis. These results
indicated that there was a minimal release of calcium and silicon
11
ions from the scaffolds after 4 weeks of immersion (Ca ions – 1.6
3 ± 0.10 mM (CS20), 1.93 ± 0.05 mM (CS50); Si ions – 0.15 ± 0.04
mM (CS20) to 0.36 ± 0.04 mM (CS50). HumanWharton’s Jelly mes-
enchymal stem cells (WJMSCs) were used to study the extracellu-
lar matrix secretion where the expression of COL 1 and FN
increased proportionally with increase in CS content in the scaf-
fold. In addition, in comparison to other scaffolds, CS50 scaffolds
exhibited higher alkaline phosphatase activity and Alizarin Red
staining, which indicated that the Mg-CS/CH-coated Ti-6Al-4V
scaffolds with WJMSC promoted superior osteogenic differentia-
tion for three weeks (Fig. 5B). As a result of these findings, novel



Fig. 5. [A] Macroscopic images of the Mg-CS/CH-coated Ti6-Al-4V scaffolds; [B] Alizarin Red S staining on the Mg-CS/CH-coated Ti-6Al-4V scaffolds with WJMSC for 3 weeks
(Reproduced with permission from [134]); [C] Optical images of 3D printed scaffolds – (i) as–built and (ii) sintered CaP scaffolds with hierarchically porous structures and
different camphene–camphor amounts (40 vol%, 50 vol%, and 60 vol%). Optical image of porous CaP scaffolds after various immersion times of [D] 10 s and [E] 25 s into the red
dye added water. Yellow arrows indicate the regions without water penetration. (Reproduced with permission from [137]). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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alternatives may be developed to produce more durable bone scaf-
folds with improved biological response.
4.3. Stereolithography

Stereolithography (SLA), also known as photo-solidification, is
an additive manufacturing technique that uses a photochemical
process to print complex 3D structures layer-by-layer (Fig. 3C).
SLA consists of a UV-curable photopolymer, a laser unit, galvano-
metric mirrors, support structures, an elevator, and a recoater
blade [149]. The laser unit fires an ultraviolet beam onto a reflect-
ing mirror after filling the vat/tank with liquid resin and imprinting
the digital instructions. Galvanometric mirrors direct the UV beam
to the resin surface, and the laser creates a layer on the support
structure before creating the actual component structure [135].
After the layers are imaged on the resin surface, the elevator sys-
tem lowers the build platform, and the recoater blade glides over
the platform to apply the next layer of resin. This process is contin-
ued until the layer-by-layer imaging of the object is completed
[150]. A UV curing oven is used to cure the prepared 3D-printed
objects, and these layers solidify at the appropriate temperature,
resulting in the desired product with excellent surface shine [136].

In a recent study, Zhou et al., used stereolithography for 3D
printing of b-TCP scaffolds. Biodegradability of b-TCP, make it an
appropriate material for hard tissue regeneration. The surface ten-
sion of the b-TCP slurry was increased by adding KH-560 flocculan-
t, which was 3D printed using stereolithography. The total printing
duration was 76 min, where the bottom layer was printed in 15 s
and subsequent layers were printed in 5 s with each layer thick-
ness of 0.02 mm. Further, the prepared scaffolds were sintered in
a muffle furnace at 1050 �C for 8 h with an isostatic press of
200 MPa applied for about 5 min. SEM analysis revealed that the
average grain size of the scaffold was 0.7 lm, the slurry with
48% solid loading had 0.68 lm and a density of 85.8%. This study
12
demonstrated that the b-TCP is a promising material for hard tis-
sue regeneration including bone defect treatments [151].
4.4. Digital light processing

Digital light processing (DLP) is a 3D printing technology that
uses resins made of photopolymers to create three-dimensional
structures under an illumination source (Fig. 3D) [31,152]. A pro-
jector screen with digital light, digital micromirror device (DMD),
conveyor and a resin tank that contains the printing material are
the important components of a DLP [139]. DMD is an art made of
many micromirrors that helps to navigate the light beam from
the digital light projector [153]. A digital screen is made up of pix-
els and is employed as the origin of the light beam in DLP [140].
The main advantage of this technique is speed and printing effi-
ciency with great dimensional accuracy, which makes it more
preferable method for various 3D printing applications like print-
ing of mouth parts in dental industries like maxilla, mandible,
teeth, etc., and also for the production of affordable hearing aids
[154].

Kim et al., fabricated calcium phosphate (Ca-P) scaffold with tai-
lored macro porosity and microporous layers for diverse bone scaf-
fold applications to demonstrate the versatility of digital light
processing (DLP) using freeze cast ceramic layer as feedstock. Pho-
tocurable suspensions were made using camphene-camphor with
diurethane dimethacrylate monomers. Photocurable suspensions
were freeze-casted and photopolymerized by DLP, resulting in so-
lidification at a controlled temperature of 33–38 �C. Each layer in
the printed Ca-P scaffold was about 220 lm, and these were pho-
topolymerized with an exposure time of 20 s which was later made
into a gyroid macrostructure with a pore size of about 1 mm � 1.
5 mm, and this was further sintered at 1250℃ for 3 h to make a
strong scaffold. The optical image of the scaffold before and after
sintering with varying porosity and different concentration of cam-
phene camphor amounts (40 vol%, 50 vol%, 60 vol%) are provided in
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Fig. 5C. The microporous structures of the Ca–P scaffolds were in-
creased with the increase in camphene–camphor concentration
from 40% to 60%. The water penetration was studied by immersing
the scaffolds in water with red dye for easy understanding at dif-
ferent time points of 10 and 25 s. Increased camphene camphor
concentration led to increased water penetration due to the elevat-
ed microporosity (Fig. 5D & E). MC3T3-E1 cells were used to deter-
mine the cytocompatibility of the scaffolds and the scaffold with
60% camphene–camphor concentration had the maximum cell vi-
ability. Due to increase in microporosity, the water penetration
ability of the Ca–P scaffolds was greater in the 60% camphene–
camphor scaffold. These results demonstrated the potential of the-
se scaffolds as scaffolds for bone regeneration [137].

With the digital light processing (DLP) technique, Yao et al., suc-
cessfully prepared high-performance hydroxyapatite scaffolds
with good mechanical properties and densification. A
30 mm � 40 mm � 350 mm solid bar structure model was printed
to study the effect of sintering on the three-point bending strength
test. The 3D printed samples were sintered at 1100℃, 1150℃,
1200℃, 1250℃ and 1300℃ for 2 h. Samples sintered at 1300℃
showed a density of 97%, bending strength of 92.4 MPa and flexural
modulus of 3.24 GPa. In vitro experiments using rat bone marrow
mesenchymal stem cells (rBMSCs) found no cytotoxicity for up to
seven days. The DLP-printed construct with p-cell triply periodic
minimum surface (TPMS) showed 74% porosity and 4.09 MPa com-
pressive strength, which satisfies the criteria for cancellous bone
substitutes. The results of this study demonstrated that the sinter-
ing in wet CO2 atmosphere increases the densification of the con-
struct and also contributes to the biological growth of the
construct since it restrains dihydroxylation and promotes cell ad-
hesion and proliferation, which are critical for early bone forma-
tion and osteointegration [138].

4.5. 3D gel printing

3D gel printing (3DGP) is an additive manufacturing technique
to fabricate 3D objects, including biological scaffolds [122]. Com-
pared to the other methods, 3D printing using 3DGP offers greater
benefits in terms of wide variety of materials and the low cost of
printing components. Different materials like metals, ceramics
and their composites can be used for making 3D printed products
using this method. Another benefit of this method is that it im-
proves printing efficiency by depositing highly concentrated ce-
ramic slurry to complex-shaped parts due to the slurry’s good
flowability and gelation characteristics [127]. The basic steps in
3DGP involve the preparation of pre-mixed solution and slurry,
the addition of initiator or other crosslinking agents, and 3D print-
ing. Besides this, the 3DGP device has four modules – a slurry
preparing module, a 3D moving module, a screw extruding mod-
ule, and a controlling module (Fig. 3E). The screw extruding mod-
ule helps to extrude the slurry, whereas the 3D moving module
helps to move the screw extruding module in 3Dmotion controlled
by the controlling module [141]. Researchers used various bio-
printing strategies to fabricate bone-like structures in which
extrusion-based bioprinting was widely used due to the ease of
fabrication and flexibility in producing complex structures. Fur-
ther, extrusion-based printing was also employed to create a com-
posite scaffold of hydroxyapatite (HA) and gelatin with more HA
concentration to provide a microenvironment for bone tissue re-
generation with mechanical and compositional properties similar
to a natural bone matrix [120]. Chen et al., 3D printed ceramic scaf-
folds with calcium silicate (Ca2SiO4) doped with magnesium (Mg)
using an extrusion-based 3D printer with a coaxial double nozzle
system [87]. In a recent study, Raja et al., proposed a novel low-
temperature production approach for fabricating calcium-
deficient hydroxyapatite (CDHA) 3D scaffold for bone tissue regen-
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eration using extrusion 3D printing. The green body structure was
prepared using a paste of a-TCP (tricalcium phosphate) with HPMC
solution as a binder and 3D printed by material extrusion. This
green body was dried at 37 �C for 24 h, and cementation was car-
ried out in phosphate buffer saline (PBS) solution at 37 �C, which
formed the CDHA 3D structure (Fig. 6A). The scaffolds were pre-
pared using different gauge sizes (21G, 23G and 25G) and infills
of 50%, 60%, 70% and 80% (Fig. 6B). Further, drug loading efficacy
of the scaffolds were studied by loading quercetin in a-TCP scaf-
fold. Shrinking of the CDHA scaffold was visible after the sintering
process at 1100 �C for 6 h when compared to the non-sintered
(Fig. 6C). But the sintering of the CDHA scaffold with quercetin
showed the complete burnout of the quercetin at high tempera-
tures (Fig. 6C & D). Direct drug loading into a-TCP prior to scaffold
fabrication revealed uniform drug distribution throughout the
scaffold, including its pores. But only partial drug adsorption oc-
curred on the scaffolds, with most of the drug adhering to the
pores. Therefore, bone tissue engineering using low-temperature
calcium phosphate as biomaterial has excellent potential for clini-
cal applications to treat various bone defects [155]. Similarly, Cho
et al., used an extrusion-based 3D printing system to fabricate a
macro/microporous bioactive scaffold using CaO–SiO2–P2O5–B2O3

