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Abstract

Additive manufacturing (AM) allows the fabrication of customized bone scaffolds in terms of
shape, pore size, material type and mechanical properties. Combined with the possibility to obtain
a precise 3D image of the bone defects using computed tomography or magnetic resonance
imaging, it is now possible to manufacture implants for patient-specific bone regeneration. This
paper reviews the state-of-the-art of the different materials and AM techniques used for the
fabrication of 3D-printed scaffolds in the field of bone tissue engineering. Their advantages and
drawbacks are highlighted. For materials, specific criteria, were extracted from a literature study:
biomimetism to native bone, mechanical properties, biodegradability, ability to be imaged
(implantation and follow-up period), histological performances and sterilization process. AM
techniques can be classified in three major categories: extrusion-based, powder-based and liquid-
base. Their price, ease of use and space requirement are analyzed. Different combinations of
materials/AM techniques appear to be the most relevant depending on the targeted clinical
applications (implantation site, presence of mechanical constraints, temporary or permanent
implant). Finally, some barriers impeding the translation to human clinics are identified, notably
the sterilization process.
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Introduction

For the last four decades, additive manufacturing (AM), also called rapid prototyping or
solid free form fabrication or 3D printing, has emerged as a promising set of fabrication
techniques in different fields including in biomedical research.[] Indeed, the market of 3D-
printed medical devices is predicted to reach $26 billion by 2022.121 AM is especially used
in bone tissue engineering,[3] where the aim is to regenerate bones as close as possible to
native bones, by providing a 3D template, named hereafter scaffold, with macropores in
which cells and blood can penetrate.[3] Indeed, AM has changed the design and fabrication
of scaffolds since it allows, at a very reasonable cost, a complete control over the scaffold
architecture that can be easily adapted to the needs. Thus, it is more and more used by
clinicians and engineers to treat bone defects as shown by Ricles et al.[2] Moreover, AM
allows to replicate bone anisotropy, which is an important property but usually difficult to
replicate with more conventional methods such as freeze-drying or sol-gel manufacturing
methods.[4] Nowadays, 5-10% of bone fractures result in critical-size bone defects, meaning
that they are not able to self-heal.[5] Currently, the gold standard to repair this kind of defects
is the autologous graft.[81 However, this solution is far from being ideal since it is painful
and requires several surgeries, the quantity of bone is limited, and there is morbidity at the
donor site.I7] Thus, researchers are focusing their efforts on the development of synthetic
bone graft substitutes, called synthetic scaffolds. Initially, the aim of using scaffolds was
simply to replace bones and to act as “space filler”. Progressively, the research has evolved
and the idea is now that these scaffolds would actively guide bone regeneration in order to
reconstruct a new bone similar to the native bone.[8] These scaffolds should ideally have a
physico-chemical composition and mechanical properties close to that of native bone. For
example, bone has an elastic modulus ranging 3-20 GPa,[®] so similar properties are
expected from the scaffolds if they are not fixed with osteosynthesis plates. Else, they should
have sufficient mechanical properties to support bone growth and to ensure that the newly-
formed bone will have similar mechanical properties compared with native bone. Moreover,
natural bone is composed of an organic phase and approximately 50% of calcium
phosphates (inorganic phase) and has a specific internal architecture.[19] As a result, the
scaffold needs to be macroporous and have interconnected pores to allow cells and fluids to
invade the scaffold and to activate the bone formation process.[*1] The porous structure will
also favor cell migration, adhesion and proliferation. This will allow the newly-formed bone
to mimic natural bone composition and architecture.[l] Before AM, conventional techniques
such as sol-gel method, gas foaming or freeze-drying were used to manufacture bone
scaffolds.[11] However, these techniques did not allow a thorough control over the
architecture of the 3D scaffold.[12] On the other hand, AM offers the possibility to customize
both the global shape and internal structure of the scaffold at high reproducibility and
reliability. This provides a unique possibility to fabricate patient-specific implants, which
enable to reduce the surgery time, since the surgeon does not need to adjust the implant to
the patient anymore.[!3-15] Thus, AM is used in personalized medicine and particularly well
adapted for bone defects resulting from trauma or tumor resection where the defects shapes
can be very complex.
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AM workflow consists in different steps that have already been described.[11.16] First, the
3D scaffold is designed using a computer aided design (CAD) software and the design is
exported as a standard triangulation language file (stl file), which is a standard file format for
3D printing. Then, the stl file is imported in a software called a slicer, which is dividing the
3D structure into several 2D cross-layers and compute the path that the AM machine needs
to take to fabricate the 3D scaffold. Finally, the scaffold can be manufactured using an
extrusion-based, powder-based or vat photopolymerization machine depending on the raw
material. After the fabrication, some post-treatment may be needed depending on the
machine and material used. This post-treatment may be a material removal or sintering of
the piece to render it more mechanically resistant. The development of AM is tightly related
to that of imaging techniques, which provide the precise parameters of the bone defects.
Among the existing imaging techniques, computed tomography (CT) and magnetic
resonance imaging (MRI) are the most used to image bones since their strong contrast
allows to distinguish easily bone from soft tissue. CT is by far more used than MRI since it
is cheaper and faster, but the advantage of MRI is to avoid X-rays scans, which may damage
the human body.[17] The CT-scans data or MR files are used to produce a 3D CAD model
of the scaffold that is perfectly adapted to the shape of the defect.[18-20] As a result of this
precise 3D defect imaging followed by AM fabrication techniques, it is possible to
manufacture a scaffold that perfectly fits into a particular defect. This customization is
particularly interesting for clinical use in the context of personalized medicine.

Several groups have already reviewed the different types of AM machines and materials that
can be used for bone regeneration.[11:21-29] Extrusion-based, powder-based and vat
photopolymerization AM techniques allow to print polymers, ceramics and metals that are
biocompatible and sometimes biodegradable. However, although AM has already been
widely used in research in the biomedical field, still very few products are available on the
market to date. Yet, many pre-clinical and some clinical studies are currently conducted to
prove the biosafety and efficiency of these products.

