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Printing Approaches
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Sandra Amado, Nuno Alves and Paula Pascoal-Faria

Abstract

Over the last decades, the number of work accidents associated with bone
fractures has increased leading to a growing concern worldwide. Currently, auto-
grafts, allografts, and xenografts are used for bone regeneration. However, their
application has associated risks. Tissue engineering (TE) has brought solutions to
address these problems, through the production of temporary supports, provid-
ing mechanical support to the formation of new bone tissue and biocompatible
and biodegradable scaffolds, which allow cell adhesion and proliferation to ensure
bone formation. The combination of materials and structure with the technique to
be used will directly influence their physical and chemical properties and, conse-
quently, their action in contributing to bone regeneration. Thus, the focus of this
chapter is to perform an exhaustive literature review and a critical analysis of the
state of the art in bone TE and present a proposal of an optimized temporary sup-
port geometry for bone regeneration in case of large bone defects. For this, it was
listed and identified the best choice of biomaterials, fabrication method, cell type
and their culture conditions (static vs. dynamic), and/or the inclusion of growth
factors for the repair of large bone defects.

Keywords: large bone defects, bone regeneration, tissue engineering, cell culture,
CAD, scaffolds, additive manufacturing

1. Introduction

The population is increasingly exposed to accidents, both in daily routine and
at work. In Portugal, among 209,390 non-death accidents that occurred in 2017,
almost 4% were bone fractures that are limitative for the active population and
require a long time of recovery [1]. Many research groups have been working on
bone regeneration for over 10 years, but this has not led to effective therapy in a
clinical setting. If it was successful, it would enhance the quality of life for millions
of people and significantly reduce the absence to work due to fractures which are
considered the second higher cause of working day lost.

The bone is a natural composite containing organic components (mainly colla-
gen type I and fibrillin) and inorganic crystalline minerals (such as hydroxyapatite
(Hap)), defined as hard tissue [2-4]. The characteristic of the collagen fibers in
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their structure gives it high tensile strength and its mineral substances impart high
compressive strength and thus excellent mechanical resistance.

Bone, namely in the diaphysis, is made up of cortical or compact bone that
contains its own blood vessels and cells, which aid in its growth and regeneration.
It has many types of cells, such as osteoblasts, osteocytes, osteoclasts, and a matrix
of non-mineralized collagen (osteoid). Bone tissue comprises several functions,
such as: (i) provide structural integrity, and all the necessary support to the soft
tissue of the body, constituting the global support of the majority of the muscles,
(ii) protect vital organs, and (iii) help to balance the minerals, since the bone tissue
stores calcium and phosphate making them more resistant and able to maintain a
balance of blood concentration [5-7]. Bone is known to self-regenerate: pos-natal
bone maintains an intrinsic capacity for well-ordered growth, remodeling to meet
mechanical needs, and renewal after damage [8].

Major bone defects are the result of injury, trauma, nonunion after a fracture,
infection, or abnormality, resulting in long-term deformities, such as limb shorten-
ing, leaving patients with reduced bone structure and function [9-11]. It should be
noted that the most transplanted tissue after blood is bone [12, 13].

The gold standard treatments for bone defects are still bone grafts. These can
be used alone or combined with other materials in order to promote bone healing
through osteoinduction, osteoconduction, and osteogenesis [14]. These bone grafts
may be from autograft (taken from the patient), allograft (taken from another
patient) and xenograft (obtained from an animal) origins or even manipulated with
synthetic biomaterials. Additionally, prostheses can also be used, but they usually
need a second surgery later on due to some complications that may appear, such
as the formation of bone callus or hernias. Autografts are still considered the gold
standard treatment due to their osteogenic, osteoinductive, and osteoconductive
capacity. However, there is a limitation in tissue extraction from the amount that
is required. Allografts taken from other donors or corpses present a high risk of
immune rejection, reduced bioactivity and a high risk of pathogen transmission
[7, 15-18].

When there are fractures with a bone defect exceeding a critical size, the bone is
not able to self-regenerate and, therefore, requires the use of a temporary implant
(natural and/or synthetic) to serve as support and cells to help bone regeneration
[19]. In this way, tissue engineering (TE) has emerged [20].

