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A B S T R A C T

Over the past several decades, the implementation of bioceramics in orthopedic bioengineering has become
increasingly profound. The resemblance of the material to bone histomorphology makes them favorable to use in
tissue engineering schemes, in addition to the evidence that they exhibit osteoconductivity and that many
manifest the appropriate mechanical strength. Moreover, the strategy to use the 3D bioprinting technique holds
the potential to consistently manufacture commercializable scaffolds, tailored for diverse clinical applications
with physicochemical property-dependent biodegradation rates, and usher in a new era of effective hard tissue
fabrication. This review is the first of its kind in that it has thoroughly compiled the most recent studies on 3D
printing of bioceramic scaffolds to treat bone defects and anomalies. Manuscripts were mostly chosen from the
last decade, highlighting the novelty of the approach to regenerative orthopedic bioengineering via ceramic-
based 3DP technologies. Likewise, in addition to the materials perspective present in the body of this work,
tissue engineering scaffold requirements were explained as well as the incorporation of drug delivery schemes
for localized drug administration and cargo release rates in pre-clinical studies.

1. Introduction

Three-dimensional printing (3DP) of materials, a method of rapid
prototyping technology, has demonstrated outstanding potential over
the last decade in scaffold design and production for tissue engineering
applications. The earliest method can be accredited to Sachs et al. and
their development of early ink-jet freeform printing toward the end of
the 20th century [1], and although other types of 3DP have since then
emerged, the ink-jet variant demonstrates the highest use. The promise
in tailoring the ideal scaffolds by 3DP lies in its user-friendly cap-
abilities which allow for the conversion of CAD data to a rapid and
consistent production line of constructs with the desired material,
porosity, and dimensions [2,3]. Previously unachievable through time-
and cost-efficient means, the method gives rise to defined, inter-
connected structures that are case-specific for targeted hard tissue de-
fect regeneration. Already, the first clinical trials and case studies

demonstrate its resonating success in orthopedic bioengineering. While
this process exhibits considerable potential, certain challenges must be
addressed in the optimization of patient-specific scaffolds for main-
stream acceptance in regenerative medicine. Both the simulation of
hard tissue mechanical stiffness and the resolution of printing para-
meters require further work before regulatory approval by the FDA can
be considered [4,5].

Ceramics, in particular, are biomimetic materials with a highly
suitable mechanical strength for bone repair [6]. They have been used
as bone substitutes due to their mineral resemblance to cortical bone,
their biocompatibility and osteoconductivity [7]. The controllable and
customizable 3DP application using ceramics has been employed with
positive results in regard to optimal mechanical properties and in vitro
and in vivo osteogenic capability [8]. While their popularity as a bone
filler for critical orthopedic defects is known to the collective commu-
nity of bioengineers, material scientists, and clinicians adopting these
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new methods, the development of 3-D printing for ceramic scaffold
fabrication is a novel concept that has recently been drawing attention
[9].

The clinical relevance of this 3DP ceramic scaffold design and im-
plantation encompasses an advantageous technique for rapidly and
consistently manufacturing a hard tissue replacement that perfectly
resembles the biological framework of natural bone [10]. Because of
the fact that patient data can be used in a single step to fabricate the
ideal scaffold that fits an individual patient skeletal defect, layer-by-
layer sintering serves as a potentially booming discipline for the use of
ceramic-based bone substitutes in regenerative medicine [11]. More-
over, using 3DP ceramic scaffolds as drug delivery systems is becoming
more widespread as it is pertinent to the field of bioengineering [12].

2. Current Bone Reconstruction

Bony defects typically result from malformations, traumatic in-
juries, and tumor resections. Biomaterials for reconstruction of bony
defects are comprised primarily of osteosynthetic materials, which are
placed after osteotomies or traumatic injuries. Other applications in-
volve dental implants for functional augmentations or aesthetic aug-
mentations in the facial region.

