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Abstract

Due to the high incidence of bone fractures in the population, it became necessary to produce
scaffolds that are able to assist in tissue regeneration. It is necessary to find an appropriate bal-
ance between the mechanical and biological properties, in order to mimic the natural tissue, these
properties are directly related to the architecture and their degree of porosity, as well as the size
of their pores and their interconnectivity. In this perspective, the 3D printing stands out, where
the structure is obtained layer by layer, according to a predetermined computational model which
provides a greater control of architecture and scaffold geometry and overcomes, in this way, the
limitations of traditional techniques of scaffolds manufacturing. In this way, the objective of this
seminar is to present the state of the art of the polymer scaffolds produced by 3D printing and ap-
plied to bone tissue regeneration, highlighting the advantages and limitations of this process.
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1. Introduction

Scaffolds are three-dimensional biocompatible structures that can mimic the properties of the extracellular ma-
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trix (ECM) of a given tissue, like mechanical support and bioactivity, which provides a platform for cellular ad-
herence, proliferation and differentiation. For that reason, scaffolds are frequently used in tissue engineering
with the intention of assisting the regeneration of a damaged tissue, and a major application in bone regeneration
[1]-[4].

The traditional methodology of scaffolds manufacturing includes techniques such as: solvent casting [5]-[7],
porogen leaching [8] [9], gas foaming [10], lyophilization [11], and electro and wet spinning [12] [13] or a com-
bination of these techniques. Even though these techniques are largely applicable in the field, they can currently
bring many disadvantages, including the use of toxic organic solvents, difficulty in removing residual solvent
particles from the scaffolds matrix [14]-[18], long manufacturing period, low reproducibility of the techniques
[19] and manufacturing of irregular pores and thin structures [20]. The solvent casting technique, for instance,
depends on the shape of the mold, making it impossible to readjust the level of porosity and the size of the pores
without making and using a new mold [21].

A great variety of studies show that the cell-material interaction plays an important part on tissue engineering,
helping the cells migrate, proliferate and differentiate [22]-[26]. Therefore, the size, design and interconnectivity
of the pores are essential factors that need to be considered when fabricating a scaffold [19]. 3D (three-dimen-
sional) printing allows more control of the scaffold’s architecture, because the printed object is faithful to the
developed model. Besides that, the modelling and printing processes are very fast and easy, which allows the
researchers to conduct many tests [21]. Therefore, scaffolds with different designs and pore sizes can be made
and tested, allowing them to become a platform to study the effects of the geometry and architecture of those
structures in both cellular response and mechanical behavior of those structures [27].

Due to the improvements on the control of the scaffolds achieved through 3D printing, those scaffolds can be
modelled according to specific and individual defects of each patient with the use of Computed Tomography
(CT) and Magnetic Resonance Imaging (MRI) [28]-[30], through the use of modelling strategies such as para-
metric modelling, in which the models are created using pre-defined parameters, the created design can be easily
and quickly adapted to other patients, without the need to make a new scaffold from scratch. The three-dimen-
sional model can be altered and exchanged between researchers and other health professionals, which makes it
easier to refine them and to create new structures [31]-[33].

Likewise previous reviews on this subject, this work intends to present the state of the art of 3D-printed po-
lymeric scaffolds, presenting and explaining every technique, but takes it a little farther than its predecessors by
focusing on the advantages and limitations of each process, and highlighting its use for bone tissue engineering.
And, as the main goal is to produce a viable scaffold; this review also focuses on the possibility of using nano-
materials during the 3D printing process to improve the scaffold’s mechanical strength and enhance other phys-
ical properties.

2. Scaffolds for Bone Regeneration

The bone, a prominent tissue, not only plays an important role in the movement and in the protection and sup-
port of other organs but also plays a key role in controlling critical human physiological functions, including
mineral storage, blood cell formation, homeostasis, and blood pH regulation [34]. The bone tissue is made up of
several different elements, of which can be highlighted the osteoblasts, osteocytes and osteoclasts. The first two
are responsible for bone formation, while the last one is responsible for the reabsorption of existing bone tissue
with the intention of remodeling it, which guarantees the balance of the ions involved in bone neoformation in
the body. When these effects are combined in one full process, it is possible to say that the bone is made up by a
dynamic tissue that can maintain a constant cycle of remodeling/regeneration. However, its ability to regenerate
is limited. So, big defects cannot be spontaneously fixed by the body [35] [36]. Besides, in cases of patients with
limited healing, such as those with diabetes or poor nutrition, its regeneration is very slow and does not suppress
the needs in cause [37]. Since the limits of this regeneration and the fact that aging reduces the neoformation
ability of the bone tissue, bone fractures present a serious public health concern [38]. All things considered, the
need for tissue regeneration technology grows dramatically along with the world population and the increase in
life expectancy. Degenerative bone diseases and fractures are known to affect millions of people worldwide.
Currently, it is expected that the percentage of people over 50 years of age affected by bone diseases will double
by the year 2020 [39], These fractures are the main cause of the high rate of morbidity and physical disability
among elderly patients, which drastically decreases the quality of their lives [40] [41].

