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A B S T R A C T

3D printing technologies have enabled advances in biomedical research and development, including rapid
fabrication of complex, customised constructs for personalised treatment of patients. However, there are still
limitations with the 3D printing technologies in relation to the diversity of biomaterials, and the versatility of the
printing methods to print such diverse materials. While many materials have been used for biomedical applica-
tions involving high load bearing forces, e.g. ceramics and metals, they struggle in areas of biodegradability, and
supporting tissue adhesion. An alternative are natural polymers, which are currently being investigated in the
biomedical industry and are generally biocompatible, biodegradable and bioactive. However, they lack optimal
mechanical properties necessary for high load bearing applications. Natural polymers in a powdered form, also
referred to as organic powders, can allow for much denser and higher integrity constructs compared to their more
common bioink counterparts, whilst maintaining many of the desired biological attributes. However, many
organic powders are either do not respond to light and degrade in heat, preventing their use in many light and
thermal based 3D printing processes. Powder inkjet printing is a 3D printing technology that utilizes an alter-
native means of solidifying the powdered material. These include physical or chemical bonding, instead of
photopolymerisation, melting or sintering via the exposure of heat or light. Nevertheless, the binders or solutions
that are commonly used with organic powders are high in acidity which can damage the printer components,
further limiting this materials printability. This paper investigates the current 3D printing technologies that can
print with biomaterials. Several elements are investigated, including current biomedical applications, fusion
technology, material limitations and useable biomaterials. In addition to the printing processes, a study on
available biomaterials, in particular organic powders, is elaborately discussed. The origins of the biomaterials are
explored, in addition to the acceptable 3D printers, current applications, and printable forms. The limitations
found with the current available printing processes is also discussed, in relation to their compatibility with
organic powders, and their required binder solutions.
1. Introduction

3D printing has drastically improved our ability to fabricate objects
with precise dimensions, customised design and complex architecture,
whilst ensuring the standardisation and reproducibility of manufacturing
processes [1–3]. In the biomedical industry, patient-specific treatments
are of paramount importance to optimize biological repairs, replacement
and regeneration [4]. Clinical image data received from x-rays, magnetic
resonance imaging (MRI) or computerised tomography (CT) scans allow
3D printers to fabricate constructs specifically tailored to each patient,
with controllable micro-architecture [5–9]. For example, clinicians
recently fabricated a biodegradable tracheal splint for an infant using 3D
printing and CT imagery of the patient’s airway [9]. Other examples
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include printed artificial ears specifically designed for patients, person-
alised drugs, and drug delivery implants [10,11]. The use of 3D printing
for prosthetic implants reduces cost and time compared to traditional
fabrication methods [12].

One method of bioprinting is the printing of scaffolds which are used
as a support for growing cells. This allows the construction of complex 3D
living tissue, by precise allocation of biomaterials, living cells, growing
factors and other biological inclusions [13]. Typical scaffold architecture
designs include meshes, fibres, sponges and foams; these designs are
chosen because of their high porosity, which promotes uniform cell
distribution, diffusion of nutrients, and the growth of organised cell
communities [14]. Several types of tissues have been generated using this
technology, including; bone, cartilage, skin, vasculature, heart, and
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neuronal tissues. Bioprinting has been defined as: “the use of material
transfer processes for patterning and assembling biological relevant
materials, molecules, cells, tissues, and biodegradable biomaterial –with
a prescribed organisation to accomplish one or more biological func-
tions” [4,15].

Many areas of biomedical research have benefited from bioprinting
technologies, however, bioprinting is still considered to be in its initial
stage of development [15–18]. Currently, issues arise when developing
scaffolds for high load bearing applications as the present printable
materials used for these applications, such as ceramics and metals, are
restricted due to lack of biodegradability and bioactivity (tissue adhe-
sion) and some degree of inflammatory response from host tissues.
Moreover, the metal and ceramics cannot be functionalised with drugs
and biomolecules. A possible solution to developing scaffolds with both
adequate mechanical properties, biodegradability, biocompatibility and
bioactivity involves the use of organic materials and in the form of
powders.

Organic powders are natural polymers in a powdered form and are
only beginning to be explored for use in bioprinting. Natural polymers
have many benefits as a biomaterial, such as high biocompatibility, de-
gradability and minimal long-term inflammation, and are one of the most
popular biomaterials for existing applications, excluding orthopaedics
[19,20]. Most natural polymers are printed in a bioink form, a high
viscosity liquid that enables extrusion printing into 3D hydrogels, how-
ever, this form generally prevents the production of scaffolds that are
suitable for high load bearing applications. Whilst maintaining many of
the beneficial attributes, organic powder would produce scaffolds with
much denser and higher mechanical integrity compared to their bioinks
counterparts, which are more suitable for high load bearing applications.
Nevertheless, challenges arise when proposing the use of organic pow-
ders in printing methods. Common binders used with organic powders
are acidic and would be potentially damaging for common printer
components. In addition, many printing methods include the use of light
or heat, which can cause problems as many organic powders don’t
respond to light and degrade under heat.

2. Properties of biomaterials and biomaterial scaffolds

The selection of biomaterials for fabrication of biomedical scaffolds is
vital for its success. The scaffolds need to be precisely designed to com-
plete specific tasks and must have corresponding attributes which
correlate with the application at hand. These attributes are within the
areas of biocompatibility, biodegradability, mechanical properties, and
structure architecture.

2.1. Biocompatibility

The single most important factor that defines a biomaterial from a
regular material is its ability to function within a body with a positive
probability of being accepted by the living host. Biocompatibility is
defined as the ability of a biomaterial to function in relation to a medical
therapy, generating the most appropriate cellular and tissue response in
the selected anatomical site, optimising the performance of the medical
remedy, while not producing any undesired local or systemic effects to
the recipient [21]. In general, biocompatibility describes a material that
is harmless to the host and has the correct attributes to exist in a living
body (i.e. non-toxic, non-carcinogenic), whilst retaining the properties
required to perform the desired medical application (i.e. mechanical
properties, degradability).

2.2. Biodegradability

Biodegradability describes the rate in which a material degrades
within a living host by being broken down and replaced by regenerating
natural surrounding tissue, with the degraded by-products being absor-
bed and released via metabolic processes of the body [22]. Biodegradable
2

biomaterials are slowly replaced by types of living tissue which allows for
no surgical removal. The biodegradability of a biomaterial also describes
the mechanical properties and structural integrity over the lifespan of the
component, and therefore the type of application the biomaterial is
suitable for. For example, in tissue engineering it is a critical requirement
for the scaffold to have the correct rate of biodegradability in relation to
the surrounding tissues regeneration rate, to allow the cells to produce
their own extracellular matrix (ECM) [23].

2.3. Mechanical properties

Biomaterial scaffolds are required to have a degree of mechanical
integrity in correlation to their designed application. Ideally, scaffolds
should have the same consistency as the anatomical site they are placed
into, while being strong enough to be handled and implanted [23].
Producing scaffolds for applications that require high mechanical prop-
erties, such as bone or cartilage, remains one of the highest challenges in
the area. These applications require biomaterials that can withstand large
amounts of stress/strain whilst supporting cell activity without sacri-
ficing functionality. These scaffolds not only require the correct me-
chanical properties to be able to withstand high load bearing
applications, they must remain functional until the completion of the
healing process [23,24].

2.4. Architecture and structure

The architecture and structure of biomaterial scaffold is critically
important as they have influence on the cellular adhesion, migration,
proliferation, differentiation and colonization of the cells [25,26]. On a
microscopic scale, a biomaterial provides a framework and capillary
networks for local cells to grow. Therefore, it is important that the ar-
chitecture must integrate adequate cellular penetration for nutrients
supply throughout the whole structure, whilst also accounting for the
removal of waste [26]. A major issue in scaffold based tissue engineering
is core degradation, where there is insufficient vascularization and waste
removal from the centre, affecting functionality, cell growth, mechanical
properties, degradability and biocompatibility and causing toxicity [23].
To counter this, scaffolds are commonly designed with an interconnected
matrix architecture with high porosity, to allow these functions to take
place.

A key consideration of the scaffold architecture is the mean size of the
pores, as different types of cells require specific pore sizes to allow for
adequate migration, proliferation and differentiation. The mean pore size
must be large enough to allow for the cells to migrate into the structure,
yet small enough to establish sufficient connection pathways between the
cells. In addition, the architecture must allow for sufficient structure
strength to support the porosity of the scaffold whilst maintaining the
required mechanical properties.

3. 3D printable biomaterials

A challenge with current scaffold research is obtaining materials with
strong mechanical integrity suitable for high load bearing applications,
while maintaining optimal levels of biodegradability, biocompatibility,
and bioactivity. Ceramic biomaterials used in powder inkjet printers,
have correct attributes to produce scaffolds for bone and cartilage ap-
plications, yet lack biodegradability, biocompatibility, bioactivity, and
tend to be brittle [27,28]. Metal biomaterials, often used in Selective
Laser Sintering (SLS), Selective Laser Melting (SLM) printers, are suitable
for high load applications as they have high strength, elasticity and
fracture toughness. However, they are only suitable for long term im-
plants as they are non-degradable, and include no bioactivity properties
[29,30].