The outcomes in bone reconstruction are believed to be dependent
on surgical skills, adjacent soft tissue quality, size and location of the
bone defect and repair method. Current methods of reconstruction in-
clude free and vascularized bone grafts, the use of biomaterials and,
more recently, the use of growth factors to induce osteoinduction. The
implementation of autologous bone for orthopedic reconstruction may
be restricted due to limited amounts of donor bone from harvest sites.
Harvested bone may also need to be remodeled into more custom
shapes, which may complicate surgery. Furthermore, complications
associated with free bone grafts include resorption of the graft and
increased mortality associated with the harvest site.

The benefits of alloplastic materials have previously been reported
in the literature and have been used alone or in combination with bone
transplants or osteoinductive cytokines. The procedure can be used to
not only replace missing bone but to also stimulate osteoinduction by
acting as a scaffold for bone regrowth. Ideally, implanted materials
should be biocompatible with little or no side effects or toxicities.
Complications and toxicities of implantable biomaterials used in or-
thopedic surgery have been previously reported, often resulting in in-
flammation associated with leukocytosis and fibrosis.

For ostheosynthesis, plates derived from titanium alloys provide
major advantages in terms of biocompatibility, stability and individual
fitting to the implant bed. The removal of asymptomatic plates and
screws after fracture healing is still controversial. However, the risks
and costs of secondary surgery for removal face a low rate of compli-
cations when the material remains in situ. Resorbable osteosynthesis
systems have similar mechanical stability and are especially useful in
pediatric cases that still encompass orthopedic development.

The huge variety of biomaterials for the reconstruction of bony
defects makes it difficult to decide which material is adequate for
specific indications and surgical sites. An optimal biomaterial meets
every requirement (e.g. biocompatibility, stability, intraoperative fit-
ting, product safety, low costs) but a perfect material meeting all of
these criteria does not yet exist. Future developments aim to improve
physical and biological properties, especially regarding surface inter-
actions. To date, the progress of tissue engineering applications as they
relate to bone regrowth is coming to fruition as many studies are suc-
cessfully demonstrating the necessary parameters for healing, but until
widespread FDA approval and normalization, this highly innovative
technique remains in the backseat to traditional orthopedic re-
constructive surgery. As such, the use of alternative alloplastic mate-
rials provides a viable current option for reconstructive surgery to treat
hard tissue injuries and defects.

3. Tissue engineering scaffold requirements

3.1. Porosity

Because trabecular and cortical bone morphology encompasses
pore-like structures that support nutrient movement and blood flow,
the ideal scaffold must be fabricated with a certain degree of porosity
and interconnectivity to similarly allow for the passage of nutrients,
osteogenic cells and bioactive molecules that will collectively facilitate
mineralization and promote vascularization throughout the structure
[13,14]. Studies that involved porous coating of titanium implants also
supported both an increase in cortical shear strength and osteogenesis,
in addition to direct comparisons between bone ingrowth within porous
scaffolds and the lack thereof on solid particles, demonstrate the utter
significance of pores in scaffold development [14,15]. Although an
ample amount of literature exists on the matter of pore specifications
and its role in affecting important factors in regeneration, such as me-
chanical properties, degradation, and osteogenesis, it is indeed worth
mentioning as a requirement for an effective tissue engineering scaf-
fold, especially since it is one of the main advantages in the 3DP ap-
proach for scaffold fabrication.

3.2. Biocompatibility

The integration of ceramic scaffolds into natural bone to enhance
the tissue repair process is required for tissue engineering processes.
Bonding osteogenesis from calcium phosphate ceramics (CPC), for ex-
ample, results from the mechanistic release of calcium and phosphate
ions and their subsequent coupling [16]. Williams defines the term of
biocompatibility as the capability of a material to facilitate natural
cellular and molecular activity within a scaffold in the absence of sys-
temic toxicity [17]. Biocompatibility also encompasses osteo-
conductivity, the promotion of osteoblast adhesion and proliferation,
and osteoinductivity, which signifies biomolecular signaling and os-
teoprogenitor recruitment. Lastly, the ideal biocompatible scaffold
supports blood vessel formation within and around its site of im-
plantation [18].