Bone graft is second only to blood as the most commonly transplanted tissue [42]. Approximately 500,000
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bone grafting procedures are performed annually in the United States alone with about 2.2 million procedures
worldwide, generating a sale of about $2.5 billion per year [43]. The problem with using grafts as substitutes for
the original tissue is that complications arise from the graft becoming loose, to inflammation/local infection fol-
lowed by osteolysis, the death of the bone tissue, which only increases the existing damage [44] [45]. In addition,
synthetic materials do not interact well with the human organism and fail with time due to fatigue or an adverse
reaction of the organism. Therefore, there is a need for a new generation of biodegradable and biocompatible
implants to substitute the traditional ones, eliminating the need to subject the patient to a second surgery to re-
move the implant and all the risks associated with that second surgical procedure [46]-[49].

The concept of tissue engineering emerged in the year 1990 to deal with the limitations of grafts and tissue
repair, focusing on methods to synthesize and/or regenerate tissue and amplify its functions in vivo. It consists in
transplanting biofactors (cells, genes or proteins) along with a three-dimensional porous material, which is bio-
compatible and biodegradable, known as the scaffold [50]. The biofactors stimulate the tissue repair, while the
role of the scaffold and its porous architecture is far from passive since it mimics the properties of ECM, pre-
serving the volume of the tissue and providing mechanical support for the cells to adhere and proliferate [35]
[51] [52].

Whereas in the late 1990 s tissue engineering envisioned the replacement of whole tissues or even organs, to-
day there is a tendency towards preventive medicine. All things considered, the greatest impact of tissue engi-
neering in the next decade might be in vitro physiological models to study disease pathogenesis, thus allowing
the development of drugs that can eliminate or reduce the need for tissue replacement [53].

Tissue regeneration is an interdisciplinary area that intends to combine knowledge of cellular biology, bioma-
terials and chemical factors to create a functioning scaffold [54]. The construction of an ideal scaffold requires:
i) biocompatibility, since the scaffold should support cellular activity, making it easier for cells to adhere, proli-
ferate and differentiate, without causing toxic effects to the regular tissue, ii) controlled kinetic biodegradation
so that the scaffold degrades as the tissue regenerates and takes its place, iii) enough mechanical strength for the
scaffold to withstand sterilization, handling and transportation before the surgery, and also physical force in vi-
vo, and at last it requires, iv) interconnectivity between the pores that allows the diffusion of essential nutrients
and oxygen so that the cells may survive [55].

Kuboki et al. (1998) showed the need for porosity in bone regeneration using solid and porous particles of
hydroxyapatite for BMP-2 delivery in a rat ectopic model: no new bone formed on the solid particles, while in
the porous scaffolds direct osteogenesis occurred [56].

The challenge in the field of porous scaffolds is developing one that matches the biomechanical properties of
bone and that has sufficient bioactivity to stimulate new bone regeneration. The pores not only play a significant
role in allowing cell penetration and migration, but also significantly influence the physical properties of the
scaffold [57] [58]. For instance, the increase in the porosity is known to decrease exponentially the mechanical
properties, whereas on the other hand, the increased porosity increases permeability and, consequently, bioactiv-
ity [59]. With that in mind, Zhang and collaborators (2009) have measured the mechanical properties of ceramic
scaffolds made by stereo lithography for bone regeneration, with a compression test under axial tension at a
speed of 1 mm/min. Different scaffolds were obtained, with the volume of porosity ranging from 0% to 60% of
the piece’s total volume. Based on these results, the authors were able to observe that the compression module
for the piece with 30% porosity is 18.4 MPa, and that this value is similar to the resistance of the natural bone,
so it can supply a good mechanical structure for cellular repair. The study conducted by Bose and collaborators
(2013) shows the mechanical properties of ceramic scaffolds 3D printed by conventional and microwave selec-
tive laser sintering and shows similar results, which shows that denser scaffolds show better final mechanical
properties in both forms of sintering [35].

Even though the porosity is a negative aspect in mechanical terms, its increase is related to the growth of its
bioactivity, because the bigger the porosity, the bigger the available surface area that encourages cellular adhe-
rence and proliferation [60]. In this sense, the study conducted by Lin and collaborators (2014) intended to eva-
luate the relationship between the scaffold’s porosity and the cellular activity stimulated by them. For that, po-
lyethylene glycol (PEG) scaffolds were produced by stereo lithography, one, solid and another with 500 um po-
rosity. After the cellular activity tests, it is noticeable that there is more cellular activity in the porous scaffold
than in the massive one. That is due to the increase of possible cell permeation area, since the massive scaffolds
only allow tissue growth on its surface, while porous scaffolds allow the cells to enter the structure and prolife-
rate there, allowing a more thorough tissue repair [61].