The objectives of the present progress report are to provide a view on materials and additive
manufacturing techniques that are specifically used to repair bone defects. We will more
particularly focus on the materials and processes that can be translated to the clinics. Thus,
we will highlight the specificities and criteria that are required for an effective clinical
translation. We will survey the state-of-the art in the development of the different techniques
and materials with a particular focus on pre-clinical experiments in large animals and
clinical experiments in humans.

2 Synthetic bone graft materials

In bone tissue engineering, six criteria are important to consider when choosing the material
to be used (Table 1): (i) biomimetism, i.e its ability to mimic the properties of native bone
and to interact well with the tissue that will be regenerated; the biocompatibility is included
in this criterion; (ii) mechanical properties, namely the elastic modulus and compression
strength, that should be sufficient to support bone growth and not too high to avoid stress
shielding; (iii) long-term biodegradability since ideally, the scaffold should be progressively
replaced by newly-formed bone until it completely disappears from the body, so the
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biodegradation rate and safety of the biodegradation products are included in this criterion;
[39] (iv) the ease of imaging without altering the information in order to follow its
positioning during the post-operative period and bone growth without interference with
native bone, which is determined by the contrast between the host bone and the scaffold
material;[3%] (v) the ability to easily cut histological slices without spoiling it and (vi) its
compatibility with the sterilization processes that are clinically approved. Biomimetism also
includes the osteoconductive and osteoinductive properties of the materials.
Osteoconductivity is the ability of a material to guide bone regeneration while
osteoinductivity is its ability to activate the bone progenitor cells and to trigger bone repair.
[31] The fifth criterion is important mainly for the pre-clinical studies, where there is a need
to assess the efficiency and quality of newly-formed bone, eventual signs of foreign body
reaction, the maturity and type of newly-formed bone, neo-vascularization, as well as its
interactions with the scaffold (that is, the contact with the scaffold surface or not, penetration
in the pores, etc.).

The sterilization step is important to prevent infection and is needed to obtain a regulatory
approval.[32] The different sterilization processes that can be used are ethylene oxide
sterilization, steam sterilization (also called autoclaving), hydrogen peroxide plasma
sterilization (simply called plasma sterilization afterwards), y-irradiation, electron-beam
irradiation (also called B-irradiation) and UV sterilization.[32] The technical details of each
process have been reviewed elsewhere.[32] Each material can react differently to the different
processes, so it is important to determine which type of sterilization process is suitable for a
given material (see Table 1). Indeed, the sterilization process may induce adverse reactions
such as changes in physico-chemical properties or morphology and might produce toxic
byproducts by degrading the material.[32] Yet, the sterilization step is too often neglected and
considered as secondary as can be seen in Table 3, where the information is often missing.
Table 3 reviews pre-clinical and clinical studies on 3D-printed scaffolds for bone
regeneration and for each study, the sterilization process used was reported. In fact, the
question of the sterilization process is crucial and needs to be raised at the very beginning of
the implant development.[32] The availability and cost of some types of sterilization
processes may influence the choice of the implant material. Indeed, the adverse effects of
sterilization of a given material should be known in order to make the best choice for the
targeted application. If not carefully thought at the beginning of the study design, the
question of sterilization may quickly become a blocking point.

In terms of materials type, four types of materials are currently used as bone graft
substitutes: polymers, ceramics, composites of polymers and ceramics, and metals. Table 1
gives our analysis of the six selected criteria, based on the literature study. Moreover, Figure
1 offers a global view of the major sites where bone graft substitutes are used in the human
body and the kind of materials used to repair the different bone defects.

2.1 Polymers

Polymers are divided in two groups: natural and synthetic polymers. Natural polymers, eg
chitosan, collagen, hyaluronic acid, gelatin, silk fibroin ... have excellent biocompatibility
and biodegradation properties. They are usually degraded by natural enzymes within 2 to 24
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weeks depending on the polymer crosslinking level, without producing any acidic
byproducts.[26:33.34] However, they are mechanically weak and cannot sustain the forces
exerted on bones (Table 1).[26] Indeed, their compressive modulus ranges from 0.005 MPa to
90 MPa whereas cancellous bone compressive modulus is higher than 100 MPa.[35-37] Thus,
they are mainly used as additives or composites for their osteoinductive properties and their
ability to enhance cell and protein adhesion as they benefit from excellent biomimetism
(Table 1).[2] Some pre-clinical studies suggest that silk fibroin and chitosan could be used
alone to heal craniofacial defects but these studies were only conducted on small animals
(mice and rat) and have to be proved successful on larger animals.[38-421 Usually, ethylene
oxide sterilization is used on natural polymers since it is a low temperature and gentle
sterilization process (Table 1).1324344] |n contrary, both electron-beam irradiation and
autoclaving are not recommended: electron-beam irradiation accelerates the degradation rate
of the scaffolds and increases the chemical crosslinking of the material to use, while
autoclaving reduces the viscosity and mechanical properties of the materials.[43:44]

Synthetic polymers are man-made. They can be biodegradable (poly-e-caprolactone (PCL),
poly(lactide-co-glycolide) (PLGA), poly(lactic acid) (PLA), poly(propylene fumarate) (PPF)
...) or non-biodegradable, such as poly(ether ether ketone) (PEEK) and poly(ether ketone
ketone) (PEKK). Biodegradable polymers are easily printable with good dimensional
resolutions thanks to their low melting point (~60°C for PCL and ~175°C for PLA)[45]
which makes it easy to heat the material without the need for a complex heating system.[22]
Their degradation rate is tunable and is usually longer than one to two years. Their
biodegradation induces the release of low acidic byproducts for PCL and non-toxic
byproducts for PLA and PLGA.[2346:47] They are also biocompatible and osteoconductive.
[21] They have good mechanical properties with a compressive strength of the order of 2-39
MPa as compared to the native bone compressive strength (2-12 MPa) and compressive
modulus (52-318 MPa), these values depending on the scaffold porosity)[22:48-501 are
radiolucent, lightweight and histocompatible which is an important criterion for preclinical
studies (Table 1).[23.24] However, they are not highly biomimetic when used alone since they
are unable to induce bone formation by themselves (Table 1). These materials are often used
in cranio-maxillofacial bone reconstruction (Figure 1),[52:52] and some pre-clinical studies
look at their application in load-bearing sites such as femoral defects or tibiae defects.
[12,53-55] Different processes are suitable to sterilize biodegradable polymers: UV exposure,
[56] -y-irradiation and B-irradiation (Table 1).157:58] However, autoclaving, ethylene oxide and
plasma sterilization should be avoided because they induce a shrinkage of the materials,
[58,59] toxicity and physical alterations respectively.[>8] According to our literature study,
biodegradable polymers appear to have the best overall score in Table 1. Their major
drawback is the lack of osteoinductivity that can be addressed using different strategies
listed in section 4.