The concept of TE was implemented in 1993 by Langer and Vacanti. They
specified that “TE is an interdisciplinary field that relates the principles of biology
and engineering to the production of tissue functional substitutes” [21]. So, they
presented specific characteristics and applications in biodegradable three-dimen-
sional (3D) scaffolds. Ideally, they should be highly porous, having highly intercon-
nected pore networks with a pore size suitable for cells to migrate and differentiate
whenever necessary [22]. However, the biggest challenge of scaffolds is related to
mass transport of nutrients and secretion of waste in tissue [6]. It is important cells
used in 3D cultures of scaffolds be able to mimic the morphology, functionality, and
biology of the tissue. These cell cultures are necessary to analyze mechanisms of
chronic diseases and the impact of drug treatments or to produce different tissues
for major defects in vivo, in this study, the bone. Bioreactors appeared to improve
the field of cell culture on 3D support [23, 24].

This chapter intends to perform a critical analysis of the state of the art
regarding full bone TE towards the selection of the most appropriate solution of
temporary implants. Thus, the optimum conditions (static vs. dynamic), material,
cells, and/or the inclusion of growth factors for the repair of large bone defects are
discussed. Hence, there are two scientific questions to which this chapter intends
to address: (i) which is the most suitable combination of scaffold design and
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fabrication using a certain biomaterial and biological components to facilitate or
accelerate bone regeneration and (ii) what are the in vitro conditions more suitable
to achieve an optimized in vivo response.

2. The usefulness of temporary implants for bone regeneration

Bone tissue is known for its ability to self-regenerate on its own. However, if the
fracture becomes a critical bone defect, the bone loses this ability. From 1934 to the
present day, some authors argue that a bone defect becomes critical when it is over
two times the diameter of the bone defect [10, 11, 25-27].

These critical-sized defects may result from infection, malformation, and
traumatic injuries, which may lead to bone loss in the patient [28-33]. In this case,
as bone cannot self-regenerate, it is necessary to use a temporary implant (natural
and/or synthetic) to support bone regeneration with cellular incorporation. To
achieve this, successfully, it is first necessary to consider the mechanical properties
of the native bone tissue.

It is known that the mechanical properties of the bone vary according to age,
anatomical location, and bone quality. Within the biomechanical properties of the
bone (resistance, stiffness, and fatigue), the elastic modulus is the most attracting
variable in research due to its importance to characterize bone pathologies and
also in the design orientation of artificial implants. Bone strength and elasticity
are anisotropic. The compact bone is stronger under compression and stiffer when
loaded longitudinally along the diaphyseal axis than in the transverse radial direc-
tions. In trabecular bone, its mechanical properties depend on both the porosity
and the architectural desirability of the individual trabeculae [3]. The mechanical
properties of human bone are summarized in Table 1.

Implants need to be accepted by the human body, where there are guarantees for
cell survival in a safe and supportive environment. Moreover, mechanical damage
or failure caused by stress shielding must be prevented. The scaffolds need to have
an appropriate modulus of elasticity to match bone properties. Scaffolds with a
highly porous structure are favorable for cellular activities, including fixation and
proliferation, which will contribute to bone neoformation and regeneration and
adjust the mechanical properties in terms of Young’ strength and modulus [36].

So, an important key factor is concerned with the type of materials to be used in
the implant. Biopolymers are biocompatible and biologically active materials as they
promote cell adhesion and growth.

To help in the engineering of long bone fracture regeneration, artificial fractures
are typically manufactured in models in vivo [23, 37]. Various animal models are
studied in vivo before its application in humans.

Human bone Trabecular Cortical
Porosity (%) 50.00-90.00 1.00-20.00
Young’s modulus E (GPa) 0.05-0.10 17.00-20.00
Compressive strength (MPa) 5.00-10.00 131.00-224.00
Tensile strength (MPa) 1.50-38.00 35.00-283.00
Elongation at break (%) 0.50-3.00 1.07-2.10
References [2, 3, 34, 35]

Table 1.

Human long bone properties.
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3. In vivo studies

The bone, in vivo, is exposed to mechanical stimulation by muscle contraction
and body movements, and the mechanical load induces an increase in bone mass
formation [38]. During body movement, the forces applied results in changes in
hydrostatic pressure, fluid flow-induced shear stress, direct cell strain, and electric
fields [38-40].

In order to identify the mechanical properties necessary for humans, it is
important to study what kind of in vivo studies and which animal models have been
considered in the literature (see Table 1). The choice of the most appropriate ani-
mal model is an important step in clinical translation, because it will help to better
understand and propose innovative strategies for bone regeneration. Each animal
model has pros and cons [41], and in each study, a specific set of parameters is used.
That is why it is difficult to compare the different studies available [42, 43]. There
are various models that were studied in vivo for full bone regeneration. Rabbit, rat,
ovine (sheep or bovine), canine, and goat are the most used.