The following biofactors stand out amongst the ones most frequently used in bone tissue regeneration: angi-
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ogenic proteins, which regulate the proliferation of endothelial cells, and bone morphogenetic proteins, which
stimulate the osteogenesis by differentiating osteoprogenitor cells and mesenchymal cells from osteoblasts.
Hence, the scaffold must be porous enough to allow not only the transportation of these biofactors but also the
vascularization that will provide blood supplies for the tissue regeneration and make it possible to remove the
residual matter originated by the local cellular metabolism [35].

For the tissue formation to occur in an adequate way, it is necessary for the scaffolds to be extremely porous
structures, with an average porosity of 40% - 60%. Scaffold macro porosity plays a critical role in the regenera-
tion of damaged tissues, for it aims to allow cell penetration, which triggers the integration with the host tissue
and increase the chances for key processes to take place (e.g. blood vessel in growth). The optimum pore size
for scaffolds has been reported to be in the range between 100 um and 400 um [62] [63]. While pore sizes and
pore interconnections in the range of hundreds of microns are relevant for cells to migrate and proliferate, pore
sizes in a smaller range also play pivotal roles in tissue engineering [64] [65]. These pores are usually few mi-
crons in size and are involved mainly on the initial adsorption of proteins on the surface of the materials, and the
increase in protein concentration may significantly affect cell fate for the better [66]-[68]. Besides the ability to
adsorb proteins, these small sized pores are also known to allow the regulation of cell behavior, playing key
roles in directing stem cell fate [69].

A recent work showed the effect of pore size (100 um, 200 um, 350 um and 500 um) of solid freeform fabri-
cation polypropylene based scaffolds. The results showed optimum proliferation of pre-osteoblastic cell line
MC3T3-E1 for scaffolds with 200 um and 350 pum pore sizes, whereas the 500 um pore size scaffolds barely
contained cells after 7 days [70]. This suggested that 500 um pore size was too big for cells to interact with [71].

Scaffolds can also be used for local delivery of drugs, and the advantages of these systems are the possibility
of reducing the necessary dosage of the drug to obtain therapeutic efficacy and possible toxic effects, which
creates a pattern of modified liberation [72]-[77]. Bose and collaborators (2013) used scaffolds obtained through
inkjet printing, containing three different ceramic structures (brushite, monetite and hydroxyapatite), with the
intention of allowing local release of vancomycin. It can be observed that with the use of scaffolds as release
devices, it was possible to obtain the desired release pattern of the drug regardless of the ceramic structure [35].

As a way to avoid the problem of mechanical behavior versus bioactivity, the manufacturing of biodegradable
polymer composites appeared, and with an addition of an inorganic phase to the polymeric matrix, it managed to
achieve all the requirements of a scaffold [60] [78]. Serra and collaborators (2013) obtained PLA scaffolds
through the solvent cast 3D printing, with the intention of observing the variation of two different factors. The
first factor to be evaluated was related to the architecture of its layers, obtained through two different patterns:
ORTH and DISPL. The difference between the specimens caused a variation in the final porous volume. The
second factor was the addition of particles of G5 ceramic in the PLA matrix of the aforementioned architectures
(ORTH-G5 and DISPL-G5). After the compression testing the authors were able to observe that scaffolds con-
taining G5 ceramic showed better compressive modules than those that did not have the inorganic phase in both
the analyzed architectures [79].

Due to the resemblance between calcium phosphates (CaPs) and minerals that exist in the bones, such as hy-
droxyapatite [Ca;o(PO,)s(OH),-HA], this group of ceramics is vastly used as the inorganic phase in the produc-
tion of composites [54] [80]-[89]. Various authors have referred to the optimum content of HA particles of 10%
- 30% [90]-[93].

While revising the literature, it is possible to see that polymers such as poly (caprolactone) (PCL), poly (lactic
acid) (PLA), poly (glycolic acid) (PGA), chitosan and its copolymers are the most frequently used as scaffold
matrix [79]. PLA, for example, has been widely used in many applications such as screws, pins and plates for
orthopedics [94], devices for controlled drug delivery [95]-[99] and scaffolds for bone regeneration [9] [100]
[101]. The widespread use of these polymeric matrices is due to its biodegradability, which constitutes of an
important factor for the synthetic scaffold to be replaced by new tissue, without leaving any residue. Not only
the degradation time of each material is important, but the porosity of the scaffold also influences its biodegra-
dability, since it is known to increase the ability of fluids to penetrate the structure and therefore enhances the
degradation [35]. Ideally, the scaffold should degrade at the same time as new natural tissue is being formed
[102] [103].