coated with rhBMP2 to repair critical femoral bone fractures in
rabbits using an induced membrane approach. Using the induced
membrane approach, the 3D-printed bioactive ceramic scaffold
was used to cure femoral bone deficiencies in rabbits (Fig. 6E–G).
The gross morphology and histological results of the midsagittal
cross-section showed that the mature osseous bridging was only
identified in the posteromedial cortex, and the rest of the cortex
in the graft was filled with fibrotic tissues (Fig. 6H). Thus, the in-
duced membrane approach showed promising results as a graft
to repair critical-sized bone lesions [142].

Jianzhuang et al., prepared a hydroxyapatite scaffold doped
with magnesium silicate (MgSiO3) using 3D gel-printing technique
and analyzed the influence of MgSiO3 on the rheological properties,
printability and dimensional changes. Shear-thinning behavior was
observed in all samples where the slurries with high solid loading
(50 vol%) showed higher viscosity than the low solid loading (40 &
45 vol%) due to the rapid agglomerations of ceramic particles. Fur-
ther, a decrease in the viscosity of the MgSiO3 doped slurries (3%,
5%, 8%, 12%) was observed with increasing MgSiO3 concentrations.
Moreover, with the increase in MgSiO3 (12%) concentration, the
printability of the slurries was decreased due to low viscosity.
The morphological features of the prepared scaffolds revealed
linked internal structures with a pore size of 350–620 lm and
strand widths of 300–400 lm. Finally, the highest compressive
strength was observed in the 3% MgSiO3 scaffold with 93.1 MPa,
while the lowest compressive strength of 40 MPa was observed
in scaffolds prepared using 12% MgSiO3. Increased weight of the
MgSiO3 in slurry led to weakened particle bonding, reduced com-
pressive strength and bigger pores on the printed scaffold. The
degradation studies of scaffolds in Tris-HCl showed a reduced
weight of about 9.91% after 5 weeks in 3% MgSiO3 scaffolds. This
study showed the enhanced properties such as printability, me-
chanical tunability and controlled degradation of MgSiO3 doped ce-
ramic bone scaffolds [143]. Various types of 3D printing techniques
used to fabricate bone scaffolds using ceramics were listed with
their applications and outcomes in Table 3.
5. Clinical applications

As discussed earlier, bioceramics are materials composed of
biocompatible ceramics and bio-glasses, which are used to prepare
scaffolds for various biomedical applications [82]. The hardness
and porosity of the scaffolds fabricated using bioceramics can be



Fig. 6. [A] Schematic representation of two-Step additive manufacturing process for fabrication & hardening of calcium deficient hydroxyapatite scaffolds; [B] Comparison of
overall structure of scaffolds printed using different nozzle and infill; [C] (i) Comparison of a-TCP scaffolds and a-TCP with 1 wt% Quercetin loaded scaffolds; (ii) Effect of
sintering on CDHA scaffolds; (iii) Effect of sintering on CDHA with 1 wt% Quercetin scaffolds. [D] Visual comparison of drug loaded in a-TCP compared to drug loading on
sintered scaffolds by adsorption. Reproduced with permission from [155]. [E & F] Scaffold design and three-dimensional (3D) printing of ceramic scaffolds with material
extrusion (ME) type ceramic 3D printer; [G] SEM images of printed scaffolds; [H] Gross photos (i & ii) and midsagittal cross-sectional (iii & iv) histological images. Reproduced
with permission from [142].
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Table 3
Different types of 3D printing techniques used to fabricate bone scaffolds using ceramics.

3D Printing
Technique

Materials Used Resolu-
tion

Speed Compressive
Strength

Applications Outcomes Ref

FDM Polylactic acid/
biphasic calcium
phosphate

0.2 mm 40 mm/s – Bone substitutes The structures had high porosity with granule
size of < 100 nm, pore size was > 200 lm. The
scaffold had good osteoconductive properties,
bioresorbable, and biocompatible

[156]

FDM Polylactic acid/
hydroxy-apatite

58 MPa Femur fracture treatment The scaffold promoted rigidity and resistance
against external or axial load, increased
porosity of 80-85%

[157]

FDM Poly(ether ether
ketone)/calcium
hydroxy-apatite/
reduced graphene
oxide

Young’s
modulus of 1000
GPa & tensile
strength of
130.5 GPa

Hip implant fabrication Improved osteogenesis [158]

FDM Poly(ether ether
ketone)

0.8–
1.2 mm

10–
30 mm/s

197.83–
370.42 MPa

Fabrication of load-
bearing bone scaffolds,
bone tissue engineering

Scaffolds with uniform and gradient pores,
the rough surface of the scaffolds allows the
attachment, migration and differentiation of
the cells, useful for the fabrication of load
bearing bone implants

[159]

FDM Biphasic calcium
phosphate scaffold
reinforced with
zirconia (ZrO2)

0.4–
0.6 mm

100 mm/
min

0.5–1 MPa Bone tissue and cartilage
fabrication

Interconnected porous scaffold fabrication
with good mechanical properties, increased
expression of bone morphogenic protein-2

[160]

FDM Polylactic-acid-
bioactive glass 18
composite scaffolds

0.2–
0.6 mm

– 3–18 MPa Bone tissue engineering
& regeneration
applications

Open-porous and osteoinductive scaffold,
increased osteogenic differentiation of human
adipose-derived stem cells

[161]

FDM poly(lactic acid),
and hydroxy-
apatite

0.06 mm – 1.2–85 MPa Fabrication of trabecular
bone models

Enhanced mechanical properties & strength of
the scaffold compared to commonly used
synthetic bone models

[162]

Stereolitho-
graphy

Poly HIPE (High
internal phase
emulsion)

– – – Induction of
osteosarcoma on
trabecular bone
mimicking the structure

Mimics the hierarchical structure of native
tissue with macro porosity

[163]

Stereolitho-
graphy

Titanium alloy (Ti-
6Al-4V)/b-
Tricalcium
phosphate

– – – Fabrication of hemi-knee
joint

Resembled the original structure of the joint
with interconnected pores of 250 lm and
microchannels of 300 lm

[164]

Stereolitho-
graphy

b-Tricalcium
phosphate/poly
(ethylene glycol)
diacrylate

0.1 mm – – Bone implants A biphasic osteochondral scaffold with
designed interface and shape was successfully
fabricated

[165]

Stereolitho-
graphy

Colourless photo
curable acrylic resin

0.08 mm – 5 MPa Anatomically shaped
bone implants, bone
defect repairing

Oscillatory perfusions were performed for
better cell attachment and proliferation

[166]

Stereolitho-
graphy

Poly(trimeth-ylene
carbonate) resins
with hydroxy-
apatite

0.05 mm – – Bone repair Increased osteogenic differentiation of human
bone marrow stem cells, osteointegration,
tailored architecture and functionality of the
scaffold

[167]

SLS 13-93 Glass 0.152 mm 76.2–
304.8 mm/
s

5–11 MPa Load bearing bone
implant fabrication

Scaffolds contains good pore
interconnectivity, porosity, mechanical
strength & bioactivity

[168]

SLM b-tricalcium
phosphate and poly
(D, L)-lactide

– – 13–23 MPa Fabrication of
biodegradable bone
implants

Scaffolds were biodegradable with good
bending strength

[169]

DLP Hydroxy-apatite – – 15.25 MPa Bone repair Scaffolds with good mechanical properties,
porosity and pore size, biocompatible,
promote cell proliferation, adhesion and
differentiation

[170]

DLP ZrO2/HA composite - - 39.99–
52.25 MPa

Bone repair Excellent compressive strength, mimics
natural cancellous bone

[171]

Inkjet
printer

Calcium phosphate 0.11–
0.8 mm

4–10 mm/
s

1–5.5 MPa Skull bone tissue
reconstruction

High porous structures (60-80%) were
implanted in the beagle’s skull, and after
8 weeks, new bone tissue formation was
observed

[172]

Inkjet
printer

Tricalcium
phosphate

– – – Bone implant fabrication Improved bone regeneration and
vascularization was observed in the holes of
the scaffold. Connective tissue formation was
also visible from the scaffold

[173]

(continued on next page)
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Table 3 (continued)

3D Printing
Technique

Materials Used Resolu-
tion

Speed Compressive
Strength

Applications Outcomes Ref

Ink jet
printer

Pure-phase lithium
calcium silicate
(Li2Ca4Si4O13,
L2C4S4) bioceramic

– 3 mm/s 15–40 MPa Osteochondral interface
reconstruction

Scaffolds with high porosity, improved
chondrocyte and rBMSC cell viability, gene
expression & excellent osteochondral
regeneration

[174]

3D gel
printing

b-Tricalcium
phosphate/calcium
silicate/hydroxy-
apatite

0.25 mm 4-6 mm/s – Bone regeneration and
augmentation of bone
implant

Enhanced cell adhesion and differentiation of
mBMSCs with increased gene expression of
HUVECs

[175]

3D gel
printing

Gelatin/ bioactive
glass

– 10 mm/s 5.1 ± 0.6 MPa Bone regeneration
implant fabrication

Scaffolds was biocompatible and has good
toughness and resilience with high porosity
(60-70%)

[176]

3D gel
printing

Hydroxy-apatite – – 9.34 ± 0.59
MPa

To promote osteogenesis
in patients with bone
abnormalities such as
osteogenesis imperfecta.

