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Abstract: Recent developments in three-dimensional (3D) printing technology offer
immense potential in fabricating scaffolds and implants for various biomedical applications,
especially for bone repair and regeneration. As the availability of autologous bone sources
and commercial products is limited and surgical methods do not help in complete regenera-
tion, it is necessary to develop alternative approaches for repairing large segmental bone
defects. The 3D printing technology can effectively integrate different types of living cells
within a 3D construct made up of conventional micro- or nanoscale biomaterials to create an
artificial bone graft capable of regenerating the damaged tissues. This article reviews the
developments and applications of 3D printing in bone tissue engineering and highlights the
numerous conventional biomaterials and nanomaterials that have been used in the production
of 3D-printed scaffolds. A comprehensive overview of the 3D printing methods such as
stereolithography (SLA), selective laser sintering (SLS), fused deposition modeling (FDM),
and ink-jet 3D printing, and their technical and clinical applications in bone repair and
regeneration has been provided. The review is expected to be useful for readers to gain an
insight into the state-of-the-art of 3D printing of bone substitutes and their translational
perspectives.
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Introduction

Bone and its related disorders represent a majority of chronic diseases in patients
over the age of 40 years and still exist as a critical clinical concern." Even though
bones possess a limited regeneration capacity, their inability to repair large seg-
mental bone defects remains an unmet clinical challenge. Bone tumor resection,
traffic accidents, rarefaction of bone, and osteomyelitis are some of the main
reasons that bone injuries.>* Annually, more than 2.5 million reconstructive surgery
procedures are carried out worldwide in response to these primary causes of bone
damage and defects.* Autologous bone grafting has still been considered the “gold
standard” in orthopedic trauma for repairing large defective bones. However, the
hurdles of autologous bone grafting are the limited availability of autologous bones,
the time required to harvest the graft, molding problems, the morbidity of the donor
site, graft resorption, and the high risk of fracture. On the other hand, allo- and
xeno-grafts face the challenge of insufficient levels of cellularity, immune rejection,

and the possibility of disease transmission.® These limitations are hampering their
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extensive use in clinical applications.” Hence, it is impera-
tive to develop alternative strategies for the efficient repair
of bone.

Three-dimensional (3D) printing is an additive manu-
facturing technology that has recently made advances in
the field of tissue engineering for the repair and regenera-
tion of damaged tissues. The 3D printing (3DP) process
integrates engineering technology and biological sciences
to print scaffolds, often loaded with cells and bioactive
growth factors that can be potentially used as replacements
for traditional tissue grafts.® 3D printing technology can
transform digital signals into physical objects, via the
integrated application of computer-aided design (CAD),
computer-aided manufacturing (CAM), computer numeri-
cal control (CNC), laser technology, and computed tomo-
graphy (CT). Combined with these technologies, digital
imaging and communications in medicine (DICOM), such
as magnetic resonance imaging (MRI) and computed
tomography (CT), can be converted into file types recog-
nized by 3D printers.” The basic principle of 3D printing is
dispersion/accumulation molding, which is the creation of
three-dimensional solids on layers of plastic, metal pow-
der, and ceramic powder. First used in 1986 by Charles
Hull, the technology has expanded to currently include
different types of 3D printing technologies such as photo-
polymerization, lamination, extrusion, and ink-jet printing.
A summary of 3DP technologies, their advantages, and
disadvantages, and the corresponding references are
shown in Table 1.

The energy consumption in the additive manufactur-
ing method is high during the build phase of the

material and around 25% of energy spent only for
post-treatment processes. When the component’s com-
plexity increases its impact on the environment is also
increased. The negative impact on the environment of
3D printing technologies such as wasting of energy for
preheating the equipment, material preparation con-
sumed a higher amount of energy, and consumption of
natural resources in the form of gases. It heavily affects
the aquatic ecosystem and terrestrial ecotoxicity.
However, additive manufacturing techniques show lesser
environmental footprints compared to other types of
techniques.'’

Depending on the type of material used for 3D print-
ing, the properties of the scaffold and its application can be
modified. Several studies have highlighted the use of con-
ventional biomaterials such as metals, polymers, ceramics,
and their composites for 3D bioprinting. However, the
applications of these materials are limited by their micro-
porous structure. Nanomaterials offer advantages over
these conventional biomaterials because they possess
high surface area to volume ratios and the nanoscale size
ranges remain closer for mimicking the native bone struc-
ture to improve cell adhesion and proliferation rates.
Therefore, combining 3D bioprinting techniques and nano-
materials allows for the fabrication of scaffolds with
enhanced physicochemical properties, suitable for transla-
tion to the clinic.'"'?

The rationale behind this review is to assess the current
advances and application of 3D bioprinting for micro- and
nanoscale bone substitutes, focusing on the technical

aspects and translational potential into the clinic.
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Impact of Bone Tissue Engineering

Bone is a substantially active and dynamic connective tissue,
both structurally and functionally, which provides vital organ
protection, mechanical support, locomotion, structural body
framework, and flexibility to the body.'*'* In addition to
these functions, it also helps in homeostasis, mineral storage,
and blood pH regulation and maintenance.'* Bone tissue
typically comprises compact (ie, cortical bone) or trabecular
(ie, cancellous bone).'” The primary causes of bone defects
include trauma, fractures, compromised blood supply, sur-
gery,
malformation.*'® Additionally, diseases such as osteoporosis

tumor resection, infection, and congenital
and rheumatoid arthritis result in bone degeneration. Certain
clinical conditions, such as vascular necrosis and atrophic
non-unions, also lead to major defects in bone further requir-
ing bone transplants.>'” Globally, bone is one of the most
frequently transplanted tissues, second only to blood
transfusion.'®

The smallest size intraosseous wounds unable to self-heal
are called critical-sized bone defects and need external inter-
ventions and/or regenerative techniques to be repaired.'*>°
There are not any agreed and one standard definition of a
critical-size defect in humans.?'** Although Court-Brown
defined, it as a defect involving 50% of the cortical diameter
with a minimum length of 1 c¢cm, and this was used in the
Study to Prospectively evaluate Intramedullary Nails in
Tibial fractures (SPRINT).>> However, the general guide-
lines that have been suggested in the literature include defect
size length greater than 1-2 cm and greater than 50% loss of
the circumference of the bone.** ¢

Recent advances have been made in bone tissue engi-
neering to develop functional bone substitutes for repair-
ing defective bone. Bone tissue engineering targets to
examine the bone structure, bone dynamics, and tissue
development as it seeks to develop new functional bone
substitutes.'® There is a wide range of materials used to
construct bone substitutes such as metals, naturally derived
and synthetic polymers, composite materials, growth fac-
tor integrated materials, and cell encapsulated materials.?’
Bone scaffolds should possess appropriate mechanical,
physical, and biological properties such as biodegradabil-
ity, swelling kinetics, high porosity, stiffness, and demon-
strate increased cell adherence, proliferation, and
differentiation.?® The intrinsic reparability aspect of bone
substitutes provides a suitable model to mimic the natural
extracellular matrix (ECM) and has increased the osteo-

conductivity, osteoinductivity, and osseointegration in

previously reported literature examples to repair defective
bone.? Over the past decades, a wealth of research has
been accomplished in bone tissue engineering, especially
in obtaining reliable cell sources, cultivating biocompati-
ble scaffolds, developing bioreactors to increase osteo-
genic priming in vitro, and discovering cytokines that
can promote bone and vascular formation.*° Numerous
pre-clinical experiments of different animal species
yielded promising findings.*'

Despite these advances, the limited translation of bone
grafts into clinical uses indicates hurdles such as lack of cell
source management and proper selection of biomaterial,
inadequate in vitro preparation, and mode of delivery. In
recent years, the use of 3D printing techniques has increased
for developing bone substitutes. 3D printing is a flexible
method to manufacture a variety of materials such as poly-
mers, ceramics, metals, and composites with unique geome-
tries and macro/microporous architectures.** In bone tissue
engineering, 3D printing methods have numerous advantages
such as the control of fine features including interconnected
porosity, there are no contamination issues related with any
second material for the support structures, and it showed the
ability of direct printing with both metallic and ceramic
materials.” > Compared to traditional 3D printing methods,
3D bioprinting has different advantages such as multi-cell
spatial directional control, controllability for the deposition
of different cell densities, inexpensive, and high-throughput
capability.g’%*38 The uniqueness of this method is the bio-
printing of patient-specific organs and tissue patches which
reduces the chance of rejection in the patient’s body and can
eliminate the need for organ donors.>**°

Researchers have effectively utilized 3D-printed scaf-
folds with complex geometries for long bone reconstruc-
tion in different in vivo models, through the use of additive
manufacturing technologies.*' Furthermore, mandibular
and calvarial bone fabrication has been carried out using
an integrated tissue-organ printer (ITOP), which could also
be used for fabricating tissue constructs of any shape.**
The next section will discuss the technological advance-
ments in 3D printing over the years and highlight the
important 3D printing techniques that have been com-
monly used for bone tissue engineering.