Therefore, the properties achieved by the scaffold vary between the maximum predicted by the chemistry of
the material and the zero predicted by composites theories. That being said, it is necessary to think about a de-
sign for the scaffold which will balance the mechanical properties with the mass transportation properties and its

biodegradation [35].
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3. Application of Nanotechnology in Tissue Regeneration

The use of nanostructured materials in tissue engineering is inspired by the natural architecture of the bone,
since, biologically speaking, the natural bone matrix is a nanocomposite formed by an inorganic phase of hy-
droxyapatite (HA) nanocrystals, dispersed in the organic phase, which consists of collagen nanofibers, with di-
ameter varying between 5 nm - 50 nm (Figure 1) [104] [105]. That complex combination of an elastic matrix
(elastic modulus E = 1 - 2 GPa and tensile strength TS = 50 - 1000 MPa) with a strong and breakable mineral
phase (E = 130 GPa, TS = 100 MPa) leads to a composite material with ductile characteristics and good fracture
resistance [106]. Hence, the creation of a nanocomposite can adequately mimic the properties presented by nat-
ural bone and combine the advantages of both components, achieving bigger properties than those presented by
its individual components [41] [107]. Then, the use of nanocomposites proved advantageous because there still
isn’t a single material that is biocompatible, biodegradable and has good mechanical properties to replace the
bone, as Figure 2 shows [106].

MACRO NANO

Figure 1. Hierarchical organization of the components of bone tissue, from the
macro scale to the nanometric scale.
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One of the most important criteria in the development of an orthopaedic implant is the osseointegration be-
tween the synthetic material and the bone tissue. In that aspect, there are many studies that demonstrate that na-
nostructured materials promote protein interactions favorable to bone growth due to its surface properties. That
happens because when a material is reduced to the nanometric scale there is a significant increase in the contact
area, which increases its physical-chemical properties, compared to those of the macrometric material [108]
[109].

Therefore, it is very advantageous to use nanotechnology, since it increases the function, adherence and pro-
liferation of the bone cells, due to its favorable surface properties [109] [110]. Since the nanomaterial has a bio-
active surface that mimes the surface of the natural bone, it promotes a better absorbency of proteins and bio-
factors, encouraging a better bone formation than any conventional material could do [111]-[114]. Besides, na-
nostructuring often enhances the mechanical strength of composite materials [112] [115]-[117].

In 2011, the European Commission defined nanomaterial as a natural material, accidental or manufactured,
that contains particles, either alone or aggregated, that have at least between 1nm and 100 nm in dimension.
However, there are other definitions in literature that amplify the definition of the nano prefix to include struc-
tures that exceed 100 nm, including, then, a great variety of structures [41].

Amongst known nanomaterials, there are nanoparticles, nanotubes, nanocrystals, nanofibers and nanowires
that can be integrated in tissue engineering to produce bioactive scaffolds due to their unique surface properties
[118] [119].

For that reason, there are many nanomanufacturing technologies, both top-down and bottom-up, such as, for
instance: electro spinning, phase separation, self-assembly, casting of a nanostructured film, chemical vapor de-
position, to mention only a few of them [109]. Furthermore, due to the high interfacial area of nanoparticles,
mechanical enhancement is observed for very low loading fractions (up to 10 wt%) [108].

Nanotechnology is partially responsible for the great progress in the biomedical field in the past few years,
and, consequently, nanomaterials are now being industrially manufactured in mass and some products are being
sold already [120] [121]. However, it is necessary to be cautious because there are currently only a few studies
regarding the toxicity of nanomaterials. It is necessary to acquire more information regarding: the nanoparticles
derived from the biodegradation of scaffolds, their interaction with in vivo biomolecules and probable agglome-
ration, their capture by macrophages, their entry in endothelial cells and the resulting toxic effects [109].

4. 3D Printing

3D printing is a term that refers to many techniques used to create a 3D object through a rendered computer
model [79]. It is a fast prototyping technology that is considered revolutionary and differs from the existing
technologies for the fact that it is an additive manufacturing method. Unlike subtractive manufacturing technol-
ogies, which are based around the removal of excessive and superfluous material until the desired object is ac-
quired, 3D printing is an additive manufacturing technique [122]-[126] that builds the objects piece by piece,
using only the material that will become part of the object and avoiding loss of material in the process [127]
[128]. Besides, 95% to 98% of the excess of 3D printing, like annex structures to support the printed piece, can
be recycled, processed and reutilized in a new printed object [129].