Excluding orthopaedics applications, polymers are the most popular
biomaterials, due to their mechanical versatility, biocompatibility, sim-
ilarity to living tissue, biodegradability and minimal long-term
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inflammation [19,20]. There has been a large amount of research into the
development of polymer biomaterials which mimic tissue [31,32]. These
biomaterials have been fabricated to match the biochemical properties of
soft tissues, yet generally lack the mechanical properties required for
high load bearing applications when compared to other biomaterials
[20].

Synthetic polymers are man-made polymers which are produced in
controlled environments. These materials have reproducible mechanical
and physical properties, such as degradability, tensile strength and elastic
modulus [20]. Unfortunately, synthetic polymers constructs have
bioactivity limitations when compared to natural polymers, because of
the lack of biofunctionality [33]. The most common synthetic polymers
for bioprinting include Polyethylene glycol (PEG), Polylactic acid (PLA),
Polyglycolic acid (PGA), Polylactide-co-glycolide (PLGA) acid and Poly-
caprolactone (PCL). These materials have been used in several printers
for tissue engineering applications, including the growth of smooth
muscle cells in vitro on PEG scaffolds, and fabricated scaffolds that
contained PCL used in vivo for cartridge tissue regeneration [34,35].

Polymers with natural origin, such as from plants or animals, are one
of the most attractive biomaterials, due to their similarities with the
extracellular matrix found within a human body [36,37]. These poly-
mers, also referred to as natural polymers, biopolymers or organic powers
when in powered form, are chemically versatile, being able to be modi-
fied through chemical methods. Biomaterials made from biopolymers are
often biocompatible, eliciting minimal inflammatory response and are
usually biodegradable [32]. In addition, they are usually biologically
active and promote excellent cell adhesion and growth [23]. Biopolymers
are most commonly used in bioinks to fabricate scaffolds.

Alginate is a naturally occurring biopolymer found in seaweeds, or
walls of brown algae. It is non-toxic, biodegradable, and non-
immunogenic [13,38,39]. At room temperature, sodium alginate dis-
solved in water has a gel-like structure, which, when heated to above
90 �C, turns into a liquid. Having a liquid state at a temperature of above
90 �Cmakes it suitable for printing using direct write printers [13]. Many
novel bioinks that contain alginate have been developed and used in
direct write printers to produce scaffolds incorporating living cells [40,
41]. Investigation has been conducted to test the incorporation of algi-
nate to CaP powder to improve the brittleness of ceramic scaffolds.
Additionally, alginate has been used as a biomaterial for the construction
of many types of tissue, including cartilage, bone and vascular [40–42].
Alginate has relatively low mechanical properties and is not cell adhe-
sive, restricting its use in biomedical applications [43].

Chitosan is a biodegradable, non-toxic, non-allergenic, anti-bacterial,
mucoadhesive biopolymer and has gained significant interest in
biomedical applications [36,38]. Chitosan is a cationic polysaccharide,
derived from material that is found in the exoskeletons of crabs and
shrimps [44]. Chitosan based materials have been developed for appli-
cations including: wound healing, cartilage tissue, artificial skin, nerve
tissue and bone tissue [31,38]. Research has been conducted on the use
of chitosan in SLA printers to develop ear-shape scaffolds with highly
defined architecture [45]. Other research includes the use of a direct
write printer which was able to print a chitosan scaffold that had a
flexible and organised microfiber network [46]. Like alginate, this
biopolymer has low mechanical properties, and is also often used in
bioinks or resins.

Collagen is the primary structural protein found in connective tissue
and is the most common protein found in living animals [16]. This nat-
ural biopolymer provides strength and structural stability to tissue
including, skin, blood vessels, tendon, cartilage and bone [31]. Other
than hydroxyapatite, collagen is the major component of bone, and has
significant potential for bone tissue engineering. Unfortunately, like the
natural biopolymers previously discussed, collagen also has relatively
poor mechanical properties. Even so, collagen is the most commonly and
broadly used natural material in tissue engineering, and is typically
printed in preformed moulds due to its limited mechanical stability [16].
Collagen scaffolds designed for soft tissue implants have been
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successfully printed by a direct write printer [47]. Research has also been
conducted on calcium phosphate scaffolds for bone regeneration, pro-
duced by a powder inkjet printer with a collagen infused binder [48].
Additionally, photo-crosslinked collagen based gelatine methacrylate
scaffolds with complex porous architecture have been printed with a SLA
printer; on which endothelial cells successfully attached and proliferated
[49].

Silk fibroin has attracted attention in recent years for biomedical
applications due to its advantageous mechanical properties, whilst
maintaining high biocompatibility, low immunogenicity, limited bacte-
rial adhesion and controllable biodegradability [16,50,51]. Silk fibroin is
a biopolymer produced by arthropods, including silkworms, spiders,
mites and select scorpions [52]. A benefit of silk fibroin is that it degrades
within the body proteolytically generating non-toxic by-products, unlike
synthetic polymers such as PLA, PGA, and PLGA which degrade hydro-
lytically producing acidic by-products [53]. Additionally, the US phar-
macopeia has introduced silk fibroin as a non-degradable material
because after 60 days of implantation it maintains approximately 50% of
its structure [54]. Silk fibroins outrival other natural biopolymers in
mechanical properties including; breaking strength, elongation, tough-
ness, ductility, and Young’s modulus [16,50,52]. For these reasons, silk
fibroin is a better suited candidate for bone tissue engineering than other
biopolymers [50].

Silk fibroin is a protein with light and heavy amino acid sequences
which are connected through a disulfide bond. The heavy chain amino
acid sequence consists of repetitive hydrophobic blocks of Gly-Ala-Gly-
Ala-Gly-Ser and Gly–Ala/Ser/Tyr dipeptides, whilst the light chains
consist of a non-repetitive hydrophilic sequence, forming 12 crystalline
domains [55]. Extremely stable b-sheet nanocrystals have the ability to
be tightly packed due to the high glycine content, with hydrogen bonds
being the main molecular interaction. The hydrogen bonds grant silk
excellent rigidity and tensile strength. Despite these properties, most
constructs made from silk fibroin are brittle and weak due to the avail-
able processing methods [52]. Currently, silk fibroin is most commonly
used as a bioink within direct write printers, however many of the
beneficial mechanical properties are lost when used in this form [4,7,56].

Other biopolymers that are being investigated for bioprinting include:
agarose, elastin, carrageenan, gelatine and fibrin [13,16,44].

4. Processes for 3D printing of biomaterials

4.1. Direct write

Direct write printers use one or more nozzles to extrude material onto
a flat surface, called the building platform. The nozzle has three trans-
lation degrees of freedom along the X, Y, and Z axis (in relation to the
building platform), that gives these printers the ability to deposit the
material in a manner that not only allows the creation of width and depth
but also height to the construct (see Fig. 1). The printer uses the freedom
of the X and Y axes to deposit the material on the printer building plat-
form with predetermined geography. After a layer is completed, the
printer head or building platform travels along the Z axis, which allows
the next layer to be printed on top of the previous deposition. Repeating
this process allows the production of 3D constructs from the selected
biomaterial.

Direct write 3D printers, e.g., bioplotters and robocasting printers,
have the widest variety of biomaterials available. They can also cure
materials with photopolymerisation, humidity gradients or other chem-
ical polymerisation methods [15]. For this reason in addition to their
lower cost, direct write printers are one of the most common printers
used in bioprinting [15]. In addition, direct write printers have a large
variety of cell friendly curing methods, and bioinks enabling their ability
to print with living cells [57,58].

Direct write printing has been used to print a range of materials, from
cell scaffolds, to micro stents. With the use of bioinks, various tissue types
have been printed, including cartilage, bone and smooth muscle [58].



Fig. 1. General 3D Direct Write process diagram.
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Though direct write has been used in a wide range of biomedical appli-
cations, constructs are limited by low mechanical properties, are often
fragile, and experience damage from high shear stress during printing. To
maintain shape and architecture of printed constructs, direct write
printers are often required to use high viscosity inks. However, issues
arise with the use of high viscosity as they are prone to clogging 3D
printing nozzles and supply lines, resulting in damage to biological in-
clusions, such as cells.

4.2. Stereolithography (SLA)

Stereolithography (SLA) refers to a technology that uses ultraviolet
light to photo-polymerise liquid resins. The material, in a photo sensitive
liquid resin state, is placed within a bath and is exposed to UV light,
creating a thin photopolymerised layer of solid material. Photo-
polymerised layers are built up consecutively, with the previous layer
adhering with the next layer via chemical reactions, resulting in a 3D
physical structure (see Fig. 2).

Stereolithography has been used in a number of different biomedical
applications including cell scaffolds as well as implantable devices [9].
This technology is marked by having one of the highest accuracy for 3D
printing, and is capable of producing constructs with an accuracy of
0.5–50 μm [33]. Even so, stereolithography is still considered to be in
developmental infancy, due to the limited choice of photo-curable ma-
terials. It is also relatively expensive compared to other technologies, and
Fig. 2. Stereolithography p
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has limited ability with the inclusion of cells due to light exposure during
the printing process and common post processing procedures. These is-
sues limit its use in biomedical applications [59]. Photo-curable resins
also commonly produce brittle and rigid constructs, making the method
unsuitable for use in high mechanical load applications.