History and Technical Advances of
3D Printing

Organ failure is the leading cause of death across the
world. The main treatment for organ failure is the use of
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allografts; however, this approach is limited by donor
organ shortage, lifelong immune rejection, and ethical
conflicts.*> According to clinical statistics, only less than
one-third of patients can receive matched organs.** In this
context, 3D printing is a favorable technology to generate
3D tissue replacements and address the shortage of donor
organs. Clinical studies were first conducted in 1998, by
the Wake Forest Institute for Regenerative Medicine,
where the researchers successfully implanted a 3D-printed
human bladder into a human.'**>*¢ Currently, the most
common 3D printed artificial organs include skin, blood
vessels, nerve tissue, cartilage, and bone.*”* The 3D-
printed skin tissues have great potential in fields of cos-
metic development, drug screening, and skin grafting.
Preto et al*’ prepared 3D-printed skin which mimicked
the natural skin tissue better compared to the traditional
artificial skin tissues. In addition, the 3D-printed skin
simulated the interaction between cells that induced the
formation of complete barrier function. Marone et al*®
used 3D-printed aortic models to provide patients with
an overview of their diseases. In another study, Liu et al*’
applied 3D printing to a personalized model of a skull
tumor including brain nerves for preoperative diagnosis
and surgical design of skull base surgery. In medicine,
3D printing can be applied to fabricate highly complex
tissues with living cells and extracellular matrices, such as
bone and cartilage. Due to its scalability, 3D printing can
be used to manufacture tissues for repairing defects of
different sizes and geometries.’® To be specific, according
to the preoperative CT data of orthopedic patients, 3D
printing can produce artificial bone models consistent
with defects and assist in the design of surgical plans to
reduce the risk of surgery, whereas improving the accuracy
of surgery. 3D printed artificial bone holds great promise
in clinical orthopedics. The most common 3D printing
techniques used for the fabrication of artificial bone grafts
are stereolithography (SLA), selective laser sintering
(SLS), fused deposition modeling (FDM), ink-jet 3D print-
ing, direct metal laser sintering (DMLS), selective laser
melting (SLM), and digital light processing (DLP).

Techniques Used in 3D Printing

The main techniques used in 3DP include SLA, SLS,
FDM, and ink-jet 3DP. The next section will review the
principles, raw materials, and clinical applications in these
types of 3D printing technologies. The schematic for the
working principles of these 3D printing technologies is
displayed in Figure 1.

Stereolithography Appearance

As the earliest rapid prototyping technology, SLA is the
only photocurable 3D printing technology that is currently
capable of printing large-size models.”’ The principle of
SLA is similar to SLS; both of them are variations of laser-
assisted 3D printing technology. The main difference
between these techniques lies in different types of lasers
and raw printing materials. The commonly used printing
materials in SLA for artificial bone engineering are photo-
sensitive resins. However, due to the presence of light
residue of the initiator during the printing process, some
of the photosensitive resins show cytotoxicity and low
biocompatibility in vivo. Therefore, SLA printed artificial
bone is often used in the preoperative simulation, and
preparation of teaching mold, but less commonly used
for in vivo experiments. In recent years, to improve the
application of SLA, a mixture of photosensitive resins and
other biological materials, such as poly (propylene fuma-
rate) (PPF) and gelatin, has been used as raw materials.
Among them, PPF showed excellent mechanical properties
and was biodegradable, non-toxic with adjustable charac-
teristics, and has been used in many preclinical applica-
tions, including repair of bone defects. Nettleton et al>>
printed PPF scaffolds using SLA technology, implanted
the scaffolds into the calvarial defects of critical size in
rats, and evaluated the bone regeneration. A significant
increase in bone growth was observed at 4 weeks post-
operation, and bone continued to grow at 12 weeks with-
out inducing a long-term inflammatory response.

To explore the feasibility of in-situ 3D printing for the
treatment of diseases, such as bone and cartilage defects,
Li et al>® used SLA to print alginate gel scaffolds for the
defects of humerus injury and found a strong osteogenic
effect. Furthermore, Le Guéhennec et al®* used SLA tech-
nology to print scaffolds to evaluate the biocompatibility
and osteoinductive properties of hydroxyapatite (HA) and
hydroxyapatite-tri calcium phosphate (HA-TCP) scaffolds
in vivo and in vitro. The materials used for printing were
mixtures of bioceramics and organic components (poly-
functional acrylic resin and photoinitiator) and the scaf-
folds were printed in the form of pellets. In vitro
experiments showed that these materials induced biomi-
metic cell behavior after 3 days of culture, and the viabi-
lity of cells indicated that they did not induce cytotoxicity.
In the in vivo experiments, calcium phosphate pellets were
subperiosteally implanted into defects in a calvarial rat
model, and the result showed that all animals recovered
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Figure | The schematic diagram of stereolithography appearance (SLA), selective laser sintering (SLS), fused deposition modeling (FDM), and ink-jet 3D printing techniques.

without complications. Although pellet volumes showed
an initial decrease, they were further maintained stable
over the course of 3—6 months. New bone formation was
detected initially at 3 months post-implantation. In another
study, Danilevicius et al’> designed and made complex,
geometrically controlled 3D scaffolds with SLA. The pore
sizes of the scaffolds ranged from 25 to 110 pm, the
porosity was 70%, 82%, 86%, and 90%, respectively.
Among them, osteoblasts demonstrated strong adhesion
and proliferation ability on the scaffolds with 86% poros-
ity with the highest proliferation efficiency.

Selective Laser Sintering

SLS is a 3D model made from metal or polymer powder
by a laser beam. The process of SLS printing works as the
following: on a heating workbench uniformly covered
with powder materials, the computer commands the laser
beam to scan on the workbench collectively makes the

powder caking mutually. After the worktable completes
sintering in the upper layer, it moves down a certain
height, and the process is repeated until the printing is
finished.’®>” SLS can also print high viscosity materials.
The raw materials for SLS include most of the thermo-
plastic polymers, bioceramics, metals, polycaprolactone
(PCL), (PEEK) powders.
Compared with ink-jet printing, SLS can use a wider

and polyetheretherketone

variety of inks. However, the side effects of laser irradia-
tion on cells are unclear when a bioink is used. Besides,
high resolution and high-intensity laser diodes are costly,
and the control of laser printing systems is complex, so the
application of this technology is somewhat limited.’®
Among them, PCL is regarded as one of the most
common polymers in orthopedic applications owing to its
biocompatibility and slow degradation rate which matches
the rate of bone regeneration. However, due to its lack of

ability to induce bone regeneration, its low compression
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modulus, and mechanical strength, PCL is often used in
combination with bioceramics and biological factors to
improve the osteogenesis process.”” Brunello et al®
implanted a PCL scaffold printed by SLS into the femoral
defect of rabbits and found that the PCL scaffold had high
biocompatibility and was conducive to promoting the heal-
ing of bone defects. In another study, Williams et al®'
prepared PCL scaffolds by the SLS method for bone tissue
formation. The scaffold was implanted with bone morpho-
genetic protein-7 (BMP-7) in vivo, and the results showed
that PCL scaffolds prepared by SLS had sufficient com-
pressive strength and trabecular modulus, which could
possibly support bone growth. Furthermore, as HA is the
main inorganic component of natural bone and has enough
mechanical strength, it is deemed as a model material for
bone defect repair in the clinic.®® Du et al®® evaluated the
feasibility of SLS manufacturing gradient multilayer scaf-
folds. Using SLS technology, multilayer scaffolds contain-
ing HA were produced and implanted into a rabbit
cartilage defect model. At 6 to 12 weeks after the place-
ment of the multilayer stent, the repair capacity of bone
defects was enhanced, and smooth cartilaginous tissue was
found to form in the multilayer stent. The results showed
that multilayer scaffolds containing HA could effectively
enhance osteochondral repair, and the newly formed tis-
sues were articular cartilage, subchondral bone along with
the reconstructed osteochondral interface. Furthermore,
Shuai et al®® investigated the influence of different pre-
heating temperatures and laser speed on the surface per-
formance of nano HA-based artificial bone scaffolds
printed by SLS. They suggested that the scaffolds that
meet the requirements of the mechanical and biological
properties of bone can be obtained by optimizing the
sintering time. In addition, Roskies et al®® used SLS to
print PEEK scaffolds and co-culture with rat BMSCs and
adipose-derived stem cells (ADSCs). The results showed
that ADSCs had higher osteogenic differentiation ability
than BMSCs.