Scaffold was biomimetic, promotes cell
adhesion, differentiation and proliferation,
with excellent permeability and compressive
strength

[177]

3D gel
printing

b-Tricalcium
phosphate/
bioactive glass

– 6.5 mm/s 8 MPa Osteogenesis,
angiogenesis, treatment
for calvarial bone defect

Scaffold had good mechanical and biological
characteristics with porosity of 56-58%

[178]

3D gel
printing

CaSiO3 powder – 10 mm/s 16.52 MPa Bone tissue engineering Good porosity and compressive strength [179]

3D gel
printing

Mg & epoxy resin – 3-20 mm/s 13.18-
20.05 MPa

Bone repair and bone
tissue engineering

Scaffolds with high porosity, excellent
compressive strength, improved cell adhesion
and osteogenesis, good biocompatibility, and
degradability

[180]
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tailored by varying the concentrations and sintering parameters.
The most common use for these bioceramic scaffolds is to create
implants to repair bone loss or deformations. Human/clinical ap-
plications of 3D printed ceramics or ceramic composite scaffolds
in several bone defect reconstructions and their outcomes are de-
scribed in Table 4. Due to the biocompatible and non-toxic behav-
ior of bioceramics, they avoid the body’s natural defensive
mechanisms by mimicking the natural bone composition and mi-
croenvironment [181]. Other advantages of these bioceramics in-
clude high wear resistance, lesser plastic and elastic
deformations, high compressional strength, low friction coefficient,
biological and chemical corrosion resistance [182]. Studies have
shown that these ceramic scaffolds can also promote cell growth,
proliferation and tissue regeneration, which subsequently help in
various medical applications [125,183]. Apart from bone defect re-
pairing and bone-implant fabrication, these ceramic scaffolds are
also applicable in various other fields, and a few of these applica-
tions are discussed below.
5.1. Cancer treatment

Osteosarcoma is the most common type of primary bone cancer
that usually affects adolescents and young adults, although it can
occur at any age. Osteosarcoma often affects long bones and has
a rapid growth rate with high metastasis and recurrence rates
[184,185]. The current treatment regime includes a combination
of tumor resection surgery, multiagent chemotherapy, and/or ra-
diotherapy. However, the results are sometimes unsatisfactory,
as remaining cancer cells on the resection margin may be resistant
to chemotherapy or insensitive to radiotherapy [186]. Therefore,
neoadjuvant therapy such as photothermal therapy (PTT), which
utilizes light energy (near-infrared/NIR) to induce localized heat
and cause cancer cell necrosis, has been developed in recent years
and showing promising results [187]. Moreover, the photothermal
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agent can be embedded within the 3D printed scaffold used to fill
the bone defect after tumor removal surgery, resulting in a com-
prehensive and efficient treatment of osteosarcoma. Ma et al., de-
signed Fe-CaSiO3 (30CS) composite scaffolds by facile ball milling
and 3D printing since Fe has excellent fatigue resistance and com-
pressive strength, which are required for load-bearing bone struc-
ture and 30CS acts as a great photothermal agent. The 30CS
scaffolds were prepared by mixing the iron powder with calcium
in different mass percentages of 40, 30, 20, and 10% (Fig. 7A). The
basic principle of this scaffold for treating cancer is photothermal
and reactive oxygen species (ROS) therapy, which involves the re-
lease of iron from the 30CS composite scaffold that inhibits tumor
growth. Studies have proved that excess ROS liberation can lead to
rapid lipid peroxidation, protein and DNA damage [188]. The com-
pressive strength of the 30CS scaffolds was 126 MPa after sintering
at 1350 �C. Saos2 (sarcoma osteogenic) cells were used for in vitro
studies, and laser irradiation of 30CS scaffolds caused 91.4% of cell
death due to cell membrane collapse, coagulative necrosis, protein
denaturation, mitochondrial malfunction, and enzyme inactivity.
Macroscopic photographs of tumors from six groups on day 15
after implantation of scaffolds and IR thermal images of tumor-
bearing mice exposed to 808 nm laser for 600 s are shown in
Fig. 7B. Upon NIR irradiation for 10 min, Fe from the 30CS scaffold
was released and showed that the ROS produced from the scaffold
had antitumor efficiency, which was confirmed by H&E staining.
Fig. 7C displays micro-CT scans and histological analyses of the de-
fects in the CaSiO3, Fe, and 30CS groups after 8 weeks of surgery.
ROS does not harm the healthy cells as it harms the cancerous cells
due to the high concentration of H2O2 in tumor cells. Osteogenic
differentiation of the scaffold was later verified by observing the
upregulation of the bone-related genes or the markers like COLI,
OCN, Runx2, and BMP-2 by qRT-PCR on day 7. As a result, the 3D
printed Fe-CaSiO3 composite scaffolds can be used as versatile
and effective biomaterials for future cortical bone regeneration



Table 4
Human/clinical applications of 3D printed ceramics or ceramic composite scaffolds. [TCP: tricalcium phosphate; CT: computed tomography; mPCL: medical grade
polycaprolactone; PCL: polycaprolactone; RIA: Reamer-Irrigator Aspirator�; HA: hydroxyapatite; BCP: Biphasic calcium phosphate; CGFs: concentrated growth factors & PRF:
platelet-rich fibrin].

Material(s) Disease/Condition Application
Type

Total Patients Results and Follow-up Ref

a-TCP Maxillofacial bone deficiencies due to
congenital condition or trauma

Maxillofacial
bone defect
reconstruction

20 patients (18-
55 years old)

3D printed bones were applied in 23
regions in 20 patients, with follow-up
periods ranging from 12 to 115 months.
The success rate was 78%, with CT scans
showing graft fusion with native bone.
Grafts applied in two regions did not fit
well, while three other regions were
exposed after one year

[193]

mPCL and TCP scaffold at 80:20
ratio, 3D printed by
Osteopore�. The scaffold was
filled with RIA bone grafting
obtained during surgery

Complex irregular large bone defect due
to infected open femoral fracture (6 cm
on the medial and 11 cm on the lateral
side)

Long bone
defect
reconstruction

One patient
(29 years old)

At 1-year follow-up, the patient
experienced no pain under full weight
bearing. The X-ray showed adequate
bone formation, while CT-scan
confirmed near-complete bony fusion
and partial degradation of the
biodegradable scaffold

[194]

CaOSiO2-P2O5-B2O3 glass-
ceramic (BGS-7)

Zygomatic bone defects after
malarplasty for aesthetic reasons

Maxillofacial
bone defect
reconstruction

Eight patients
(24-53 years old)

At 6 months following surgery, no
complications or adverse effects were
found. CT scan showed adequate
integration (bone fusion) between the
implant and native bone in all patients,
with a fusion rate reported as high as
77%. The mean implant displacement
was only 0.4 mm. All patients (except
patient 3, who withdrew from the study
in the third month) reported high
satisfaction scores (9/10) for both
aesthetics and function

[24]

30 %HA-70% b-TCP BCP 3D-
printed scaffold

Alveolar bone defect Dental bone
defect
augmentation

One patient Seven years following implantation,
microCT and histology biopsies showed
residual scaffold 25.6% (not fully
resorbed), regenerated bone 59.2%, and
soft tissue 15.2%. Interestingly, the 3D-
printed BCP scaffold still preserved the
correct bone microarchitecture despite
not participating in mastication for
7 years

[195]

mPCL-TCP scaffold at 80:20
ratio, 3D printed by
Osteopore�

Tibial bone defects after infection and
malignancy, post-traumatic calvarial
defect, and congenital mandibular bone
deficiency. Defect sizes varied from
2,564 to 149,285 cm3 (36 cm long)

Massive bone
defect
reconstruction

Four patients (12-
27 years old)

In all cases, sufficient bone regeneration
was seen within 12 months after
surgery. Quality of life (QOL)
assessments were performed 1–4 years
after reconstruction, with 75% of patients
reporting improved QOL and having
returned to work, while one patient
reported lower QOL due to a more
complex underlying medical condition
(malignancy)

[196]

PCL and b-TCP at 8:2 ratio Complex zygomatico-maxillary defects
due to malignancy, degeneration, or
trauma

Maxillofacial
bone defect
reconstruction

Eight patients
(19–50 years old)

