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ABSTRACT: Three-dimensional (3D) printing is becoming an increasingly common
technique to fabricate scaffolds and devices for tissue engineering applications. This is due to
the potential of 3D printing to provide patient-specific designs, high structural complexity,
rapid on-demand fabrication at a low-cost. One of the major bottlenecks that limits the
widespread acceptance of 3D printing in biomanufacturing is the lack of diversity in
“biomaterial inks”. Printability of a biomaterial is determined by the printing technique.
Although a wide range of biomaterial inks including polymers, ceramics, hydrogels and
composites have been developed, the field is still struggling with processing of these materials
into self-supporting devices with tunable mechanics, degradation, and bioactivity. This review
aims to highlight the past and recent advances in biomaterial ink development and design
considerations moving forward. A brief overview of 3D printing technologies focusing on ink
design parameters is also included.
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1. INTRODUCTION

3D printing is an additive manufacturing technique that allows
fabrication of modular and patient-specific scaffolds with high
structural complexity and design flexibility. This technology
enables design and fabrication of constructs based on tissue
images captured with commonly used medical imaging
techniques such as computed tomography (CT) and magnetic
resonance imaging (MRI) (Figure 1). This is not possible with
conventional fabrication techniques. Recently, 3D printing has
found a wide range of applications in medicine, including
craniofacial implants,1 dental molds, crowns and implants,1,2

prosthetic parts,3 on-demand medical equipment,4,5 surgical
models,6−9 scaffolds for tissue regeneration such as skin and
bone,10,11 organ printing,12−15 and tissue models for drug
discovery.16,17 The ability to make patient-specific devices,
control orientation and porosity, and combine multiple
materials, both synthetic and biological, has attracted the
attention of many curious minds. As a result, this surge in
technology has led to the creation of many breakthrough
treatments and devices. For instance, recent studies showed the
potential of this technology for biofabrication of anatomically
shaped and scaled tissue constructs with structural integrity.18,19

All of this is thanks to the recent advances in 3D printing
technology and biomaterial design.20,21

Although 3D printing technology offers great potential, there
are still significant issues to overcome before it can be
recognized as a common biofabrication technique in medicine.
One of the major issues is the limited capabilities of the 3D
printers. Processing speed, printing speed and printer
resolution have increased vastly over the past years yet still
lag behind optimal levels in many cases. The second major

issue is the lack of diversity in 3D printable biomaterials. Many
printable materials have great properties for external
applications, but implantable biomaterials require specific
characteristics based on both physiological conditions and
interactions with the body that make development much more
difficult. In general, printable biomaterials must: (1) be
printable, (2) be biocompatible, (3) have appropriate
mechanical properties, (4) have good degradation kinetics,
(5) form safe degradation byproducts, and (6) exhibit tissue
biomimicry. How to fulfill each of these requirements varies
slightly depending on which printing method is being used and
the projected end application of the device. Furthermore, many
of these characteristics can work against each other. For
example, in bone tissue, it is desirable to have stiff materials for
osteoblast development and load bearing, however, this can
lead to either slow to nonexistent degradation. Soft materials
can be printable and quicker to biodegrade, however, their
ability to be handled and applied to certain tissue types may be
a concern. The majority of 3D printed constructs are used in
bone or cartilage applications due to the inherent stiffness of
most printed biomaterials mimicking the natural stiffness of
these tissues, outside of some hydrogel systems. Ultimately, a
balance between all these parameters must be struck for
creation of an appropriate printable biomaterial. Finally,
reproducibility concerns, quality control issues, and regulatory
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hurdles need to be addressed before 3D printed scaffolds and
devices can reach the medical market.
In this review, our goal is to give a detailed summary of

currently available 3D printable biomaterials, including
advantages and limitations for tissue engineering applications,
and design criteria for printability. A brief overview of 3D
printing techniques is also included as printability of a
biomaterial is strictly determined by the printing technique.
We hope that this review will inspire the scientific community
to develop novel 3D printable biomaterials, which we believe
will eventually ensure the success of 3D printing in tissue
engineering and regenerative medicine applications.