Fused Deposition Modeling

FDM technique can squeeze the continuous filament mate-
rials onto the previous layer of material on the platform
which is melted semi-liquid material according to the
computer-aided design (CAD) path. Then the materials
solidify and fuse at room temperature to form a continuous
3D structure.®® The model printed by FDM is more accu-
rate than the traditional plaster model.®” Chen et al®® fab-
ricated FDM printed skull model with PLA and applied it

to the anatomy course, the medical students received the
model well based on a randomized controlled trial.
Moreover, FDM can produce complex and highly uniform
3D scaffolds to customize personalized bone substitutes
that are conducive to bone tissue regeneration. In another
study, Chiulan et al® proposed that FDM could be used to
produce a PLA scaffold with complex geometry and high
uniformity. Furthermore, Liu et al’® prepared HA-PCL
porous scaffolds loaded with heparin sulfate (HS) and
used them to repair femoral condyle defects in a rabbit
model. The study showed that 3D printed PCL-HA-HS
composite scaffold could speed up repairing bone defects,
which is indicative of effective biomaterials for orthopedic
applications. In another study, Kim et al’' reported an
example of reconstruction after tumor resection using a
3D printing stent in a canine model. According to CT
images, it was found that the defect in the left upper jaw
of a 12-year-old female dog was caused by the presence of
the oral mass. Then they designed the operation plan,
removed the oral mass, and transplanted PCL/B-TCP scaf-
folds that were 3D-printed printed via FDM. After §
months of follow-up, CT scans and oral examination
were normal. Moreover, Zou, et al”?> used FDM with
PVA as raw material to manufacture scaffolds, which
were integrated components of large-scale microfluidic
channel networks and hollow complex tissues and organs
characterized by a Valentine-shaped heart. Besides,
Jiménez, et al”® used acrylonitrile butadiene styrene
(ABS) to fabricate a skull model to treat four patients
with craniosynostosis. The results showed that four models
were formed, one for each case, two of them were frontal
suture and the others were sagittal suture. It has been
demonstrated that ABS is a suitable polymer for operable
skull fusion models in terms of anatomical and mechanical
properties as well as in response to surgical instruments.

Ink-Jet 3D Printing

The principle of ink-jet 3D printing is similar to a tradi-
tional ink-jet printer. During the printing process, the bin-
der is placed on a powder bed for coagulation, creating the
desired structure. Ink-jet 3D printing relies on electrically
charged crystals that are mechanically deformed to deposit
the printing material on the substrate. This process is
repeated layer by layer in a preset way until the model
structure is produced. Then, the unbound powder is
washed away. Direct ink-jet printing allows for achieving
features with high resolution, high control over complex
geometric structures, and the introduction of microscopic
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or macroscopic voids into the structures.’® In theory, ink-
jet 3D printing can use almost any powder material, such
as biopolymers, ceramics, or metal powders. Collagen is a
natural polymer and is the key organic component of bone.
Collagen scaffolds feature high porosity, permeability, and
biocompatibility. However, these scaffolds are fragile.”*
Inzana et al printed scaffolds made of a combination of
collagen and calcium phosphate materials to evaluate the
parameter optimization of calcium phosphate materials.®*

Hydrogels are hydrophilic polymeric 3D networks that
demonstrate viscoelastic properties mimicking native tis-
sues. They are widely used to simulate the ECM because
they can provide a suitable environment for living cells
during and after scaffold manufacturing.”> Sodium algi-
nate is a non-toxic naturally derived hydrogel with high
biocompatibility, degradability, and 3D printability, which
is often used in cartilage tissue engineering. Alginate
possesses low cell adhesivity and a slow degradation
rate. Therefore, alginate can be combined with an array
of growth factors, such as transforming growth factor-f3
(TGF-P) to enhance tissue formation. A limitation of using
alginate is its high degradation rate, which can be con-
trolled by using oxidized alginate and regulating the degra-
dation rate in 3D bioprinting.”® Vehmeijer et al’’ treated a
patient with orbital floor fracture, enophthalmos, and
diplopia using a molded autologous bone implant. A 3D
virtual model of the fracture site was printed based on the
CT image from patients. A personalized mold for the
defect area was made by ink-jet printing, and a persona-
lized autologous orbital implant was carved using this
mold as a template. The implants showed excellent ana-
stomosis in vivo. Also, the use of 3D printing improved
the accuracy and efficiency of the surgical operation. The
study showed that this method provides a precise and cost-
efficient treatment for orbital floor fractures.

Biomaterials for 3D Printing of

Bone Substitutes

Bone tissue engineering focuses on designing substitute
materials for traditional grafts using biocompatible materi-
als. These biomaterials play a key role in 3D printing of
bone substitutes; hence, it is imperative to understand their
properties and utilize them for suitable applications. This
section focuses on metallic, polymeric, ceramic, and nano
biomaterials that have been utilized for generating bone
grafts and substitutes using 3D printing technologies.

Metallic Biomaterials

Titanium Alloys

Bone reconstruction and surgical fixation for conditions such
as knee arthroplasty, hip replacement, lumbar fusion, and
fixation have long since been aided with the use of titanium
alloys.”® Typically, 6% aluminum and 4% vanadium are
alloyed in titanium (Ti 90%, Al 6%, V 4%) in small
amounts.” The crystallographic transformation temperature
of pure titanium is 885°C. Titanium alloys can mainly be
grouped into three categories: a-type (below 885°C, pure Ti
has a hexagonal-closed packed crystalline structure), B-type
(above 885°C, pure Ti has a body-centered cubic crystalline
structure), and (o + B)-‘[ype.78 Ti-6Al-4V and Ti-6Al-7NDb are
two of the frequently used titanium alloys.*® Metallic bioma-
terials are often used for load-bearing orthopedic remedies
since they possess good strength, low elastic modulus, low
density, and alloying characteristics. These are some of the
most important properties to consider in addition to
biocompatibility, corrosion resistance, and adequate mechan-
ical and physical properties for designing suitable bone
implants.”®#1"% Electron beam melting (EBM) and selective
laser melting (SLM) are the common 3D printing techniques
applied with titanium alloys.®* Thus, Hollander et al used Ti-
6Al1-4V powder, and the study outcomes indicated that SLM
printed material exhibits excellent biocompatibility and may
well be used to substitute biological fragments during clinical
application.®® In 2014, Imanishi et al assessed the compat-
ibility of a 3D-printed titanium heel prosthesis implanted in a
patient (Figure 2) previously diagnosed with calcaneus can-
cer. Follow-up evaluation at the end of five months post-
operation revealed that the patient was clear of complications
and pain and able to walk unsupported or with the help of a
Controlled Ankle Movement (CAM) walker boot.*
Punyaratabandhu et al used a 3D-printed titanium prosthesis
to replace phalanges on a patient who suffered from bone
deterioration due to the presence of a tumor (Figure 3). This
prosthesis was advantageous over autologous implants, as
they offer limited flexibility and range of motion. The tita-
nium prosthesis was surgically implanted and linked the
phalanges to the nearest tendon. This study revealed that 2
years following surgery, the patient experienced no pain and
although a 5 mm shortening of the thumb was observed, the
patient was still able to move their thumb.®’

Cobalt-Chromium Alloy

Cobalt—chromium (CoCr) alloy is one of the most com-
prehensively analyzed metallic biomedical
which  has

implant

been extensively wused in several
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Figure 2 A photograph showing the resected specimen (Achilles tendon) and 3D printed titanium heel prosthesis used to replace the defect.
Notes: Arrows represent the anchor points employed to attach the ligaments to the prosthesis. Reproduced from Imanishi J, Choong PFM. Three-dimensional printed
calcaneal prosthesis following total calcanectomy. Int | Surg Case Rep. 2015.8¢ Copyright © 2015 The Authors. Creative Commons (https://creativecommons.org/licenses/by-

nc-nd/4.0/legalcode).