There are six studies on the literature where a rabbit model was considered.
Nather and their co-workers [44] evaluated the effect of bone marrow mesen-
chymal stem cells (BMMSCs) on the biological healing of a 1.5 cm cortical bone
allograft in the tibia of adult rabbits. In their study it was shown that BMMSCs can
improve cortical allograft binding rate, reabsorption activity, bone formation, and
osteocyte cell count. In 2013, Khojasteh et al. [45] developed a scaffold using par-
ticulate mineralized bone/fibrin glue/mesenchymal stem cells (MSCs). Through the
alizarin staining method, they verified that there was a deposition of mineralized
matrix. This was also demonstrated by RT-PCR analysis of osteocyte markers. At
the end of 3 weeks, osteocalcin, osteopontin, and collagen I messenger RNA were
produced. They concluded that this implant would be a promising combination for
vertical bone augmentation around implants inserted simultaneously into the tibia
of rabbits. Lee et al. [46] studied the effect of autologous BMMSCs seeded into gel
foam on structural bone allograft healing in 1.5 cm femoral defect of white rabbits.
They concluded that the use of MSCs influenced the bone formation, resorption,
and angiogenesis. Jang et al. [47] extruded porous HAp scaffolds, which were set in
a drill-cut femur rabbit bone. After 4 and 8 weeks of implantation, micro-CT scan-
ning images showed material degradation and integration of the sample into the
native bone. In this period, the morphological behavior was similar in bone tissue-
scaffold junction. Chowdhary et al. [48] had evaluated the early response of bone
tissue to micro threads with an oxidized titanium implant (4 mm in diameter and
8 mm in length) between the macro threads. The study was tested in rabbit legs,
tibia, and femur. The bone regeneration happened near the micro threads, and the
bone growth in femur indicated that the cancellous bone seems to be more sensitive
to micro thread stimulation. Recently, in 2018, Tovar and co-workers [49] used 3D
printing, specifically robocasting/direct writing, to develop a scaffold with 100%
beta-tricalcium phosphate (B-TCP) (350 pm pore diameter) in order to regenerate
critical-sized rabbit radius defects in vivo. A 3 cm incision was made in a critical
defect of 11 mm, approximately, in the radio, and the periosteum was resected to
at least 1.5 cm proximal and distal to the defect. This scaffold proved to be good
for bone tissue engineering (BTE) since at 8 weeks it showed bone formation with
signs of resorption of the scaffold. The amount of bone formed was increased from
week to week, regenerating the medullary space, and at 24 weeks the scaffold was
significantly resorbed.

Rats are also another in vivo model referred in the literature. Saravanan et al.
[50] introduced in an albino-Wistar rat with a critical-sized bone defect in the
tibia a scaffold containing chitosan, gelatin, and graphene oxide by freeze drying.
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They concluded that this scaffold promoted increase in osteoblasts and increased
the collagen content, accelerating the bridging of the rat tibial bone defect.

A model of an ovine with 35 mm tibial defect was then used by Smith et al. [51]
to study full bone regeneration. They produced a scaffold using blending process
of poly (L-lactic acid)-poly(e-caprolactone) (PLLA: PCL 20:80) with and without
marrow-derived skeletal stem cells. They divided the tests into three different
groups: empty defect, scaffold alone, and scaffold with cells. Radiographic has
shown poor bone formation upon 12 weeks. However, there was a greater tendency
for bone formation in the scaffold with cells.

Regarding the canine model, two studies were published in the literature. In
1996, Bragdon and co-workers [52] showed that, in canine femurs, an oscillating
motion of 20 pm does not affect osseointegration. However, 40 and 150 pm oscil-
lating motion of implants does not support bone growth. Recently, Barba et al. [19]
implanted in vivo, in a canine model calcium-deficient scaffold (0.3 mm height
and 5 mm diameter) with Hap considering different pore architectures and com-
pared with two ceramics, a biphasic calcium phosphate (BCP) and a f-TCP with
rat mesenchymal stem cells (rMSCs). Pores ranged from 10 to 300 pm. With this,
calcium-deficient scaffold and Hap triggered osteogenic differentiation of rMSCs.
They concluded that calcium-deficient HAp foam scaffolds with a spherical concave
macroporosity allow osteoinduction.