2. OVERVIEW OF 3D PRINTING TECHNOLOGIES

Printability of a biomaterial system is strictly determined by the
printing technique. Although it is possible to print the same
material using multiple printing techniques “ink formulation”,
i.e., the form and composition of the printable material, varies
significantly. This review focuses on the most commonly used
3D printing technologies for biomedical applications. 3D
printing technologies are classified under four main groups in
this review: extrusion-based methods, particle fusion-based
methods, light induced (photopolymerization) methods and
inkjet printing (Figure 2). Each of these categories contains

subgroups that use slight mechanical or chemical variations on
each technique, which affect the material properties required for
successful design and printing of the “ink” material.

2.1. Extrusion-Based 3D Printing Methods. Extrusion-
based 3D printing methods, such as fused deposition modeling
(FDM) and direct ink writing (DIW), are some of the most
widespread methods to fabricate devices and scaffolds for tissue
engineering applications.22 The idea behind extrusion based
additive manufacturing is that an ink is forced through a nozzle
as a viscous liquid or melt to form individual lines that solidify
onto a build plate. As the material is extruded, the nozzle
follows a predefined path determined by a computer model to
build up a 3D object layer-by-layer. For traditional FDM, the
ink is in the form of a solid filament (typically, 1.50 or 1.75 mm
in diameter). The ink is rolled into a hot nozzle (typically
temperatures up to 200 °C) where it is melted (to become
flowable) at the nozzle, and extruded using a motorized pinch
roller system. This requires materials, generally polymers that
can be formed into a filament with sharp solid-to-melt
transition (i.e., flow and solidify readily upon melting and
cooling, respectively).
Solvent-cast direct-writing inks are either polymer solutions

in a preferably water-miscible, low boiling point solvent (such
as dichloromethane (DCM), dimethyl sulfoxide (DMSO) or
tetrahydrofuran (THF)) that evaporates rapidly upon ex-

Figure 1. Common stages of the 3D printing process to develop tissue-mimetic devices. A 3D computer assisted design (CAD) model is developed
from a medical image of the target tissue. Digitally sliced images that consist of text-based command lists, including ink parameters and printing
directions, are generated. A 3D printer generates the tissue mimetic construct. Reprinted with permission from ref 19 Copyright 2016 Nature
Publishing Group.

Figure 2. Schematics depicting 3D printing techniques: extrusion-based methods such as fused deposition modeling (FDM) and direct ink writing
(DIW), inkjet printing, particle fusion-based method such as selective laser sintering (SLS), and light-based method stereolithography (SLA).
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trusion, leaving a solid polymer matrix behind,23 or hydrogels
that maintain structure following extrusion. Structural integrity
of 3D printable hydrogels can be maintained postextrusion
using thixotropic behavior, temperature sensitivity or cross-
linking or a combination thereof. For FDM and DIW,
resolution levels for nozzle location of 25 μm in the x, y
plane are achievable with line dimensions and layer thickness of
200−500 μm, determined by the nozzle diameter.24 In general,
these two methods struggle with creating structures with long,
unsupported sections or sharp overhangs due to the fabrication
process. Extruded filaments tend to lack the material strength to
support themselves immediately upon extrusion, leading to
sagging or complete collapse of the unsupported segment. Filler
materials that could be removed (dissolved or burned out)
postprinting have been developed to eliminate this issue.25 But
they need to be printed in parallel with the actual ink, which
requires printers with dual nozzles. In summary, FDM and
DIW are methods that are easy to use and have been employed
effectively for tissue engineering applications.26

2.2. Particle Fusion-Based 3D Printing Methods.
Particle fusion printing methods, consisting of selective laser
sintering (SLS) and particle binding (PB), have found
significant applications in industrial prototyping due to the
ability to print polymers, ceramics, metals and composites of
these into unique and complex geometries.27 SLS uses a
directed laser beam, traditionally from a CO2 laser, to raise the
temperature of the polymer or metal particles to above their
melting temperature, causing the particles to fuse together.28