Figure 3 (A and B) Photographs of a 3D printed titanium prosthesis before implantation; (C and D) intraoperative photographs displaying the implant; (E and F)

radiographs of the prosthesis.

Notes: Reproduced from Punyaratabandhu T, Lohwongwatana B, Puncreobutr C, Kosiyatrakul A, Veerapan P, Luenam S. A Patient-Matched Entire First Metacarpal
Prosthesis in Treatment of Giant Cell Tumor of Bone. Case Rep Orthop. 2017;2017:Article ID 4101346.%” Copyright © 2017 Thipachart Punyaratabandhu et al. Creative

Commons (https://creativecommons.org/licenses/by/4.0/legalcode).

cardiovascular devices, as well as orthopedic implants
including artificial hips, knee joints, and regularly used
in dental applications owing to their unique mechanical
characteristics, high strength, high-temperature, wear
and corrosion resistance, flexibility, in addition to excel-
lent biocompatibility, which marks these materials as
good load-bearing implants.*®* SLM technique is
most commonly used with CoCr alloys.*® Hazlehurst

190

et a evaluated the stress shielding attributes of

orthopedic implants that resemble the behavior of
bone. Thus, SLM was used to fabricate square pore
cobalt-chrome-molybdenum (CoCrMo) cellular struc-
tures, characterized by porosity extending between
25% and 95% and effective elastic moduli. The results
revealed that the alloy stiffness and strength were quite
comparable to those of the human femur. The CoCrMo
cellular structures showed an effective elastic modulus
with a volumetric porosity of 65% and above.”’
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Polymeric Biomaterials

Polylactic Acid

Polylactic acid (PLA) is a long linear chain, consisting of
recurring monomeric units of lactic acid (LA), as shown in
Figure 4.°' It is naturally present in two enantiomeric
forms, that is, the L- and D-optical isomers.”® It can be
obtained by fermentation of renewable forms of sugar
derivatives which make it eco-friendly, thereby enabling
its usage in the human body.”> The common fermentation
processes mostly generate the L-isomer but sometimes an
equal quantity of L- and D-type of lactic acids can be
present, which is termed as meso-lactic acid. PLA made
up of meso-lactic acid is called poly-DL-lactic acid
(PDLLA) or meso-PLA.°*** On the other hand, PLA
that is solely comprised of L-lactic acid or D-lactic acid
is called poly-L-lactide (PLLA) or poly-D-lactide (PDLA),
respectively. The commercially available PLA is a copo-
lymer of PLLA and PDLA.’* PLA, along with its copoly-
mers finds extensive uses in orthopedic regenerative
engineering applications, for instance, sutures, and bone
fixation devices, including but not limited to screws, rods,
pins, and plates. These polymeric materials exhibit good
mechanical strength, versatility in fabrication, renewabil-
ity, biocompatibility, and excellent biodegradability.”**>®
Even though PLA has an extensive range of applications,
there are certain drawbacks such as its brittle nature and
poor thermal stability.”> However, several methods have
been adapted to decrease PLA brittleness, mainly by

—O

D

blending PLA with a variety of polymers such as PCL,
polyethylene oxide (PEO),
(PEG).”"”7

and polyethylene glycol

Poly-e-Caprolactone

PCL is an aliphatic polyester, comprising repeating units
of hexanoate (Figure 4).”%% It is semi-crystalline at
room and human body temperatures and possesses a
melting point of close to 60°C and a glass transition
temperature (Tg) of —60°C.'"° PCL is a hydrophobic
material soluble in organic solvents, and its low melting
point and compatibility with other biomaterials make it
readily processable.'** %> PCL is frequently used as the
primary material in long-term implants utilized for car-
tilage, bone, tendon and ligaments, cardiovascular tis-
sue, blood vessels, skin, and nerve tissue scaffolds for
various tissue engineering applications.”® 0101103 The
versatility of PCL is due to its mechanical and physico-
chemical properties, which can be adapted to fit in the
target application.”®!'** Although biodegradable, PCL is
highly stable in comparison with polylactides. This sta-
bility arises from the fact that it possesses a lesser
number of ester bonds per monomer, and thereby, its
degradation time is 2—5 years.'°® Mainly the degrada-
tion of the material depends upon molecular weight,
shape, and residual monomer content. FDM is one of
the most frequently applied 3D printing techniques with

PCL. Daentzer et al'® evaluated the use of a

o
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Figure 4 Structures of polymeric biomaterials (A) PCL, (B) PLA, (C) PLGA, and (D) PEEK.
Notes: Reproduced from Hirsch E, Nacsa M, Ender F, Mohai M, Nagy ZK, Marosi GJ. Preparation and characterization of biocompatible electrospun nanofiber scaffolds.

Period Polytech Chem Eng. 2018;62(4):510-518.2¢° Creative Commons.
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Figure 5 (A) Intraoperative images of the magnesium-PCL implant. (B) Bone graft. (C) Plate stabilization.
Notes: Reproduced from Daentzer D, Floerkemeier T, Bartsch |, et al. Preliminary results in anterior cervical discectomy and fusion with an experimental bioabsorbable
cage - clinical and radiological findings in an ovine animal model. Springerplus. 2013;2:418.'%> Creative Commons (https://creativecommons.org/licenses/by/2.0).

bioresorbable cage made of magnesium and polymer
(PCL) implanted into a sheep ovine model (Figure 5).
No complications were observed for vascular, neurolo-
gic, and wound healing even after 24 weeks post-

surgery.' %>

Poly Lactic-Co-Glycolic Acid

Poly lactic-co-glycolic acid (PLGA) is a copolymer of
polylactic acid (PLA) and polyglycolic acid (PGA)
where both acids are generally combined in an equal
ratio.'®*'%7 Figure 4 shows the structure of PLGA. The
Tg of PLGA copolymers is usually in the range of
40-60°C."°® PLGA is a synthetic polymer that has
been regularly used in orthopedic implants, surgical
technique development, drug delivery systems, and tis-
sue engineering scaffolds due to its exceptional mechan-
ical and physical properties, biodegradability, and
1061097111 pI GA is one of the best
thereby
accounting for its long clinical experience and use in

biocompatibility.
characterized  biodegradable  copolymers
developing sustained drug delivery systems.'%®!'? It has
been employed as a scaffold to augment the bone heal-
ing process in several critical size bone defects with the

help of an extrusion-based 3D printing technique.''*:''*

Moreover, Frosch et al''® evaluated the clinical use of
a scaffold, Milagro, consisting of 30% B-TCP and 70%
PLGA in a case of ligament graft fixation with bioabsorb-
able interference screws. The tibial screws and femoral
screws showed volume loss after 6 months of evaluation.
The results of this study revealed that all patients showed
bone ingrowth. Also, the screw resorption rate showed

consistent behavior with the graft healing process. In the

first few months, Milagro did not prevent tunnel enlarge-
ment, but the growth of bone tissue in the screws dimin-

ished the tunnel volume following 12 months.”""'">

Polyether Ether Ketone

PEEK is a colorless aromatic thermoplastic polymer, hav-
ing the chemical formula (—CgH4—O—-CgH4—O—CsHy—
CO-)n (structure shown in Figure 4).""%"7 It is widely
used in spine surgery, maxillofacial skull reconstruction,
femoral reconstruction, cardiac surgery, oral implant, scaf-
foldings, drug wvessels, hip-replacement, orthopedic
devices, cardiac surgery, scaffoldings, drug vessels, aero-
space, and automotive due to its excellent mechanical
properties, less coefficient of friction, high capability of
load-bearing, biocompatibility, dimensional stability, stiff-
ness, and thermal properties which makes it stable in the
human body."''”'?° PEEK is a semicrystalline material
having a melting temperature of 334°C, Young’s modulus
of 3.6 GPa, Tg of 145°C, and tensile strength around

90-100 MPa.'?!

Ceramic Biomaterials

Calcium Phosphate

Calcium phosphate (CaP) bioceramics find numerous
applications in orthopedics, for use as implants, bone
grafting materials, and coatings on dental and orthopedic
prostheses.'**'** Among other calcium phosphates, tri-
calcium phosphate (TCP) [(Ca3(POy,),], otherwise known
as tribasic calcium phosphate, has been widely used owing
to its high osteoconductivity, bioresorbable nature, bioac-
tivity, and excellent biocompatibility.'**'?*'?* Tarafder
et al'?® assembled 3D printed interconnected macroporous
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TCP scaffolds with precise internal architecture, with pore
sizes ranging from 500 to 1000 pm. Two weeks after
implantation of the scaffolds into a rat model of a femoral
defect, the evaluation showed that new bone formation
occurred in the central fibrous zone, histologically called
the fibrous interzone (FIZ) present between the pores, and
the mechanical strength was obtained by microwave sin-
tering of the TCP scaffolds.'