3.3. Biodegradability

A controlled rate of biodegradation over time at the in vivo stage
while tissue regeneration occurs is essential in proving scaffold suit-
ability for advancement to clinical trials. The biodegradability of a
scaffold depends on its material type and application [18]. Bose et al.
state that craniomaxillofacial bone scaffolds may demonstrate a bior-
esorbability rate of 3–6 months while ceramics, in general, exhibit a
notably high toughness value and Young's Modulus, which is indicated
by a material wear rate of 0.003 mm/year [19,20]. Porous tricalcium
phosphate (TCP)-based ceramics display a rate of bioresorption that is
similar to neoformation of bone, while other ceramics, such as hydro-
xyapatite, can potentially be longer-lasting; therefore, different
methods of manufacturing and composite ratios need to be measured/
employed to yield an optimal biodegradation rate [21,22].

3.4. Mechanical properties

Fabricating a scaffold with mechanical properties consistent with
those of the natural environment of bone is essential for clinical success.
The stiffness of the scaffold must be such that in vivo bone ingrowth
proceeds until the newly formed tissue has enough structural integrity
to physically support itself [23]. As mentioned, because of the high
Young's Modulus of ceramics, in general, they are able to endure a great
amount of compression force. Furthermore, because of the fact that 3DP
provides users maximal control over macropore size, patient-specific
scaffold morphology, and volume consistency in reproduction, the
mechanical properties of the ceramic scaffold can be optimized at
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improved rates, relative to non-3DP methods. As important, due to the
developing knowledge of biomaterial composites, the ultimate yield
strength and other significant properties of the constructs are improving
via the presence of added fillers for optimal tissue repair [24,25]. The
most popular technology and processes of printing are shown in the
Table 1.

4. Ceramic materials in scaffold fabrication

4.1. Calcium phosphate ceramics

4.1.1. Hydroxyapatite
Within the natural composition of human bone is an inorganic solid,

namely carbonate hydroxyapatite (HA), which comprises approxi-
mately 65% of total bone mass [30]. Carbonate HA crystals are known
to expand along intercellular collagen I networks and contribute to
bone ingrowth and osteolysis prevention [31]. For these reasons, HA
scaffolds have a history in bone tissue engineering, dental implants, and
orthopedic arthroplasties [32–40]. Among the most notable advantages
of HA scaffolds are their excellent hard tissue integration capability,
innate microporosity for capillary ingrowth, resorption rate, and most
recently noted, induction of stem cell differentiation [41]. Moreover,
the c-axis oriented crystal growth/degradation is attributed to its un-
ique lattice parameter (a = 0.95 c = 0.68 nm) and hexagonal sym-
metry. This knowledge then led to the manipulation of scaffold biode-
gradation rates via alteration of Ca:P molar ratios, where the ratio of
stoichiometric HA (Ca10(PO4)6(OH)2) at 1.67 is the reference point.
With low temperature 3DP, the B type HA is commonly synthesized,
with carbonates bonded to the PO4

3- sublattice, and is indeed the type
found in human bone. As important to degradation control, researchers
addressed osteoconduction and in vivo interface with osseous tissue
through HA composites. Recently, Cox et al. designed a systemic 3DP
method for user-specified macropore interconnectivity in HA-polyvinyl
alcohol (PVOH) scaffolds [42]. Bulk interconnection (designed at
500 µm macropore sizes) and rough surfacing (microporosity due to
HA:PVOH mix) were important factors for osteoconduction since these
facilitate scaffold integration in vivo, consequent osteocyte migration
and vascularization. Although HA composites have diversified, HA re-
mains as the major biomaterial. These include HA-chitosan [43], HA-
fibronectin [44], HA-Polycaprolactone [45], and HA-collagen [46,47]
constructs for enhanced mechanical strength, osteoinduction, vascu-
larization, and local chondrogenic differentiation. Most notable is the
impending clinical implementation of one HA variant. After in vitro and
in vivo trials, Fu et al. led a clinical trial of a coralline HA scaffold
implementation in 16 patients who had undergone surgical tumorigenic
osseous tissue removal. After only 4 months, astounding results of
successful bone regeneration in 15 patients was observed [48]. With
such holistic progress, it is rather facile to recognize the approaching
clinical translatability of these ceramic variants. As mentioned, 3D
printing allows fabricating scaffolds with complex internal structures
and high resolution towards patient-specific design. Fig. 1a demon-
strates a 3D printed HA scaffold with an internal channel network and
Fig. 1b exhibits the granule structures which have remained after sin-
tering [10]. Leukers et al. produced HA scaffolds by 3D printing and