Non-degradable polymers have mechanical properties that are closer to native bone with a
compressive modulus ranging from 0.14 to 8.21 MPa and compressive strength ranging from
25 to 200 MPa depending on the scaffold porosity!8%]. They are also biocompatible (Table
1).[61] Similarly to other polymers, they are radiolucent,[62] which makes them easy to image
and compatible with histological imaging (Table 1). However, they are harder to print with
extrusion machines because their melting point is very high (300-360°C as indicated in
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polymerdatabase.com) so the machines have to be thermally isolated and equipped with a
high power heater.[83] Moreover, they are usually hydrophobic, resulting in a poor
interaction with cells or growth factors and a low osseointegration (i.e. a poor integration of
the scaffold with the host bone), altering their biomimetism (Table 1).[6264] As a result, they
often need a surface treatment such as gas plasma or coating with thin layers of other
materials such as titanium or hydroxyapatite, (5661 which improves the osseointegration.[63]
These polymers are FDA-approved for craniomaxillofacial and spine fusion surgery (Figure
1).167.68] They are also often used to repair ribs or sternal defects (Figure 1) and their
potential to regenerate tibiae defects is studied on animals.[61.63.69]1 Some commercial
products made of non-degradable polymers exist, including screws for foot and ankle bone
healing (Figure 1). The main sterilization technique used for non-degradable polymers is -y-
irradiation (Table 1). Autoclaving should be avoided since it induces changes in the material
physicochemical properties.[70.7] The score of non-degradable polymers in Table 1 is lower
than that of biodegradable polymers since the non-degradability of the material can be
problematic and may require a surgery to remove the material, which is invasive and risky
for the patient.

2.2 Ceramics

Ceramics are widely studied as bone graft substitute materials since they have similar
composition with the inorganic phase of natural bone so they benefit from excellent
biomimetism (Table 1).13%] Indeed, they are osteoconductive as well as sometimes
osteoinductive.[21] The most widely used ceramics in bone tissue engineering are calcium
phosphates, namely hydroxyapatite (HA) and tricalcium phosphate (TCP). Ceramics are
mainly biodegradable but at different rates (Table 1).[721 However, ceramics are very brittle,
and therefore not appropriate for load-bearing applications despite their high compressive
strength which ranges from 3 to 18 MPa (Table 1).[2223.73] Moreover, they are not easy to
image and to distinguish from the native bone, due to their similar composition and density
to native bones, which also complicates the histological analysis (Table 1).[741 Usually,
ceramics are used to repair all kinds of defects especially in the craniofacial region (Figure
1).[13.75-771 They can also be used in composite materials, as scaffolds fillers and as coatings
to enhance the bioactivity of a scaffold.[”879] y-irradiation is the best sterilization process
for ceramics (Table 1), while autoclaving and ethylene oxide have been proven to degrade
some calcium phosphates phases.[80:81]

2.3 Composites

In order to optimize the mechanical and biological properties of the implants, composites of
ceramics and polymers can be manufactured. The most widely used composite is poly(e-
caprolactone) (PCL)/p-tricalcium phosphate (B-TCP). PCL degradation rate is very slow, so
the addition of B-TCP allows for a higher degradation rate and better mechanical properties
in compression as well as enhanced osteoinductivity.[82] PCL/B-TCP is often used in pre-
clinical studies to treat femoral or tibiae bone defects,[64.73.74.82-85] pyt also
craniomaxillofacial bone defects.[86-931 Other biodegradable polymers and ceramics are
used in composites such as PLA, PLGA and HA (Table 3).[53:55.64.73.94] There are also
composites made of ceramics and natural polymers which are used in the
craniomaxillofacial region (Table 3).[93]
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The most widely used metals in bone tissue engineering are titanium and its alloys as well as
stainless steel, which are all non-degradable metals (Table 1). They have very good
biocompatibility properties and their mechanical properties are close to natural bone, even a
bit higher (compression modulus between 5 and 35 GPa and compression strength between
50 and 325 MPa) (Table 1).[21.95] The biocompatibility of titanium is particularly high
thanks to the titanium oxide film that is formed upon corrosion. This film is known to be
antibacterial and thus enhances the biocompatibility and biomimetism of the material (Table
1).19] In view of their high mechanical properties, they are often used in load-bearing sites
such as tibiae defects,[97:98] but also in craniofacial and spine fusion surgery and in chest
reconstruction (Figure 1).[17:99-107] Metals are also used to manufacture hip prosthesis, [108]
shoulder prosthesis and commercial screws used in hand, foot and ankle bone repair.[109]
Nevertheless, they have important drawbacks which limit their use 77 vivo. Indeed, they may
release metallic ions through corrosion or wear which may lead to tissue loss and because of
their high elastic modulus, they can generate stress shielding.[9:23.110] Moreover, they are
difficult to image because of their high density (Table 1).[62.1101 Aytoclaving is the main
sterilization technique used on metals since it gives better histologic results than gamma- or
UV-sterilized scaffolds (Table 1).[111.1121 However, cutting metals slides for histology is
challenging because of the hardness of the material (Table 1).

3 Additive manufacturing for bone regeneration

AM has revolutionized the fabrication of scaffolds for bone tissue engineering. The ability to
customize both the global shape and internal architectures, as well as the possibility to
perfectly fit the defect shape regardless of its complexity have driven the development of
AM in bone tissue engineering.[*1]

The different AM techniques used in bone tissue engineering can be divided in three major
groups:[1131 i) extrusion-based techniques: the material is deposited using a nozzle fixed on a
robotic arm, ii) powder-based techniques: the material is in the form of particles that
constitute a powder, which is then sintered or chemically bounded and iii) vat
photopolymerization techniques: a liquid resin is photopolymerized using UV light. Each
technique has its own characteristics, which are reported in Table 2. Table 2 compares the
different AM techniques regarding seven criteria: i) the dimensional resolution, i.e. the size
of the minimum printable feature ; ii) the dimensional accuracy, which quantifies the match
between the actual and theoretical dimensions of the printed piece ; iii) the machine cost; iv)
the material cost which depends on the technique used; v) the machine size; vi) the ease of
use of the machine and vii) the translational potential of the technique taking into account
the six previous criteria. Figure 2 offers a representation of each group of techniques
associated to the materials that it can process. The materials forms are also represented.