The technology of the 3D printer is tied to that of computer-aided designs-CADs) softwares, where the design
of the object is made. The geometry of the object can be achieved through modelling softwares, mathematical
equations or scanning [130]. The sentence “everything that can be drawn can be printed” is considered the basis
of 3D printing, but actually, it is a utopian idea that shall still be achieved. Currently, to be printed, an object
needs to be completely solid. Once modelled, the object is “sliced” by a specific program called slicer, which
means to divide the object in two-dimensional slices to determine a way to print it [127] [129] [131] [132].

What initially caused the development of the 3D printing was the necessity that the inventor of stereo litho-
graphy, Charles W. Hull, had for a kind of commercial fast prototyping, because of the great need to test and
manufacture models in a faster way, without the need to store them. In that aspect, 3D printing supplied that
demand, which brought advantages for big companies and small businesspersons, researchers and scientists
alike [127]. Hence, the combination of flexibility, quickness and low cost is what makes 3D printing a disruptive
technology.

Nowadays this printing technology is accessible to a large part of the world population, with printers costing
between US$500 and US$2000 [127]. The process of 3D printing is highly automated and only requires human
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labor during its pre-processing and post-processing; this ease in the process propels its growth and its expansion
[133]. On the other hand, the high availability and the easy access to 3D designs in the internet makes it difficult
to protect the intellectual property of the user; since the design of the object is described and made available on-
line, it is easy for it to be copied, plagiarized and resold [129].

3D printing is ideal to the manufacturing of spare parts, since, when using conventional techniques, like injec-
tion molding, spare parts need to be manufactured in large quantities and at once. When faced with an uncertain
demand and with the intention of reducing storage costs, 3D printing becomes an essential tool, because it al-
lows the manufacturing of objects only when necessary, which optimizes the production and eliminates costs
[129]. Through this perspective, Gebler and collaborators (2014) have made a prediction for the world in 2025
and determined that the cost reduction brought by 3D printing would be somewhere between US$170 billion
and US$593 billion [133].

Another advantage of 3D printing is the large variety of materials that can be used. Polymers are used,
amongst which the copolymer of acrylonitrile butadiene styrene (ABS) and poly (lactic acid) (PLA) stand out.
However, there still is the possibility to use other materials such as epoxy resin, nylons, waxes, metals (like tita-
nium and silver), chocolate and body tissues like cartilage [127]. Material selection, which is a vital part of the
process, is governed by the printer type used and the requirements of the final product [134].

Due to the many possibilities of its usage and wide variety of materials that can be used [135] [136], 3D
printing emerged from automotive, microelectronics and aerospace fields into the biomedical field. That way,
the 3D printing technique has obtained a widespread diversity of applications for biological use, which include:
the study of organ bioprinting for transplants [137]; the production of prosthetics with a lessened final cost; the
production of surgical tools [138]; and the production of bioscaffolds, that work as analogues to the damaged
tissue targeting tissue regeneration [139] [140]. In fact, several 3D printing techniques have already been used to
design and manufacture scaffolds for medical applications, including fused deposition modeling (FDM), stereo
lithography (SLA), Inkjet printing, and selective laser sintering (SLS) [141]-[143].

That application is possible because the 3D printing technique allows the overcoming of limitations regarding
scaffold design and processing posed by conventional techniques [144] [145]. That way, the evolution that bio-
printing can bring to the scaffolds field is huge because it makes it possible to have more control over the archi-
tecture, allowing the manufacturing of microstructures that mimic the porosity and interconnectivity between the
pores in the human body [139].

Kim and collaborators (1998) were pioneers at 3D printing PLGA scaffolds, managing to obtain 800 pum
pores. Later, the process was combined with a salt leaching technique in order to obtain smaller pores (in the
range of 40 um - 150 um) [146]. Many studies followed his cue, inspired by the control over the porosity the 3D
printing offers [21] [147] [148]. Since the design of the scaffold is made by a computer, its structure can be tho-
roughly controlled, modified, tested and reproduced. The ease of creating and modifying a design was the main
appeal to the tissue engineering field, considering the properties of the final scaffold, including cellular adhe-
rence, are closely related to its architecture [21].

In addition, there is the possibility to print cells, DNA, and other bioactive components simultaneously with
the printing of the polymer support matrix, layer by layer, and that would make the final product achieve a high-
er cellular density in the matrix than other techniques of cellular sedimentation that always happen after the po-
lymeric scaffold is manufactured [62] [149] [150]. The first attempts were made in 2D by Odde et al. (1999),
who printed spinal cord cells on glass tray layered with culture medium using laser guided printing [151]. In
2003 Boland et al. modified a commercial HP inkjet printer and using print heads from HP and Epson managed
to print protein and mammalian cells onto alginate culture material. In order to print living cells the inkjet heads
had to be modified to be able to eject droplets larger than 100 um [152]. Saunders et al. (2004) managed to print
chondrocytes, osteoblasts and fibroblasts in a cell suspension with a 30 - 60 um nozzle [153].