The beam is patterned over the cross sectional area of the
computer-modeled object to create a single layer, at which
point a new layer of particles is applied over the top, and the
process is repeated. Therefore, the ink materials suitable for
SLS should be processable into a fine powder form (range from
10 to 100 μm), and must have an attainable melting
temperature, and bind together when heated (above Tm). It
is also important that the particles possess good particle flow
dynamics within the bed system, which may require surface
functionalization to eliminate electrostatic forces.29 Generally,
SLS machines are slow, bulky, expensive, and require a large
amount of material. However, the ability to process multiple
materials in a single bed has proven useful in many
manufacturing industries.
PB (also referred to as indirect SLS) follows the same

principles as selective laser sintering but instead of melting
particles together with a laser, this technology uses a liquid
binding solution to fuse particles together within each layer
followed by a high-temperature, sintering step to solidify the
final 3D object postproduction.30−32 For both technologies,
resolution is in the range of 700−1000 μm in the horizontal
axis and 100 μm in the vertical axis.29 Resolution is significantly
affected by the particle size (10−100 μm), the particle size
distribution, material binding properties, and laser or binder
width.27 SLA and PB methods have been used to create devices
for hard-tissue engineering applications, such as orthopedics
and oral surgeries.32−35

2.3. Light-Assisted 3D Printing Methods. Light-assisted
3D printing, also known as stereolithography (SLA), is
considered the original additive manufacturing method after
Charles Hull first developed and commercialized the process of
curing specific areas of polymer resins in the mid-1980s. SLA
involves patterning a beam of light (UV or laser) over a bath of
photopolymerizable (viscous) liquid polymer to create a single
hardened polymer layer. After polymerization, the build stage

lowers further into the solution, allowing new resin to flow over
the printed surface, and the next layer is polymerized on top of
the previous. Recent advances in the development of more
efficient light sources and refined mirror-lens systems have
drastically improved SLA regarding both its speed and
resolution. For instance, Tumbleston et al. demonstrated the
continuous generation of polymeric parts up to tens of
centimeters in size with feature resolution below 100 μm
within minutes instead of hours.36 They established a
continuous liquid interface achieved with an oxygen-permeable
window below the ultraviolet image projection plane leading to
a persistent liquid interface where photopolymerization is
inhibited between the window and the polymerizing part. Of all
the printing methods, SLA has one of the highest resolutions
with traditional SLA reaching 25 μm resolution, whereas micro
SLA (μ-SLA) and high-definition SLA devices reach feature
resolutions in the single micrometer range.37 However, SLA has
been limited in its biomedical applications by the harsh nature
of UV-based cross-linking, extensive postprocessing, inadequate
mechanical properties, trapping of liquid resin within the end
product and most importantly the lack of available biocompat-
ible and biodegradable materials suitable for SLA. Recent
developments in both natural and synthetic biodegradable,
cross-linkable polymers, as well as higher-resolution machines
have started to open SLA to a wider array of applications,
especially in tissue engineering.

2.4. Inkjet Printing. Inkjet printing enables disposition of
very small volumes (1−100 picoliters)38 of individual droplets
from a nozzle to a printing surface with the goal of forming
structures postsolidification. Multinozzle inkjet print heads
containing several hundred individual nozzles have been
developed to accelerate the printing process. Inkjet printers
are classified into two groups based on the droplet generation
mechanism: continuous inkjet (CIJ) printing and drop-on-
demand (DOD) inkjet printing.38 In CIJ printing continuous
stream of drops (around 100 μm in diameter) are produced
and unused ink is recycled. In DOD inkjet printing, individual
drops (in the range of 25 to 50 μm in diameter) are generated
when required. DOD type printers are commonly used for
tissue engineering applications. The power of inkjet printing is
the spatial resolution, i.e., placement of picoliter drops with
positional accuracy (∼10 μm in x-y-axis). There are three
important stages in inkjet printing that define and constrain
printable ink formulations including drop generation, drop/
substrate interaction, and drop solidification.38−40 The
mechanism of drop formation defines the ink (fluid) properties
that are required for a given polymer solution to be printable.
The most important properties of the ink are the viscosity and
the surface tension. The viscosity of the ink should be suitably
low usually below 10 cP (mPa s), under high shear rates,
between 1 × 105 and 1 × 106 s−1. The surface tension
determines the shape of the drop emerging from the nozzle and
the shape of the drop on the substrate. Surface tension values of
the inks generally range from 28 to 350 mN m−1. The
resolution and accuracy of the printed object are determined by
the interaction between adjacent drops (coalescence)41,42 and
between individual drops and the substrate (such as surface
tension and wettability).43,44 The liquid-to-solid phase trans-
formation (i.e., solvent evaporation, temperature controlled
transition, or gelling of a precursor solution)38 controls the final
shape and size of the printed objected.
Inks in the form of photocurable solutions, colloidal