Overall, jaw stability was achieved, and
no occlusal complication was found. At
6 months after reconstruction, CT scans
showed an average of 79.71% volume
conformity between pre–operative and
post-operative implant volume. The
average de novo bone formation volume
was 2.15 mm3. Bone volume fraction (de
novo bone formation ratio to the total
implant within the area of interest)
ranged from 7 to 66%. However, one
patient had an implant exposure after
radiotherapy

[197]

CaO-SiO2-P2O5-B2O3 glass-
ceramics
(BGS-7)

Hypoplasia of the zygomatic bone Maxillofacial
bone defect
reconstruction

One patient
(30 years old)

Fourteen months following surgery,
sufficient new bone formation was
confirmed via cone-beam CT, and
implant integration with the native bone
was achieved. No displacement of the
3D-printed ceramics implant was found.
The patient reported no complications
and was satisfied

[198]

Nano-hydroxyapatite Ridge resorption prevention following Dental bone 30 patients At four months after surgery, adequate [199]

(continued on next page)
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Table 4 (continued)

Material(s) Disease/Condition Application
Type

Total Patients Results and Follow-up Ref

tooth removal due to periodontitis substitute
(bone void
fillers)

randomized into
two groups (3D
printed nHA and
Nano Bone�)

new bone formation was observed in
both groups. Equivalent residual graft,
fibrous connective tissue, and alveolar
bone resorption were seen in both
groups. The 3D printed nHA group
showed less soft tissue surface
resorption than NanoBone�, although it
was not statistically significant

mPCL-TCP scaffold at 80:20
ratio, 3D printed by
Osteopore�

Non-union andmalunion due to complex
lower extremities fractures (defect
volume 29.89 to 165.72 cm3)

Long bone
defect
reconstruction

Four patients (23-
42 years old)

Significant bone formation was shown in
all patients under 12 months following
scaffold implantation. Two patients
could walk pain-free without any
assistive device support under
12 months. Two other patients could
bear full weight bearing with crutches at
6-7 months follow-up

[200]

HA only in 3 patients, and HA
incorporated with CGFs and
PRF membrane in 9 patients

Alveolar bone defect (horizontal ridge
deficiency)

Dental bone
defect
augmentation

12 patients (mean
age 53.5 years)

The success rate was 83% (10 out of 12
patients). Adequate bone volume was
achieved within 6 months, with
histological findings showing full
integration of the 3D printed graft in the
graft site and new blood vessel formation
at the interface between native and neo-
bone

[201]
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and cancer treatment, serving as a universal platform for material
science, tissue engineering, and tumor therapy [189].

3D printed bioceramics scaffold made of tricalcium phosphate
(TCP) coated with TiN (TN) microparticles at different concentra-
tions and doxorubicin (DOX), which is a drug used for chemother-
apy at different concentrations, was used by Dang et al., as
synergistic therapy for osteosarcoma. Digital photographs and
SEM images of TCP, TCP–1TN, TCP–2TN, and TCP–3TN scaffolds
are shown in Fig. 7D. These scaffolds were subjected to NIR light
with various power densities to examine the effect of power den-
sity on the photothermal performance of scaffolds. The TCP scaf-
folds were not able to transform the NIR light to heat since the
temperature of the TCP scaffold was only 23.8 ± 0.73 �C, whereas
the temperature of the TCP-TN scaffold ranged from 78.55 ± 1.92
�C to 113.99 ± 1.76 �C. These findings reveal that TiN nanoparticles
absorbed NIR substantially, with a photothermal conversion effi-
ciency of 48%. K7M2wt cells were used for the in vitro studies
and no cytotoxicity was observed. Further, cell growth was similar
to the control group in TCP-TN scaffolds, and after NIR emission,
the cell viability drastically reduced, which showed its photother-
mal therapeutic efficiency. Whereas in the DOX coated scaffold, the
cell viability reduced with an increase in DOX concentration, and
this was due to the cumulative release of DOX from the scaffold.
BALB/c nude mouse models were used to develop osteosarcoma
by injecting K7M2wt cells. Further, the tumor area was exposed
to NIR for 10 min to develop a photothermal effect in which TCP-
TN had no therapeutic effect on the tumor. Scaffolds implanted
with DOX-coated TCP did not develop osteosarcoma and tumor
growth since DOX killed the osteosarcoma tumor cells. H&E stain-
ing showed a dense and complete tumor tissue formation in TiN
coated TCP scaffold, whereas the TCP-DOX was observed with
loose tissue and disappeared tumor cells (Fig. 7F). These findings
could lead to the development of multifunctional local implanta-
tions for tumor eradication following surgical treatments with
minimal side effects [190].
18
Different studies have proved that transition metals are great
photothermal agents for treating tumors. Liu et al., utilized this
property of the transition metals and made scaffolds with Ca-Si-
based bioactive glass-ceramic (BGC) doped with elements like
Cu, Fe, Mn and Co. The scaffold degradation was studied in Tris-
HCl, which showed a mass loss of 21.3%, 15.9%, 4%, 8.8% and
19.9% in Cu-BGC, Fe-BGC, Mn-BGC, Co-BGC and BGC respectively
in 28 days. To evaluate its photothermal behavior, scaffolds were
irradiated with NIR for 5 min, where the doped scaffolds showed
an increase in temperature, demonstrating that BGC had no pho-
tothermal property. The photothermal anti-tumor property of the
scaffolds was studied by growing Saos-2 cells. After 808 nm laser
irradiation for 15 min, the cell survival rate was 1.2% in the Cu-
BGC group, 17.6% in the Fe-BGC group, 37.4% in the Mn-BGC group
and 43.1% for the Co-BGC group. In contrast, the survival rate in the
BGC scaffold was the same before and after irradiation, about
98.1%. It was also observed that, as the laser power increased,
the survival rate in all the doped scaffolds was less than 5%. In vivo
tests were conducted in nude mice by injecting Saos-2 cells at a
density of 5 � 106 to create tumors. Then, the scaffolds were im-
planted and further irradiated with NIR. As expected, the temper-
ature was higher in those implanted with element-doped
scaffolds compared to only BCG scaffolds. After the treatment,
the fluorescence intensity in the mice treated with Cu-BGC was
found to be the lowest, showing its potential in tumor therapy.
As a result, elements-doped bioactive glass-ceramics show much
potential for photothermal tumor therapy and bone regeneration
[191].

Various studies have proved that photo/magnetothermal joint
treatment is more advantageous in killing tumor cells than single
photothermal or magnetothermal treatment. Therefore, Zhuang
et al., 3D printed akermanite (AKT) bioceramics doped with iron
at different concentrations to fabricate bone scaffolds with good
osteogenic activity for treating bone tumors. The scaffolds were
3D printed after mixing Fe-AKT with sodium alginate and Pluronic
F-127 solution to produce ceramic ink, extruded using a 3D plot-



Fig. 7. Different 3D printed ceramic scaffolds are used for treating bone cancers. [A] (i) Macroscopic images of 3D printed scaffolds (CaSiO3, 40CS, 30CS, 20CS, 10CS, and Fe).
SEM images of scaffolds sintered at 1350 �C; (ii) CaSiO3, (iii) Fe, (iv) 30CS. [B] IR thermal images of tumor-bearing mice under irradiation by an 808 nm laser for 600 s &
macroscopic images of tumors from the six groups on day 15. [C] Micro-CT images & histological analysis of the defects in the CaSiO3, Fe, and 30CS groups 8 weeks post-
surgery. Reproduced with permission from [189]. [D] Digital photographs and SEM images of (i, v) TCP; (ii, vi) TCP � 1TN; (iii, vii) TCP � 2TN and (iv, viii) TCP � 3TN scaffolds.
[E] Digital photographs of (i) TCP � 1DOX; (ii) TCP � 2DOX; (iii) TCP � 3DOX and (iv) TCP � 4DOX. [F] Photographs of the harvested tumor on day 18 and H & E staining
images of tumor tissues from mice with different treatments. Reproduced with permission from [190].
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ting system based on the Nano-Plotter and sintered at 1250 �C for
3 h. The degradation studies were performed in Tris-HCl for
3 weeks, and the mass loss observed for AKT, 1Fe-AKT, 2Fe-AKT
and 3Fe-AKT was about 28.04, 23.23, 22.34, and 28.61% respective-
ly. The photothermal properties of the scaffolds were studied by ir-
radiating the infrared beam on the scaffolds, and the temperature
emitted by scaffolds increased as the concentration of the iron
doped in the scaffold increased. The viability of LM-8 cells incorpo-
rated into the scaffolds was less than 2% after photo/magnetother-
mal treatment, and the cell viability was determined to be 59.2%
and 81.6% after photothermal and magnetothermal treatment,
which revealed that most tumor cells were killed after photo/mag-
19
netothermal treatment. Cell adhesion and proliferation on scaf-
folds were studied using rabbit bone mesenchymal stem cells
(rBMSCs), where the cells cultured on the 3Fe-AKT scaffold pos-
sessed a higher cell proliferation rate. RUNX2, OPN, OCN, and
BMP2 genes of rBMSCs cultured on Fe-doped AKT scaffolds were
greater in osteogenic differentiation than in control groups. Since
AKT scaffolds had good apatite-formation capacity, the results re-
vealed that iron doping in AKT did not affect the apatite-
formation ability of the scaffold materials [192].
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5.2. Hip implant fabrications

Among various types of bone implants, ceramic implants are
widely used to treat bone defects and injuries due to their potential
in biomimicking natural bone [3]. Various diseases and conditions
lead to defects and injuries in hip bone, including arthritis, dys-
plasia, trauma, etc. In severe or end-stage conditions, the treatment
often leads to bone’s surgical replacements with metal implants.
However, several reports showed that the debris from these metal
implants might cause metallosis, a condition where local tissue re-
action and/or systemic organ manifestations occur due to the dam-
aging effect of metal wear particles. It may range from localized
dermatitis, rashes, swelling, pain, inflammations, pseudotumor, or-
gan dysfunction, etc [202,203]. Therefore, ceramic bone implants
are cutting-edge discovery for different medical attention since
they have less immunogenicity and mimic natural bone [82]. Var-
ious ceramic materials such as zirconium, hydroxyapatite, bioac-
tive glass, etc., can be used for fabricating hip implants or
prostheses.