4.3. Selective Laser Sintering/Melting

Selective laser sintering/melting printing refers to two types of
similar technologies, including selective laser sintering (SLS) and selec-
tive laser melting (SLM). These technologies are similar in operation and
use a laser beam to selectively fuse powdered material within a bed, yet
differ on the materials available, due to the differences in laser strength.
In general, these printers have a heated bed of powder at near melting
point with a laser beam moving across the X and Y axis’s, selectively
sintering or melting the powder particles to fuse them together, then once
completed applying more powder. This process is repeated until a 3D
construct is developed [29,60–62] (see Fig. 3).

SLS printers have been used to print biomaterials such as bioglass and
calcium phosphate for biomedical applications that require high me-
chanical strength [60,62–64]. SLS is a relatively slow and costly process,
and the produced constructs can have issues with non-uniform thermal
field distribution, causing imperfections and cracks. Despite these issues,
SLS is more commonly used than SLM [60]. SLM shares similarities with
SLS, however a notable difference in processes is the melting of the
powder opposed to the sintering via use of a higher-powered laser beam.
This allows for a different variety of available materials and has been
used to fabricate biodegradable implants using pure zinc and iron [65].

The main advantage of SLS and SLM technologies is their ability to
directly print biomaterial implants with high precision (20–100 μm
[66]), and the available metallic materials which can be used for high
loading application implants. The implants, with customisable shape,
features and size, can be tailored for specific tasks for patients to promote
bone ingrowth and surrounding tissue regeneration [63]. The implants
that have been printed with these technologies include: femoral head,
femoral stems, knee replacements, heart valves and fracture plates [62].
The disadvantage of this technology is that it cannot be used with light or
heat sensitive materials, such as natural biopolymers, living cells or
biomolecules [29]. When exposed to higher radiation of light or heat, the
particles in these materials don’t fuse together but receive damage and
degrade.

4.4. Powder inkjet

Compared to the other printers, powder inkjet printers are one of the
rinter process diagram.



Fig. 3. Selective Laser Sintering/Melting process diagram.
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least explored technologies for bioprinting [2]. The processing compo-
nents of powder inkjet printers, shown in Fig. 4, are very similar to SLS
and SLM printers. They both use powdered materials, a powder bed, and
powder movement/management mechanisms. The technologies differ on
the techniques used to fuse the powder particles, and the variety of
printable materials.

Powder base inkjet printers use aqueous or low acidic solution inks to
physically or chemically bind the powdered particles together [15,29].
Powder inkjet printers are most commonly used with several types of
biocompatible ceramics. Thus far, scaffolds have been made of many
different ceramic powders including: hydroxyapatite and tricalcium
phosphate [15,29,42]. This technology shows a high potential for
printing complex tissue, with its ability to integrate biological inclusion
[67,68]. However, aqueous binders used in this technology produce
water-soluble constructs, limiting application possibilities. When acidic
base binders are used, such as phosphoric and citric acid, the scaffolds
can be insoluble. Though, there are major concerns when using acid
based binders as the acid can significantly damage printer components
[29,69,70].

5. Biomaterial forms

Biomaterials are available in many forms, however, when these ma-
terials are used in 3D printers, they are commonly converted into bioinks
or powders. There are several types of bioinks including hydrogels, cell
aggregates, microcarriers and decellularized matrix components. Bioinks
have been used in several biomedical applications, such as developing
Fig. 4. Powder inkjet printer process diagram.
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contact lenses and wound dressings. They are also commonly used to
print cell supporting scaffolds, or scaffold-free constructs mimicking
embryonic development [57]. Though bioinks support high cell viability,
scaffolds (see Fig. 5) produced from bioinks are not suitable for high load
bearing applications due to their relative low consistency.

The alternative to bioinks for bioprinting, are biomaterial powders. A
biomaterial in a powdered form can offer greater mechanical strengths
and integrity, leading to an increase in interest of these materials in bone
tissue engineering [2,69,72,73]. Other than greater mechanical proper-
ties, scaffolds produced from biomaterial powders have rougher macro
surfaces which enhances cell adhesion [74,75]. Biomaterial powders
have been used in a variety of high load bearing applications, ranging
from orthopaedic prosthetic components to implants [72]. Currently,
there are several different types of powdered biomaterials available,
including ceramic powders, and organic powders.

The most widely used biomaterial powders for bioprinting are hy-
droxyapatite (HA) and beta tricalcium phosphate (β-TCP), which are
both forms of calcium phosphate. These biomaterial powders have been
used extensively in research using powder inkjet printers for bone tissue
engineering applications [42,72,77–79]. They have demonstrated to
support osteoblast adhesion, proliferation and possess some bioactive
properties [78]. In addition to this, they also closely mimic the mineral
structure and chemical composition of bone. Several binders and solvents
have been used with these materials, commonly an acidic binder con-
taining 5–30wt% phosphoric acid [38,42,72]. When phosphoric acid is
Fig. 5. Bioink scaffolds produced from chitosan composite in a direct write
process (reproduced with permission from Ang, Sultana, Hutmacher, Wong, Fuh, Mo,
Loh, Burdet and Teoh [71]).



Fig. 7. Hydroxyapatite scaffolds (diameter 11.7 mm) printed using powder
inkjet (reproduced with permission from Schieker, Seitz, Drosse, Seitz and Mutsch-
ler [81]).

Fig. 8. Biodegradable screws that were placed within rat femurs, fabricated
from silk fibroin. (a) Silk blanks prior to machining. Left portion is considered
uniform; however, the right portion is considered not uniform and is discarded.
(b) Scanning electron microscope (SEM) image of the surface of silk material
after being machined. (c) Pure silk screws. (d) SEM image of silk screws. (e) Silk
screws with metal plate on model skull. (f) SEM image of machined surface of
silk plate. (reproduced with permission from Perrone, Leisk, Lo, Moreau, Haas,
Papenburg, Golden, Partlow, Fox, Ibrahim, Lin and Kaplan [89]). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

D.J. Whyte et al. Bioprinting 16 (2019) e00057
applied to HA and TCP, the powder undergoes a dissolution-precipitation
process via an acid base reaction between the two substances. This re-
action causes nanocrystalline brushite to form, described by Equation (1)
and examples seen in Figs. 6 and 7, binding the powder particles together
into an insoluble construct [27,76]. This process has been used in several
studies on powder inkjet printing of calcium phosphate implants for
reconstruction of cranial, maxillofacial defects, and complex bone defects
[72,80]. Other popular ceramic powders that have been used for bio-
printing include alumina, zirconia, and bioactive glass.

α=β� Ca3ðPO4Þ2 þH3PO4 þ 6H2O → 3CaHPO4 � 2H2O (1)

Powders produced from biopolymers are often referred to as organic
powders. These powders remain largely unexplored with powder inkjet
printing. Most of the research conducted on 3D printing biopolymers
required the polymer to be in a bioink form, chemically or physically
cross-linked into hydrophilic polymeric networks having the ability to
contain high amounts of fluid, known as hydrogels [57,58,71]. However,
some studies have reported using biopolymers in powdered form.

Several studies reported using chitosan powder as a bioink by using
acetic acid [71,82,83]. One study included the use of chitosan powder in
a composite with chondroitin sulphate powder and nano-silicon dioxide
(SiO2) powder, to produce solid composite scaffold by freezing and
lyophilization within a vacuum [84]. These scaffolds showed improved
mechanical integrity and lower degradation rate, whilst maintaining
non-toxic properties [84]. Collagen powder has shown to possess excel-
lent cell adhesion, haemostatic properties, and adequate simulation of
cell reactivity in clinical research [85,86]. Moreau et al. [87] used a
collagen calcium phosphate cement composite to fabricate a
self-hardening scaffold with a biomimetic, nano apatite-collagen matrix
that enhanced cellular attachment and bone regeneration, while main-
taining flexural strength of 8–10MPa with high toughness properties.
Another study investigated the use of collagen powder with fibril
morphology and characteristic triple helix conformation to function as an
easy administrable for a basic fibroblast growth factor (bFGF) fused with
clostridium histolyticum collagenase. The results showed that the
bFGF/collagen powder composite is a promising agent for promoting
bone fracture repair [88].

Several studies have demonstrated the use of silk fibroin in a bioink
form used within direct write 3D printers to construct scaffolds [4,
90–92]. When used as a bioink, many desired mechanical properties are
lost due to the low density and high liquid content of the materials. Other
research has been conducted on silk fibroin in alternative fabrication
methods to 3D printing and have demonstrated silk fibroin potential for
high load applications. A recent study investigating the performance of
biodegradable screws, seen in Fig. 8, created by freeze drying silk fibroin
cast within a mould found that the silk screws exhibited good shear
properties, were biocompatible and could remain within rat femurs up to
8 weeks [89]. Other studies have used silk fibroin microfiber/powder as
Fig. 6. Example of tricalcium phosphate brushite samples produced by powder
inkjet printing process (reproduced with permission from Gbureck, H€olzel, Klam-
mert, Würzler, Müller and Barralet [76]).

6

a filler to enhance the mechanical properties of scaffolds [93–95]. One
paper reported an increase in the scaffold’s compressive modulus from
0.3MPa to 1.9MPa when reinforced with silk microparticles [93]. While
another paper showed a 40 times increase in the compressive modulus
and the yield strength of 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) based
scaffolds, when reinforced with silk particles [94].