suspensions (allowing high-molecular-weight polymers in low
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viscosity form), and polymer melts are suitable for tissue
engineering applications. Ceramic suspensions have also been
printed using inkjet printing.45−48 Polymers in solution (or in
melt state) can undergo irreversible structural changes due to
flow-induced deformations.49−51 This could even lead to chain
scission if the rate of chain extension exceeds the rate of chain
relaxation.52 Biological materials, including cells, can be
incorporated into the ink formulation, forming bioinks.53−56

However, the shear forces and temperature changes at the point
of extrusion should also be taken into consideration. Develop-
ment of open pool, nozzleless bioprinting systems has begun to
address some of the problems associated with forces
experienced by cells upon extrusion.57 In addition, to maintain
droplet formation and reduce clogging and shear stress the
achievable cell density is often limited in comparison with
physiological cell densities. It is also not possible to create
unsupported structures such as overhangs and bridges using
inkjet printing. Inkjet printing has been used for tissue
engineering (bioadhesives, scaffolds, and living cells) and
pharmaceutical applications.53,55,56,58,59

3. INKS: 3D PRINTABLE BIOMATERIALS

The improvements in 3D printing technologies over the past 15
years have brought these technologies to many new fields.
Medical devices and tissue engineering are one particular area
where 3D printing has garnered significant interest. With the
potential to fabricate patient-specific, customizable devices in
short time frames and for lower costs, 3D printing is a perfect
technology for the coming era of personalized medicine. A wide
range of biomaterials has been used as inks forming 3D
structures with a wide range of size and stiffness (Figure 3).60,61

However, because of their beginnings in industrial prototyping,
most 3D printing methods lack sufficiently developed
biocompatible materials that can compete with traditional
biomedical treatments. In this section, we will outline the
material properties that are key to developing biomaterial inks
for each printing method and review currently used biomaterial

inks used in 3D printing, including their specific benefits and
drawbacks (Figure 3).

3.1. Polymeric Biomaterial Inks. Polymers make up the
majority of the biomaterial inks used in 3D printing due to their
ease of processability, low cost, and properties such as
biocompatibility, degradation and mechanics. Polymer inks
come in the form of filaments for FDM, beads (powders) for
SLS, solutions and gels for DIW, and solutions for SLA. Each of
these techniques requires specific material parameters for
printability. For instance, polymer filaments must have a
constant diameter of 1.75 mm for most FDM machines, a sharp
solid-to-melt transition to facilitate viscous melt formation pre-
extrusion and solidification postextrusion, elastic modulus to
melt viscosity ratio below 5 × 105 s−1 to prevent filament
buckling and shear thinning tendencies in liquid form.22

Solutions for DIW are often comprised of a polymer
dissolved in a rapidly evaporating organic solvent, such as
dichloromethane, tetrahydrofuran or dimethyl sulfoxide that
rapidly dissipates upon extrusion, leaving a solid polymer strut
behind. These DIW inks must dry in times of seconds to
minutes in order to maintain shape integrity, support polymer
solubility in excess of 20−30 wt %, achieve complete solvent
removal postmanufacturing, have sufficiently low viscosity to
facilitate printing at moderate to low pressure, and be shear
thinning to prevent clogging and facilitate flow.
SLS of polymer beads requires bead diameters in the range of