As discussed, zirconia is the most commonly used ceramic ma-
terial for preparing hip prostheses and implants due to its long-
term wear resistance and good biocompatibility. Zhu et al., pre-
pared zirconia ceramic-based implants for the hip joint with an-
tibacterial properties. The ceramic slurry of zirconium oxide
(ZrO2) and ZrO2 doped with zinc oxide (ZnO) nanoparticles were
prepared and 3D printed using Makerbot Z18 3D printer and sin-
tered at 1000 �C for 10 h, followed by 1200 �C for 2 h. The antibac-
terial properties of the ZnO doped and non-doped ZrO2 samples
were studied using Escherichia coli (E. coli, ATCC 25922) and Staphy-
lococcus aureus (S. aureus, ATCC 25923) strains. From plate count-
ing results, ZrO2-ZnO samples exhibited greater antibacterial
efficiency with a killing rate of 91.7 ± 1.1% and 99.8 ± 0.25% for
gram-negative and gram-positive strains respectively. Further,
the cytotoxicity of these scaffolds was analyzed using osteoblasts,
and 80% of cells were viable after 7 days. Ceramic scaffolds were
implanted in a rabbit hip region and analyzed their efficacy after
4 weeks. In vivo analysis revealed that the implant did not dislocate
and demonstrated the formation of new bone tissue. All these re-
sults showed that the ZrO2-ZnO ceramics are biocompatible and
have great potential for producing customized implants [204].

The cup positioning in the hip is very important since it affects
the whole-body balance, hip rotation, and pelvis movement. There-
fore, a defect or injury in this part creates a problem in maintaining
patient quality of life. Acetabular cups are used for hip cup replace-
ment treatment and are made of ceramics or metal with a thin
polyethylene liner. Baino et al., prepared Al2O3/ ZrO2 composite
cups with a trabecular layer (S50B2) using the sponge replication
method by forming a spongy layer over the ceramic cup to pro-
mote implant osteointegration. Further, the trabecular glass-
derived layer between the ceramic acetabular cup and the host
bone can minimize the stiffness mismatch at their interface, allow-
ing ceramic-on-ceramic coupling with its well-known anti-wear
qualities [205].

5.3. Cartilage repair

Osteoarthritis (OA) is the most prevalent form of arthritis,
which is caused by ageing, wear and tear on the joints, and affects
the lives of millions of people worldwide. OA causes cartilage le-
sions where the protective cartilage covering the bone ends grad-
ually deteriorates and causes pain and swelling [206].
Osteoarthritis can harm any joint, most frequently affecting the
knees, hips, hands, and spine joints [207]. Over the years, numer-
ous surgical therapeutic techniques have been developed to regen-
erate cartilage, including mesenchymal stem cell transplantation
and micro fracturing. However, secondary trauma and the low sur-
20
vival rate of exogenous stem cells after the treatment limit such
treatments. Cartilage regeneration is challenging due to the lack
of lymphatic and blood vessels, which limits the ability of the
chondrocytes to grow and migrate [208]. However, various tissue
engineering strategies have been used recently to focus on differ-
ent cell sources, such as chondrocytes, fibroblasts, and stem cells
for cartilage repair and regeneration. In addition, different types
of biomaterials including ceramics & their interactions with cells
and signalling molecules that aid in cartilage development are also
studied by various researchers [209].

To fabricate bioactive scaffolds for cartilage and subchondral in-
terface, Deng et al., developed a Sr5(PO4)2SiO4 (SPS) bioactive ce-
ramic scaffolds using an extrusion 3D printing. These scaffolds
were incorporated with strontium (Sr) and silicon (Si) ions as their
release from the scaffold play an important role in osteochondral
defect reconstruction. Chondrocytes cultured on the scaffolds
showed increased expression of chondrocyte-specific genes (COL
II, Aggrecan, SOX9, and N-cadh) compared to control. The con-
structs were implanted in a rabbit osteochondral defect model
and the results were assessed after 12 weeks. Further, specimens
were well integrated with native tissues and showed hyaline
cartilage-like tissue without showing an inflammatory response.
These results imply that SPS scaffolds can aid in rebuilding osteo-
chondral defects and effectively recreate the intricate interface be-
tween cartilage and subchondral bone, which represents a viable
method for regenerating osteochondral defects [210].

Similarly, Lin et al., prepared copper-incorporated bioactive
glass-ceramics tetraethyl orthosilicate/(C2H5O)4Si (Cu-BGC) scaf-
folds using an extrusion-based 3D printer to investigate the scaf-
fold’s anti-arthritis and cartilage regeneration capability. They
found that after 12 weeks of implantation in rabbit osteochondral
defect models, hyaline-like tissue (neocartilage) and neo-bone
completely covered the defect area in BGC and Cu-BGC groups,
with Cu-BGC group showing well-integrated and orderly continu-
ous neo-cartilage tissue compared to BGC group. In contrast, the
control group showed incomplete neo-bone and fibrous tissue in-
stead of hyaline-like tissue. They also observed that Cu-BGC ionic
extracts increased the level of collagen II, aggrecan, and SOX9 via
HIF (hypoxia inducible factor) pathway activation, thus promoting
cartilage repair. Meanwhile, the anti-arthritis effect of the 3D
printed construct was evidenced by better/higher ICRS (Interna-
tional Cartilage Repair Society) score in Cu-BCG group compared
to BCG and control groups. Cu2+ ions release triggered a switch of
macrophages’ tendency toward the anti-inflammatory M2 pheno-
type rather than pro-inflammatory M1 phenotype, resulting in in-
hibition of pro-inflammatory cytokines (TNF-a and IL-18) and
enhancement of the anti-inflammatory cytokine (IL-10). Thus,
Cu-BGC scaffolds not only promote cartilage repair but also pre-
vent further osteoarthritis-related inflammation [211].

5.4. Drug delivery

Drug delivery is transporting a pharmaceutical substance to its
target location using different strategies, formulations, manufac-
turing techniques, storage systems, etc [212]. The conventional
method for drug delivery includes simple oral, topical, inhaled, or
injection methods. However, due to lack of target specificity, these
conventional treatment methods affect the other undesired cells or
tissues/organs in our body, which extensively leads to the different
undesired side effects [213]. Ceramic-based materials are recently
explored as drug delivery vehicle for controlled release to treat
cancer, pulmonary infections, etc [214,215].

Poor selectivity of the drug or the pharmacologically active sub-
stances to the specific target site is the most important demerit of
conventional drug delivery methods. Therefore, using implanted
target delivery devices or systems for drug delivery is prevalent.
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Loca et al., used porous hydroxyapatite with 8 mg of gentamicin
sulfate prepared by vacuum impregnation for drug delivery and
bone regeneration applications. The gentamicin release was ob-
served in vitro by dissolution in media. After 1 h of dissolution,
40% of the active substance was transferred from the ceramic scaf-
fold to the dissolution media, and 75% of the drug was released
within 12 h. To reduce the gentamicin release, the scaffold was
coated with poly(lactic acid) (PLA), poly(e-caprolactone) (PCL)
and poly(vinyl alcohol) (PVA). It was noted that a kind of globular
coating was formed after evaporation from PVA, whereas a porous
polymer type of coating was formed by higher evaporation from
PCL and PLA. A sustained drug release within 72 h was observed
while using PCL or PLA, whereas 40 h was taken for the drug re-
lease in PVA-coated scaffolds. Thus, these porous bioceramic scaf-
folds are a good carrier for drug delivery [216].