6. Challenges in 3D printing of organic powder

Many 3D printing technologies are used for biomedical purposes,
though direct write printers are most commonly used as they have a large
variety of cell friendly curing methods. Seen in Table 1, other technol-
ogies such as selective laser sintering, selective laser melting and ster-
eolithography use light and heat in their solidifying process causing
issues when trying to use biological inclusions, as this environment can
cause damage. Even though direct write printers have this advantage
over other 3D printer technologies, the technologies key disadvantage is
that the producible scaffolds exhibit low mechanical properties, limiting
its potential in hard tissue applications.



Table 1
Summary of material limitations and useable biomaterials of 3D printing technologies.

Printer Fusion Technology Material Limitations Useable
Biomaterials

Biomedical
Applications

Advantages and Limitations

Direct write -Photopolymeris-ation
-Melting
-Humidity gradients
-Chemical polymerisation
methods

Useable materials have low
viscosity

-Bioactive glass
-Alginate
-Chitosan
-Collagen
-Silk fibroin

-Scaffolds
-Medical implants
-Cartilage, bone and
muscle tissue
engineering

þEnables bioactive
components
þAvailable commercially
þLarge range of biomaterials
þFree form structures
possible
þNo trapped material within
constructs
þMinimal material waste
þCapable of multiple print
heads therefore multiple
materials
-Scaffold produced have Low
mechanical strengths

Stereolithog-raphy -Photopolymeris-ation Requires to be photo-
curable

-Bioactive glass -Scaffolds
-Medical implants

þHigh 3D resolution
þCapable of producing
complex internal features
-Photo induced cell damage
-Limited selection of
biomaterials
-May require furnace
postprocessing
-Uses high costly and complex
equipment

Selective laser sintering (SLS)
and selective laser melting
(SLM)

-Particle sintering/melting via
lasers

Require thermo responsive
powders

-Bioglass -Heart valves
-Fracture plates
-Scaffolds

þHigh mechanical strength
þHigh 3D resolution
compared to other powder
printers
-Not a large range of available
Biomaterials
-Not biodegradable
-May require furnace
postprocessing
-Powder may thermally
degrade during processing
-Difficult to remove trapped
powder

Powder bed inkjet -Physical or chemical particle
bonding via applying solutions

Require powders that can
be physically or chemically
bonded

-Calcium phosphate
(HAP, tricalcium)
-Alginate (binder)
-Gelatine (binder)

-Tissue engineering
-Scaffolds

þBioactive components can
be incorporated
þHigher mechanical
strengths
þCapable of complex internal
structures
þRequires no supporting
structures
þLow cost
-May require post printing
treatments
-Low to medium resolution
-Difficult to remove trapped
powder
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Biomaterials in powdered form allow the material to maintain many
mechanical attributes, unlike bioinks used in direct write printers as they
generally have a high liquid content. Implants for hard tissue applications
regularly use materials such as ceramics or metals in powdered form in
selective laser sintering, selective laser melting and powder inkjet
printers. However, the issue with ceramics and metals are their limited
biodegradability, and bioactivity properties. Organic powders (bio-
polymers in powered form) are an alternative option to metals and ce-
ramics, though these also have several disadvantages in 3D printing.

Organic powders offer several advantages when compared to metals
and ceramics. These polymer biomaterials, seen in Table 2, can offer
minimal inflammatory response, promote excellent cell adhesion/
growth, are chemically versatile and are generally biocompatible,
biodegradable and bioactive. However, biopolymers can be sensitive to
heat and not respond to light, limiting the usability in several 3D printer
technologies. Powder inkjet printers utilize different means of solidifying
the powder, through either physical or chemical bonds which is more
suitable to biopolymers. Though this could be a possible solution for
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using organic powders in 3D printing, there are further concerns in the
compatibility of this technology for this application.

Powder inkjet printers regularly use aqueous and low acidic solutions
to bind powder particles together, such as hydroxyapatite powder and
5–30wt% phosphoric acid. However, to fuse the particles, research in-
dicates that organic powders will require the use of high acidic solutions
that will cause damage to several powder inkjet components. For
example, multiple papers have reported the use of applying 98% formic
acid and 0.01% calcium chloride onto silk fibroin to form 3D nonwoven
mats for biomedical research [96–98]. The high concentration of formic
acid causes the hydrogen bonds in the crystalline region to partially
dissolve, leading to a degree of dissolution. After a small period, the
formic acid evaporates resulting in the precipitation of the silk 3D
nonwovenmats. Nevertheless, one study successfully addressed this issue
of using high acidic binders by integrating non-corrosive components,
which include polypropylene and polytetrafluorethylene (PTFE) fluid
lines and an inert glass reservoir in a ZPrinter 450 powder inkjet printer
[48].



Table 2
Polymer biomaterials.

Polymer
Biomaterial

Naturally
Derived/
Organic

Acceptable 3D
Printer

Currently
Used
Applications

Current
printing
Challenges

Alginate Yes Direct Write
Powder Inkjet
(binder
infused)

Wound
healing
Tissue
engineering

-Poor
solubility
-Low
mechanical
strength

Chitosan Yes Direct Write
SLA

Tissue
engineering
Bone implants
Artificial skin

-Poor
solubility
-Low
mechanical
strength

Collagen Yes Direct Write
Powder Inkjet
(binder
infused)
SLA

Tissue
engineering
Artificial skin

-Poor
solubility
-Low
mechanical
strength

Silk fibroin Yes Direct Write Wound
healing
Tissue
engineering

-Weak
-Brittle
-Low
mechanical
strength
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Powder management is also a challenge, as most commercial powder
inkjet printers are specifically designed for selected powder character-
istics, often for powders developed by the same company. For an organic
powder to be considered, investigations on the organic powder charac-
teristics need to be conducted. Such characteristics include: flowability,
stability, permeability, and wall friction properties. Establishing these
characteristics is fundamental in determining the required parameters of
the printer, in addition to producible resolution, accuracy, reproduc-
ibility and mechanical properties.

Fabricating scaffolds from organic powder, in particular silk fibroin,
has the potential to exhibit attractive biological and mechanical attri-
butes, such as biocompatibility, biodegradability and superb mechanical
properties. Using the fabricationmethod of 3D printing will also allow for
individual architecture and structure designs specifically tailored for the
patient. Organic powders can be introduced as a replacement material for
ceramics where moderate mechanical strength and higher cell prolifer-
ation is needed, such as bone repair. Additionally, organic powders can
be useful in applications where biopolymers are currently being used,
where an increase in mechanical properties would be beneficial. Such
applications include tissue engineering and wound healing.

However, if a powder inkjet printer was to be configured for organic
powder printing, a limitation of this printer, compared to the common
direct write printers for biomedical purposes, is the inability to include
living cells during the printing process due to the high acidic binders. A
strategy to overcome this limitation is to use an existing process, and
possible scaffold postprocessing, which allows the seeding of cells in
vitro. The printed scaffold would be placed within a bioreactor, which is
an incubator that creates the correct environment for cells to proliferate.
The medium the scaffold is submerged in, would contain preselected cells
and cell nourishment, encouraging the cells to lay down a matrix onto the
supporting scaffold [99–101]. Bioreactors are also able to apply shear
stress onto the scaffold which can further encourage cell growth.
Nevertheless, depending on the scaffold architecture and structure, cells
may fail dispersing throughout the scaffold, therefore affecting prolifer-
ation and networking. Printers that allow printing of cells do not have
this issue.

3D printing is a knownmethod of rapid prototyping, therefore has the
potential to increase the development speed of organic powder applica-
tions. One possible advancement is research on printing organic powder
composite scaffolds. As discussed earlier, silk fibroins have been imple-
mented into scaffolds of known materials, increasing overall mechanical
properties [93–95]. Furthermore, biological components such as drugs or
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cell growth factors could be introduced in the 3D printing process, to
increase the effectiveness of treatment. Another possible advancement is
to change the chemical make-up of selected organic powders, to accept
binders that allow the inclusion of cells in the printing process.

As silk, a known organic powder, is stronger than steel, in time it has
the potential to replace metal materials in biomedical applications where
cell growth is required. In addition, silk can be used to solve current is-
sues in orthopaedics such as metals not being able to degrade over time
repressing tissue restoration in the local area. Being able to adjust
biodegradability and potentially mechanical properties of organic pow-
ders for the application at hand, will facilitate new opportunities for
biomedical industry.

7. Conclusion

An issue for high mechanical load applications is finding materials
that can withstand the stress/strain forces, whilst supporting high levels
of biocompatibility, degradability, and bioactivity. Materials such as
metals and ceramics are currently used for high load applications as they
have suitable mechanical properties to withstand such forces, though
have limited biological properties. Natural polymers are one of the most
popular biomaterials as they are generally biocompatible, biodegradable
and bioactive. However, they lack optimal mechanical properties when
used in available 3D printing technologies.

Organic powders, natural polymers in powdered form, offer a unique
solution to these issues They have biocompatible properties, promote
excellent cell adhesion/growth and induce minimal inflammatory re-
sponses. Silk powder in particular, offers the potential for high me-
chanical properties, in addition to a slow and controllable biodegrade
rate, attributes desired for high load bearing applications. However,
organic powders have been hardly explored in 3D printer technologies
when compared to other biomaterials, limiting the producible scaffold
architecture, reproducibility, and the potential of these materials. Many
natural polymers are sensitive to light and heat, limiting the 3D printing
processes available. Nevertheless, powder inkjet printing utilizes a non-
destructive means of solidifying the powder, though the binders used
for organic powders are high in acidity and can cause damage to printer
components.