10−150 μm to allow for particle flow within the bed while
maintaining print resolution,27,35 melt temperature attainable
by the laser, generally below 200 °C used, and low melt
viscosity. Finally, stereolithography relies heavily on stable,
photo-cross-linkable polymers that react and polymerize rapidly
when subject to UV radiation. The density and viscosity of the
liquid bath must be such that the final 3D printed object is
sturdy enough for the desired function and that new material
flows rapidly into place when the build stage lowers following
each completed layer while cross-linking should be rapid to
maintain resolution and print speed. On the basis of these

Figure 3. 3D printed constructs from hard (left) to soft (right) in nature. (A) (Top) Structure of 50 wt % hydroxylapatite (HA) scaffold, (bottom)
SEM image of the pore and surrounding ceramic particles. Reproduced with permission from ref 146. Copyright 2015 Elsevier. (B) Polycaprolactone
scaffold (solvent-cast three-dimensional printing of multifunctional microsystems. Reproduced with permission from ref 23. Copyright 2013 John
Wiley and Sons. (C) Fluorescent image of 4-layer lattice printed by sequential depositing of four PDMS inks each dyed with a different fluorophore.
Reproduced with permission from ref 60. Copyright 2014 John Wiley and Sons. (D) PEG-based hydrogel with gelatin (15 mm × 15 mm), bottom
structure scale bar, 500 μm. Reproduced with permission from ref 113. Copyright 2015 John Wiley and Sons. (E) Picture of a hollow sphere-shaped
lipid droplet network (printed in bulk aqueous solution). Scale bar, 200 mm. Reproduced with permission from ref 61. Copyright 2013 AAAS.
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design parameters, many different materials have been
fashioned into printable polymer bioinks for 3D printing
technologies.
3.1.1. Poly(lactic acid). Polylactic acid (PLA) is the

preeminent polymer for FDM due to its low cost, nontoxicity,
biocompatibility, biodegradability, renewable feedstocks and
easy processability.62,63 With a melt temperature around 175
°C, PLA can be easily formed into filaments for use with melt
based printing systems where it is generally extruded between
200 and 230 °C. A serious concern surrounding PLA is its long-
term biocompatibility because of the release of acidic
byproducts during degradation, which could lead to tissue
inflammation and cell death.64 Degradation occurs through
hydrolysis of the ester bond and results in the localized
decrease in physiological pH through the release of lactic acid.
To remedy this, PLA has been combined with ceramics,
primarily calcium phosphates, to create composite scaffolds
with increased bone response and reduce formation of a
localized acidic environment.65,66 PLA has good mechanical
properties for a synthetic polymer but tends to be brittle and
have a lower compressive strength compared to bone, which
can be problematic because of its primary use in muscu-
loskeletal tissue engineering. Again, composites of PLA with
ceramics can be beneficial, this time by increasing the
compressive strength and improving mineralization upon
implantation. Despite these drawbacks, PLA is one of the
best and most commonly used printable materials available for
biological applications of FDM.
3.1.2. Poly(D,L-lactide). (PDLLA) oligomers functionalized

with methacrylol chloride have been developed for biomedical
applications of SLA.67 Previously, PDLLA had been used
successfully in resorbable bone fixation devices, which is
indicative of its good biocompatibility and high mechanical
strength. In this system, functionalized PDLLA was diluted in
nonreactive ethyl lactate to form the resin and photocured with
UV light. Following scaffold formation, the structures were
extracted with acetone and isopropanol to remove unreacted
resin. Mouse preosteoblasts readily adhered to the scaffold
surface and proliferated well, showing that the biocompatibility
expected from this material was not altered through the
chemical modification or printing method.67 In a similar
system, PDLLA has been functionalized with fumaric acid
monoethyl ester to provide photoionizability and diluted in N-
vinyl-2-pyrrolidone (NVP) to form a resin. Porous 3D scaffolds
were printed through directed UV cross-linking of the resin and
seeded with mouse preosteoblasts after processing. The seeded
cells attached to the polymer network and proliferated
throughout the scaffold.68 The hydrophilicity of the PDLLA
networks can be enhanced by increasing the amount of NVP,
which could have beneficial effects on cell attachment and
tissue integration. The biocompatibility of PDLLA scaffolds
along with the mechanical properties warrants further
investigation as a 3D printable scaffolding material.
3.1.3. Poly(caprolactone) (PCL). PCL, like polylactic acid, is

