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Customized porous structures are widely used in bone tissue engineering as bone
substitutes. In natural bone, the bone tissue relies on the blood vessels in the vesicular
structure for nutrition supply. When a defect appears, the biomimetic porous scaffold
becomes a good candidate for the formation of new blood vessels and helps bone
tissue ingrowth. To construct an osteoconductive bone scaffold that is suitable for
the defect region, the powder-based three-dimensional printing technology holds great
promise, since it can deal with biocompatible, and biodegradable materials. In this
mini-review, we introduce several types of powder-based manufacturing technologies
and their corresponding printable materials for the construction of porous structures. In
addition, some research cases are highlighted to illustrate the recent development of
some research directions related to powder-based 3D printed bone scaffolds.

Keywords: 3D printing, selective laser sintering, binder inkjet printing, osteochondral scaffold, bone tissue
engineering

INTRODUCTION

The three-dimensional (3D) porous structure has always received considerable attention in
different fields, such as materials science and bone tissue engineering, due to its ability to enhance
the mechanical properties as well as its excellent biomimetic design as bone scaffolds. For example,
when forming this structure inside materials with a high Young’s modulus, it can help enhance the
deformability of the material system and improve the fracture strain (Wu et al., 2017); based on
that, some stretchable devices were made in 2016 (Shasha et al., 2016). When used as an implanted
bone scaffold, a porous shape similar to the natural bone with a porosity of 50-90 vol% makes it a
good candidate for mechanically supporting cell growth and inducing angiogenesis (Peltola et al.,
2008; Senatov et al., 2016). However, this small inner structure with complex geometry could not
be realized by traditional manufacturing processes, such as computer numerical control (CNC)
machining, before the development of neoteric 3D printing technology. Using neoteric 3D printing
technology, a custom structure with different sizes (radii) and shapes of the pores, as well as porosity
can be achieved to meet the needs of real applications.

This review paper describes the powder-based 3D printing technologies and biomaterials used
for the fabrication of porous structures in tissue engineering. Furthermore, as the 3D printed
porous structure is mostly used as implanted scaffolds for bone defects, the recent research status
of 3D printed porous scaffolds for bone defect repairing is also included.
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MANUFACTURING TECHNOLOGIES AND
PRINTABLE BIOMATERIALS

Powder-Based 3D Printing Technology

Over the past decades, the development of 3D printing
technology has enabled the fabrication of small and complex
structured scaffolds, and this technology has significantly
improved the treatment of orthopedic diseases. Compared to
treatments such as autografts and allografts, the use of 3D printed
scaffolds for bone tissue regeneration can be patient-specific and
avoid further damage to a potential donor site (Asadi-Eydivand
et al., 2016; Ran et al,, 2018). Nowadays, 3D printed scaffolds are
mostly fabricated by powder-based 3D printing techniques, such
as selective laser sintering (SLS), selective laser melting (SLM),
and binder inkjet printing (BIP). These three printing methods
have some similarities, such as using a roller to roll the powder
from the powder supply platform to the fabrication platform and
forming the structure layer by layer from bottom to top; however,
different methods are used to construct each layer. Therefore,
based on the forming methods, it can be categorized into two
types, which are laser-induced methods and the binder-induced
methods, and the fabrication details of these methods will be
introduced in this section.

The laser-induced methods include selective laser sintering
(SLS) and selective laser melting (SLM). As shown in Figure 1A,
during the SLS process, the material powder is first put on the
powder supply platform with a pre-set powder bed temperature
below its melting point and is rolled to the fabrication platform.
After one layer of powder has been laid down on the platform,
the scanner usually employs CO, and Nd in a YAG laser with
different working powers to selectively scan and sinter each
powder layer. After repeating this laser scanning process, it can
form porous scaffolds based on the STL files (Kuscer and Shen,
2014; Yuan et al., 2018). In SLS, the material powder is sintered
but not fully melted to connect; however, in the SLM process,
the temperature is high enough to fully melt the powder and
fuse it into one metal block with better mechanical compliance.

Therefore, the main difference between SLS and SLM relates to
different types of materials. SLS can cover plastic, ceramic, and
metal alloys without a particular melting point, however, when
dealing with pure metal such as titanium, SLM is a good choice.