Composite scaffolds are widely used in the current scenario
more recurrently for most applications, including drug delivery.
Therefore, Zhang et al., prepared a composite bone scaffold using
hydroxyapatite microtubes (HMT) and chitosan (CHS) incorporat-
ed with gentamicin sulfate (GS). The drug release studies were per-
formed by dispersing the scaffold in PBS, and the antibacterial tests
were performed using the disk diffusion method against Staphylo-
coccus aureus (S. aureus) and Escherichia coli (E. coli). It was noted
that about 40% of the drug was released in 20 h, and the total drug
was released approximately after 7 days. The antibiotic resistance
test showed good potential in killing S. aureus and E. coli as the
HMTs in the scaffolds released GS molecules, and the GS-loaded
HMT-CHS composite scaffold displayed a distinct circular zone of
inhibition for both E. coli and S. aureus. Other medicines and pro-
teins, such as bone morphology protein-2 (BMP-2) to stimulate os-
teogenesis and vascular endothelial growth factor to promote
vascularization, can be loaded onto HMTs in addition to antibiotics.
Therefore, HMTs show potential as a carrier that can be used for
various purposes, including drug delivery [217].
6. Commercial 3D printed ceramic implants

Ceramic reinforced metal implants are currently front runners
among the bone implants for clinical applications. The global mar-
ket for ceramic 3D printing is expected to reach USD 384 million by
2025. Specifically, the 3D ceramic implants are at the second high-
est compound annual growth rate of 26.5% in the health sector. It is
expected to grow from USD 25 million in 2020 to USD 82 million
by 2025 [218]. To provide further insights, globally available com-
mercial 3D printed ceramic or non-ceramic bone implants with
their material composition are outlined in Table 5. Currently, clin-
ically available metal implants have major complications such as
low osteointegration, high Young’s modulus compared to human
bones, and metal ions leaching effects due to hypersensitivity in-
creases the risk of bone disruption upon long-term implantation
[219,220]. Ceramic-based implants emerged as a viable alternative
to metal implants by exhibiting higher osteointegration, cytocom-
patibility, corrosion resistance, and bone formation capabilities.
Personalized 3D printed bone implants in clinical use such as
OssDsign� Cranial, Cranioplug� and OssDsign� Catalyst are manu-
factured by OSSDSIGN [221]. This is a Sweden based manufacturer
company, which is involved in designing and 3D printing of per-
sonalized 3D implants for cranial repair. Through direct communi-
cation or collaboration with the CAD design engineers and
surgeons, custom 3D implants are designed and manufactured
based on the clinical requirements. This manufacturing option fa-
cilitates the development of a perfect implant design to fit the de-
fect and provide easy handling to the surgeons. The steps involved
in this process are CT imaging of patient (3D file), CAD implant de-
signing, design approval & validation and finally product fabrica-
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tion & shipping within four weeks after approval. According to
2022 report, approximately 1500 cases with patient-specific im-
plants (PSI) were successfully implanted worldwide [222]. OssD-
sign cranial implant comprises HA mosaic tiles (composition of
b-tricalcium phosphate/b-calcium pyrophosphate, monetite and
brushite) with a 1 mm inner separation gap mounted on 3D print-
ed titanium mesh support, which is used to treat occipital defects.
Bloom et al., had performed a 7-year follow up study in patients
implanted with PSI to assess the implant functionality. In 2017,
OssDsign implant and deep inferior epigastric perforator (DIEP)
free tissue coverage reconstruction surgery was performed to treat
osteomyelitis in a patient. To this end, 3D models were designed
from the patient CT images and the 3D printed PSI were implanted
in the patient. This custom implant treatment provided a single op-
erative key treatment with longer integration time to treat chronic
disorders. It was also observed with more advantages than the usu-
al autologous and poly(ether ether ketone) (PEEK) based treat-
ments. After surgery, the implant had the inherent ability to
allow new bone formation without any wound healing issues. Us-
ing this treatment, reoccurrence of surgery was completely avoid-
ed with continuous wound dressing and frequent health care [223]

Likewise, another commercially available 3D printed bone im-
plants are OsteoplugTM and OsteomeshTM. It is an FDM printed por-
ous bioresorbable polycaprolactone (PCL) composite construct to
promote bone regeneration. These implants are suitable to treat or-
bital fractures, dental sockets, buccal defects, craniosynostosis,
septal extension, mandible reconstruction, etc [223]. Recently
few studies have explored the use of surface coating of 3D printed
implants to augment bone regeneration. Al-Maawi et al., used this
3D printed PCL mesh coated with platelet-rich fibrin (PRF) matrix
to improve cell adhesion and further maturation & interactions.
This biocoating of blood-derived components promoted the usage
of autologous bio-cues (growth factors) for better integration of
implant to the host bone. For uniform coating, 7 � 7 mm mesh
were incubated with two differently isolated PRF conditions such
as low and high RCF centrifugation (PRFHigh and PRFLow) for
30 min at 37 �C. Morphological evaluation of the coated mesh con-
firmed the presence of fibrin network formation over the surface,
which could promote the myoblast cell interaction for adhesion,
migration and proliferation. In vitro studies were performed by cul-
turing human osteoblast cells on PRF-coated and non-coated Os-
teoporeTM (Op). On day 7 of culture, the 3D printed PCL mesh
with PRFLow coated surface was observed with higher cell prolifer-
ation and alkaline phosphatase activity of �300%. The osteogenic
differentiation marker (osteopontin) expression was also absorbed
higher in PRFLow coated mesh. Further, quantification of released
growth factors using ELISA confirmed the presence of higher bio-
logical growth factors (vascular endothelial growth factor, osteo-
protegerin, transforming growth factor b1, platelet-derived
growth factor). These results confirmed the feasibility of improving
bone growth on the biocoated 3D printed mesh for personalized
bone implant treatment [224].

Unlike the 3D printed thermoplastic or metallic ceramic com-
posites, ceramic-based hydrogel bioinks facilitates cell printing
for 3D bone construct fabrication. Hence, personalized bone tissue
fabrication with patient derived cells could be effectively utilized
for regenerative medicine applications. For bioprinting, bioink
composition with and without ceramic composites are explored
much to promote faster bone growth formation and better bone in-
tegration. Some of the commercially available bioinks are GelXA
(Cellink), CELLINK� BONE (Cellink), TissueFab� bioink bone (Sig-
ma), 3D Printing hydroxyapatite ink (Sigma), Hyperelastic BoneTM

(Dimension Inx), bone decelluloidTM (T&R biofab), etc. [225,226].
Among these bioinks, CELLINK� BONE is made of nanofibrillated
cellulose/sodium alginate with tricalcium phosphate. TissueFab�

bioink bone is also a ceramic-based hydrogel bioink comprising



Table 5
List of commercially available 3D printed ceramic & non-ceramic bone implants with chemical composition & salient features for bone regeneration applications.

Manu-facturer Commercial Name Composition & Additive
Manufacturing Technique

Applications &
Salient Features

Ref

Ceramic 3D printed implant
Cerhum,

Belgium
MyBone Synthetic hydroxyapatite

3D printing technology
developed by Cerhum

� Maxillofacial, dental, cranial, orthopaedics and spine implants
� 1–5 MPa Compressive strength, osteointegration, osteoconductive, lim-
its pain and promote vascularization

[228]

T&R Biofab,
Korea

TnR Mesh Plus (Square
type)
TnR Mesh Dental PlusTnR
PSI Plus
(Maxilla-Orbital type)
TnR PSI Plus
(Maxilla-Orbital
Zygomatic type)
TnR PSI Plus (Maxilla-
Orbital Zygomatic type)
TnR PSI Plus
(Frontal Orbital type)

Polycaprolactone & b-TCP
FDM

� Dental barrier for gingiva and alveolar bone
� Custom cranio-maxillofacial defects biocompatible, osteoinductive,
osteoconductive

[229]

Ossiform-We
Print BoneTM,
Denmark

P3D Bone b-tricalcium phosphate and
stearic acid
Melt extrusion printing

� Bone implant
� Osteointegration, osteoconductive, bioresorption and vascularized
bone formation

[230,231]

Non-Ceramic 3D printed implant
Osteopore�,

Singapore
OsteoplugTM

OsteomeshTM

PolycaprolactoneFDM
(Fused Deposition Modelling)

� Orbital reconstruction
� Biocompatible, osteoconductive and promote vascularization

[232,233]

OsteoFab�

Technology,
USA

OsteoFab� Patient
Specific Facial Device
OsteoFab� Suture Anchor
OsteoFab� Patient
Specific Cranial Device
OsteoFab� patient
Specific Cranial Devices
Single Stage Surgery
SpineFab� VBR System

PEKK polymer
(PolyEtherKetoneKetone)
Selective Laser Sintering
(SLS) technology by
OsteoFab� 3D printer

� Facial bone implant, cranial implant, thoracolumbar spine replacement,
etc.,

� Biocompatible, load bearing, durable, osteointegration

[234]

Zimmer
Biomet, USA

OsseoTi� Porous Metal
Technology

Ti6AI4V alloy � Bone implant
� Mimic human cancellous bone, biocompatible, corrosion resistance, os-
teointegration, osteoconductive, 475 lm pore size (70% porosity) and
vascularized bone formation

[235]

LRS Implants,
South Africa

LRS CiS - Custom 3D-
Printed Ankle Fusion
Cage
LRS CiS - Custom 3D-
Printed Femoral Truss
Cage

Ti6Al4V
Metal 3D Printer (Direct
Metal Laser Sintering)

� Mid shaft femoral implant, ankle fusion and other bone implants [236]
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Gelatin methacryloyl (GelMA)/hydroxyapatite. Besides mineral-
ized bioinks, natural polymer-based bioinks are also used in 3D
bioprinting of bone constructs. Glaser et al., recently used the ex-
trusion bioprinting technique to fabricate a cellular bone construct.
They have used bone morphogenic protein-6 (BMP-6) expressing
induced pluripotent stem cells-derived mesenchymal progenitor
cells and commercial bone-specific bioink from CELLINK (CELLINK�

BONE and GelXA). Both the bioink vary in their chemical composi-
tion and crosslinking mechanism to print 3D bone construct. In
specific, CELLINK� BONE (Ink-Bone) is a ceramic composite com-
prising of tricalcium phosphate in sodium alginate/nanofibrillated
cellulose bioink. Using Cellink Bio X TM 3D printer, bioinks with
the cell density of 10 million cells/mL was used to print a bone con-
struct (10 � 10 � 2 mm sized grid pattern) using the printing pa-
rameters of 25-30 kPa pressure, 10 mm/s printing speed and 22G
needle. The printed constructs had line width of about 200 to
300 lm and the separation distance between the strands of 700
to 800 lm. In vitro studies were performed using three different
cell sources such as bone marrow-derived mesenchymal progeni-
tor cells (MPC), iPSCs-derived MPC derived from neural crest
(iNCC-MPCs) and mesodermal lineage (iMSCs) to study the impor-
tance of choice of cell source for improved bone growth. After
28 days of culture in vitro, constructs printed with ink-bone bioink
22
containing MPCs was observed with increased gene expressions
(osteocalcin and osteonectin) and high collagen 1 protein expres-
sion indicating high-quality bone formation with higher connectiv-
ity (bone strength) than GelXA. Thus, ceramic based bioink
mimicking the native bone matrix could promote osteogenesis in
MPCs. Additionally, micro-CT (micro- computed topography) anal-
ysis confirmed that the Ink-Bone with BM-MSC showed higher
connectivity density, increased trabecular number and improved
BV/TV (bone volume/total volume) levels, which confirmed higher
bone formation. In vivo efficacy of both bioinks with BMP-6 ex-
pressing MPCs were studied (BM-MSC, iMSCs and iNCC-MPCS) in
calvarial defect model (NOD/SCID mice). After 8 weeks of implan-
tation, MicroCT data showed increased bone volume in the groups
treated with ink-bone containing iNCC-MPC-BMP6. This study pro-
vides evidence on the efficacy of cell source and importance of
their choices in functional maturation of bone constructs in vivo
[227].
7. Conclusions and future perspectives

The gold standard procedure for the treatment of bone defects/
fractures caused by trauma/injury is the usage of autologous and
non-autologous bone grafts. These methods lead to permanent
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bone damage in the case of higher immune response, graft rejec-
tion and graft unavailability. Hence, tissue-engineered bone graft-
s/implants have been developed for the functional bone recovery
in shorter period without any delay in treatment. In humans, the
biological composition of the bones comprises of mineralized col-
lagen fibrils which indicate the presence of both proteins and ce-
ramic (biominerals) components [237]. Based on the type of bone
and its functionality, the ECM composition varies in three major
components such as protein (collagen), ceramic (HA), and carbohy-
drates ratio to provide mechanical support. Ceramic materials have
excellent stiffness and similarities to the mineral components of
native bone and thus can provide a scaffolding support for the ad-
hesion, proliferation and differentiation of bone cells [238]. Due to
these interesting features, ceramic based biomaterials have gained
more interest towards the development of scaffolds for bone re-
generation. Based on the bone porosity, bone types are categorized
as cortical (5–15% porous) and trabecular bone (40–95% porous).
The elastic moduli of trabecular bone is 10–20 GPa and cortical
bone is 20–23 GPa [239]. Hence, designing bone-specific implants
with specific porosity and mechanical properties identical to bone
graft is more important in developing tissue engineered products.
Bioceramic reinforced scaffolds were observed to reduce the ad-
verse effect on bone regeneration, and it could neutralize the acidic
degradation of the polymeric scaffolds. A bioceramic bone implant
has to withstand the whole-body load and hence needs to possess
higher hardness (1000–2000 HV), fracture toughness (4–10 MPa.
m1/2), elastic modulus (50–200 GPa), ultimate tensile strength
(>200 GPa), corrosion resistance, ageing resistance, wear resistance
and durability [240]. Although ceramic scaffolds developed using
traditional tissue fabrication techniques have shown great promise
for bone tissue engineering, they fail to exactly control the internal
pore arrangements and overall architectures of bone scaffolds.
Conventional scaffold fabrication techniques are inadequate to
support regeneration of bones located in different parts of the body
because of differences in their chemical composition, mechanical
properties, and structural features. Therefore, advanced fabrication
tools like 3D printing have been recently explored to fabricate ce-
ramic based bone scaffolds and implants for regenerative medicine
applications including reconstruction of skull, spine, maxillofacial,
hip, foot, tibia, knee, etc. Hence, this review captures the latest re-
search on well established bioceramics for bone, bioceramic mate-
rial properties and recent development in the use of ceramics in
additive manufacturing of bone implants. Further different types
of 3D printing/3D bioprinting techniques in fabricating ceramic-
based constructs are elaborately explained with their printing
strategies and bone implant development.

Personalized medicine is a big revolution in the medicinal field
since it provides freedom of treating patients based on their own
requirements and cell source to avoid several complications in-
cluding implant rejection, secondary surgery requirements, and
implant design mismatch. Bone defects caused due to tumor, trau-
ma, and injuries could be irregular in shape and dimensions. Often-
times, autologous or allogenic sources of bones may not be an ideal
surgical solution to treat such clinical conditions. With the advent
of cutting-edge research in modern clinical imaging tools, digital
manufacturing techniques, 3D printing is fully capable to fabricate
customized bone scaffolds or implants to remodel craniofacial in-
juries, maxillofacial defects, and other bone injuries in an aesthetic
fashion with reduced recovery time [241]. Precise designing of per-
sonalized implants could be achieved using the additive manufac-
turing process. 3D printing method provides accurate control in
tailoring geometry, porosity, hardness and composition of bone
implants. Clinically, 3D printed bone implant usage is still in the
nascent stage.

Currently, the biomimetic approach to fabricate a functional
and fully biomimetic 3D tissue equivalent structure with an appro-
23
priate cell source is still under research. As per World Health Orga-
nization (WHO) report, elderly population is expected to double to
1.4 billion by 2030 from 901 million by 2015. Hence, age-related
medical problems and need for their clinal solutions will be on
the rise in the coming years. This review also emphasizes the fact
that there will be a huge demand for bone joint replacement, den-
tal replacement, cardiovascular surgeries, and other implants to
treat/improve human functionality in the years to come [242]. In
recent reports based on bone implant market share, USA has the
dominant place in usage of bone implants (mostly for orthopaedic
treatment and joint replacement). Secondly, European market and
followed by Asia-Pacific, Middle East and Africa are leading con-
sumers of bone implants across the globe. It is also observed that
bioceramics (alumina, hydroxyapatite, beta-tricalcium phosphate,
bioglass, carbon, zirconia and zirconia-toughened alumina) are
the second most globally used bone implant for treating injured
patients [243]. The market size of bone implants was calculated
as USD 17.99 billion in 2020 and it is expected to reach USD
73.81 billion by 2028 [244].

Most of the commercially available bone implants are only
material-based implants (acellular). To augment the applications
of these implants, suitable strategies should be in place to address
the challenges in combining stem cell-based cell therapy along
with implants. These cellularized implant strategies could promote
faster bone healing, however the cell seeding or cellular bioprint-
ing concept is still in the research level. Hence, the choice of new
ceramic bioink composition (composites) and bioprinting strate-
gies are major concerns in regenerative medicine. Bioinks such as
magnesium doped polycaprolactone/strontium carbonate
nanoparticle-gelatin methacryloyl (Mg-PCL/Sr-GelMA), alginate/
methacrylated decellularized bone ECM, type-I collagen/b-TCP,
methacrylated glycol chitosan, etc., are some of the recently devel-
oped bone specific bioinks with well-observed bone regeneration
ability [245–248]. Bone constructs printed with these bioinks have
been observed with increased proliferation, osteogenic differentia-
tion, osteogenic gene expression (ALP, OCN, BMP-2, OPN), alkaline
phosphatase (ALP) activity and calcium deposition. However, these
hydrogel-based bone constructs cannot withstand the load and
mechanical stress of the host tissue during implantation. Hence,
a mechanically stable and load-bearing ceramic implants with
therapeutic cells sources are required. This challenge could be ad-
dressed by joint research innovation ventures with a team of scien-
tists from multi-disciplinary fields. By this way, a novel ceramic
bioink could be developed which will be compatible with cells to
print biomimetic bone for load bearing bone tissue engineering
applications.

3D printed ceramics-based bone implants have great advan-
tages to treat bone defects compared to metal-based personalized
implants. Usually, metal-based implants are harder than natural
human bone, leading to the stress shielding effect at the bone in-
terface due to mechanical mismatch between the implant and na-
tive bone [249]. This problem could be addressed using bioceramic
implants with tailored mechanical properties & porosity to mimic
the microenvironment of native bone. The printing accuracy, reso-
lution, and implant strength mainly depend on the choice of ce-
ramic material, printable ink composition, scaffold design, and
printing parameters [87]. Further, 3D printing of ceramics with hy-
drogel and biological cues for cell integration is possible with the
low temperature-based 3D printing approach. However, mostly ce-
ramic printing conditions require a harsh printing environment
(high temperature or low pH) or post-processing steps for implant
fabrication. Bioprinting a cellular ceramic implant is more chal-
lenging. Designing and developing a 3D printer facilitating a feasi-
ble cell printing environment will also help to improve
personalized bone tissue equivalents. A few limitations that need
to be addressed to increase ceramic implant usage globally are
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high cost, lower structure reliability, printing failure and vascular-
ization [250]. Moreover, additive manufacturing is an expensive
technique involving computer-aided designing, 3D printer opera-
tion cost, material cost, sterilization, packaging and transportation
cost. Comparatively, the price of 3D printed bone grafts is high
when compared to mold-based fabrication method. Further,
laser-based additive manufacturing techniques are more expensive
than extrusion/melt printing. Hence, the printing type has a major
breakpoint in deciding the implant cost, which needs to be ad-
dressed in the future. Printed ceramic composites could undergo
shrinkage, drying, microcracking, and pattern distortion after the
drying/sintering. Post-processing phase of the ceramic implant is
more critical, where a higher chance of material failure may occur
without knowledge. Also, the shrinkage effects of the ceramic im-
plants should be considered while designing the initial CAD file for
future design matches. The wide availability of bioceramic materi-
als, including b-tricalcium phosphate, nano-hydroxyapatite, silica
carbide, zirconium oxide, barium titanate, and calcium carbonate,
could help resolve material failure issues. Moreover, a combination
of ceramic materials, incorporation of nanomaterials could be con-
sidered in the future to further augment the material characteris-
tics suitable for bespoke implant development. In most of the
cases, the failure of ceramic implants could be due to exposure
to high-stress or cyclic loading over a longer duration. To overcome
these failures, strategies for better designing of ceramic implants
and doping the ceramic implants with metals are currently devel-
oped to improve durability, therapeutic efficiency, osteoconductiv-
ity and anti-bacterial activity [251,252]. Hence printing and
processing optimization for the material choice will result in effi-
cient scaffold fabrication with reliable solutions for the above-
mentioned challenges in the years to come.
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sintering process of alumina ceramics using response surface methodology,
Sustainability 13 (2021) 6739, https://doi.org/10.3390/su13126739.