However, the available techniques for 3D printing focused on scaffolds, but would not allow cell printing.
Methods such as laser sintering, fused deposition modelling and 3D printing can only allow the printing of syn-
thetic scaffolds, but cells cannot be simultaneously added to the printed constructs because they are not able to
survive the printing method due to high pressure, temperature or the use of cytotoxic materials [154].

Matrix material for tissue printing, often described as bioink, is central to this process and should provide
suitable cues and signals for cellular function and tissue formation [155]. Various individual extracellular matrix
(ECM) components like collagen and fibrin have been used as bioinks [156] [157]. Recent studies have indic-
ated that a tissue-specific ECM may direct cellular responses to promote constructive tissue regeneration [109].
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Cellular responses and functions dramatically improve when decellularized adipose tissue (DAT) is used for fa-
brication of scaffolds [158]. Decellularization conserves the natural constitution of ECM, but removes cellular
and antigenic components that can provoke immune responses [159] [160]. Besides, it is well accepted that cells
grown in tissue-mimicking 3D conditions display phenotypes in specific ways that are more close to in vivo sit-
uations than those cultured on 2D substratum [161] [162]. That way, 3D printed tissues can be used for research
and treatment of a great variety of diseases; cancer being one of them [163].

Labs everywhere are printing prototypic organs including heart valves, ears, artificial bone, joints, menisci,
vascular tubes and skin grafts. The structural and compositional complexity associated with many types of tissue
greatly complicates both the programming and the printing [164]. Even the tremendous challenge of achieving
viable vascularized tissue constructs is potentially enabled by the additive processing approach [165] [166].
Another advantage of 3D printing in the biomedical field is that, unlike other techniques, it is possible to obtain
a heterogeneous material with the application of different materials that can be deposited in specific positions of
the final structure [140].

5. Techniques for Scaffold 3D Printing

Hopkinson and collaborators (2006) described 18 types of 3D printing that can be divided according to the
physical state of the printed material (solid or liquid), or according to the method applied to fuse the matter in a
molecular level (thermal, UV radiation, laser, amongst others) [167], but only the five most known and most
widely used in the biomedical field (selective laser sintering, stereo lithography, fused filament fabrication, sol-
vent casting and inkjet) will be described in this paper.

5.1. Selective Laser Sintering

As the name states, this technique uses a laser to sinter the material that is in powder form. The laser irradiates
determined areas, following a predetermined path, and heats up the material close to its fusion temperature,
creating and uniting the layers of the object being made (Figure 3). After each transversal section is designed
through the laser irradiation on the powder bed, the table moves in the z-axis and a new layer of material is ap-
plied over it. Since the polymer powders are approximately 30 m - 90 m in dimension, this means only about 2 -
4 particles represent a layer thickness. That way, the process repeats itself until the piece is finished [127]
[168]-[170]. After the part is completed, the entire building chamber is cooled slowly to maximize polymer
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Figure 3. Schematics of the selective laser sintering method.
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crystallization to provide added strength as well as to reduce stress development and improve dimensional accu-
racy, which can be improved further by incorporation of shrinkage modeling into the initial part design [171].

The use of a laser makes sintering one of the techniques with a higher definition, allowing for the manufac-
turing of geometrically complex pieces [127]. Additionally, this technique allows for a larger variety of mate-
rials, so long as they are in powder form, that way glass, metal and ceramic can be used and adapted to the scaf-
fold production. Semi-crystalline polymers are primarily used with the intrinsic selection criteria ideally includ-
ing a broad process temperature window between polymer melting upon heating and recrystallization upon
cooling, a narrow melt transition, and a high melting enthalpy to minimize unwanted sintering associated with
thermal conductivity [172]. This technique also presents better productivity, since there is no need to build sup-
port structures, because the powder is both the reagent and the support for the manufactured material [173].

A range of fillers, such as silica, aluminum, carbon fiber and glass, can also be incorporated into the pow-
dered polymer to further modify the appearance and properties of the printed parts. Silica can be added sepa-
rately to polymer powders to improve flow properties. Achieving uniform distribution of filler in a mixed
powder system where differences in particle size and density are involved makes this nontrivial [128].

5.2. Stereo Lithography

It was the first developed and patented 3D printing technique in 1986, by Hull [174], and it is still the most ac-
curate of the techniques. Due to its pioneering as a printing technique, the first commercial 3D printer was stereo
lithographic [61]. Therefore, this technique has been widely used in bioengineering and extensively reviewed
[175] [176]. The principle of stereo lithography is based upon photo polymerization of vinyl monomers, which
is activated by the decomposition of a photo initiator into free radicals when exposed to UV radiation or visible
light [61] [177]-[179].