3.1 Extrusion-based techniques

Fused Deposition Modeling (FDM), robocasting (also called direct-write assembly or direct
ink writing), dispense plotting (also called material extrusion or bioplotting) and Multi Head
Deposition System (MHDS) are all AM techniques based on the extrusion of one or several
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materials. The materials are processed in the form of a filament as in the case of FDM or as
a paste (dispense plotting, MHDS and robocasting) (Figure 2). They are loaded into a nozzle
or a syringe that is fixed on a robotic arm, which will execute the path defined by the slicer.
The material is dispensed from the nozzle using heat (FDM) or pressure (robocasting,
dispense plotting and MHDS). The precise technical explanations of each technique will not
be detailed here since it has already been reviewed by several groups.[11:22,2529,114-116]

Extrusion printing, notably FDM, is the most widely used AM technique since it allows to
print a large variety of materials, including polymers, [12:52-54,63,69,78,86,93,117-122] ceramics,
[93,123-134] and composites (Figure 2)[3364.73,82-90,92-94,135] 4t 4 |ow cost and with good
accuracy (x 0.5 mm according to 3D Hubs, see Table 2). Indeed, polymers such as PCL,
PLA, PLGA or PEEK are easily fabricated in the form of filaments, or as powder that can be
mixed to a solution to form a paste. Ceramics are largely available as powders and can form
a paste when mixed with polymers such as polyvinyl alcohol (PVVA). Finally, composites of
polymers and ceramics can be fabricated in filament form by embedding ceramics particles
into the polymer matrix, or in paste form. Metals cannot be printed via extrusion-based
machines because their melting point is too high and is not reachable using this type of
techniques. Moreover, the machines are relatively small compared to other techniques,
which makes their transport and use in hospital easier (Table 2). Also, a short training is
sufficient to learn how to use the machines as they are quite intuitive (Table 2).[*36] Thus,
they may potentially be easily implemented in the context of a hospital (Table 2).

The major drawback of these techniques is the dimensional resolution. Indeed, it is
impossible to print features of size below 100 pm (Table 2).[116] However, this resolution is
sufficient to print synthetic bone graft substitutes since the ideal pore diameter for bone
growth should be higher than about 400 pm.[234] The dimensional accuracy of extrusion-
based techniques is technique-dependent but known to be lower for dispense plotting (Table
2). For robocasting, it will depend on the ceramics particles sizes that are put in suspension
into the polymer matrix (Table 2). Also, dispense plotting often requires a post-processing to
improve the mechanical properties of the printed parts, which is not the case for the other
techniques.

3.2 Powder-based techniques

In these techniques, materials are in a powder-form (Figure 2). The major powder-based
techniques used in bone tissue engineering are inkjet printing, selective laser sintering
(SLS), selective laser melting (SLM), direct metal laser sintering (DMLS) and electron beam
melting (EBM). The technical details of the different techniques are explained elsewhere.
[11.21,22,24-26,29] Briefly, the powder is set in a collector and then spread using a roller on the
building plate. After that, a laser or an ink composed of a liquid binder follows the path
calculated by the slicer to sinter or melt the powder particles to fuse them together. A new
layer of powder is spread and the process is repeated until completion of the part. The
dimensional resolution of this type of techniques is better than for the extrusion-based
techniques. Indeed, it is possible to reach a resolution of about 50 pm but it is technique-
dependent (Table 2).[1.116] However, the dimensional accuracy is not always very high,
especially for the sintering techniques, the melting techniques being more precise (Table 2).
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The dimensional accuracy also depends on the particles sizes and on the technique used.[13¢]
Usually, the printed parts will exhibit a rough surface (except with SLM) with porosities due
to the partial fusion of the particles (sintering is at a lower temperature compared to
melting).[116]

These techniques are used to print ceramics (inkjet printing,[13.75.76.137-141] | g) [25.142]
polymers in powder-form (SLS,[18:50.51,55,67.68] jnkjet printing),[61:143] composites (SLS,[74]
inkjet printing)[®1] and metals (SLM,[97:99.100.107] p\|_s [17.20,105,106] EBM, Figure 2).
[98,101-104] A|| types of materials can be printed using a laser since they can all be found in
powder form and the laser has sufficient power to fuse all kinds of particles. However,
metals cannot be printed by inkjet printing because the liquid binder can not induce the
fusion of metal particles. Powder-based machines have excellent dimensional resolution and
their dimensional accuracy depends on the technique but is sufficient for bone tissue
engineering. Indeed, the minimum accuracy required for bone tissue engineering depends on
the pore size that is printed but dimensional errors of less than 200 um are considered as
satisfying (Table 2).[244] For example, the dimensional accuracy of SLS and inkjet printing
is £ 0.3 mm while it is £ 0.1 mm for DMLS, SLM and EBM (according to 3D Hubs, see
Table 2).[145] However, these techniques tend to be very expensive and the machines, which
are bulky, need to be installed in a large room (Table 2). Last but not least, they require an
extensive training before using them safely and with sufficient know-how (Table 2).

3.3 Vat photopolymerization techniques

Stereolithography (SLA\) is the main vat photopolymerization (VPP) technique. [11.22.26] A
resin-based material is located in a collector. The building plate moves along the z direction
to enable the spreading of the resin at its surface. Then, a UV laser or a UV light projection
(for the technique called digital light processing, DLP) is drawing the path designed in the
slicer, which will photopolymerize the resin. These steps are repeated layer by layer until the
part is completed. At the end of the printing process, a post-processing step is needed to
remove the resin from the material and to cure the piece. Two-photon polymerization is also
a vat photopolymerization technique but is not used in bone tissue engineering. Indeed, its

build volume is very limited, the building speed is low and the compatible materials limited.
[116]

SLA and DLP can be used to print photosensitive polymers and ceramics scaffolds (Figure
2).[77.146,147] without a photoinitiator, the materials cannot be printed: this requirement
excludes ceramics and metals alone. It is versatile and has an excellent resolution at ~25 pum
and accuracy (+ 0.1 mm according to 3D Hubs, see Table 2).[22] However, it is not
commonly used in bone tissue engineering since the resin can be cytotoxic.[136:148] Besides,
it is quite expensive,[4] even if the machines are small and their use intuitive (Table 2).