Further research needs to be conducted on organic powders, due to
the limited data on the technology and high potential for biomedical
applications. A compatible powder printer will accelerate progress in the
research on organic powers by allowing custom design for specific pur-
poses and enabling rapid prototyping.

References

[1] S. Vinodh, G. Sundararaj, S.R. Devadasan, D. Kuttalingam, D. Rajanayagam,
Agility through rapid prototyping technology in a manufacturing environment
using a 3D printer, J. Manuf. Technol. Manag. 20 (7) (2009) 1023–1041. htt
ps://doi.org/10.1108/17410380910984267.

[2] D. Tang, R.S. Tare, L.Y. Yang, D.F. Williams, K.L. Ou, R.O. Oreffo, Biofabrication of
bone tissue: approaches, challenges and translation for bone regeneration,
Biomaterials 83 (2016) 363–382. https://doi.org/10.1016/j.biomaterials.2016.0
1.024.

[3] C.S. Lee, S.G. Kim, H.J. Kim, S.H. Ahn, Measurement of anisotropic compressive
strength of rapid prototyping parts, J. Mater. Process. Technol. 187–188 (2007)
627–630. https://doi.org/10.1016/j.jmatprotec.2006.11.095.

[4] R.R. Jose, J.E. Brown, K.E. Polido, F.G. Omenetto, D.L. Kaplan, Polyol-silk bioink
formulations as two-Part Room-temperature curable materials for 3D printing,
ACS Biomater. Sci. Eng. 1 (9) (2015) 780–788. https://doi.org/10.1021/acsb
iomaterials.5b00160.

[5] S. Ford, M. Despeisse, Additive manufacturing and sustainability: an exploratory
study of the advantages and challenges, J. Clean. Prod. 137 (2016) 1573–1587.
https://doi.org/10.1016/j.jclepro.2016.04.150.

[6] A.A. Zadpoor, Design for additive bio-manufacturing: from patient-specific
medical devices to rationally designed meta-biomaterials, Int. J. Mol. Sci. 18 (8)
(2017). https://doi.org/10.3390/ijms18081607.

[7] S. Ghosh, S.T. Parker, X. Wang, D.L. Kaplan, J.A. Lewis, Direct-write assembly of
microperiodic silk fibroin scaffolds for tissue engineering applications, Adv. Funct.
Mater. 18 (13) (2008) 1883–1889. https://doi.org/10.1002/adfm.200800040.

[8] C.L. Ventola, Medical applications for 3D printing: current and projected uses, PT
39 (10) (2014) 704–711.

https://doi.org/10.1108/17410380910984267
https://doi.org/10.1108/17410380910984267
https://doi.org/10.1016/j.biomaterials.2016.01.024
https://doi.org/10.1016/j.biomaterials.2016.01.024
https://doi.org/10.1016/j.jmatprotec.2006.11.095
https://doi.org/10.1021/acsbiomaterials.5b00160
https://doi.org/10.1021/acsbiomaterials.5b00160
https://doi.org/10.1016/j.jclepro.2016.04.150
https://doi.org/10.3390/ijms18081607
https://doi.org/10.1002/adfm.200800040
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref8
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref8
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref8


D.J. Whyte et al. Bioprinting 16 (2019) e00057
[9] F.P. Melchels, J. Feijen, D.W. Grijpma, A review on stereolithography and its
applications in biomedical engineering, Biomaterials 31 (24) (2010) 6121–6130.
https://doi.org/10.1016/j.biomaterials.2010.04.050.

[10] A. Goyanes, F. Fina, A. Martorana, D. Sedough, S. Gaisford, A.W. Basit,
Development of modified release 3D printed tablets (printlets) with
pharmaceutical excipients using additive manufacturing, Int. J. Pharm. 527 (1–2)
(2017) 21–30. https://doi.org/10.1016/j.ijpharm.2017.05.021.

[11] S. Bartlett, Printing organs on demand, Lancet Respir. Med. 1 (9) (2013) 684.
https://doi.org/10.1016/S2213-2600(13)70239-X.

[12] A. Ben-Ner, E. Siemsen, Decentralization and localization of production, Calif.
Manag. Rev. 59 (2) (2017) 5–23. https://doi.org/10.1177/0008125617695284.

[13] Y. Huang, X.F. Zhang, G. Gao, T. Yonezawa, X. Cui, 3D bioprinting and the current
applications in tissue engineering, Biotechnol. J. 12 (8) (2017). https://doi.
org/10.1002/biot.201600734.

[14] B. Dhandayuthapani, Y. Yoshida, T. Maekawa, D.S. Kumar, Polymeric scaffolds in
tissue engineering application: a review, Int. J. Polym. Sci. (2011) 1–19, 2011,
https://doi.org/10.1155/2011/290602.

[15] R.R. Jose, M.J. Rodriguez, T.A. Dixon, F. Omenetto, D.L. Kaplan, Evolution of
bioinks and additive manufacturing technologies for 3D bioprinting, ACS
Biomater. Sci. Eng. 2 (10) (2016) 1662–1678. https://doi.org/10.1021/acsb
iomaterials.6b00088.

[16] M.K. Wlodarczyk-Biegun, A. Del Campo, 3D bioprinting of structural proteins,
Biomaterials 134 (2017) 180–201. https://doi.org/10.1016/j.biomaterials.2017.0
4.019.

[17] H.-J. Steenhuis, L. Pretorius, The additive manufacturing innovation: a range of
implications, J. Manuf. Technol. Manag. 28 (1) (2017) 122–143. https://doi.
org/10.1108/jmtm-06-2016-0081.

[18] R. Ortt, Guest editorial, J. Manuf. Technol. Manag. 27 (7) (2016) 890–897. htt
ps://doi.org/10.1108/jmtm-10-2016-0134.

[19] T.A. van Vugt, J.A.P. Geurts, J.J. Arts, N.C. Lindfors, Biomaterials in treatment of
orthopedic infections, in: Management of Periprosthetic Joint Infections, PJIs),
2017, pp. 41–68.

[20] Q. Chen, S. Liang, G.A. Thouas, Elastomeric biomaterials for tissue engineering,
Prog. Polym. Sci. 38 (3–4) (2013) 584–671. https://doi.org/10.1016/j.progp
olymsci.2012.05.003.

[21] D.F. Williams, On the mechanisms of biocompatibility, Biomaterials 29 (20)
(2008) 2941–2953. https://doi.org/10.1016/j.biomaterials.2008.04.023.

[22] K.C. Dee, D.A. Puleo, R. Bizios, An Introduction to Tissue-Biomaterial Interactions,
2002.

[23] F.J. O’Brien, Biomaterials & scaffolds for tissue engineering, Mater. Today 14 (3)
(2011) 88–95. https://doi.org/10.1016/s1369-7021(11)70058-x.

[24] I. Sabree, J.E. Gough, B. Derby, Mechanical properties of porous ceramic scaffolds:
influence of internal dimensions, Ceram. Int. 41 (7) (2015) 8425–8432. https://
doi.org/10.1016/j.ceramint.2015.03.044.

[25] H.A. Declercq, T. Desmet, P. Dubruel, M.J. Cornelissen, The role of scaffold
architecture and composition on the bone formation by adipose-derived stem
cells, Tissue Eng. A 20 (1–2) (2014) 434–444. https://doi.org/10.1089/ten.TEA.
2013.0179.

[26] Y.W. Hsin-I Chang, Cell responses to surface and architecture of tissue engineering
scaffolds, regenerative medicine and tissue engineering - cells and biomaterials.
https://doi.org/10.5772/21983, 2011.

[27] Y. Wang, et al., 3D fabrication and characterization of phosphoric acid scaffold
with a HA/beta-TCP weight ratio of 60:40 for bone tissue engineering
applications, PLoS One 12 (4) (2017), e0174870. https://doi.org/10.1371/journ
al.pone.0174870.

[28] F. Obregon, C. Vaquette, S. Ivanovski, D.W. Hutmacher, L.E. Bertassoni, Three-
Dimensional bioprinting for regenerative dentistry and craniofacial tissue
engineering, J. Dent. Res. 94 (9 Suppl) (2015), pp. 143S-52S, https://doi.org/1
0.1177/0022034515588885.

[29] S.F. Shirazi, et al., A review on powder-based additive manufacturing for tissue
engineering: selective laser sintering and inkjet 3D printing, Sci. Technol. Adv.
Mater. 16 (3) (2015), 033502. https://doi.org/10.1088/1468-6996/16/3/
033502.

[30] K. Prasad, et al., Metallic biomaterials: current challenges and opportunities,
Materials 10 (2017) 8. https://doi.org/10.3390/ma10080884.

[31] A. Sionkowska, Current research on the blends of natural and synthetic polymers
as new biomaterials: Review, Prog. Polym. Sci. 36 (9) (2011) 1254–1276. http
s://doi.org/10.1016/j.progpolymsci.2011.05.003.