Animal studies are needed to understand bone regeneration. Variables such as
the amount of bone formation and its kinetics, mechanical properties and safety
obtained by the scaffold, including the presence of toxic degradation in different
organs and in terms of inflammatory response need to be understood in detail [42].
However, bone fractures performed in animals do not represent the complexity of
healing human fractures [23, 37]. The potential of each different type of cells both
in vitro and in vivo plays here a key role.

Ko and co-workers studied the potential of human-induced pluripotent
stem cells (hiPSCs) against the human bone marrow mesenchymal stem cells
(hBMMSCs). Both cells were placed in rat bone defects, with a size of 2 cm, which is
similar to the human value mentioned above. They concluded that both hIPSCs and
hBMMSCs have osteogenic potential in vivo [53]. However, some authors showed
the existence of risks of teratoma formation after transplantation in hIPSCs [28,
54-56]. In literature, the use of MSCs seems to significantly help bone regeneration
in in vivo studies [31, 45, 57-59]. Some authors defend that the addition of growth
factors to cell-scaffold constructs promotes bone regeneration [60]. Nevertheless,
Kleinhans et al. [61] showed that a good culture capable of mimicking tissue
morphology, functionality, and biology, for example, using bioreactors, is sufficient
to obtain a homogeneous cell distribution of soluble factors.

There is a great deal of discussion today about the incorporation of growth
factors. In this chapter, authors defend the nonnecessity of its incorporation, since
upon the right environmental conditions, cells are actually able to secrete the
optimal extracellular matrix (ECM) components. Therefore, a good mechanically
stimulated culture combined with transcription factors influences cells to bone
formation.

4. In vitro studies

In vitro models are required to accurately record the physiology of healing ata
site of bone fracture since bone takes weeks to differentiate in vitro [62] and wound
healing can take weeks to months [23, 63]. In vitro studies are advantageous because
they offer a controlled environment to experimental test molecular and cellular
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hypotheses. However, cells cultured in vitro are not replicates of their in vivo
counterparts [28, 64].

When the bone is subjected to a mechanical force, electrical potentials are
generated, which play an important role in bone remodeling. To mimic this natural
process, bioreactors were created and are nowadays widely used. These 3D systems
allow the control of various parameters, such as temperature, pH, oxygen concen-
tration, growth factors, and mechanical stimuli, among others, and modulate cell
growth more easily. These bioreactors can simulate the human bone environment
and allow the study of the role of various factors in scaffolds or preculture scaffolds
in vivo. In addition, to provide adequate nutrition and removing residues from all
cells in the scaffold, fluid flow can be manipulated to physically stimulate bone
growth [39]. Bone is constantly exposed to mechanical stimulation due to muscle
contractions and body movements that result in changes in hydrostatic pressure,
direct cell strain, fluid flow-induced shear stress, and electric fields. In addition,
bone cells are more sensitive to mechanical stimulation. Therefore, providing physi-
cal stimulation in bioreactors becomes a key component of BTE strategies [65].

The following studies demonstrate the importance of performing in vitro testing
in order to find the best strategy.

Jang et al. [66] developed a HAp scaffold to mimic native bone through a
multipass extraction process with the addition of osteoblast-like cells, with pores
of 150 + 20 pm in diameter and with a pore structure of 50 + 10 pm which is
thin enough for rapid bone resorption. With in vivo tests and in vitro tests, they
confirmed that the scaffold used is appropriate for graft without inflammatory
reactions and bone formation after 8 weeks of implantation. The scaffold’s porosity
is a critical parameter enabling medium exchange and nutrient diffusion, which
is a key role in cell proliferation. So, the optimization of the scaffold’s porosity is
important to help cell growth, formation of vascularization, and the diffusion of
nutrients [67].

Roohani-Esfahani and their co-workers developed a glass—ceramic scaffold,
with dimension size 6x6x6mm, by direct ink writing mimicking cortical bone with
600 pm custom-made nozzle. In the work, they concluded that a scaffold with
hexagonal pore shapes (450 pm, 550 pm, 900 pm, and 1200 pm) present the highest
compressive strength, compared to the other designs [68].

Abbot and co-workers, in 2016, developed a silk scaffold with osteoblasts to
evaluate in vitro culture that stimulated bone differentiation and regeneration. In
the end, they concluded that it was evident the mineralization in the scaffold with
silk seeded with this type of cells [23].