[60] J. Radhakrishnan, A. Manigandan, P. Chinnaswamy, A. Subramanian, S.
Sethuraman, Gradient nano-engineered in situ forming composite hydrogel
for osteochondral regeneration, Biomaterials 162 (2018) 82–98, https://doi.
org/10.1016/j.biomaterials.2018.01.056.

[61] G.M. Cunniffe, T. Gonzalez-Fernandez, A. Daly, B.N. Sathy, O. Jeon, E. Alsberg,
D.J. Kelly, Three-dimensional bioprinting of polycaprolactone reinforced gene
activated bioinks for bone tissue engineering, Tissue Eng. A 23 (2017) 891–
900, https://doi.org/10.1089/ten.tea.2016.0498.

[62] C. Polley, T. Distler, R. Detsch, H. Lund, A. Springer, A.R. Boccaccini, H. Seitz, 3D
printing of piezoelectric barium titanate-hydroxyapatite scaffolds with
interconnected porosity for bone tissue engineering, Materials 13 (2020) 1–
16, https://doi.org/10.3390/MA13071773.

[63] M.N. Aboushelib, R. Shawky, Osteogenesis ability of CAD/CAM porous
zirconia scaffolds enriched with nano-hydroxyapatite particles, Int. J.
Implant Dent. 3 (2017), https://doi.org/10.1186/s40729-017-0082-6.

https://doi.org/10.1186/s12938-020-00810-2
https://doi.org/10.1186/s12938-020-00810-2
https://doi.org/10.1016/j.bioactmat.2020.01.004
https://doi.org/10.1016/J.JCONREL.2017.11.022
https://doi.org/10.1016/J.JCONREL.2017.11.022
https://doi.org/10.1016/J.JMBBM.2023.105796
https://doi.org/10.3390/ma13204515
https://doi.org/10.1016/J.MATDES.2020.108602
https://doi.org/10.1016/J.SMAIM.2021.11.002
https://doi.org/10.1016/J.SMAIM.2021.11.002
https://doi.org/10.1016/J.JMRT.2020.08.038
https://doi.org/10.1016/J.MSEC.2022.112660
https://doi.org/10.1016/J.MSEC.2022.112660
https://doi.org/10.1016/J.MTCOMM.2022.104559
https://doi.org/10.1016/J.CERAMINT.2022.12.010
https://doi.org/10.1016/J.CERAMINT.2022.12.010
https://doi.org/10.1021/acsami.1c22868
https://doi.org/10.1016/J.CERAMINT.2022.10.137
https://doi.org/10.1016/J.CERAMINT.2022.06.255
https://doi.org/10.1016/J.CERAMINT.2022.06.255
https://doi.org/10.1007/s42242-019-00056-5
https://doi.org/10.1007/s42242-019-00056-5
https://doi.org/10.3389/fmats.2020.00054
https://doi.org/10.1016/j.matdes.2018.11.054
https://doi.org/10.1016/j.matdes.2018.11.054
https://doi.org/10.1021/acsami.2c20715
https://doi.org/10.1021/acsami.2c20715
https://doi.org/10.1016/j.bioactmat.2021.11.002
https://doi.org/10.1016/j.bioactmat.2021.11.002
https://doi.org/10.1038/s41427-019-0166-2
https://doi.org/10.1016/j.ceramint.2019.07.028
https://doi.org/10.1016/J.CERAMINT.2006.04.001
https://doi.org/10.1016/J.CERAMINT.2006.04.001
https://doi.org/10.1016/j.bbrc.2019.03.132
https://doi.org/10.1186/s40824-021-00214-w
https://doi.org/10.1186/s40824-021-00214-w
https://doi.org/10.1016/j.rinp.2018.12.025
https://doi.org/10.1016/j.rinp.2018.12.025
https://doi.org/10.1016/j.actbio.2020.06.022
https://doi.org/10.1007/s10853-019-03632-3
https://doi.org/10.1007/s10853-019-03632-3
https://doi.org/10.1016/j.biomaterials.2014.01.039
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/MSF.486-487.197
https://doi.org/10.1631/jzus.2005.B0213
https://doi.org/10.3390/polym14173492
https://doi.org/10.1007/s40145-021-0484-z
https://doi.org/10.1002/adem.201800539
https://doi.org/10.1002/adem.201800539
https://doi.org/10.1109/ICECE.2012.6471582
https://doi.org/10.1016/j.ceramint.2018.08.364
https://doi.org/10.1016/j.ceramint.2018.08.364
https://doi.org/10.31272/jeasd.24.5.5
https://doi.org/10.3390/su13126739
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1089/ten.tea.2016.0498
https://doi.org/10.3390/MA13071773
https://doi.org/10.1186/s40729-017-0082-6


H. Budharaju, S. Suresh, M.P. Sekar et al. Materials & Design 231 (2023) 112064
[64] G. Muralithran, S. Ramesh, The effects of sintering temperature on the
properties of hydroxyapatite, Ceram. Int. 26 (2000) 221–230, https://doi.org/
10.1016/S0272-8842(99)00046-2.

[65] M. Kozakiewicz, T. Gmyrek, R. Zajdel, B. Konieczny, Custom-made zirconium
dioxide implants for craniofacial bone reconstruction, Materials 14 (2021)
840, https://doi.org/10.3390/ma14040840.

[66] L. Jiang, Y. Liao, Q. Wan, W. Li, Effects of sintering temperature and particle
size on the translucency of zirconium dioxide dental ceramic, J. Mater. Sci. -
Mater. Med. 22 (2011) 2429–2435, https://doi.org/10.1007/s10856-011-
4438-9.

[67] K.-Y. Tsai, H.-Y. Lin, Y.-W. Chen, C.-Y. Lin, T.-T. Hsu, C.-T. Kao, Laser sintered
magnesium-calcium silicate/poly-e-caprolactone scaffold for bone tissue
engineering, Materials 10 (2017) 65, https://doi.org/10.3390/ma10010065.

[68] L. de Siqueira, C.G. de Paula, R.F. Gouveia, M. Motisuke, E. de Sousa Trichês,
Evaluation of the sintering temperature on the mechanical behavior of b-
tricalcium phosphate/calcium silicate scaffolds obtained by gelcasting
method, J. Mech. Behav. Biomed. Mater. 90 (2019) 635–643, https://doi.org/
10.1016/j.jmbbm.2018.11.014.

[69] D. Luciana Aurora Soares do Amaral, R. de Souza Salomão Zanette, G. Torres
de Souza, S. Augusto da Silva, J. Adriano Kopke de Aguiar, R. Fortes Marcomini,
A. Márcio Resende do Carmo, B. Valentim Nogueira, R. José da Silva Barros, F.
de Sá Silva, M. de Oliveira Santos, M. Munk, H. de Mello Brandão, C. Magno da
Costa Maranduba, Induction of osteogenic differentiation by demineralized
and decellularized bovine extracellular matrix derived hydrogels associated
with barium titanate, Biologicals 66 (2020) 9–16.

[70] U. Ulfa, K. Kusumandari, Y. Iriani, The effect of temperature and holding time
sintering process on microstructure and dielectric properties of barium
titanate by co-precipitation method, AIP Conf. Proc. 2202 (2019), https://doi.
org/10.1063/1.5141649.

[71] H. Naghib-zadeh, C. Glitzky, I. Dörfel, T. Rabe, Low temperature sintering of
barium titanate ceramics assisted by addition of lithium fluoride-containing
sintering additives, J. Eur. Ceram. Soc. 30 (2010) 81–86, https://doi.org/
10.1016/j.jeurceramsoc.2009.07.005.

[72] A.D. Woldetsadik, S.K. Sharma, S. Khapli, R. Jagannathan, M. Magzoub,
Hierarchically porous calcium carbonate scaffolds for bone tissue
engineering, ACS Biomater Sci. Eng. 3 (2017) 2457–2469, https://doi.org/
10.1021/ACSBIOMATERIALS.7B00301/ASSET/IMAGES/LARGE/AB-2017-
00301R_0006.JPEG.
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