a low cost, biodegradable polyester that has seen a surge in use
with the advent of FDM and the recent need for more
biocompatible materials.69 Once cast aside by history, this
polymer is back at the forefront of science again due to the
growth of tissue engineering and 3D printing.69 PCL has
excellent rheological and viscoelastic properties upon heating
that make it a prime candidate for melt-based extrusion
printing. However, the stiffness and extended degradation
profile of printed PCL make it useful mostly for hard tissue

engineering. PCL is stable in the body for over 6 months and
degrades fully and nontoxically in around three years, allowing
it to provide support during healing and later be absorbed over
time. Because of its history in drug delivery devices, PCL has a
shorter regulatory path to market than many other polymer
systems, further adding to its benefits. For instance, a custom-
designed airway splint device was printed using PCL, and
administered to the patient under the emergency-use
exemption from the Food and Drug Administration.70

PCL is also the main polymer used in SLS systems in the
form of beads in the size range of 10−100 μm, which can be
melt-fused with laser heating.71 Scaffolds printed with PCL
using SLS showed good porosity with high levels of
interconnectedness, beneficial surface roughness and compres-
sive modulus similar to bone.71 When seeded with BMP7-
transduced fibroblasts and implanted subcutaneously, these
scaffolds show good tissue ingrowth and bone generation. This
model was applied to rapid fabrication of a pig condyle defect
with a PCL and beta-tricalcium phosphate (β-TCP) mixture to
show that CT images of actual defects could be processed and
produced in short time frames.72

3.1.4. Poly(propylene fumarate) (PPF). PPF is one of the
most extensively studied biodegradable and photo-cross-
linkable polymers used in stereolithography.73 Generally, the
printing solution used in SLA consists of PPF as the base
polymer combined with diethyl fumarate (DEF) as the solvent
and bisacrylphosphrine oxide as the photoinitiator. Solution
viscosity and PPF/DEF ratio play an important role in
printability and mechanical strength of the final scaffold.74

DEF is required to reduce the viscosity of the polymer so that
the material flows over the printed scaffold for construction of
each new layer. This must be balanced carefully as mechanical
strength of scaffolds decreases dramatically at PPF/DEF ratios
below 50% because of changes in the polymer density. In a
recent study, scaffolds created using PPF stereolithography
were coated with either β-TCP, synthetic bone mineral (SBM)
or biphasic calcium phosphate (BCP) along with bone
morphogenetic protein (BMP-2) and studied in vitro and in
vivo.75 A rabbit model showed bone regeneration throughout
the scaffolds with both ingrowth of native bone from the edges
and generation of bone at locations on the interior of the
scaffold for all three coatings. There was no sign of a persistent
inflammatory response in any of the investigated scaffolds
indicating no problems with residual solvents. From this study,
it is evident the BCP, β-TCP, and SBM loaded with BMP all
enhance osteoconductivity and osteointegration of PPF
scaffolds but none provides any particular advantages.75

3.1.5. Polyether Ether Ketone (PEEK). PEEK is a semi-
crystalline polymer that has most commonly been used as an
ink material for additive manufacturing to create customized
craniofacial implants.76 PEEK has many beneficial properties
that make it a prime material for bone replacement including
bioinertness, biocompatibility, radiolucency, low heat con-
ductivity, and strength and elasticity comparable to cortical
bone. Processing conditions for PEEK are more extreme than
other polymers because of its high melting point, around 350
°C, which has limited its application to only selective laser
sintering.77 However, this same property gives 3D printed
PEEK objects superior heat resistance, allowing them to
undergo steam sterilization without softening.78 As a
biomaterial, PEEK lacks the osteointegrative properties that
make for good tissue engineering materials. Because it does not
integrate with native tissues well, it is often at risk to trigger
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foreign body reactions including encapsulation, dislodging, and
extrusion. Furthermore, PEEK implants are more expensive
than many other polymer implants. Recent advances in FDM
printer technology have increased processing temperatures
attainable by the hot end of FDM machines, leading to the
development of PEEK filaments for this more common 3D
printing method. With the greater speed, availability, and
reduced cost of FDM printing now in play, further biomedical
uses of PEEK are starting to be explored.79