[32] H.F. Ko, C. Sfeir, P.N. Kumta, Novel synthesis strategies for natural polymer and
composite biomaterials as potential scaffolds for tissue engineering, Philos. Trans.
A Math. Phys. Eng. Sci. 368 (1917) (2010) 1981–1997. https://doi.org/10.
1098/rsta.2010.0009.

[33] F.P.W. Melchels, M.A.N. Domingos, T.J. Klein, J. Malda, P.J. Bartolo,
D.W. Hutmacher, Additive manufacturing of tissues and organs, Prog. Polym. Sci.
37 (8) (2012) 1079–1104. https://doi.org/10.1016/j.progpolymsci.2011.11.007.

[34] J. Kundu, J.H. Shim, J. Jang, S.W. Kim, D.W. Cho, An additive manufacturing-
based PCL-alginate-chondrocyte bioprinted scaffold for cartilage tissue
engineering, J. Tissue Eng. Regenerat. Med. 9 (11) (2015) 1286–1297. https://
doi.org/10.1002/term.1682.

[35] B.K. Mann, J.L. West, Cell adhesion peptides alter smooth muscle cell adhesion,
proliferation, migration, and matrix protein synthesis on modified surfaces and in
polymer scaffolds, J. Biomed. Mater. Res. 60 (1) (2002) 86–93. https://doi.org/
10.1002/jbm.10042.

[36] E.-H. Kim, et al., Photo-reactive natural polymer derivatives for medical
application, J. Ind. Eng. Chem. 54 (Supplement C) (2017) 1–13. https://doi.o
rg/10.1016/j.jiec.2017.05.029.
9

[37] B.D. Ulery, L.S. Nair, C.T. Laurencin, Biomedical applications of biodegradable
polymers, J. Polym. Sci. B Polym. Phys. 49 (12) (2011) 832–864. https://doi.org
/10.1002/polb.22259.

[38] A. Asti, L. Gioglio, Natural and synthetic biodegradable polymers: different
scaffolds for cell expansion and tissue formation, Int. J. Artif. Organs 37 (3) (2014)
187–205. https://doi.org/10.5301/ijao.5000307.

[39] H. Huang, S. Oizumi, N. Kojima, T. Niino, Y. Sakai, Avidin-biotin binding-based
cell seeding and perfusion culture of liver-derived cells in a porous scaffold with a
three-dimensional interconnected flow-channel network, Biomaterials 28 (26)
(2007) 3815–3823. https://doi.org/10.1016/j.biomaterials.2007.05.004.

[40] K. Markstedt, A. Mantas, I. Tournier, H. Martinez Avila, D. Hagg, P. Gatenholm,
3D bioprinting human chondrocytes with nanocellulose-alginate bioink for
cartilage tissue engineering applications, Biomacromolecules 16 (5) (2015)
1489–1496. https://doi.org/10.1021/acs.biomac.5b00188.

[41] E. Axpe, M.L. Oyen, Applications of alginate-based bioinks in 3D bioprinting, Int.
J. Mol. Sci. 17 (12) (2016). https://doi.org/10.3390/ijms17121976.

[42] M. Castilho, et al., Fabrication of individual alginate-TCP scaffolds for bone tissue
engineering by means of powder printing, Biofabrication 7 (1) (2015), 015004.
https://doi.org/10.1088/1758-5090/7/1/015004.

[43] S. Ji, M. Guvendiren, Recent advances in bioink design for 3D bioprinting of
tissues and organs, Front. Bioeng. Biotechnol. 5 (2017) 23. https://doi.org/10.33
89/fbioe.2017.00023.

[44] G. Poologasundarampillai, A. Nommeots-Nomm, Materials for 3D printing in
medicine, in: 3D Printing in Medicine, 2017, pp. 43–71.

[45] V.B. Morris, S. Nimbalkar, M. Younesi, P. McClellan, O. Akkus, Mechanical
properties, cytocompatibility and manufacturability of chitosan:PEGDA hybrid-gel
scaffolds by stereolithography, Ann. Biomed. Eng. 45 (1) (2017) 286–296. htt
ps://doi.org/10.1007/s10439-016-1643-1.

[46] Q. Wu, M. Maire, S. Lerouge, D. Therriault, M.-C. Heuzey, 3D printing of
microstructured and stretchable chitosan hydrogel for guided cell growth,
1700058-n/a, Adv. Biosyst. 1 (6) (2017), 1700058, https://doi.org/10.1002/adbi.
201700058.

[47] S. Rhee, J.L. Puetzer, B.N. Mason, C.A. Reinhart-King, L.J. Bonassar, 3D
bioprinting of spatially heterogeneous collagen constructs for cartilage tissue
engineering, ACS Biomater. Sci. Eng. 2 (10) (2016) 1800–1805. https://doi.org/
10.1021/acsbiomaterials.6b00288.

[48] J.A. Inzana, et al., 3D printing of composite calcium phosphate and collagen
scaffolds for bone regeneration, Biomaterials 35 (13) (2014) 4026–4034.
https://doi.org/10.1016/j.biomaterials.2014.01.064.

[49] R. Gauvin, et al., Microfabrication of complex porous tissue engineering scaffolds
using 3D projection stereolithography, Biomaterials 33 (15) (2012) 3824–3834.
https://doi.org/10.1016/j.biomaterials.2012.01.048.

[50] F. Mottaghitalab, H. Hosseinkhani, M.A. Shokrgozar, C. Mao, M. Yang, M. Farokhi,
Silk as a potential candidate for bone tissue engineering, J. Control. Release 215
(2015) 112–128. https://doi.org/10.1016/j.jconrel.2015.07.031.

[51] S. Ghanaati, et al., Fine-tuning scaffolds for tissue regeneration: effects of formic
acid processing on tissue reaction to silk fibroin, J. Tissue Eng. Regenerat. Med. 4
(6) (2010) 464–472. https://doi.org/10.1002/term.257.

[52] B. Kundu, R. Rajkhowa, S.C. Kundu, X. Wang, Silk fibroin biomaterials for tissue
regenerations, Adv. Drug Deliv. Rev. 65 (4) (2013) 457–470. https://doi.org/10
.1016/j.addr.2012.09.043.

[53] E. Wenk, H.P. Merkle, L. Meinel, Silk fibroin as a vehicle for drug delivery
applications, J. Control. Release 150 (2) (2011) 128–141. https://doi.org/10.10
16/j.jconrel.2010.11.007.

[54] G.H. Altman, et al., Silk-based biomaterials, Biomaterials 24 (3) (2003) 401–416.
https://doi.org/10.1016/S0142-9612(02)00353-8.

[55] J. Melke, S. Midha, S. Ghosh, K. Ito, S. Hofmann, Silk fibroin as biomaterial for
bone tissue engineering, Acta Biomater. 31 (2016) 1–16. https://doi.org/10.10
16/j.actbio.2015.09.005.

[56] L. Sun, S.T. Parker, D. Syoji, X. Wang, J.A. Lewis, D.L. Kaplan, Direct-write
assembly of 3D silk/hydroxyapatite scaffolds for bone co-cultures, Adv. Healthc.
Mater. 1 (6) (2012) 729–735. https://doi.org/10.1002/adhm.201200057.

[57] M. Hospodiuk, M. Dey, D. Sosnoski, I.T. Ozbolat, The bioink: a comprehensive
review on bioprintable materials, Biotechnol. Adv. 35 (2) (2017) 217–239.
https://doi.org/10.1016/j.biotechadv.2016.12.006.

[58] E. Cal�o, V.V. Khutoryanskiy, Biomedical applications of hydrogels: a review of
patents and commercial products, Eur. Polym. J. 65 (2015) 252–267. https://
doi.org/10.1016/j.eurpolymj.2014.11.024.

[59] B. Stevens, Y. Yang, A. Mohandas, B. Stucker, K.T. Nguyen, A review of materials,
fabrication methods, and strategies used to enhance bone regeneration in
engineered bone tissues, J. Biomed. Mater. Res. B Appl. Biomater. 85 (2) (2008)
573–582. https://doi.org/10.1002/jbm.b.30962.

[60] H. Bikas, P. Stavropoulos, G. Chryssolouris, Additive manufacturing methods and
modelling approaches: a critical review, Int. J. Adv. Manuf. Technol. 83 (1–4)
(2015) 389–405. https://doi.org/10.1007/s00170-015-7576-2.

[61] C.C. Ng, M.M. Savalani, M.L. Lau, H.C. Man, Microstructure and mechanical
properties of selective laser melted magnesium, Appl. Surf. Sci. 257 (17) (2011)
7447–7454. https://doi.org/10.1016/j.apsusc.2011.03.004.

[62] B. Duan, M. Wang, Selective laser sintering and its application in biomedical
engineering, MRS Bull. 36 (12) (2011) 998–1005. https://doi.org/10.1557/mrs
.2011.270.

[63] H.N. Chia, B.M. Wu, Recent advances in 3D printing of biomaterials, J. Biol. Eng. 9
(2015) 4. https://doi.org/10.1186/s13036-015-0001-4.