The binder inkjet printing is another way of forming a porous
structure, as illustrated in Figure 1B; it shares similar processes
of powder preparation with the laser type. Once the roller passes
a layer of powder to the fabrication platform in the x-y plane,
a binder solution is selectively delivered from the binder inkjet
head on the bottom powders to bind the powders in a certain
region (Cox et al, 2015). The diluted phosphoric acid-based
binder solution is mostly used when fabricating osteoid-like
bone scaffolds (Table 1), since it can react with B-tricalcium
phosphate (8-TCP) to form bioresorbable calcium phosphates
and degrade over time (Bergmann et al., 2010; Tarafder et al.,
2012; Inzana et al., 2014). Besides, researchers also used organic
based benders like polyvinyl pyrrolidone (PVP) and polyvinyl
alcohol (PVA), for example, recent study has shown that 1.0 wt%
PVA is most suitable as bender for HA bioceramic bone scaffold
(Chali et al., 2020).

Commonly Used 3D Printable Biomaterials
It is widely accepted that the porous structures inside scaffolds
are designed to support the cells and tissue during the bone
ingrowth during the recovery period, and the scaffold itself
degrades over time when the bone is recovered and absorbed by
the human body. Based on this, the printable biomaterial powder
should comply with certain rules, for example, (1) it should be
biocompatible and biodegradable, (2) should not have harmful
byproducts after degradation, (3) should provide sufficient
mechanical strength. These characteristics are mostly found in
some biopolymers, bioceramics, and other composite materials.
One of the most famous classes of materials is calcium
phosphates, especially B-tricalcium phosphate (8-TCP), which
shares a similar mineral composition with natural bone and can
be absorbed over time. As mentioned in printing technology, this
material is mostly used together with a phosphoric acid-based
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FIGURE 1 | (A) Schematic diagram of the working principle of selective laser sintering and selective laser melting. (B) Schematic diagram of the working principle of
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TABLE 1 | List of state-of-art 3D printed porous scaffolds for bone tissue regeneration.

Materials Layer Pore size Biological testing References
thickness
Selective laser Polycaprolactone (PCL) 200 um 1. Both evaluated in vivo and in vitro studies Chen et al., 2014
sintering
Poly (3-hydroxybutyrate-co-3- 80 um 240-366 um / Diermann et al., 2019
hydroxyvalerate;
PHBV)/Akermanite (AKM)
Polycaprolactone (PCL)/ 400 um 400-500 um 1. In vivo animal evaluation in rats Duetal., 2017
Hydroxyapatite (HA) 2. In vitro cellular evaluation in rat
mesenchymal stem cells
Poly-¢-caprolactone (PCL)/ 101.6 um 1. In vitro cell culture testing shows the Wiria et al., 2007
Hydroxyapatite (HA) Saos-2 cells could grow well in scaffold
Polyetheretherketone 100 um / Tan et al., 2003
(PEEK)/hydroxyapatite (HA)
Titanium powder 30 um / Han et al., 2018
Selective laser Cobalt-chromium-molybdenum 200 um 510-800 1. In vitro biocompatibility testing. Caravaggi et al., 2019
melting alloy um
Titanium powder (TIBAL4V) 30 um 212 x 212mm?  / WeiBmann et al., 2016
2.83x 2.83mm?
Binder inkjet printing ~ B-TCP/ bioactive glasses 25-100 um / Bergmann et al., 2010
Binder solution: Phosphoric acid
Poly (lactide-coglycolide) 120 um 1mm 1. In vivo osteogenesis evaluation in rabbits Laiet al., 2019
(PLGA)/ B-TCP/ Mg Powder 2. Neovascularization analysis (microfil)
3. Micro-CT shows newly formed bony
tissue
B-TCP 20 um 500 um 1. In vitro cell material interaction using Tarafder et al., 2012
human fatal osteoblast cells
2. In vivo osteogenes evaluation
Hydroxyapatite (HA)/a -TCP 89 um 20-50 um 1. In vitro cytocompatibility testing Inzana et al., 2014
Binder solution: 2. In vivo evaluation in murine femoral defect
phosphoric acid/collagen
Hydroxyapatite/ 100 um 1mm / Cox et al., 2015
Poly(vinyl)alcohol (PVOH)
B-TCP/ 0.5 wt% SiO/ 0.25 wt% 20 pm 500 um 1. In vivo study in male rabbits Nandi et al., 2018