seeding MC3T3-E1 cells on the scaffolds. The cells proliferated deep
into the structure, forming intercellular contact with HA granules [10].
Preserving cell viability, however, remains to be optimized and will be
largely dependent on culture methods, whether static or dynamic, and
media content which simulates body fluids.

4.1.2. β-tricalcium phosphate
For over two decades, beta tri-calcium phosphate (β-TCP) scaffolds

have earned clinical acceptance as bone graft substitutes in many or-
thopedic applications [49–55]. Similar to biologic bone mineral pre-
cursors, synthesized β-TCP constructs exhibit a Ca:P molar ratio of 1.5
which contributes to its favorable bioresorption rate in comparison to
HA variants. Its innate microporosity, due to its stoichiometry, is well
known to enhance osteconductivity [56] in human patients, post-im-
plantation. As is important in all calcium phosphate ceramics, macro-
porosity manipulation must be balanced to accommodate the need for
homogenous bone ingrowth without jeopardizing mechanical strength.
Until recent advances in direct 3DP, mechanical strength of these
ceramics remained suboptimal once implanted [57]. Tarafder et al.
significantly improved maximum compressive strengths to 10.95 ±
1.28 MPa in stereolithographic 3DP TCPs via a 27% porosity coaxial
design and subsequent microwave sintering [2]. In later studies, this lab
group then used MgO and SrO doping for improved compressive
strength, osteogenesis, and mineralization [58] as well as Alendronate
seeding for early bone formation in femoral defect models [59]. With
microresolution in 3DP as a limiting factor for robust commercializa-
tion of TCPs, researchers set to output solutions. Butscher et al. were
able to halve the minimum layer thickness from 88 µm to 44 µm and
output a surface roughness value of 25 µm via custom moisture appli-
cation device and de-powdering methods [60,61]. To compare quick-
ened bone formation, Carrel et al. investigated OsteoFlux, Bio-Oss, and
Ceros, each of which is a commercially available ceramic. The group
was able to demonstrate that 22% + − 2.1 new bone formed in cal-
varia of sheep only 8 weeks after 3DP TCP-HA blocks (OsteoFlux) were
implanted [62], and a fourfold increase in bone formation 3 mm away
from site of implantation was noted, when compared to the other
ceramics. These observations suggest increased osteoconductivity due
to combinations of HA and TCP, which are synonymous with natural
bone environments. Research groups have also improved 3DP TCP
scaffold fabrication method and purity through the introduction of in-
organic binder solutions. Vorndran et al. [63] showed, for the first time,
the manufacture of phase pure β-TCP monoliths of defined macro-
porosity at high resolution by a cement setting reaction through 3D
powder printing. As demonstrated in Fig. 2, the samples are obtained
comparing three different production regimes, either by (A) using hy-
droxypropylmethylcellulose modified tricalcium phosphate (TCP, Ca/P
= 1.5) powder with water as a binder, (B) by using phosphoric acid as
binder with a calcium phosphate powder of a Ca/P ratio of 1.7 and
different binder/volume ratios or (C) by printing a tetracalcium phos-
phate (Ca/P = 2.0)/dicalcium phosphate (Ca/P = 1.0)/tricalcium
phosphate powder mixture with citric acid. The production process has
been followed by a heat treatment process for all variations to produce
phase pure β-TCP (Ca/P = 1.5). In contrast to commonly used poly-
meric binder systems, printing with phosphoric acid possesses three

Table 1
The main factions of technology and respective processes for bioprinting.