3.4 Toward clinical application

As already mentioned above, a great advantage of AM is that it allows a customization of
the implant architecture. To have the best fit possible between the implant and the bone
defect dimensions, a whole procedure is often followed in clinics.[18-20.69.106] After
obtaining a 3D model of the defect from imaging data, the DICOM files resulting from these
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acquisitions are converted to stl files so that the 3D model can be sliced in 2D cross-layers
and finally 3D-printed. This production of the defect model helps to plan the surgery,
identify the difficulties, decide the shape of the implant and requirements for its fixation.
Then, the scaffold is designed to fit the 3D model using a CAD software. A first print of the
scaffold is usually made to assess its perfect fit with the 3D model. Then the final scaffold is
manufactured. This procedure is being democratized for the production of patient-specific
implants in personalized medicine. To note, CT-based models contained an average error of
0.15 mm while the MRI-based models contained an average error of 0.23 mm.[14°]
Therefore, the accuracy of CT and MRI does not limit the ability of AM to produce high
precision parts since the error of CT-based and MRI-based model is lower than the error of
fabrication via AM (usually ~ 0.3 mm, i.e. 300 um).

In view of clinical translation, AM techniques need to be relatively cheap, easy to use and
ideally easy to install and use directly in a hospital. The different groups of fabrication
techniques were compared regarding these criteria by summarizing the information from
Table 2 (Figure 3). In Figure 3A, the price (in k$) of the AM techniques does not take into
account the price of materials which is the lowest for the extrusion-based techniques (around
30%/kg, Makershop, see Table 2) and the highest for the vat photopolymerization techniques
(around 150%/L, Formlabs). However, researchers should keep the materials prices in mind
because facing two materials with the same bone regeneration potential, clinicians will
prefer using the cheapest product. While extrusion-based machines are the cheapest (~3 k$
in average), vat photopolymerization ones are a bit more expensive (~10 k$ in average) and
the powder-based machines are very expensive due to the use of complex technologies
(~200 k$ in average). The ease of use of each technique (Figure 3B) is evaluated by
considering the time needed for a beginner to be able to produce a part (training needed) and
the complexity to print a part, i.e. how many operations are needed from the beginning of the
print to the post-treatment. For example, vat photopolymerization machines are harder to use
than extrusion-based ones because toxic products are used so the user has to be particularly
focused and a post-treatment is required after each print. Another example, EBM requires
the use of secondary vacuum, which makes its use more complex. The space requirement of
each technique (Figure 3C) was measured as the volume needed to install a machine in a
room. Extrusion-based machines do not require a lot of space since they just have to be
installed on a bench. The average space needed to install an extrusion-based machine is 0.15
m3 (Figure 3C). Vat photopolymerization machines require only a small space but space is
needed for the post-treatment processes, notably the removal of the resin, which may require
to work under a hood. Thus the average space needed to install a vat photopolymerization
machine in a room is 0.3 m3 (Figure 3C). Depending on the specific technique used (SLS,
SLM, DMLS, EBM or inkjet printing), powder-based machines may require less space than
what is indicated on Figure 3C but an average volume of 3 m3 was chosen. For example, if a
SLS machine requires approximately the same space as a FDM one, an EBM machine
requires much more space because of the pumps needed to reach a secondary vacuum.

For each criterion, extrusion-based techniques appear to have a slight advantage over
powder-based techniques which are more complex to implement. However, since there is a
large number of techniques, and since each technique has different characteristics, different
techniques are adapted for different clinical use. Some inkjet printing machines may be
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interesting for a clinical application. Vat photopolymerization could be more widely used in
the future if the availability of biocompatible materials increases. The performances of
extrusion-based techniques and especially FDM were also confirmed in a recent study
comparing the dimensional accuracy of different AM techniques for the fabrication of an
anatomical mandibular model.[150]

In order to use AM directly in hospitals, it is also important to be aware of the regulations.
According to a recent study, it appears relatively easy to implement custom-made fabrication
of bone implants directly in healthcare facilities since hospitals are not required to fully meet
the requirements of the regulation that industrials need to meet.[151] However, a strict quality
control of the scaffolds implanted should be implemented. For now, the fabrication of AM
scaffolds directly in hospitals is still rare. As a result, there are no study on the quality
control of the scaffolds printed and implanted. Each surgeon is responsible for the safety
control of each product he/she implanted.

4 Translational studies on custom-made synthetic bone grafts

As mentioned earlier, although a large number of pre-clinical studies are currently being
conducted on materials and AM techniques for bone tissue engineering, still very few
products are commercially available to date. In this part, we review translational studies on
custom-made synthetic bone grafts. From this analysis, we aim to understand the specific
difficulties associated to the clinical translation.