[64] R. Gmeiner, et al., Additive manufacturing of bioactive glasses and silicate
bioceramics, J. Ceram. Sci. Technol. 6 (2) (2015) 75–86. https://doi.org/10.
4416/Jcst2015-00001.

https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1016/j.ijpharm.2017.05.021
https://doi.org/10.1016/S2213-2600(13)70239-X
https://doi.org/10.1177/0008125617695284
https://doi.org/10.1002/biot.201600734
https://doi.org/10.1002/biot.201600734
https://doi.org/10.1155/2011/290602
https://doi.org/10.1021/acsbiomaterials.6b00088
https://doi.org/10.1021/acsbiomaterials.6b00088
https://doi.org/10.1016/j.biomaterials.2017.04.019
https://doi.org/10.1016/j.biomaterials.2017.04.019
https://doi.org/10.1108/jmtm-06-2016-0081
https://doi.org/10.1108/jmtm-06-2016-0081
https://doi.org/10.1108/jmtm-10-2016-0134
https://doi.org/10.1108/jmtm-10-2016-0134
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref19
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref19
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref19
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref19
https://doi.org/10.1016/j.progpolymsci.2012.05.003
https://doi.org/10.1016/j.progpolymsci.2012.05.003
https://doi.org/10.1016/j.biomaterials.2008.04.023
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref22
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref22
https://doi.org/10.1016/s1369-7021(11)70058-x
https://doi.org/10.1016/j.ceramint.2015.03.044
https://doi.org/10.1016/j.ceramint.2015.03.044
https://doi.org/10.1089/ten.TEA.2013.0179
https://doi.org/10.1089/ten.TEA.2013.0179
https://doi.org/10.5772/21983
https://doi.org/10.1371/journal.pone.0174870
https://doi.org/10.1371/journal.pone.0174870
https://doi.org/10.1177/0022034515588885
https://doi.org/10.1177/0022034515588885
https://doi.org/10.1088/1468-6996/16/3/033502
https://doi.org/10.1088/1468-6996/16/3/033502
https://doi.org/10.3390/ma10080884
https://doi.org/10.1016/j.progpolymsci.2011.05.003
https://doi.org/10.1016/j.progpolymsci.2011.05.003
https://doi.org/10.1098/rsta.2010.0009
https://doi.org/10.1098/rsta.2010.0009
https://doi.org/10.1016/j.progpolymsci.2011.11.007
https://doi.org/10.1002/term.1682
https://doi.org/10.1002/term.1682
https://doi.org/10.1002/jbm.10042
https://doi.org/10.1002/jbm.10042
https://doi.org/10.1016/j.jiec.2017.05.029
https://doi.org/10.1016/j.jiec.2017.05.029
https://doi.org/10.1002/polb.22259
https://doi.org/10.1002/polb.22259
https://doi.org/10.5301/ijao.5000307
https://doi.org/10.1016/j.biomaterials.2007.05.004
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.3390/ijms17121976
https://doi.org/10.1088/1758-5090/7/1/015004
https://doi.org/10.3389/fbioe.2017.00023
https://doi.org/10.3389/fbioe.2017.00023
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref44
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref44
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref44
https://doi.org/10.1007/s10439-016-1643-1
https://doi.org/10.1007/s10439-016-1643-1
https://doi.org/10.1002/adbi.201700058
https://doi.org/10.1002/adbi.201700058
https://doi.org/10.1021/acsbiomaterials.6b00288
https://doi.org/10.1021/acsbiomaterials.6b00288
https://doi.org/10.1016/j.biomaterials.2014.01.064
https://doi.org/10.1016/j.biomaterials.2012.01.048
https://doi.org/10.1016/j.jconrel.2015.07.031
https://doi.org/10.1002/term.257
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.jconrel.2010.11.007
https://doi.org/10.1016/j.jconrel.2010.11.007
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1016/j.actbio.2015.09.005
https://doi.org/10.1016/j.actbio.2015.09.005
https://doi.org/10.1002/adhm.201200057
https://doi.org/10.1016/j.biotechadv.2016.12.006
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1002/jbm.b.30962
https://doi.org/10.1007/s00170-015-7576-2
https://doi.org/10.1016/j.apsusc.2011.03.004
https://doi.org/10.1557/mrs.2011.270
https://doi.org/10.1557/mrs.2011.270
https://doi.org/10.1186/s13036-015-0001-4
https://doi.org/10.4416/Jcst2015-00001
https://doi.org/10.4416/Jcst2015-00001


D.J. Whyte et al. Bioprinting 16 (2019) e00057
[65] M. Montani, A.G. Demir, E. Mostaed, M. Vedani, B. Previtali, Processability of pure
Zn and pure Fe by SLM for biodegradable metallic implant manufacturing, Rapid
Prototyp. J. 23 (3) (2017) 514–523. https://doi.org/10.1108/rpj-08-2015-0100.

[66] C.M.B. Ho, S.H. Ng, Y.-J. Yoon, A review on 3D printed bioimplants, Int. J. Precis.
Eng. Manuf. 16 (5) (2015) 1035–1046. https://doi.org/10.1007/s12541-015-0
134-x.

[67] V. Raeisdasteh Hokmabad, S. Davaran, A. Ramazani, R. Salehi, Design and
fabrication of porous biodegradable scaffolds: a strategy for tissue engineering,
J. Biomater. Sci. Polym. Ed. 28 (16) (2017) 1797–1825. https://doi.org/10.1080/
09205063.2017.1354674.

[68] C.X.F. Lam, X.M. Mo, S.H. Teoh, D.W. Hutmacher, Scaffold development using 3D
printing with a starch-based polymer, Mater. Sci. Eng. C 20 (1–2) (2002) 49–56.
https://doi.org/10.1016/s0928-4931(02)00012-7.

[69] G. Brunello, et al., Powder-based 3D printing for bone tissue engineering,
Biotechnol. Adv. 34 (5) (2016) 740–753. https://doi.org/10.1016/j.biotechadv.
2016.03.009.

[70] J.Y. Lee, B. Choi, B. Wu, M. Lee, Customized biomimetic scaffolds created by
indirect three-dimensional printing for tissue engineering, Biofabrication 5 (4)
(2013), 045003. https://doi.org/10.1088/1758-5082/5/4/045003.

[71] T.H. Ang, et al., Fabrication of 3D chitosan–hydroxyapatite scaffolds using a
robotic dispensing system, Mater. Sci. Eng. C 20 (1–2) (2002) 35–42.
https://doi.org/10.1016/s0928-4931(02)00010-3.

[72] U. Klammert, U. Gbureck, E. Vorndran, J. Rodiger, P. Meyer-Marcotty,
A.C. Kubler, 3D powder printed calcium phosphate implants for reconstruction of
cranial and maxillofacial defects, J. Cranio-Maxillo-Fac. Surg. 38 (8) (2010)
565–570. https://doi.org/10.1016/j.jcms.2010.01.009.

[73] A. Khalyfa, et al., Development of a new calcium phosphate powder-binder system
for the 3D printing of patient specific implants, J. Mater. Sci. Mater. Med. 18 (5)
(2007) 909–916. https://doi.org/10.1007/s10856-006-0073-2.

[74] T. Billiet, M. Vandenhaute, J. Schelfhout, S. Van Vlierberghe, P. Dubruel, A review
of trends and limitations in hydrogel-rapid prototyping for tissue engineering,
Biomaterials 33 (26) (2012) 6020–6041. https://doi.org/10.1016/j.biomateria
ls.2012.04.050.

[75] S.M. Peltola, F.P. Melchels, D.W. Grijpma, M. Kellomaki, A review of rapid
prototyping techniques for tissue engineering purposes, Ann. Med. 40 (4) (2008)
268–280. https://doi.org/10.1080/07853890701881788.

[76] U. Gbureck, T. H€olzel, U. Klammert, K. Würzler, F.A. Müller, J.E. Barralet,
Resorbable dicalcium phosphate bone substitutes prepared by 3D powder
printing, Adv. Funct. Mater. 17 (18) (2007) 3940–3945. https://doi.org/10.
1002/adfm.200700019.

[77] S.C. Cox, J.A. Thornby, G.J. Gibbons, M.A. Williams, K.K. Mallick, 3D printing of
porous hydroxyapatite scaffolds intended for use in bone tissue engineering
applications, Mater. Sci. Eng. C Mater. Biol. Appl. 47 (Supplement C) (2015)
237–247. https://doi.org/10.1016/j.msec.2014.11.024.

[78] M. Prakasam, J. Locs, K. Salma-Ancane, D. Loca, A. Largeteau, L. Berzina-Cimdina,
Fabrication, properties and applications of dense hydroxyapatite: a review,
J. Funct. Biomater. 6 (4) (2015) 1099–1140. https://doi.org/10.3390/j
fb6041099.

[79] A.L. Torres, et al., Bioactive polymeric-ceramic hybrid 3D scaffold for application
in bone tissue regeneration, Mater. Sci. Eng. C Mater. Biol. Appl. 33 (7) (2013)
4460–4469. https://doi.org/10.1016/j.msec.2013.07.003.

[80] M. Castilho, et al., Direct 3D powder printing of biphasic calcium phosphate
scaffolds for substitution of complex bone defects, Biofabrication 6 (1) (2014),
015006. https://doi.org/10.1088/1758-5082/6/1/015006.

[81] M. Schieker, H. Seitz, I. Drosse, S. Seitz, W. Mutschler, Biomaterials as scaffold for
bone tissue engineering, Eur. J. Trauma 32 (2) (2006) 114–124. https://doi.
org/10.1007/s00068-006-6047-8.