Technology Process Post process Ref.

Stereolithography (SLA) Layer by layer polymerization of a paste made of photosensitive resin and
ceramic by UV/Laser light.

Heat treatment to eliminate the resin and
densify the ceramic

[26]

Fused deposition modeling (FDM) Layer by layer plotting of a paste made of ceramic and binder Heat treatment to eliminate the binder and
densify the ceramic

[27]

Selective Laser Sintering (SLS) Layer by layer sintering of ceramic particles in a powder bed by laser Air blasting to remove excess particles [28]
Laminated object manufacturing (LOM) Layer by layer fusion of laminates cut to shape with a computer controlled

laser using heat and pressure
Machining and drilling [29]
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main benefits. First, a higher printing resolution is enabled, thereby
improving bone graft design quality. Secondly, a higher mechanical
performance is achieved, expanding applications to high-compression
bone types. Thirdly, a much faster setting reaction yields the capacity
for samples to be removed immediately after printing from the powder
bed, strongly reducing the fabrication time in commercialization [63].

4.2. Calcium Phosphate Cements (CPCs)

Calcium Phosphate Cements (CPCs) have been implemented over
the last several decades within in vitro and in vivo studies to show their
promise in future clinical orthopedic treatments, including the repair of
fractures and defects [64–69]. Although their applications in the three-
dimensional printing of scaffolds are still not as widespread as the
previous materials mentioned, their advantage in rapid hardening fol-
lowing implantation poises CPCs as early candidates for further scien-
tific investigation in clinical use [70]. In addition to quickened hard-
ening, they are known to exhibit excellent biocompatibility and
bioactivity properties despite their limitation in resorption rate control
[71]. The low temperature setting characteristic of CPCs enhances their
usefulness in orthopedic bioengineering to an even greater degree by
serving as an optimal platform for drug loading and delivery [72].

As mentioned in the section pertaining to 3-D scaffold fabrication
requirements, this method of innovation ensures reproducibility and
provides the user with maximum control over scaffold architecture.
Regarding this ceramic variant, 3DP improves CPC in situ hardening as
a result of the contact between the modified cement liquid and solid

phases [73,74]. Gbureck et al. conducted work on 3DP scaffolds com-
posed of CPC and improved the hardening capability of the scaffold by
immersing it in dilute phosphoric acid [75]. In another work, he de-
monstrated the potential of CPCs in supporting bioactive agents by
specifically printing bioceramic implants that included angiogenic
factors for enhanced tissue healing [76].

4.3. Bioactive glass (BG) and glass-ceramics

The fabrication of scaffolds composed of bioactive glass (BG) and
glass-based ceramics has slowly emerged and evolved from prior stu-
dies conducted on composite scaffolds containing concentrations of BG
[77,78]. More recently, studies have demonstrated that 3DP meso-
porous BG (MBG) scaffolds may be candidates for improving bone re-
generation due to their demonstrated pro-angiogenic signal induction
characterized by the induction of VEGF secretion in multiple cell types
[79]. Limiting is that BG scaffolds are inherently brittle and lack the
mechanical strength needed to facilitate adequate bone regeneration.
Therefore, it has traditionally been more frequent for engineers and
materials scientists to combine bioactive glass with another material,
such as a polymer, ceramic, or metal, to enhance its properties, both
mechanical and biological [79–83]. Noteworthy, Korpela et al. remarks
the osteoconductive properties of BG as well as its proven ability to
promote recovery following bone trauma and scaffold implantation
[84,85]. Typical BG parts fabricated by the present lithography based
Additive Manufacturing Technologies are demonstrated in Fig. 3 in-
cluding a microscopy image of the cylindrical cellular structure (a) and

Fig. 1. 3D printed HA scaffold with interconnecting channels. (a) Whole structure, (b) detailed view of the interconnecting channel structure with diameter of about 500 µm [10].

Fig. 2. Schematic illustration of the different preparation regimes
for the fabrication of β-TCP by 3D printing [63].
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the customized BG component for an orthopedic implant in the zygo-
matic arch (b) [86].