Tovar and co-workers [49] had developed a cylindrical scaffold with 10.5 mm
length, 4.5 mm outside diameter and 2.25 mm inside diameter, 330 pm struts, and
around 400 pm pore spacing. They used a 330-pm-diameter extrusion nozzle with
avelocity of 8 mm/s. The existence of macrometric and micrometric porosity in
the scaffold helped in its degradation, which allowed the biomechanical load to the
healing bone. This may explain the rapid development of bone properties in the
regenerated tissue that is highly indicative of complete healing when it is comple-
mented with the remodeling of the original bone morphology.

Recently, Barba et al. [19, 69] concluded that the geometric parameters of the
scaffold, like curvature, influence bone tissue regeneration. They demonstrated
that spongy scaffolds with concave pores attracted a large amount of ectopic bone
compared with scaffolds with prismatic geometries.

Through the existing studies, both in vivo and in vitro, one can get an idea of
both material and biological components essentials to a proper bone regeneration.
In the first phase, it is necessary to understand which scaffold design is the most
appropriate and which biomaterials are to combine it with the AM technique.
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5. Material component

For bone regeneration, it is necessary to consider that the scaffold must restore
the normal biomechanical role of the tissue. Table 2 shows different types of
existing materials and their characteristics and some guidelines about how to
obtain an ideal scaffold. However, there are other important features that need
to be taken into account related to the different biological and physical signals
involved in order to simulate the mechanism of remodeling in a natural environ-
ment, but more importantly, the scaffold must have the exact mechanical proper-
ties to withstand the loads the original bone held [6, 70]. The biomaterials used
in the scaffolds must have a suitable rate of degradation in order to support bone
regeneration. This rate of degradation depends on the corrosion resistance of the
material used, which is affected by the chemical and physical characteristics of
the scaffold [36].

Having into consideration the referred above and combining this information
with the natural organization of bone (trabecular and cortical), the best strategy
for BTE should pass by the use of collagen type I in the trabecular bone region and
Hap in the cortical zone [80, 81]. Despite their advantages and the fact that they
are already present in the bone native structure, their proper manipulation is only
possible through their combination with synthetic polymers. The most suitable
are poly(e-caprolactone) (PCL) or polylactic acid (PLA) because they are both
approved by the Food and Drug Administration. PCL is a stable, biocompatible,
biodegradable polymer (from 12 to 48 months) and easy to handle to achieve the
desired mechanical properties. Due to its low melting point (60°C) [82, 83], it
can be easily combined with the collagen. PLA is a biocompatible polymer, more
hydrophilic than PCL, and its handling is similar to the use of PCL. Hydrophilicity
accelerates polymer degradation as it accelerates polymer and scaffold moisture
[84]. However, it has a high melting point, which could be combined with Hap.
With these materials, scaffolds can be produced with two methods: conventional
and additive manufacturing (AM).

Scaffolds References

Natural polymers Biomaterials are widely used because of their biocompatibility, [71,72]
degradation, bioactivity, mechanical kinetics, tissue nonspecificity,
and their intrinsic structural similarity to the extracellular matrix
of native tissues. They also promote biological recognition, which
can positively support cell adhesion and function

Synthetic polymers Easy to manipulate the properties of the material to achieve the [6]
appropriate mechanical behavior. At a microscale it presents
the architecture, 3D composition, and active molecular reactive
groups. In a macroscale, they have porosity, stiffness, and elasticity

Metals Are used in long bones to better attach to the bones where there is [15, 73]
minimal movement between the implant and the host tissue and
provide physiological loading functionality to the implant site

Ceramics Have been used because of their ability to sustain compressive loads [6, 74, 75]
Ideal scaffolds
Should exhibit the adequate mechanical properties, pore size, and biological activity, serve as [76-79]

cell support, and guarantee new bone formation and thus the use of more than one material
(a natural with a synthetic one)

Table 2.
Characteristics of the different materials used to produce a scaffold.
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5.1 Additive manufacturing

Some studies have used conventional methods for producing scaffolds. However,
these methods have no adequate control over pore size and design or interconnec-
tivity [8, 85]. In order to address these problems, since the mid-1980s [86], a new
manufacturing type of technology called AM has emerged. Its potential is enor-
mous and overcomes the capabilities of the conventional technologies to produce
scaffolds with a complex architecture and with the intention to achieve an appropri-
ate mechanical response to the desired application [36].