Hydroxyapatite (HA), with the chemical formula [Ca;q
(PO4)6(OH),], is a naturally occurring mineral form of
calcium apatite that is frequently used in bone regeneration
as implant materials, bone graft materials, and bone
fillers.'?”"'?® The nature of HA is quite comparable to the
mineral component of bones, teeth, and mineralized
cartilage.'”” HA has been widely used in hard tissue repair
or regeneration, dental prosthetics, hip replacements, den-
tal implants, bone conduction implants, and bone grafts
due to its bioactivity, biocompatibility, and excellent
osteoconductivity.'*”'*® Figure 6 shows SEM images of
3D-printed hydroxyapatite scaffolds with their porous
structures.”®! Luo et al'*® evaluated that strontium-doped
hydroxyapatite (Sr-HAP) based 3D-printed scaffolds for
repairing calvarial defects in rabbits. In this study, Sr-HAP
was produced using collagen type I and citrate. Micro-CT
imaging showed that no significant differences were pre-
sent between the scaffolds fabricated with strontium and
without strontium. The results revealed that 12 weeks after
surgery, the Sr-HAP group presented greater bone growth
than the control, as well as improved cell adhesion and
proliferation, with increased alkaline phosphatase activity,

and enhanced osteogenic capacity.'*

Nanomaterials for 3D Printing
Nanotechnology performs an imperative part in the produc-
tion and development of nanophase biomaterials.'**™'3

These biomaterials are used for 3D printing and consist of

bio-ink, which is an integral part of the bioprinting
technique.'"'*'*® Bioprinting technology depends upon
several parameters for better efficiency such as biocompat-
ibility of the material and remodeling by the cells.'?
Nanophase biomaterials have been recently used to achieve
these conditions and overcome the limitations of conven-
tional biomaterials. Bio-ink is an important factor that
maintains the 3D environment for the cells to grow
efficiently.*”'4° Additionally, bio-ink plays a role as a
protective shield for cells during the printing process

are fabricated.'* 143

when the biological constructs
Nanomaterial-based bio-inks provide easier processability,
higher stiffness and degradation, and functional ability due
to their physical properties and nanoscale features to pro-
mote cell and bone growth, reduce infection rates, and
enhance tissue regeneration.'>'**"'*® A porous scaffold for
cell growth and tissue formation is a significant constituent
for tissue engineering. Numerous inks have been synthe-
sized from different available sources including natural (eg,
collagen, chitin, alginate, agarose) and synthetic (eg, PLLA,
PLGA, PCL) sources.*> An ideal bio-ink should contain
more than one biomaterial for getting better 3D printing
efficiency.'® Several types of nanoparticle-based biomater-
ial constituents can be crafted from a number of materials,
which include carbon nanomaterials,'’ self-assembly nano-

materials, natural or synthetic polymers, and ceramics.'*®

Metallic Nanomaterials

Metallic scaffolds have vast potential for healing bones in
load-bearing areas because of their mechanical properties.
However, the development of biodegradable metallic
implants is a complicated process due to the specific
medical requirements for the patients depending on the
type of bone, location of the defect, healing rate of the
bone.'* Titanium (Ti) and its alloys are broadly used as
implants in clinical orthopedic applications due to their

Figure 6 3D printed hydroxyapatite scaffold with defined macroporosity. Scale bars: 0.5 cm (A), 500 ym (B), and 5 pm (C).
Notes: Reproduced from Burgio F, Rimmer N, Pieles U, Buschmann J, Beaufils-Hugot M. Characterization and in ovo vascularization of a 3D-printed hydroxyapatite scaffold
with different extracellular matrix coatings under perfusion culture. Biol Open. 20I8;7(I2):bi0034488.I3I Creative Commons (https://creativecommons.org/licenses/by/4.0/).
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stable and excellent

Nonetheless, Ti-based alloys have some limitations as

nature biocompatibility.
implant material such as non-biodegradability because of
its superior corrosion resistance and high stiffness, which
may result in implant failure."*? In comparison with Ti-
based metals, iron (Fe)-based metals are the most com-
monly used biodegradable metals and it exhibits mechan-
ical characteristics resembling that of natural bone.'3*:'3*
However, Fe exhibits a relatively slower rate of degrada-
tion, which gives an adequate period for new bone
ingrowth, while also providing the required mechanical
support.>>!° The biocompatibility of Fe needs further
research, thereby limiting its applications in bone tissue
regeneration. To overcome this limitation, bioceramic sur-
face coating is one of the approaches which can enhance
biocompatibility.'>> HA coating on metallic implants
shows magnificent bone integration because it is the
chief mineral component of bone.'>”'*® To evaluate their
property, Yang et al'> applied nanostructured HA onto
3D-printed Fe scaffolds for better bone regeneration. In
this study, the pure Fe scaffold was fabricated by the use
of the 3D-printing method and then the surface was mod-
ified with HA. This surface modification allowed for the
survival of rabbit bone marrow mesenchymal stem cells
(BMSCs). These scaffolds possessed high porosities, while
the compressive yield strength and Young’s modulus cor-
responded to those seen in natural bone. The scaffolds
showed a high binding ability to bone, enhanced viability,
alkaline phosphatase activity, and osteogenic differentia-
tion of BMSCs cultured on the scaffold. Therefore, for
load-bearing bones, 3D-printed Fe scaffolds coated with
choice for bone

nano-HA may be a favorable

S
regeneration. >

Carbon-Based Nanomaterials
Carbon-based nanomaterials are also used for the develop-
ment of 3D-printed bone tissue engineering scaffolds.'®*-1¢!
There are different types of carbon-based nanomaterials with
different dimensions such as carbon nanotubes, fullerenes,
and graphite that have been prosperously employed in bone
tissue engineering owing to their strong mechanical stability
and electrical conductivity.'**~'%*

Among these nanomaterials, carbon nanotube (CNTs)
have been extensively used owing to their different proper-
ties like mechanical, electrical, thermal, non-cytotoxic
effect, elasticity, fatigue resistance, and porosity which
make them suitable material to incorporate into 3D print-

ing polymers.'®>"'"? Carbon nanotubes contain hollow

cylindrical nanostructures that are made from graphene
sheets.'® Carbon nanotubes can be allocated into two
subtypes: single-walled carbon nanotubes (SWCNTSs) and
(MWCNTs). 47173
MWCNTs deliver appropriate nucleation sites that permit

multi-walled carbon  nanotubes

solid interactions with polymers and also allow better
cross-linking and functionalization.'”*!7>

Thus, Cui et al'’® evaluated the use of MWCNTs
integrated into a polyion complex (PIC) hydrogel which
was 3D printed using an extrusion-based technique to form
the PIC/MWCNT biohybrid hydrogels. These hydrogels
were used in a rat calvarial defect model. The scaffolds
exhibited high bone volume/total volume ratios and bone
mineral densities, in addition to promoting regeneration of
bone tissue. Additionally, PIC/MWCNT hydrogels exhib-
ited high biocompatibility with rat BMSCs and enhanced
osteogenic differentiation. This study showed that these
nanocomposite scaffolds have strong biocompatibility,
mechanical strength, adequate porosity for cell ingrowth,
and induced bone tissue formation.'”®!”’