[82] Y. Yin, F. Ye, J. Cui, F. Zhang, X. Li, K. Yao, Preparation and characterization of
macroporous chitosan-gelatin/beta-tricalcium phosphate composite scaffolds for
bone tissue engineering, J. Biomed. Mater. Res. A 67 (3) (2003) 844–855. https://
doi.org/10.1002/jbm.a.10153.
10
[83] L. Geng, W. Feng, D.W. Hutmacher, Y. San Wong, H. Tong Loh, J.Y.H. Fuh, Direct
writing of chitosan scaffolds using a robotic system, Rapid Prototyp. J. 11 (2)
(2005) 90–97. https://doi.org/10.1108/13552540510589458.

[84] K.C. Kavya, R. Jayakumar, S. Nair, K.P. Chennazhi, Fabrication and
characterization of chitosan/gelatin/nSiO2 composite scaffold for bone tissue
engineering, Int. J. Biol. Macromol. 59 (2013) 255–263. https://doi.org/10.1016/
j.ijbiomac.2013.04.023.

[85] M. Chvapil, R.L. Kronenthal, W. van Winkle, Medical and surgical applications of
collagen, in: D.A. Hall, D.S. Jackson (Eds.), International Review of Connective
Tissue Research, vol. 6, Elsevier, 1973, pp. 1–61.

[86] R. Khan, M.H. Khan, Use of collagen as a biomaterial: an update, J. Indian Soc.
Periodontol. 17 (4) (2013) 539–542. https://doi.org/10.4103/0972-124X.11
8333.

[87] J.L. Moreau, M.D. Weir, H.H. Xu, Self-setting collagen-calcium phosphate bone
cement: mechanical and cellular properties, J. Biomed. Mater. Res. A 91 (2)
(2009) 605–613. https://doi.org/10.1002/jbm.a.32248.

[88] W. Saito, et al., Acceleration of bone formation during fracture healing by
injectable collagen powder and human basic fibroblast growth factor containing a
collagen-binding domain from Clostridium histolyticum collagenase, J. Biomed.
Mater. Res. A 102 (9) (2014) 3049–3055. https://doi.org/10.1002/jbm.a.34974.

[89] G.S. Perrone, et al., The use of silk-based devices for fracture fixation, Nat.
Commun. 5 (2014) 3385. https://doi.org/10.1038/ncomms4385.

[90] S. Das, et al., Bioprintable, cell-laden silk fibroin-gelatin hydrogel supporting
multilineage differentiation of stem cells for fabrication of three-dimensional
tissue constructs, Acta Biomater. 11 (2015) 233–246. https://doi.org/10.1016/j
.actbio.2014.09.023.

[91] H. Tao, et al., Inkjet printing of regenerated silk fibroin: from printable forms to
printable functions, Adv. Mater. 27 (29) (2015) 4273–4279. https://doi.org/10.
1002/adma.201501425.

[92] M.J. Rodriguez, J. Brown, J. Giordano, S.J. Lin, F.G. Omenetto, D.L. Kaplan, Silk
based bioinks for soft tissue reconstruction using 3-dimensional (3D) printing with
in vitro and in vivo assessments, Biomaterials 117 (2017) 105–115. https://doi
.org/10.1016/j.biomaterials.2016.11.046.

[93] D.N. Rockwood, et al., Ingrowth of human mesenchymal stem cells into porous
silk particle reinforced silk composite scaffolds: an in vitro study, Acta Biomater. 7
(1) (2011) 144–151. https://doi.org/10.1016/j.actbio.2010.07.020.

[94] R. Rajkhowa, et al., Reinforcing silk scaffolds with silk particles, Macromol. Biosci.
10 (6) (2010) 599–611. https://doi.org/10.1002/mabi.200900358.

[95] B.B. Mandal, A. Grinberg, E.S. Gil, B. Panilaitis, D.L. Kaplan, High-strength silk
protein scaffolds for bone repair, Proc. Natl. Acad. Sci. U. S. A. 109 (20) (2012)
7699–7704. https://doi.org/10.1073/pnas.1119474109.

[96] I. Dal Pra, G. Freddi, J. Minic, A. Chiarini, U. Armato, De novo engineering of
reticular connective tissue in vivo by silk fibroin nonwoven materials,
Biomaterials 26 (14) (2005) 1987–1999. https://doi.org/10.1016/j.biomateria
ls.2004.06.036.

[97] R.E. Unger, M. Wolf, K. Peters, A. Motta, C. Migliaresi, C.J.J.B. Kirkpatrick,
Growth of Human Cells on A Non-Woven Silk Fibroin Net: A Potential For Use in
Tissue Engineering 25, 2004, pp. 1069–1075, 6.

[98] R.E. Unger, K. Peters, M. Wolf, A. Motta, C. Migliaresi, C.J. Kirkpatrick,
Endothelialization of a non-woven silk fibroin net for use in tissue engineering:
growth and gene regulation of human endothelial cells, Biomaterials 25 (21)
(2004) 5137–5146. https://doi.org/10.1016/j.biomaterials.2003.12.040.

[99] M. PEI, et al., Bioreactors mediate the effectiveness of tissue engineering scaffolds,
16, 2002, pp. 1691–1694, 12, https://doi.org/10.1096/fj.02-0083fje.

[100] D. Marolt, et al., Bone and cartilage tissue constructs grown using human bone
marrow stromal cells, silk scaffolds and rotating bioreactors, Biomaterials 27 (36)
(2006) 6138–6149. https://doi.org/10.1016/j.biomaterials.2006.07.015.

[101] A.B. Yeatts, J.P. Fisher, Bone tissue engineering bioreactors: dynamic culture and
the influence of shear stress, Bone 48 (2) (2011) 171–181. https://doi.org/10.10
16/j.bone.2010.09.138.

https://doi.org/10.1108/rpj-08-2015-0100
https://doi.org/10.1007/s12541-015-0134-x
https://doi.org/10.1007/s12541-015-0134-x
https://doi.org/10.1080/09205063.2017.1354674
https://doi.org/10.1080/09205063.2017.1354674
https://doi.org/10.1016/s0928-4931(02)00012-7
https://doi.org/10.1016/j.biotechadv.2016.03.009
https://doi.org/10.1016/j.biotechadv.2016.03.009
https://doi.org/10.1088/1758-5082/5/4/045003
https://doi.org/10.1016/s0928-4931(02)00010-3
https://doi.org/10.1016/j.jcms.2010.01.009
https://doi.org/10.1007/s10856-006-0073-2
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1080/07853890701881788
https://doi.org/10.1002/adfm.200700019
https://doi.org/10.1002/adfm.200700019
https://doi.org/10.1016/j.msec.2014.11.024
https://doi.org/10.3390/jfb6041099
https://doi.org/10.3390/jfb6041099
https://doi.org/10.1016/j.msec.2013.07.003
https://doi.org/10.1088/1758-5082/6/1/015006
https://doi.org/10.1007/s00068-006-6047-8
https://doi.org/10.1007/s00068-006-6047-8
https://doi.org/10.1002/jbm.a.10153
https://doi.org/10.1002/jbm.a.10153
https://doi.org/10.1108/13552540510589458
https://doi.org/10.1016/j.ijbiomac.2013.04.023
https://doi.org/10.1016/j.ijbiomac.2013.04.023
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref85
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref85
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref85
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref85
https://doi.org/10.4103/0972-124X.118333
https://doi.org/10.4103/0972-124X.118333
https://doi.org/10.1002/jbm.a.32248
https://doi.org/10.1002/jbm.a.34974
https://doi.org/10.1038/ncomms4385
https://doi.org/10.1016/j.actbio.2014.09.023
https://doi.org/10.1016/j.actbio.2014.09.023
https://doi.org/10.1002/adma.201501425
https://doi.org/10.1002/adma.201501425
https://doi.org/10.1016/j.biomaterials.2016.11.046
https://doi.org/10.1016/j.biomaterials.2016.11.046
https://doi.org/10.1016/j.actbio.2010.07.020
https://doi.org/10.1002/mabi.200900358
https://doi.org/10.1073/pnas.1119474109
https://doi.org/10.1016/j.biomaterials.2004.06.036
https://doi.org/10.1016/j.biomaterials.2004.06.036
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref97
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref97
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref97
http://refhub.elsevier.com/S2405-8866(19)30016-8/sref97
https://doi.org/10.1016/j.biomaterials.2003.12.040
https://doi.org/10.1096/fj.02-0083fje
https://doi.org/10.1016/j.biomaterials.2006.07.015
https://doi.org/10.1016/j.bone.2010.09.138
https://doi.org/10.1016/j.bone.2010.09.138

	A review on the challenges of 3D printing of organic powders
	1. Introduction
	2. Properties of biomaterials and biomaterial scaffolds
	2.1. Biocompatibility
	2.2. Biodegradability
	2.3. Mechanical properties
	2.4. Architecture and structure
	3D printable biomaterials

	4. Processes for 3D printing of biomaterials
	4.1. Direct write
	4.2. Stereolithography (SLA)
	4.3. Selective Laser Sintering/Melting
	4.4. Powder inkjet

	5. Biomaterial forms
	6. Challenges in 3D printing of organic powder

	7. Conclusion
	References