Nowadays there are several approaches to AM for various applications. The
main approaches are fused filament fabrication (FFF), three-dimensional printing
(3DP), stereolithography (SLA), and selective laser sintering (SLS). Each process
goes through several steps: (i) development of the 3D model through computer-
aided design (CAD); (ii) the files are stored in standard triangular language (STL)
format, which is a CAD file format that supports 3D printing and computer-aided
manufacturing (CAM); and (iii) these files are inserted into the input devices to
create 3D models in a layer-by-layer process [36]. In addition, there are still two
processes where it uses the same principles of layer manufacturing: selective laser
melting (SLM) [87-90] and electron beam melting (EBM) [91-93]. Both are used
to produce metal scaffolds, although SLM can also process polymers and ceramics
[3, 94, 95].

FFF, Figure 1, or melt-extrusion is an extrusion-based process and is the
simplest 3D printing method (see Table 3) [36, 96]. Fine thermoplastic polymers in
the form of filaments or granules are cast and extruded through a nozzle that allows

Compressed Air

Biopolymer Deposit

Heater Resistors

Cell Culture Scaffold

Figure 1.
Fused Filament Fabrication (FFF) process.

Fused filament fabrication

Advantages Disadvantages
Speed Poor surface quality
Low cost Need for heating in the molding process <> degradation of polymer materials
Simplicity
Flexibility
Table 3.

Advantages and disadvantages of the fused filament fabrication process.
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flow in a horizontal and vertical plane (XY plane) [36]. To extrude it is necessary
to have heating of the material, which causes degradation. However, the disadvan-
tages of this technique can be overcome. The most suitable and desired mechanical
properties can be achieved for the desired purpose with the combination of bioma-
terials. With this technique, it is already possible to extrude some bioceramics, such
as HAp [97-99].

It is critical that the first layer is maintained at a temperature slightly below
its set point to ensure successful adhesion between the layers. The 3D structure is
determined by several factors, such as nozzle diameter, deposition rate, path spac-
ing of the same layer, layer thickness, and deposition angle [96].

In the FFF technique, it is possible to control layer thickness and print ori-
entation. The structural geometry of scaffolds is determined by the position
and orientation of the filaments, which provide various pore shapes such as
triangular, parallelogram, hexagonal, and also nonuniform shapes [100]. In this
technique, there are two factors that affect the filament size, and consequently the
pore size, which are the deposition velocity and the rotational velocity.

5.2 Temporary implants

It is necessary that the scaffolds in bone regeneration be biocompatible, bio-
degradable, osteoinductive (raising and cell maturation), and osteoconductive
(provide a platform for cell growth) [39]. Scaffolds for bone regeneration should
meet several specific criteria, such as filling any bone defect, ensuring pore inter-
connectivity, and having a pore architecture in order to promote bone formation
and facilitate the exchange of oxygen bone growth [101-103]. The design of the
scaffold can influence both the mechanical properties and cellular behavior [100,
104, 105] as highlighted in Figure 2.

A satisfactory bone growth leads to certain requirements. Porosity should
be above 50% and pore size between 50 and 400 pm. It is difficult to achieve a
“perfect” scaffold for bone regeneration due to pore design and size and a porosity
distribution that mimics the native tissue [107, 108]. In the literature, there are no
quantitative criteria that specify porosity or pore size or topology for bone regener-
ation. Porous scaffolds ranging in size from 50 to 500 pm are known to promote cell
migration and vascularization, while micropores and nanopores control interaction
with proteins and ion exchange with extracellular fluids [19, 109].

Requirements for positive outcomes

* Biocompatibility (non-toxic, non-
infectious, non-inflammatory)

* Biodegradability (degradation rate,

Requirements for optimal functionality

* Design (hierarchical structure)

* Porous Interconnectivity (enhance
permeability of gases, nutrients and

absorbable)

* Bio-functionality (hold tissue
functionality, to resist physiological
conditions)

« Cell Response (adequate adhesions,
differentiation, and proliferati

water)
* Mechanical Properties

« Surface Properties (promote and
improve cell-matrix interaction)

Figure 2.
Scaffold requivements in terms of response (left) and what should be taken into account (vight) (adapted from

[106]).
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6. Biological components

The dogma of molecular biology is the basis for producing most bone cell and
ECM components.