Gnanasekaran et al'’® used FDM for 3D printing of
CNT and graphene-based polybutylene terephthalate
(PBT). The PBT composite filaments with CNT and gra-
phene were fabricated by melt extrusion process and the
electrical percolation threshold by 3D printed to mono-
layers was determined, which is shown in Figure 7. The
3D-printed PBT/CNT objects were found to have higher
conductivity and mechanical characteristics and showed
better efficiency than 3D printed PBT/graphene structures
in terms of printability, electrical conductivity, and
mechanical stability.'’® Similarly, to overcome the 3D
printing limitation of making desired microscale features

1! evaluated the

and electrochemical properties, Liu et a
rapid and homogeneous one-step functionalization of car-
bon nanotube using a 3D printing technology. In this study,
CNTs and single-stranded deoxyribonucleic acid (ssDNA)
blended to produce a negatively charged
sSDNA@CNT nano-complex. Additionally, free amine

groups were generated from 3D-printed PPF scaffolds

were

and then applied to the 3D-printed scaffolds. The results
revealed that the rapid and simple functionalization pro-
vides a uniform and non-toxic coating of CNTs onto the
scaffold, thereby enhancing cell adhesion, proliferation,
and differentiation. It also enhanced the cells’ ALP activ-
ity, osteocalcin (OCN), osteopontin (OPN), and other
osteogenic gene marker expressions. The overall result
demonstrates that 3D-printed scaffolds blended with
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| PBT/CNT

Figure 7 (A) Extruded PBT/CNT composite filament. (B) 3D printed monolayer of PBT/CNT composite. (C) SEM image of the PBT/CNT monolayer illustrating the ridges.
(D) Extruded PBT/G composite filament. (E) 3D printed monolayer of PBT/G composite. (F) SEM image of the PBT/G monolayer illustrating the ridges. Black scale bars are

I ¢cm and white scale bars are 500 um.

Notes: Reproduced from Gnanasekaran K, Heijmans T, van Bennekom S, et al. 3D printing of CNT- and graphene-based conductive polymer nanocomposites by fused
deposition modeling. Appl Mater Today. 2017;9:21-28.'7® Creative Commons (https://creativecommons.org/licenses/by/4.0/).

CNTs can be considered as suitable candidates for use in
orthopedics.'®!

Carbon dots (CDs) are zero-dimensional nanomaterials
with a size less than 10 nm, consist of sp2 carbon that is
formed by 23 parallel graphene sheets.'”®"'%* CDs consist
of a carbogenic core with substantial quantities of oxygen,
hydrogen, and carbon on their surface.'*° CDs have gained
many researchers’ attention because of their superior prop-
erties in comparison with other semiconductor quantum
dots, which include optical properties, excellent solubility
in water, low toxicity, easily functionalized surface, ultra-
small size of the particle, and good biocompatibility.'** '8¢
The main advantage of CDs is the low cost of their
synthesis.'® Some of the research studies suggested that
the carbon dots do not affect cell viability, proliferation,
metabolism, and differentiation.'®’

Gogoi et al'®® developed a bio-nano-macromolecular
approach for bone tissue engineering, in which a tannic
acid-based water-dispersible hyperbranched polyurethane
is fabricated with bionanohybrids of carbon dot and four
different peptides that impart target specific in vivo bone
healing ability. This bio-nano-macromolecule had been
blended with 10 wt% of gelatin. In vitro study shows
that the developed polymeric system reveals good osteo-

blast adhesion, proliferation, and differentiation. The in-

vivo study result shows ectopic bone formation ability and
the occurrence of calcification and blood vessel formation.
Thus, this study demonstrates that the carbon-dot-peptide
functionalized hyperbranched polyurethane gel is useful in
bone tissue engineering applications.'®® In another study,
Sarkar et al'®® developed carbon dots conjugated carbox-
ymethyl cellulose-hydroxyapatite nanocomposite as a
material for osteogenic bone regeneration scaffolds. Here
the nanocomposite had been synthesized by the simple
one-pot fabrication method. The study results reveal that
it has good biocompatibility, excellent ability for drug
loading, and specific bone regeneration properties which

were highly economical.'®’

Ceramic Based Nanomaterials

Nanoceramics with their crystallographic structure and
strong atomic bonds have gained attention in bone repair
owing to their superior characteristics such as high thermal
stability, high corrosion resistance, chemical stability, bio-
compatibility, stability, increased hardness, cell-matrix
interaction, strength, and wear resistance.'”*°? In com-
parison with conventional ceramics, nanoceramics pos-
such as processing,

sessed distinctive  properties

mechanical, and surface -characteristics, which make

them suitable materials for bone tissue engineering
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applications.'”® Nevertheless, there are certain limitations
of nanoceramic materials such as weak tensile modulus,
brittle nature, and lower toughness. To overcome these
drawbacks, nanoceramic materials were incorporated into
polymer matrices.'”® Mondal et al'®* evaluated the 3D
printed PLA scaffold with reinforced nano-HA biocera-
mics. The scaffolds were 3D printed in 0°, 45°, and 90°
printing angles on the XY plane. This study revealed that
the 90° orientation provided PLA scaffolds with maximum
compressive stress and porosity, along with enhanced cell
attachment and proliferation capability. These results
showed that HA nanoparticles enhanced scaffold surface
activity and mechanical strength making them a suitable

material for bone tissue engineering.'*

Composite Nanomaterials

3D printed composite scaffolds have previously been used
for various applications because of lower production costs
and their ability to assemble complex geometries.'*>!
There is increasing attention to the development of print-
ing materials with a broad range of applications and blend-
ing different materials with unique properties for
generating high-performance composites.'®’ 2" The nano-
composite scaffolds showed advanced mechanical, ther-

mal, chemical properties, and improved cell behavior

when compared against conventional composite
scaffolds.*'**
Zhang et al**® evaluated the properties of multifunc-

tional magnetic Fe;O,4 nanoparticles embedded in meso-
porous bioactive glass/polycaprolactone (Fe;04/MBG/
PCL) scaffolds. This study revealed that the integration
of magnetic Fe;O4 nanoparticles within the MBG/PCL
scaffolds enhanced their properties such as physicochem-
ical, inducing ALP activity, proliferation rate, osteogenic
activity, and extracellular matrix (ECM) mineralization
when human BMSCs were cultured on the scaffolds.
Additionally, the Fe;O04/MBG/PCL scaffolds presented
high compressive strengths of 13—-16 MPa, 400 um pore
size, and 60% porosity. These desirable characteristics are
of great significance for orthopedic applications.?*?

The 3D printing technique has displayed potential in
the fabrication of 3D-printed scaffolds for regenerative
medicine.’** 2% There is a restricted selection of synthetic
polymers for 3D printing because bio-ink must have bioac-
tivity, mechanical strength, printability, and biological

209211

characteristics. Synthetic polymeric biomaterials

used for 3D printing are typically bioinert; however,

bioactive nanomaterials can be incorporated into them
for direct and improved cell functioning.?'* '

Carrow et al evaluated the influence of 2D nano silicate
addition to poly (ethylene oxide terephthalate) (PEOT)/
poly (butylene terephthalate) (PBT) scaffolds. Human
MSCs were seeded on scaffolds with or without the pre-
sence of nanosilicates, to determine the extent of differ-
entiation on the nanocomposites surface and the influence
of nanosilicates on hMSCs adhesion (Figure 8). The
mechanical stability of the 3D scaffolds was ascertained
after the addition of nanosilicates with PEOT/PBT, by
using uniaxial and cyclic compression testing. The results
revealed that the incorporation of nanosilicates with
PEOT/PBT induced a decrease in scaffold degradation,
improves bioactivity, enhanced mineralized matrix produc-
tion, and upregulated the expression of osteo-related pro-
teins (Figure 9). However, there was no significant rise in
fabricated scaffolds.

Overall results demonstrate that the collaborative capabil-

the mechanical stiffness of the

ity of nanosilicates and PEOT/PBT can be exploited for
fabricating bioactive scaffolds for bone regeneration.'®

Liu et al*'” evaluated the use of a 3D-printed anterior
cruciate ligament surgical implant in male rabbit models.
The rabbits were categorized into three groups based on
the implant type received including the PLA group, PLA/
HA group, and the mesenchymal stem cells (MSCs) group.
For this study, orthogonal and porous polylactic acid
(PLA) screw-like scaffolds coated with HA were used,
which considerably improved its osteoconductivity and
also enhanced cellular adhesion. MSCs were loaded within
the scaffold for internal fixation and cellular delivery.
Assessments were conducted in vitro and in vivo using
the cell-seeded scaffolds to monitor the bone-ligament
healing. The results revealed that MSCs that were loaded
in the PLA/HA scaffolds presented notable bone ingrowth,
in addition to improved collagen fiber deposition along the
new bone and tendon. The outcome of this study demon-
strates that PLA-based scaffolds can improve bone growth
while overcoming the limitations of slow degradation of
pristine PLA during the growth process.?’” In 2017, Yeon
et al*'® evaluated a 3D-printed bone clip that was made up
of PLA, HA, and silk materials. Compared with the PLA/
HA and PLA clips, the PLA/HA/silk composite bone clip
exhibited good mechanical stability, higher cell growth,
excellent biocompatibility, and was considerably non-inva-
sive compared to traditional methods involving drilling in
the bone.”'®
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Figure 8 SEM Images of nanocomposite scaffold architecture following extrusion with 400-um diameter nozzle. (A) Top view of single layer print; (B) side view of seven-
layer print displaying inter-layer spacing and lateral spacing between fibers; (CandD) cross-sectional view of single fibers following biopsy from the macrostructure.