UV radiation scans and solidifies the regions corresponding to the transversal sections of the final objects,
creating the object one micro layer at a time (Figure 4). After a layer is irradiated and cured with UV radiation,
the elevator goes down the length of a layer (approximately between 0.05 mm and 15 mm), and the process is
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Figure 4. Schematics of the stereo lithography method.
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repeated over a new liquid layer [130].

After the process ends, the object is washed to remove the excess of resin. The object obtained does not
present a complete conversion of the reactive groups and it can be post-cured with UV to increase the structures
mechanical properties [130]. This technique is widely used to manufacture polymeric scaffolds. However, most
photo initiators are insoluble in water and need to be dissolved in organic solvents, which makes them toxic for
cells. That is added to the risk of breaking the DNA’s double helix with UV radiation [180]. For that, the print-
ing of cells along with the scaffold is not recommended, and so the cells are sedimented in the scaffold after its
manufacturing [61].

To avoid these problems and print the cells simultaneously, it is necessary: i) to use visible light, ii) that the
photo initiator is sensitive to visible light, efficient and soluble in water, but not cytotoxic, iii) to achieve a uni-
form cells suspension in the monomer/initiator solution, iv) that the material of the scaffold is hydrophilic and
not cytotoxic, to maintain the cellular viability after sedimentation. Hydrogels are widely used because of their
ability to retain water and because their properties mimic those of the living tissue [106].

This method is one of the most promising for scaffold manufacturing because it is possible to print objects
with accuracy of up to 20 um, while the other techniques allow accuracy of up to 50 um - 200 pm. However, it
is a technique that not does allow a wide variety of materials, nor the use of more than one resin at the same time
[130].

Surface-patterned exposure from digital light projection (DLP) sources allows any selected portion of the en-
tire x/y workspace to be exposed simultaneously instead of dynamic writing with a condensed laser beam [181].
Even though high laser scanning velocities are employed in the SLA approach, the ability to simultaneously
photo cure all portions of a given slice with DLP significantly speeds cycle times between layers [176]. The
SLA or DLP techniques can be used with a wide variety of monomers and resin systems. Ideally, the monomers
(typically comonomers and reactive oligomers) used in photo polymerization-based part printing should be of
relatively low to modest overall viscosity (viscosities either too low or too high introduce problems), capable of
rapid polymerization and yield cross linked polymers with properties suited to the demands imposed by the tar-
get application. Just as in the UV-curable coatings industry, this means that acrylates and epoxy monomers are
most commonly encountered as photo-based printing materials although vinyl ether-functionalized monomers
and other monomer types are used as well. Also related to the UV coatings industry, relatively high photo in-
itiator concentrations (often up to 3wt% - 5wt%) are used to achieve fast polymerization and limited depth of
cure [128].

5.3. Fused Filament Fabrication

In this process, the material is fused, extruded and deposited on a table, layer by layer. The extrusion head and
the table move in the x, y, and z axes, allowing the material to be deposited in any position (Figure 5). The ma-
terial cools down, and it solidifies by itself, as it is extruded, so there is no need to use a light source [182].

The use of filaments reduces the residence time in the heating compartment, which allows fast and continuous
deposition, something essential to commercial production [33].This technique has limitations regarding the ma-
terials that can be used, since only a few polymers have the thermal and rheological properties to be processed.
PLA and ABS are the most commonly used [183].

Recent work has further expanded the materials palette to include other polymer blends, and even recycled
commodity polymer stocks can be considered for use [184]. It is possible that orientation of polymeric chains
happens during the fused filament’s extrusion and, in that case, the resulting material will have unique structural
properties that exceed those of an object manufactured with the same material but with a different technique
[183]. It is possible, beyond controlling the architecture of the scaffold through the design, to change parameters
such as deposition speed; at a higher speed, the filament will have a smaller diameter and be more porous. That
control is important because, as previously stated, the porosity influences the scaffold properties directly, such
as elastic modulus and degradation kinetic [185].

5.4. Solvent Casting 3D Printing

This technique was developed as a low-cost strategy to overcome the limitations of the fused filament fa-
brication technique. It consists of the additive deposition of layers of material directly from a solution made
by a volatile solvent (Figure 6). For that reason, it presents gigantic potential in the microelectronics and



R. C. de Azevedo Gongalves Mota et al.

/

Figure 6. Schematics of the solvent cast 3D printing method.
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biomedical engineering fields, since it allows the direct manufacturing of versatile composites and nanocompo-
sites at a low cost [183].