In addition to the criteria already discussed and reported in Figure 3, the scaffolds produced
have to perform well in animal models in view of clinical application. In Table 3, different
couples of materials and fabrication techniques are reviewed for their clinical use. The
materials are put in relation to the fabrication techniques since the materials or AM
machines performances alone are not relevant for a clinical application. Instead, it is rather
the performance of the couple material/machine that provides a more complete information
about the potential for clinical translation. In Table 3, we reviewed pre-clinical and clinical
studies on 3D-printed scaffolds and reported the eventual scaffold modifications, the
sterilization process used as well as the animal model and site of implantation targeted in
each study. Then, we rated the potential for clinical translation for the materials combined
with fabrication techniques using a scale from very low (--) to promising (+++). Our rating
is based on the following parameters: i) fabrication performances (dimensional accuracy and
resolution), ii) need for post-processing, related to the time required to manufacture a
scaffold, and iii) bone regeneration performances of the implant /n vivo. Thus, it appears that
several combinations of materials and AM techniques are promising for a clinical use,
notably PCL/dispense plotting with bone marrow-derived stem cells (BMSC) seeding and
bone morphogenetic proteins 2 (BMP-2) loading,[*2] a-TCP/inkjet printing which has
already been successfully tested on humans,[13:75.76.137] some ceramics printed via
robocasting with or without BMP-2,[126.127] pjoglass/dispense plotting with BMP and
BMSC,[132] PCL/B-TCP printed via MHDS or FDM and with different scaffold
modifications,[82-84:8¢] and PCL and PLA with HA printed via FDM with or without BMSC
seeding.[53.64.94] Indeed, for these combinations, the dimensional accuracy was better than
100 pm, post-processing was needed only when using inkjet printing (immersion in a curing
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solution for 6h) or robocasting (heating and sintering) and bone regeneration performances
were encouraging with bridging of the defects, new bone formation in good quantity and
quality and patients satisfied with the implants in the case of clinical studies.
[13,53,54,64,75,76,82-84,86,94,126,127,132,137] p|_A combined with FDM as well as PLGA
combined with inkjet printing have a high potential for clinical translation too but the
scaffolds need to be modified since the materials alone are only osteoconductive but not
osteoinductive.[122.143] Thus, their osteogenic performances cannot be high enough without
any modification.

We limited this progress report to studies on large animals (rabbit, sheep, goat, dog, pig or
monkey) and humans. Indeed, small animal models (mice, rats) are useful to assess the very
first steps of the implant development, notably biocompatibility, ostecinductivity and bone
repair but have too small bones to be replaced by 3D printed scaffolds. In fact, it is not
possible to architecture a scaffold that is adapted to a too small bone defect.[84] /n vitro
studies are not included either since a lot of successful /n vitro studies do not lead to good
results /n vivo because of a lack of similarity between the conditions.[134] To note, only one
pre-clinical study on rats was included since the material used (PLA) combined with the
FDM process appears to have a clinical potential (Table 3), although it has not been widely
studied to date.[122]

4.1 Application site

The vast majority of pre-clinical studies on large animals are for applications in the cranio-
maxillofacial region, which represent ~64% of the pre-clinical studies reported in Table 3).
[18.67,78,86-93,117-121,123-134,137-140,146,147] Around 32% of the pre-clinical studies reviewed
in Table 3 are conducted in load-bearing sites.[12:53.54,63,64,73,74,82-85,97,98,104,127,135,141]
This difference may be due to the specific requirement for bone healing in a load-bearing
sites: good mechanical properties of the scaffolds are a prerequisite.

It is very important to identify good material/process couples to translate what has been
achieved so far in cranio-maxillofacial to weight-bearing applications.

To complete the information provided by Table 3, clinical trials were searched on
ClinicalTrials.gov. The research was done using these key words: “TCP”, “ankle”, “3D” and
“3D printing”. The associated topics were “Bone diseases” for the first three key words and
“bone” for the last one. There were respectively 7, 85, 201 and 14 studies found. Among
them, only the studies focusing on bone regeneration using a 3D printed implant were
included in this progress report.

75 % of the clinical studies in Table 3 and three clinical trials (NCT03735199,
NCT03608280 and NCT03673865) have been conducted in the cranio-maxillofacial region.
[13,17,20,51,52,75-77,99-101,105-107] QOther clinical studies in Table 3 were on chest (ribs and
sternocostal repair) and scapula,[61:69.102,103] \hich are not load-bearing sites. One clinical
trial has focused on 3D printing for ankle bone repair lately (NCT03185286) but no results
were published. The other clinical trials found in load-bearing sites are for applications in
spine surgery (NCT02926391 (see Amelot et a/. results)[88], NCT03018392, NCT03647501,
NCT04086784 and NCT03761563).
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Inkjet printed a-TCP implants are already brought to the clinic but only for craniofacial
bone defects (Table 3).[13.75.76] These implants have a high potential to be translated and
developed as commercial products. However, they are too brittle for load-bearing
applications.

The clinical studies reported in Table 3 have brought some new information about the
physico-chemical properties of the scaffolds required to obtain satisfying clinical results,
depending on the targeted application site. Thus, it has been proven that a scaffold made of
PCL is not ideal for dental applications since its degradation rate is too slow.[51:52] This
degradation rate should be faster than one year and ideally between 5 and 6 months but PCL
degrades in more than two years. Furthermore, dental implants should be porous (a porosity
of about 70% was proven to lead to good results)[®2] with interconnected pores, which would
avoid wound dehiscence and exposure and therefore microbial contamination.[51 A pore
size between 100 and 400 um is considered as ideal for these applications.[19%] Sumida et al.
[100] showed that a 3D printed titanium dental implant with pores of 1mm in diameter led to
less infection and a reduced operation time compared to available commercial products.
Thus, titanium appears as a better solution than PCL for dental implants although its non-
degradability induces other issues. For the treatment of facial bone deformities
(maxillofacial deformities included), macroporous scaffolds made by a-TCP and printed via
inkjet printing gave good results with bone bridging and satisfied patients.[13.75.76] |_arge
pores of 1-2 mm in diameter lead to better results than smaller pores. SLM-printed
macroporous Ti6Al4V also showed good results in terms of both reconstruction and patient
satisfaction.[9%1 Macroporous scaffolds with pore sizes between 300 and 550 um and strut
sizes between 150 and 500 um are the best candidates for the treatment of cranial defects.
[77.101] |nterestingly, they can be made of ceramics or TiBAI4V. These pore sizes, along with
a 50-70% porosity, do not induce any foreign body reaction but promote bone ingrowth. For
orbital wall reconstruction, the use of titanium is encouraged compared to PEEK because
titanium has better osseointegration, osteoinduction, stiffness and thermoconduction
properties than PEEK.[107] Titanium scaffolds with pore sizes of 860 to 3000 pm and a
porosity greater than 50% have shown good results and led to patients satisfaction.[20.107]