Bone remodeling is divided into five stages: activation, resorption, reversal,
formation, and, finally, mineralization (see Figure 3). It is a process in which the
old bone is reabsorbed and there is new bone formation. The cells that are involved
in bone remodeling are osteoblasts, osteoclasts, and osteocytes, which actively
participate in osseointegration and repair. Osteoclasts activate bone resorption,
while osteocytes regulate bone homeostasis and osteoblasts form bone [15, 110].

In addition to bone cells, there are other cell lines that can be used in bone
regeneration, which are human embryonic stem cells (hESCs), induced pluripo-
tent stem cells (iPSCs), stem cells, and fibroblasts. According to Kuhn [111] and
other workers [112, 113], hESCS present a rapidly proliferating rate. However,
their transplantation induces uncontrollable spontaneous differentiation and
can the teratoma formation may occur. Another type of stem cell is iPSCs.

They can differentiate into several cells. However, there are studies that show
that these cells can also give rise to teratomas and, in studies that distinguish
high-quality lines from the iPSCs, allowed the detection of large duplications of
genes that could potentially affect the differentiation and pluripotency of these
cells [28, 99]. For these reasons, these cells are not considered the best ones for
bone regeneration. Compared to fibroblasts, stem cells have a greater ability to
migrate, so these type of cells are the most suitable cells for bone regeneration.
Kargozar [58] recently studied the osteogenic potential of different MSCs, such
as those derived from human bone marrow, umbilical cord (UC-MSCs) and adi-
pose (AD-MSCs). It concluded that BMMSCs, according to collected histological
data, is the most appropriate.

The combination of scaffold, AM, and bioreactor culture shows great potential
for creating automated production ecosystems that will enable the formation of com-
mercially available products for BTE application. Efficient nutrient and oxygen trans-
port are important for this type of applications. To this end, bioreactor systems have
tried to overcome this difficulty. Rotating-wall vessels are limited to small scaffolds as
they do not provide optimal mass transport to the center of the scaffold and are not
efficient in osteogenic differentiation, due to shear stress values transmitted to cells.
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Bone Remodeling Cycle.
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On the other hand, agitated tanks have a major disadvantage regarding the circulat-
ing flow pattern that strikes cells against the bioreactor wall, which damages them
and can lead to cellular apoptosis [114]. Finally, perfusion bioreactors are the best
suited for BTE as they promote oxygenation throughout the whole scaffold, through
improved mass transfer and shear stress, can expose cells to mechanical stimulation,
and, therefore, obtain a much better cell distribution [6, 39, 61, 115, 116].

7. Optimized approach of a 3D scaffold

Scaffold architectures were designed in SolidWorks 2018 software. The design
was bioinspired. This inspiration came from the natural organization of long bones,
as represented in Figure 4. The diaphysis is composed of cortical bone (external
region) which covers the trabecular bone (internal region). The trabecular bone has
alarger surface area than the cortical bone and has a bone volume fraction ranging
from 5% to a maximum of 60% [117]. It is known that the cortical zone corresponds
to ~20% of the total diameter [118]. Bearing this in mind, it is expected that mim-
icking this type of organization, the mechanical behavior of the final scaffolds
would be better and closer to the natural tissue.

The design considered has a height of 10 mm and diameter of 30 mm
(see Figure 5). Thus, the cortical zone, the outer part of the scaffold, has a thick-
ness of 6 mm and the trabecular zone, the inner part, has 18 mm. In the middle,
there is a canal that corresponds to the medullar cavity. As happens in the native
tissue, the region corresponding to the trabecular bone presents a higher poros-
ity than the cortical one. So, the proposed scaffold has pores with different sizes
between the different parts, bigger in the trabecular and smaller in the cortical (400

—

Cortical bone

Trabecular
bone

Figure 4.
Natural ovganization of long bones.

11



Design Engineering and Manufacturing

and 300 pm of pore diameters, respectively). According to Zhang et al. [119], these
pores are within the required values, since exceeding the pore size of 400 pm, cells
do not sense the 3D, resulting in poor ECM production. Moreover, they are orga-
nized in a radial way, with a significant difference between the cortical zone and the
trabecular zone.

The projected scaffold presents a total porosity of 42%, whereas the cortical
part has approximately 5% porosity. This porosity mimics the normal porosity in
the native bone (see Table 1) as shown by Fernandez-Yague et al. [120] and Wang
et al. [3]. The trabecular zone has a porosity of approximately 57%. This porosity
is also in agreement with the authors previously mentioned. However, this value is
closer to the lower limit. This porosity can be improved by the addition of hori-
zontal channels, but its inclusion would decrease the mechanical behavior of the
proposed scaffold.