The solvent needs to be volatile in order to evaporate during deposition and, consequently, increase the vis-
cosity of the material and the quick formation of a rigid 3D microstructure [79]. The viscosity of the solution is
an important parameter since it is inversely related to the fluidity; if it is too viscous, there is a risk of clogging
up the printing head, but if it is not viscous enough the solvent will evaporate too slowly and the 3D structure
will be under the risk of collapsing. Hence it is important to characterize the rheological behavior of the solution
at different shear rates to make sure that the viscosity will never surpass these extreme values, compromising the
technique [186]. Another important thing to keep in mind with this technique is the homogenous dispersion of
charge in the polymer; if there is an agglomeration, the nano effect will be lost and it can clog up the printing
head, impairing the process [183]. Serra and collaborators (2013) have produced PLA/PEG scaffolds as poly-
meric matrix and particles of G5 ceramic as the inorganic phase using this technique. PEG was used as plasti-
cizer to lower the Tg of the material and to make its processing easier. The resulting scaffolds had thinner fila-
ments than those in scaffolds obtained through different techniques and that was mostly due to the viscosity of
the solution used and the evaporation of the solvent, which happens after the deposition of the filaments. That
effect is desirable, because it generates higher resolution scaffolds, increasing its contact area and interaction
with the biological medium. The scaffolds produced through the fused filament fabrication technique do not
show significant amounts of deposed filament thinning [79].

5.5. Inkjet

It is the manufacturing of 3D objects through the deposition of a liquid binder in a layer of powder (Figure 7)
[187] [188]. As most materials are in solid or liquid state, this technique allows a large variety of materials to be
used, which is already a big advantage compared to other additive manufacturing techniques [189]-[191]. After
printing a layer, it must be heated up to dry the binder and avoid it spilling between layers. This process is re-
peated, layer by layer, until the object is complete. Even so there can be some residue left, which can be damag-
ing, especially to the area of the biomaterials [35] [194]. To print polymeric scaffolds, the binder is a solvent, the
polymer is dissolved, but as soon as the solvent evaporates, the polymer reprecipitates to form solid structures
[192] [193].

VA 2

Figure 7. Schematics of the inkjet method.
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According to Asadi-Eydivand and collaborators (2015), despite the massive potential of polymeric scaffolds
with micro sized pores, most scaffolds successfully manufactured by inkjet have pores bigger than 500 um [194].
Other than pore size, another limiting factor is the need to use an organic solvent in the solubilisation of the po-
lymers that can eventually damage the printing head [165], and can leave residues in the printed object [54]. To
overcome this problem, Lam and collaborators (2002) have created corn starch polymeric scaffolds, using dis-
tilled water as the binder [21].

A possible way to avoid the first problem is by printing molds with cavities in which the final material can be
poured, which is called indirect 3D printing. Afterwards, the mold must be removed, dissolved in a material that
will not dissolve the scaffold’s material [192] [195]-[198]. Deisinger and collaborators (2007) made a compari-
son between direct and indirect 3D printing methods by fabricating hydroxyapatite scaffolds. Based on the re-
sults, the pore size and strut geometries in the indirect method were more achievable compared with the direct
technique [199]. By the end of the printing process, another stage is needed, to remove the excess dust in the
object, using compressed air [54]. The term “3D printability” was first defined by Butscher and collaborators
(2012) as “powder characteristics essential for the 3DP process” and it intrinsically depend on: (1) powder to-
pology, including particle size, particle size distribution, morphology and specific surface area and (2) material
reactivity with the binder [123]. Among the powder topological characteristics, particle size has been demon-
strated as the dominant factor in determining the quality of printed products [200]. Lu and collaborators (2009)
has suggested that higher strength for 3DP constructs prior to any hardening post-process (i.e. green strength)
can be achieved using fine powder (b20 pm), whereas other studies found fine powder caused issues with
spreading during the 3DP process [200] [201]. These contradictory results indicate lack of understanding of this
emerging manufacturing technology, especially on the fundamental principles of how the binder droplets inte-
ract with the powder during the 3DP process [202].

6. Closing Remarks

The importance of porosity in the study of polymeric scaffolds used in bone tissue engineering is fundamental,
since it directly changes its permeability to nutrients and biofactors, its mechanical properties and its biode-
gradation kinetic. For this reason, the advent of 3D printing allows us to overcome limitations of traditional
scaffolds manufacturing techniques, because the structure is built layer by layer, according to a predetermined
computer model, which provides better control of the scaffold’s architecture and geometry. Hence, it is possible
to vary, with a certain amount of accuracy, the porosity degree, the size of the pores and their interconnectivity,
aiming to achieve the ideal balance between mechanical support and mass transportation and to maximize the
scaffolds function of guiding and stimulating tissue repair.

However, since 3D printing technology is fairly recent and there is no well-established knowledge about it in
the medical field, it is necessary to research more about the subject and to explore the repercussion of the use of
different printing techniques, because there are many factors that influence the final properties of the printed
structure, such as the chosen material, the resolution of each technique, the time it takes to print and speed of the
printing, and the computer model. Besides that, it is also necessary to evaluate the applicability of the nanomate-
rials in the 3D printed scaffolds, with the intent of obtaining synergetic results in the mechanical and biological
properties.
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