For applications in tibia, femur or ulna repair using titanium, polymer or composite
scaffolds, the pre-clinical studies of Table 3 show that large pore sizes of at least 550 um
with a fully interconnected pore structure lead to results in terms of bone formation results.
[12,53,54,82,83,97,98] Moreover, a porosity > 60% leads to better bone ingrowth than lower
porosity.[73.74.82.83.98] Contrary to what is required for dental implants, a slower degradation
rate is better for these application sites to provide a sustained mechanical support until full
bone regeneration.[34] Thus, the use of PCL is preferred rather than PLGA for example.
Furthermore, PLGA is more brittle and less ductile than PCL, which are undesirable
properties for bone regeneration in load-bearing sites. For the fabrication of lumbar
interbody fusion cages, titanium, ceramics or composite scaffolds are used but no consensus
has been found regarding ideal pore size and porosity for an optimized bone repair although
pore interconnectivity seems to be preferable,[104.135.141]

It thus appears that most /n vivo studies are conducted in the cranio-maxillofacial region.
Indeed, it has already been proven that AM is useful for clinical applications in cranio-

Adv Funct Mater. Author manuscript; available in PMC 2021 February 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Garot et al.

Page 14

maxillofacial surgery.[!52] While the number of pre-clinical studies conducting in load-
bearing sites is increasing, there are still few clinical studies resulting in these sites. It is now
important to find ways to translate the knowledge gained from the cranio-maxillofacial to
the load-bearing sites.

4.2 Additional modifications to the scaffolds

Since the majority of materials used in bone tissue engineering is osteoconductive but not
osteoinductive, different strategies have been implemented to modify the scaffolds in order
to make them osteoinductive.[>] The most widely used strategy is to seed cells in the scaffold
prior to its implantation. In this case, stem cells are cultured /n vitro and then seeded at the
surface of the scaffold, before the cell-containing scaffold is implanted. The underlying idea
is that cells should enable a faster bone regeneration /77 vivothanks to their secretion of
various growth factors and chemokines.[*53] Around 15% of studies reviewed in Table 3
used this strategy.[12.67,82,84,91,93,94,119,129.132] The cells used were usually stem cells
derived from the animal’s bone marrow. These cells improve the scaffold biocompatibility
and osseointegration and are able to differentiate into osteogenic cells and to recruit host
cells, which results in a higher quantity of newly-formed bone.[*54] However, this technique
is time consuming because it requires to culture the cells in vitro prior scaffold implantation.
Moreover, this strategy is more complicated to implement from a regulatory point of view
because the addition of cells to the implant makes it fall in the specific category called
“advanced therapy medicinal products”.[155] Thus, the number of experiments before
achieving a clinical application is increased as well as the time and cost associated to the
implant development.

About 10% of the studies of Table 3 explored a second strategy, which consists in the
loading of growth factors inside the scaffold or at its surface.[12:51,82,83,85,90,119,127,132,135]
The most used growth factors to trigger stem cells differentiation in bone cells are the bone
morphogenetic proteins (BMP), especially BMP-2 and BMP-7 that are FDA- and EMEA-
approved.[156] The BMPs can either be loaded onto the scaffold surface after the scaffold
fabrication or loaded into a hydrogel that fills the scaffold.[90127] However, the affinity
between the scaffold material and the growth factor has to be sufficient to allow a controlled
release /n vivo and avoid the use of supraphysiological doses.[*57] In few examples, a

combination of the two previous strategies is used to optimize the formation of new bone.
[12,132]

Finally, the third major strategy used to improve the bioactivity of a scaffold is its coating or
filling with bone graft, bone marrow, calcium phosphates or titanium.[63.73,86.88,89,121,124]
About 8% of studies reviewed in Table 3 used this strategy. The coating (or filling) will
make the scaffold more bioactive and it will interact more easily with its surrounding
environment. It is also possible to use the two last strategies together, by coating the scaffold
with a film or membrane that will allow a more efficient growth factors delivery.[%0]

According to studies in Table 3, the use of BMPs may seem to be more efficient than the use
of cells for bone regeneration. Indeed, Kang et al. [22] compared a PCL scaffold loaded with
BMP-2 with a PCL scaffold loaded with BMSCs and showed that after the two first months

of implantation, more bone was apparent on radiographs with BMP-2 than with BMSCs.
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This difference was less evident at three months but was more visible on histological
sections. Similarly, Jensen et al. .[11%] showed the same difference between a PCL scaffold
loaded with mononuclear cells and a PCL scaffold loaded with BMP-2 and also showed that
less material degradation happened with cells than with BMP-2. Reichert et al. proved that a
PCL/B-TCP scaffold loaded with BMP-7 led to more newly-formed bone and better
biomechanical properties than a PCL/B-TCP scaffold loaded with MSCs.[82] However, Kang
et al. and Wang et al. both showed that a combination of BMPs and BMSCs was the most
efficient strategy to induce bone formation.[12.132]

The coating of scaffolds with titanium or hydroxyapatite led to more bone formation but not
significantly.[83.731 On the other hand, coating scaffolds with bone marrow or a nanolayer of
bioactive glass induced significantly more bone formation but less in comparison with the
loading of BMPs.[121.124]

Thus, based on this articles, the most efficient strategy to render a scaffold osteoinductive
appears to be its loading with growth factors. The combination of growth factors and cells is
promising but difficult to implement since regulations are tight. The dual use of growth
factor andc cells leads to a longer preparation time of the scaffolds, which is an advantage in
view of a clinical application.

4.3 Barriers to the clinical translation

Despite these progresses toward the application of 3D printed bone scaffolds in the clinics,
several barriers impeding the translation remain. The first barrier is the lack of availability of
medical grade materials for additive manufacturing. Indeed, although some materials such as
PCL, PLGA, PLA, calcium phosphates and titanium exist in medical grade with sometimes
only few provides, this is not the case for all the materials. Moreover, the medical grade
materials are expensive. Another barrier to the translation of additive manufactured implants
is the cost associated to the manufacturing. Indeed, as every piece is unique because it is
patient-specific, the cost of each piece will be much higher than pieces from industrial
batches. Furthermore, translating the AM technology to the clinics in hospital will require
onsite training at hospital of clinicians or assistants, so that they can use the machines and
associated software: this will take time and be costly. As mentioned earlier, the sterilization
of the scaffolds is an important step. However, there are only few studies regarding the
effects of sterilization on the materials. Moreover, the sterilization studies are often
conducted on raw materials and very few are conducted on the materials processes via AM.
Since the fabrication process may modify some of the materials properties, it would be
useful to study the effect of different sterilization processes on 3D-printed scaffolds.