Since pore interconnectivity is considered by some authors a key point to cell
migration and proliferation, another design is proposed, and (see Figure 6) it is
inspired by a DNA strand. As the scaffold gains height, the base rotates, with a
rotation angle of 36°. This was considered to guarantee that the end of the filaments
was supported on all layers. Also, in this case, pores diverge gradually, so that the
differences between cortical bone and trabecular bone can be noticed.

Figure 5.
Cylindrical scaffold.

Figure 6.
DNA chain-inspired cylindrical scaffold.
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In this scaffold, pores range from 50 to 1500 pm in each layer, which is in agree-
ment with the Zadpoor [121] and Szpalski [39]. However, the minimum required
pore size is 100 pm, to make it easier to transport oxygen and nutrients and dis-
card waste products [39, 121, 122]. For proper cell propagation, according to Bael
[123], pore size should not pass the 1000 pm. Compared to the previous design
presented, this one presents a slightly lower porosity in total, of around 38%, in
which the cortical and trabecular parts have 22% and 49% porosity, respectively.

According to the authors Andrzejewska [34], Keaveny et al. [2], and Xiao
et al. [124], the porosity of the trabecular zone is near the defined porosity
values. However, the porosity of the zone corresponding to the cortical part is
far above the maximum value of the defined values found in Table 1. In order
to decrease this porosity, it is necessary to shrink the pore size used. Despite
this limitation, this scaffold already has the advantage of fully interconnected
pores, which will facilitate cell growth and the transport of oxygen and nutrients.

The combination of all supports of TE, which were described above, could lead
successfully to bone formation. As biomechanics and TE advanced, it is easy to
foresee the development of a new model for bone formation in which the use of an
original scaffold leads to long bone fracture healing.

8. Conclusions

Bone defects are a constantly growing problem, affecting thousands of people
around the world, which causes a loss in life quality, and most of the time, for an
active population, it may take long periods of recovery. Until now, there are no syn-
thetic substitutes that meet the mechanical and biological requirements for the long-
term cure of critical-size bone defects. To overcome this health problem, the use
of temporary biocompatible and biodegradable scaffolds becomes the best choice.
Structures produced by AM have superior advantages compared to the conventional
techniques, mainly due to better control over the desired architecture. Moreover, the
choice of the AM technique to produce these scaffolds is essential to ensure control,
namely, in terms of biological, physicochemical, and mechanical properties.

Considering all types of materials available, associated with the desired bone
regeneration and the use of synthetic polymers, as PCL or PLA, combined with
collagen type I for the trabecular region and Hap for cortical region, seems to be the
best strategy to follow. To obtain the designed structures with these biomaterials,
the most suitable AM technique is the FFF. For the selection of the final scaffold
within the two proposals, further studies need to be performed. However, a third
option could be also considered, which would include the cortical region of the first
proposed scaffold (ensuring the required mechanical resistance) and the trabecular
zone of the second one (assuring a proper porosity and pore interconnectivity to
allow cell migration, nutrient, and oxygen exchange).

Among the most commonly used bioreactors for bone regeneration, perfusion
bioreactors appear as the most suitable, because it improves osteogenic prolifera-
tion and differentiation due to improved mass transfer and adequate shear stress.
When making a design proposal for bone regeneration, it is necessary to study the
mechanical effects, such as stress and tension, and link them
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Appendices and nomenclature

AM
B-TCP
BMMSCs
BTE
CAD
EBM
ECM
FDA
FFF

GF

Hap
hBMSCs
hMSCs
hESCs
MSC
PCL
PLA
rBMMSCs
SLA
SLM
SLS
TCP

TE
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additive manufacturing
beta-tricalcium phosphate
bone marrow mesenchymal stem cells
bone tissue engineering.
computer-aided design
electron beam melting
extracellular matrix

Food and Drug Administration
fused filament fabrication
growth factors

hydroxyapatite

human bone marrow-derived mesenchymal stem cells
human mesenchymal stem cells
human embryonic stem cells
mesenchymal stem cells
poly(e-caprolactone)

polylactic acid

rat bone marrow stromal cell
stereolithography

selective laser melting

selective laser sintering
tricalcium phosphate

tissue engineering
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