ZnO

2. Histological analysis for osseous tissue

binder solution in binder inkjet printing. Taking advantage of
its osteoconductive property, TCP scaffolds with different pores
sizes have been fabricated and studied both in vitro bone cell
and in vivo by implanting scaffolds in male Sprague-Dawley
rats (Tarafder et al., 2012). Apart from this, composite granules
of B-TCP with other materials, such as biocompatible glass,
collagen, and hydroxyapatite, have also been studied and their
feasibility as bone scaffolds has been verified by some researchers
(Bergmann et al., 2010; Wang et al., 2014). By incorporating
collagen, which is of great importance in the formation of the
extracellular matrix, the fabricated porous structure can achieve
better osteoconductive and osteoinductive properties (Inzana
et al., 2014). Most recently, a piezoelectric bone scaffold was
fabricated by the barium strontium titanite/8-TCP composite
material. This study shows the potential of the piezoelectrical
ceramic materials in bone scaffolds fabrication (Tariverdian
et al., 2019). Another important material is polycaprolactone
(PCL), a biodegradable polymer that remains firmly and non-
toxically inside the body for 6 months, then gradually degrades
and gets completely absorbed in 2-3 years (Guvendiren et al.,

2017); therefore, PCL is an excellent candidate for bone and
cartilage scaffolds (Dévila et al., 2016). As shown in Table 1,
PCL is the most preferred polymer in the SLS system. Together
with hydroxyapatite (HA), porous scaffold based on PCL/HA
composite microspheres is fabricated by the SLS technology.
Here, the HA is added to substitute the mineral component in the
natural bone to help enhance the connection between the cells
and the scaffolds (Du et al., 2017). In addition, type II collagen
and gelatin are also studied as surface modification materials for
PCL scaffold, an in-vitro study shows that using type II collagen
for surface modification is more effective than gelatin in the PCL
scaffold when stimulating ECM protein secretion (Chen et al.,
2014). Apart from TCP and PCL, composite powder particles
of Poly(vinyl)alcohol (PVOH) /HA have also been applied in
bone scaffolds.

APPLICATION AS BONE SCAFFOLD

Although the above-mentioned 3D printing technologies allow
the fabrication of bone scaffolds, when designing bone scaffolds,
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other factors that can support cell and tissue growth and
blood vessel formation in practical applications should also be
considered. One of the major issues to be addressed is how to
improve the formation of the highly vascularized tissues when
implanted scaffolds inside the natural bone. To evaluate that,
some biological testing like in vitro cell culture testing and
in vivo osteogenesis evaluation are mostly used and these are
also included in Table 1. To address the issue, researchers from
the University of Oklahoma found that the presence of the Arg-
Gly-Asp (RGD) phage could lead to more vascularized bone
tissue growth in vivo without external osteogenic supplements.
When the RGD phage is combined with the 3D printed
porous structured HA/B-TCP scaffold, more bone forming cells
form inside the microporous scaffolds, which help the bone
repair process (Wang et al., 2014). Other researchers have also
found that using the biocompatible Akermanite (AKM) may
be a good choice when AKM powders are added to poly
(3-hydroxybutyrate-co-3-hydroxyvalerate; PHBV), which helps
speed up the degradation process. These AKM powders, after
forming the porous scaffolds, exist both inside and outside the
scaffold surface, which improves cell adhesion and strengthens
the whole structure, respectively (Diermann et al., 2019). Another
issue is the optimization of the porous structure. Researchers
suggest that the porosity and pore size can not only affect
the degradation of the scaffold material and its mechanical
properties, but also control cell seeding processes, such as
cell distribution and cell attachment that are vital for tissue
growth. For instance, in a study that focuses on the effect of
scaffold porosity, the material infill density of several scaffolds
ranging from 20 to 80% has been studied. In-vivo cellular
testing shows that a 40% infill density with pore size of
0.8 mm is optimal for human adipose-derived stem cells (hASCs)
seeding (Temple et al., 2014). In this area, researchers have also
discussed the effect of different technical parameters, such as
pore size, porosity, layer thickness, etc., which may affect the
manufacturing process. Three cylindrical structures with unit
cells of a fixed strut size (0.6 mm) with different pore sizes (0.4,
0.6, and 0.8 mm) were designed for fabricated scaffolds with
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SUMMARY

The advancement of 3D printing technology enables the
fabrication of complex porous scaffolds for bone tissue
regeneration. In the past decades, bone scaffolds fabricated
using different printing technologies from various biocompatible
materials have been widely studied. Therefore, in this mini-
review, we first summarize the three main powder-based
printing methods, namely, SLS, SLM, and binder inkjet
printing. Some commonly used printable materials are also
included. In addition, a few shortcomings of the porous
scaffolds in practical application have been discussed.
For the fabrication of good quality scaffolds, different
technical parameters of 3D printing machines should be
considered. In addition, the porosity and pore size of the
bone scaffolds are of great importance for the cell seeding
process, which should be carefully designed and tested
both in vitro and in vivo experiments. Thus, some research
progress related to the above issues has also been reported in
this mini-review.
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