5 Conclusions and perspectives

The treatment of bone defects and especially critical-sized bone defects remains challenging
since it requires the use of an implant that needs to match a large number of requirements.
Indeed, it should i) be biocompatible and preferably biodegradable, ii) be sufficiently porous
to let cells and fluids penetrate but mechanically strong enough to resist physiological loads,
iii) fit the shape of the defect, (iv) be easily processed and v) be easily manipulated by
surgeons. AM offers the possibility to fabricate customized scaffolds with an external shape
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perfectly adapted to a given defect and an internal architecture optimizing bone repair.
Combining AM with the right materials and scaffolds modifications enables the control of
the mechanical and biological properties of the implant. Nevertheless, clinical applications
of these technologies still lack.

Here, we reviewed different associations of materials with AM techniques and evaluated
their potential for clinical translation. We then identified promising combinations of
materials and processes to help researchers in translating the technologies to the clinic. Thus,
PCL associated with dispense plotting,[12] different ceramics printed via robocasting,[126.127]
inkjet printing or dispense plotting,[13.75.76.132.137] and composites of biodegradable
polymers and ceramics combined with MHDS or FDM were rated as promising because of
their high bone regeneration performances 7 vivo.[53.64.82-84,86,94]

Barriers to the clinical translation were also identified. The availability of medical grade
materials, the cost associated to the fabrication of patient-specific products, the training of
clinicians or assistants and the sterilization of scaffolds have been identified as current
obstacles to the application of 3D printed scaffolds in the clinics. Efforts from the research
community and AM engineers should be concentrated on these points to facilitate the
clinical translation easier.

It is difficult to adapt what has already been done in the cranio-maxillofacial region to load-
bearing sites, in particular for the treatment of segmental long bone defects. Indeed, the
bones to repair and their environments are different and require implants with different
physico-chemical properties. As a result, more pre-clinical studies on load-bearing
applications should be conducted and these studies need to be performed on large animals,
ideally on the targeted implantation site, such as to be clinically relevant.
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Figure 1.
Major implantation sites in the body where synthetic bone graft substitutes are used for bone

repair For each implantation site, the different types of implantable materials already used in
clinics (biodegradable polymers, non-biodegradable polymers, ceramics, metals) are
presented.
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Figure 2.
The three major types of AM techniques: extrusion-based techniques, powder-based

techniques and vat photopolymerization techniques For each one, the types of materials that
can be used and their form (filament, paste, powder...) are indicated.

Adv Funct Mater. Author manuscript; available in PMC 2021 February 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Garot et al.

a

Page 25

Extrusion VPP Powder

-

=
v H Bl =

3 200 Price [k$]/

.
/

=

/

N

-”:_ Ease of use
.
Ké

~_1]
P -
J

=
®
-
-
-

0.15 0.3

w

Space requirement [m"*] )

Figure 3.
(a) Price of the AM machines indicated on a scale in k$ From left to right: extrusion-based

machines, vat photopolymerization machines (VPP) and powder-based machines, these later
ones being the most expensive ones.

(b) Ease of use of the different machines, assessed based on the training required and the
complexity of the machine The scale corresponds to the difficulty level, from easy to
difficult. From left to right: extrusion-based machines, VPP machines and powder-based
machines.

(c) Space requirement of each technique estimated in m3. From left to right: extrusion-based
machines, VPP machines and powder-based machines.
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Table 1

Performances of the materials analyzed based on six criteria: biomimetism, mechanical properties,
biodegradability, ease of imaging, ability to perform histological sections for pre-clinical studies and
sterilization process Materials are qualitatively ranked from -- (very bad properties) to +++ (excellent
properties) based on the literature analysis.

Material Examples Biomimetism Mechanical Biodegradability Imaging Histology  Sterilization process
properties (LCT)
Natural Collagen, +++ - +++ +++ +++ Ethylene oxidel43.44]
polymers HA, gelatin
Synthetic PCL, + + +H+ ++ +H+ UV,[56] y-irradiation,
biodegradable ~ PLGA, PLA [57] B-irradiation[>]
polymers
Synthetic non PEEK, + +H+ - +++ +H+ y-irradiationl™
degradable PEKK
polymers
Ceramics HAP, TCP o+t +- + - + y-irradiation(81]
Metals Ti ++ ++ - + - Autoclaving(11112]

Adv Funct Mater. Author manuscript; available in PMC 2021 February 01.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Garot et al.

Table 2

Page 27

Comparison of the different AM techniques based on seven criteria: i) the dimensional resolution reachable; ii)
the dimensional accuracy of the technique; iii) the machine cost; iv) the material cost which depends on the
technique used; v) the machine size; vi) the ease of use of the machine and vii) the translational potential of
the technique taking into account the six previous criteria The two last criteria are qualitatively ranked from --

(very bad) to +++ (excellent).

Dimensional Dimensional Machine Material Machine Ease Translational
resolution accuracy cost cost size of use potential
FDM 100 pm +0.5mm 3k$ 30 $/kg 0.15m3 +++ +++
: Particle size
Robocasting 100 um 10 k$ 3-10 $/g 1m?3 ++ ++
Extrusion- dependent
based -
Dispense ~ i 3
plotting 100-250 pm NA 100 k$ 10-75 $/mL 1m ++ ++
MHDS 100 pm NA NA 20 $/g NA ++ ++
Inkjet 3
printing 100 pm +0.3mm 5-200 k$ 3-10 $/g 1m ++ +++
sLS P;é“g;edg'nzte +0.3mm 40k$ 3-10$/g 8m?3 ++ ++
Powder- P
based SLM 100 pm +0.1mm 300 k$ 100 $/kg gm3 + +
DMLS 100 pm +0.1 mm 400 k$ 100 $/kg 4md + +
EBM 50 pm +0.1 mm 500 k$ 100 $/kg 4md - -
SLA 25 pm 0.01-0.1 mm 10 k$ 150 $/L 0.15-6 m3 ++ -
VPP
DLP 35 um +0.1mm 10k$ 150 $/L 05md ++ -
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