Notes: Reproduced from Carrow JK, Di Luca A, Dolatshahi-Pirouz A, Moroni L, Gaharwar AK. 3D-printed bioactive scaffolds from nanosilicates and PEOT/PBT for bone
tissue engineering. Regen Biomater. 2019;6(1):29-37.2'® Copyright © 2018, Oxford University Press. Creative Commons (https://creativecommons.org/licenses/by/4.0/

legalcode).

Different polymeric composites are used in different
bone tissue engineering applications, especially due to
their biocompatible nature and biodegradation rate.'*-**°
To augment the mechanical properties of polymer-based
composites, researchers incorporated metallic materials to
obtain higher mechanical stiffness. The favorable degrada-
tion characteristic of PLGA has urged researchers to con-
centrate on the making of PLGA porous scaffold with the
assistance of 3D-printing technology. Indeed, the chemical
hydrolysis reaction of ester bonds on the PLGA backbone
results in the assembly of carboxylic acid groups, which
decreases the pH and diminishes the mechanical properties
of the scaffolds.”?"*** To overcome these limitations,
Rasoulianboroujeni et al**® evaluated 3D-printed PLGA
scaffolds blended with nanocomposites of Ti0,.*** The
study showed that PLGA/TiO, exhibited a significant

increase in thermal decomposition, transition temperature,

and ALP activity in comparison to PLGA scaffolds. The
laser microscope imaging revealed a conformed pore size
of 450-500 pum for PLGA/TiO, scaffolds which exhibited
higher compressive modulus, while osteoblasts cultured on
these nanocomposite scaffolds exhibited higher calcium
secretion.”*

Impact of 3D Printing in Bone

Regeneration Applications

Bone transplantation has become the second most com-
mon transplant after blood transfusion, since many organs
in the body cannot repair themselves, such as large bone
defects. Bone grafts are essential to treat the majority of
bone defects caused by fractures, bone tumors, osteogen-
esis imperfecta congenita, and other bone diseases. The 3D
bioprinted bone grafts are becoming promising implants in
the clinic. Currently, 3D bioprinted bone is often applied
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Figure 9 In vitro studies on bioactive nanocomposite scaffolds. (A) hMSCs seeded on 3D scaffolds proliferated over one week. The effect of nano silicate on hMSCs
differentiation was evaluated by monitoring. (B) ALP activity and production of mineralized matrix. The presence of nanosilicates upregulated the peak ALP activity (Day 14)

and production of a mineralized matrix (Day 21). ***P<0.001.

Notes: Reproduced from Carrow JK, Di Luca A, Dolatshahi-Pirouz A, Moroni L, Gaharwar AK. 3D-printed bioactive scaffolds from nanosilicates and PEOT/PBT for bone
tissue engineering. Regen Biomater. 2019;6(1):29-37.2'® Copyright © 2018, Oxford University Press. Creative Commons (https:/creativecommons.org/licenses/by/4.0/

legalcode).

to make prosthetic limbs and surgery planning tools. It is
possible to make the shape of each implant specific to each
patient and control the porosity of different regions of the
implant. This aspect facilitates the osseointegration pro-
cess among the implant and the natural bone tissue and
promotes the growth of cells in the implant gap.225
Artificial bone made with 3D printing requires certain
properties, and one of the key parameters is the materials
used for printing. The materials can be split into natural
biomaterials and synthetic materials according to their
sources, including metal, natural biomaterials, polymer
composites, nanomaterials, and bioceramics. The com-
monly used metallic materials are stainless steel alloy,
vitallium, and titanium alloy. Among them, titanium
alloy is commonly used in the repair of load-bearing
bone. Naturally derived biomaterials include alginate, chit-
osan, chitin, and coral collagen, which are widely avail-
able,
biocompatibility.”?**?” Figure 10 shows porous gelatin

non-toxic, low-cost, and  have  good

scaffolds with uniform pores and complex architecture.**®
Polymer composites include polylactic acid (PLA), poly-
glycolic acid (PGA), poly lactic-co-glycolic acid (PLGA),
and polycaprolactone (PCL). Besides, researchers also
focus on bioceramics due to their strong biocompatibility,
osteoinductivity, and degradability, such as hydroxyapatite
(HA), bioactive glass (BG), tricalcium phosphate (TCP),
self-setting calcium phosphate cement (CPC), and biphasic
calcium phosphate (BCP).

Pore size and porosity along with its distribution and
geometry collectively referred to as pore parameters. In
order to strike a perfect balance between the mechanical
strength of the bone substitute and its responsiveness to its
biological environment, pore parameter optimization is
necessary. Larger pore size better facilitates the infiltration,
mobility, and migration of osteocytes along with promot-

ing vascularization and osteogenesis.”*’

It happens
because the larger the pore size, the better the cell—cell

signaling will be. On the other hand, the larger the pore
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Figure 10 Uniformly formed highly porous interconnected network via the combination of indirect 3D printing and foaming processes. (A-D) Indirect fabrication can be
combined with a foaming process to produce highly and uniformly porous gelatin scaffolds with complex channel architectures. (E and F) The order of this structure can be
improved further by incorporating monodispersed microspheres into the casting process.

Notes: Reproduced from An |, Teoh JEM, Suntornnond R, Chua CK. Design and 3D Printing of Scaffolds and Tissues. Engineering. 2015;1(2):26 1-268.2* Creative Commons

(https://creativecommons.org/licenses/by/4.0/).

size, the lesser is the mechanical strength of the bone
substitute and hence, pore parameter optimization is neces-
sary. It is not like that the pore size is the only important
parameter, pore geometry and distribution should be rela-
tively similar to that of in regular bone, to mimic the bone
connectivity as closely as possible. Consistent porosity
facilitates improved cellular mobility, adhesion, and
increased rate of proliferation when compared to the sub-
stitute in which porosity percent is similar but the distribu-
tion is not. Optimized pore parameters for different
biomaterials were compiled so that they may serve as a
point of future reference.”*% 2%

The growth of 3D printing in the field of science and
technology has been enormous mainly due to its flexibility
in design, composition and thereby providing a wide num-
ber of applications.

In the future, 3D printing has the potential to develop
into a useful tool for fabricating bone substitutes and for
use in the field of tissue engineering. 3D printing technol-
ogy allows the usage of various input materials, which can
be mixed and utilized for testing the compatibility with
several cells and tissues. Technological advances can
improve the design and fabrication of complex, structural
details in the bone substitutes, which will allow the

scaffolds to mimic the intricate details of the natural
bone. Also, pre-vascularized constructs with capillary net-
works capable of integrating with the natural bone will
vastly improve the chances of the bone substitute attaching
to the surgical site. These pre-vascularized constructs can
be fabricated with the use of different bio-inks and multi-
head bioprinters. The constructs can be modified to toler-
ate mechanical stresses, especially at heavy load-bearing
sites, which are common in bones. These custom-designed
scaffolds will further be able to provide patient-specific
bone substitutes, which would improve healing rate and
physical appearance as well.>*?**-*3 Figure 11 shows the
schematics of a 3D-printed scaffold with a complex porous
architecture used for bone regeneration application in a
rabbit model.>*”

With the continuous and rapid development in the
population and the rise in average life expectancy across
the world, the demand for tissue engraftments and organ
transplantations sees an upsurge. Present treatments related
to injured organs and tissues are non-ideal. In addition,
patients undergo painful surgeries and expose to longer
recovery periods without retaining complete restoration of
the tissue and organ function.'*>**° These are some of the
limitations of the existing treatments. Surgeons either
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Figure Il (A) The implantation process of a 3D printed scaffold for bone defects of rabbits. (B) Microstructure of human cortical bone. (C) Schematic diagram of the
channel structure which is an ideal space for bone tissue ingrowth; a channel structure has been observed along with the black arrow. (D) Gross morphology of the 3d-
printed scaffold (E) Photo of the side of the printed scaffold. (F) Photo of the top surface of the printed scaffold. (G) The channel is shown in the sketch map of the 3d-

printed scaffold structure.