As important, 3DP MBG scaffolds have an excellent apatite miner-
alization ability and sustained drug delivery properties upon adequate
manipulation. Their high mechanical strength, about 200 times that of
traditional polyurethane foam templated-MBG scaffolds, demonstrates
their clinical translatability potential in high compressive strength ap-
plications [87].

Similarly, glass-ceramic scaffolds open new avenues for treatment of
load-bearing bone defects in orthopedic, dental and maxillofacial ap-
plications. In a recognized study, Roohani-Esfahani et al. [87] produced
bioactive glass-ceramic scaffolds called Sr-HT Gahnite with distinctive
pore geometries such as rectangular, hexagonal, curved or zigzag at a
range of porosities by a direct ink-writing technique (Fig. 4). Scaffolds
with hexagonal structure presented a high fatigue resistance (1,000,000
cycles at 1–10 MPa compressive cyclic load), failure reliability and
flexural strength (30 MPa). The obtained strength is 150 times greater
than values reported for polymeric and composite scaffolds and 5 times
greater than reported values for ceramic and glass scaffolds at similar
porosity [87].

5. Drug delivery applications

3DP bioceramics are promising drug delivery systems (DDS) due to
their rapid, patient-oriented scaffold fabrication for hard tissue re-
placement/restoration via delivery of relevant therapeutic agents. Most
appealing are their adjustable physicochemical parameters, including
mesoporosity, cargo release rate via material composition, and combi-
natorial cargo embedment. Considerably advantageous of this DDS
category is the localized administration of biologics, whether growth
factors or antitumorigenic recombinants, to diseased tissues via sus-
tained release with minimal immunogenic/cytotoxic response and
complete resorption of the delivery vehicle itself. Hence, their ther-
apeutic potential is vast for various osseous tissue regeneration appli-
cations, including craniofacial reconstruction, dental hard tissue en-
gineering, post-surgery spinal fusion and osteoporotic fracture
remediation/prevention [88–91]. This section discusses the latest ap-
proaches to control and sustain release of bioceramic-based drug de-
livery systems.

Growth hormone (GH) delivery was an early approach to bone re-
generation and Guicheux et al. [92] were pioneers in showing that
loading a porous biphasic calcium phosphate (BCP) ceramic with only
5 µg of GH yielded a sustained 11 day-release for significant bone for-
mation. Since then, a diverse range of osteocompatible and os-
teoadhesive materials have been studied including silica-based glasses,
chitosan-based tricalcium phosphates, and dynamically-compressed

hydroxyapatites [93–95] with respect to their own drug release ad-
vantages. Recently, Meininger et al. [96] showed the efficient in-
corporation of strontium ions unto a magnesium phosphate cement
using 3D powder printing. In the study, antiosteoporotic traits, and
osteoinductive benefits were highlighted, including the sustained re-
lease of Sr2+ at 0.02 mg/g per day for enhanced bone formation and
resistance to osteoporosis via diminished osteoclast activity. However, a
moderate scaffold compressive strength of 40 MPa indicates there is
still improvement needed in the development of physiologically-re-
levant force tolerating phosphate cements.

In retrospection, previous approaches to ceramic fabrication re-
sorted to excessive thermal treatment and often led to drug bioactivity
loss. Additionally, using the sol-gel method and supramolecular tem-
plating limited controlled mesoporosity [97–100]. In contrast, the di-
versity of 3DP scaffold-based drug delivery, which includes stereo-
lithography-, deposition-, inkjet-, and selective laser sintering-based
drug delivery, has markedly overcome these challenges [101]. The
combination of printed macro-pores and intrinsic micro-pores, for ex-
ample, has paved the way for multi-purpose implantations, including
antitumorigenic-osteogenic therapy. With an emphasis on differ-
entiating endogenous bone marrow stromal cells (BMSC) and termi-
nating the typical implant-induced residual osteosarcoma cells (MG-
63), Zhang et al. incorporated iron (II, III) oxide nanoparticles unto 3DP
beta-tricalcium phosphate (βTCP) scaffolds for bone defect regenera-
tion [102]. Showcasing triangular pore morphology at 300–500 µm per
unit and graphene oxide layers enveloping the Fe nanoparticles, the
DDS significantly upregulated osteogenic gene expression, BMSC pro-
liferation in vitro and caused hyperthermia-based MG-63 targeted cell
death in the animal models. Such use of inorganic factors, including
copper ions and pore interconnectivity for angiogenesis induction
[103,104], are of interest due to their higher stability and lower cost
and safety concern relative to transgenic delivery methods.

Of high impact was the Habibovic group study [73] demonstrating
ectopic spinal osteoinduction for the first time in an intramuscular
implantation of 3D printed brushite and monetite cements. The group
showed that paraspinal muscle insertion of dicalcium phosphate de-
hydrate (DCPD) and dicalcium phosphate anhydrous (DCPA) cements,
known for preferred microporosity texture and specific surface areas,
yielded significant in vivo bone formation along the designed 6-pore
channels through the 12-week animal lumbar study. Such was achieved
through CAD customization and low-temperature 3DP, important fac-
tors for expanding drug delivery applications including anti-in-
flammatory, antibiotic, and antitumorigenic purposes. For example,
Inzana et al. recently showed significantly reduced osteomyelitis oc-
currences in the context of bone substitute implantation-associated in-
fections by way of vancomycin- and rifampin-laden 3DP tricalcium

Fig. 3. BG parts fabricated by lithography based additive manufacturing technologies after sintering: (a) cylindrical cellular structure (scaffold) and (b) customized bone implant [86].
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phosphate scaffolds [105].
Considering the future of hard tissue engineering in clinical appli-

cations, market costs continue to decrease as DDS become more tech-
nologically efficient and resourcefulness of biomaterial usage increases.
As discussed, 3D-printed bioceramics have risen as highly promising
DDS due to direct/localized drug administration, controllable drug re-
lease rates, and non-immunogenic hard tissue regeneration potential,
all of which are tunable and patient-design oriented. With such mass
production capable foundations, drug delivery enhancements to 3DP
bioceramic scaffolds continue to advance rapidly, where theranostic
nanoparticles withholding cell targeting, imaging, and stealth proper-
ties [106–108] may soon be escorted by these 3DP drug delivery plat-
forms (Fig. 5).

6. Conclusions

The combination of advancements in both materials science and
bioengineering technology has paved the way for a new generation of
therapeutics in clinical regenerative medicine. Most of the information
in this review has been gathered from literature spanning only the last
decade or so, demonstrating not only the novelty of the idea stressed
throughout the article but also the promise shown by in vitro and in vivo
studies that have been producing beneficial ends. Bioceramics have
been used in regenerative medicine for their exemplary resemblance to

bone tissue in addition to the aforementioned biological and mechan-
ical properties. The recent strides made in the 3DP technique to

Fig. 4. Computer aided design models (left column) and SEM images of examined scaffolds (scale bars: 500 µm unless stated otherwise). (a) Hexagonal, (b) curved, (c) rectangular and (d)
zigzag design, (e) SEM images of fracture surface of a Sr-HT-Gahnite scaffold prepared by direct ink writing, (f) the microstructure of Sr-HT-Gahnite scaffolds, (g) compressive strength of
Sr-HT-Gahnite scaffolds with distinct pore geometries vs porosity, and (h) flexural strength of Sr-HT-Gahnite scaffolds with hydroxyapatite and bioactive glass scaffolds [87].

Fig. 5. Schematic of drug delivery system (DDS) synthesis.
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efficiently design and manufacture the bioceramic scaffolds, in addition
to diversifying its platform by loading the constructs with drugs and
growth factors to enhance the regenerative effect, provides tremendous
value to both researchers and clinicians alike. It is clear that composite
scaffolds will continue to diversify as synthesized by the 3DP strategy
with a wide array of therapeutic drugs and bioactive agents. This will
only advance orthopedic tissue engineering, and related fields, towards
the realization of healing ailment through personalized, patient-tailored
medicine.
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