Notes: Reproduced from Ma J, Lin L, Zuo Y, Zuo Q, Li}, Li Y. Modification of 3D printed PCL scaffolds by PVAc and HA to enhance cytocompatibility and osteogenesis. RSC
Adv. 2019;9:5338-5346.23° Creative Commons (https://creativecommons.org/licenses/by-nc/3.0/).

compromise the rate of progress to avoid rapid degenera-
tion or sacrifice the other healthy tissues.”>” One way of
overcoming these problems is to increase the understand-
ing of cell and tissue interactions at a nanoscale level and

thus crafting biomimetic nanostructured tissue constructs
using nanomaterials to mimic biological patterns.”**** In
principle, the nanoscale of dimensions is the intermediate
region that exists between the macro level and the
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molecular level, in which the material has at least one
dimension sized from 1 to 100 nanometers, thereby con-
stituting a nano-structure (such as a synthetically produced
nanoparticle or nanomaterial).'**?*! Nanotechnology
can revolutionize and transform the fields of bone tissue
engineering, implantable materials, diagnostics, and treat-
ment of orthopedic surgical conditions.?*'**** 3D bioprint-
ing using nanotechnology is emerging as a promising
strategy for research and development.'>43-244

In 2013, Maleki** proposed an efficient one-pot multi-
component reaction for diazepine synthesis. It uses silica-
supported superparamagnetic iron oxide nanoparticles as a
nanocatalyst. To its advancements, Maleki’*® describes a
green technique called ultrasonic irradiation using multi-
wall carbon nanotubes and a TiO, hybrid nanostructure
catalyst. This protocol has many benefits, including higher
yields, shorter reaction times, mild reaction conditions,
and environmental friendliness. Alcohols and olefins can
be selectively converted to chemically essential aldehydes.
Mani et al**” described an electrospinning technique to
create an electrospun polyurethane scaffold for bone tissue
engineering with nickel oxide nanoparticles and groundnut
oil. Nickel oxide nanoparticles were synthesized using a
with
Plectranthus amboinicus. For bone tissue engineering

microwave-assisted green  synthesis  process
applications, fabricated nanocomposites act as a suitable
candidate because of their effective physicochemical prop-
erties and mineral deposition.

Plant-based natural polymers are important as scaf-
folds in tissue engineering, according to Iravani et al,**
because they are readily available, non-toxic, and inex-
pensive, as well as biocompatible. The porous scaffolds
of zein/polycaprolactone biocomposite were used by Wu
et al** with a porosity of about 70% and increased
hydrophilicity.

In 2013, Mututuvari et al*>® used a cellulose-chito-
san-hydroxyapatite composite material; cellulose and
chitosan are polysaccharides that can be used to build
scaffolds. Similarly, silk fibroin with graphene oxide
aids in enzyme resistance®>! Zhou et al*>* proposed a
more efficient and environmentally friendly method in
2015, based on an electrospun collagen/hydroxyapatite
composite with a uniform and continuous fibrous mor-
phology. To resemble natural bone, the composite is
oriented in a longitudinal direction. The collagen/HAP
composites had a 40-fold higher tensile strength. The
collagen/HAP fibrous composites had no cytotoxic

effects and could enhance cell viability and proliferation
in vitro with U2-OS cells.

Translational Aspects of 3D Printed
Bone Substitutes

Bone tissue engineering typically aims to expedite the
regeneration of tissues, especially critical size bone
defects, through a combination of cells, bioactive factors,
and scaffolds. Although in vivo studies have been per-
formed extensively with several producing good results,
very few products are present today at the clinical stage.
The challenges in translation can vary from designing and
manufacturing the bone substitute using current Good
Manufacturing Practices (¢cGMP) to obtaining regulatory
approval for marketing the product. There is a pressing
need to focus on patient-specific implants and personalized
treatment methods, to achieve effective clinical translation.

Potamianos et al”> used SLS technology to print surgical
models for the treatment of right shoulder injuries that may
result in a double fracture of the clavicle and scapula. By SLS
model analysis, researchers observed that the clavicle of the
patient was intact and partially adhered to the scapula.
Therefore, the surgery was not necessary. In this case, the
SLS model was used for analysis to avoid the risk of surgery
12 selected 61 types of
SLA printed bones or prosthesis models from 39 patients

for patients. In another study, Zou et a

who received 3D printing auxiliary diagnosis, preoperative
planning, and surgical simulation. The models were divided
into three groups: long bone, irregular bone, and prosthesis.
The result of the study showed that the 3D error and relative/
absolute difference between the 3D model printed by SLA
and the model data obtained from CT data of bone were
within an acceptable range, which proves that the use of the
SLA printed model in the identification and treatment of
bone diseases was effective.

Maini et al*>® fabricated real-time 3D pelvic models of
acetabular fracture patients for accurate preoperative plan-
ning based on SLS technology with nylon polyamide as a
raw material in a case study. The results showed that post-
operative hemorrhage, operation time, and postoperative
reduction effect of the case group were all improved to
some extent compared with the control group. In another

report, Ackland et al*>*

adopted the technique to treat a
patient with grade 5 osteoarthritis of the left temporoman-
dibular joint. In the process, the researchers sterilized the 3D
printed personalized prosthesis and implanted it into the

patient, and then they measured its function 12 months
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after the operation. The experiment proved the 3D printed
personalized prosthesis was effective.

Jalbert et al*>’ removed large lesions in the frontal
orbital region and used PEEK-specific implants for the
best primary skull reconstruction. To reduce the operation
time and avoid complications, preoperative large area resec-
tion was performed virtually on 3D imaging to obtain a
correct definition of the final defect and to precisely fabri-
cate the correlated implants, thereby achieving aesthetic and
functional effects after the real operation. In the treatment of
a 43-year-old patient with chondrosarcoma, Kang et al**®
implanted a PEEK rib prosthesis printed by FDM into the
patient. Unlike traditional design methods, the prosthesis
used in this study was designed according to the centroid
trajectory of the replaced rib. The patient was discharged
from the hospital ten days after the operation, and the
results of the chest scan showed that bone reconstruction
was stable and the shape of the chest was retained.

Kanno et al**° reported a clinical trial in which 3D-
printed bones were prepared from CT images by ink-jet
3D printing using calcium phosphate as raw material and
were applied in the treatment of 20 patients having facial
bone deformities caused by congenital malformation,
tumor, or trauma. During the follow-up of patients from
one to seven years, no significant systemic events caused
by transplantation were found in one year post-surgery.
This trial proved that these artificial bones had favorable
biocompatibility with the recipients.

Summary and Future Perspectives
The technological advancements in the field of 3D printing
for engineering bone have been summarized in this review.
This strategy has also enabled the integration of bioactive
factors and cells into complex 3D tissue constructs printed
through different techniques, such as SLA, SLS, FDM,
and ink-jet 3D printing. Conventional biomaterials such
as metals, polymers, and ceramics are used in clinical
applications with moderate success rates. Therefore, the
use of 3D-printed prostheses offers promising potential in
regenerative medicine and can possibly change the way
that orthopedic surgeries are conducted.

It is anticipated that there would be differences
between natural and artificial tissues; therefore, research-
ers must maintain an appropriate balance while integrating
the different cell types and 3D printing techniques to
synthesize the scaffolds. Additionally, the types of defects
that would be repaired with the help of tissue engineering,
such as ligaments and osteochondral defects, require the

integration of more than one cell type. Therefore, a suc-
cessful 3D bioprinting process is expected to support
simultaneous growth and differentiation of different cell
types and tissues. The complex design restraints limit the
efficiency of the currently available methods, particularly
while trying to regenerate clinically relevant size injuries.
Some of these limitations can be addressed by the use of
nanobiomaterials. Nanomaterials conveniently offer the
tunability and flexibility required for the scaffolds to main-
tain and adhere to the tissue microenvironment. Moreover,
nanomaterial-based scaffolds can be tailored according to
the patient’s needs with the help of 3D printing technology
and image technologies (eg CT, CAD) which specifically
scans, records, and analyzes imaging data of the injury
from which the scaffold will be printed. The current devel-
opments pertaining to the 3D printing of bone substitutes
using various types of biomaterials and nanomaterials can
further lead to implementing patient-specific health care. A
healthy and adaptive community has driven the opportu-
nity for researchers and clinicians worldwide to implement
3D printing technologies, thereby increasing its potential
for use in regenerative medicine.
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