3.1.6. Poly(butylene terephthalate). Polybutylene tereph-
thalate (PBT) is another thermoplastic polyester, similar to
PLA and PCL, and it has been used in FDM printing
experiments. However, due to the lack of apparent advantages
over either PLA or PCL and higher melting point of 225 °C, it
has seen much less investigation as a 3D printable material than
the other two polyesters despite its similar biocompatibility. In
one experiment, filaments of PBT were used in an FDM
process to create bone scaffolds based on micro CT scans of
canine trabecular bones.80 These bone scaffolds were able to
match the trabecular bone in porosity, indicating the potential
for creating biomimetic scaffolds in the future, but cell
compatibility was not investigated. Calcium phosphate coated
PBT scaffolds have previously been shown to increase bone
formation in a canine knee model without significant
drawbacks.81 PBT-poly(ethylene oxide) (PEO) coatings have
also been used to increase the bone binding properties of
titanium alloy implants.82 These beneficial effects could either
be a result of the coating and scaffold combination or the
coating alone.
3.1.7. Acrylonitrile Butadiene Styrene (ABS). ABS is a

petrochemical-based, triblock copolymer that possesses good
strength from the acrylonitrile and butadiene elements while
gaining toughness from the styrene units, giving it an advantage
over the somewhat brittle polyester materials. This combined
with a melting point of 105 °C makes ABS is an attractive
candidate for use in FDM and SLA systems. However, ABS has
seen limited use as a scaffold material outside of cartilage
engineering because it generally performs the same or worse
than PLA in areas of cell integration, processability and
cost.83,84 In addition, it is not biodegradable, which is a major
detriment in an industry that is moving toward resorbable
materials.
3.2. Hydrogel Inks. Hydrogels are three-dimensional

polymer networks with the ability to hold a large quantity of
water. Hydrogels have been exploited in a variety of biomedical
applications including 2D and 3D culture scaffolds for tissue
engineering applications, as well as cell and/or biomolecule
delivery.85−87 Hydrogels provide perfect “soft material” systems
to mimic native extracellular matrix (ECM) microenvironments
due to their tunable mechanics, degradation and functionaliz-
ability.88 Injectable, shear-thinning hydrogels are a subgroup of
all hydrogel systems but form the majority of those used in
research and clinical biomedical applications.89 Hydrogel inks
formulated from injectable hydrogels are required to (1) flow
under modest pressures, (2) gel quickly, and (3) maintain
sufficient integrity after build up.90 Hydrogel inks are referred
to as bioinks when they contain cells and/or biochemical
molecules such as ECM components. Inkjet, light-assisted, and
extrusion-based 3D printing systems are the most suitable
methods for hydrogel printing.91−94 The classical approach to
designing a hydrogel ink is to formulate a polymer solution that
forms a network immediately after printing. The network could
be physically or chemically cross-linked in response to an

external stimulus such as temperature, light, or ion concen-
tration. The main advantage of the physically cross-linked
hydrogels is the absence of chemical agents, which decreases
the material toxicity. On the other hand, chemically cross-
linked hydrogels are prepared through covalent bond formation
and the resulting hydrogel is more resistant to mechanical
forces but it usually undergoes greater volume changes than
physically cross-linked networks. There are a limited number of
suitable hydrogels that can act as a bioink, and tuning their
properties remains a challenge.95

Generally, common hydrogels for 3D bioprinting are made
from natural polymers such as alginate, agar, gelatin, cellulose,
collagen, fibrinogen, hyaluronic acid,96,97 or from synthetic
polymers such as polyacrylamide,98 polyurethane,99 poly-
(ethylene glycol) (PEG),100,101 or a synthetic-natural mix-
ture.102,103 Their physicochemical properties and gelation
method can be tuned through chemical, physical and enzymatic
mechanisms or modulated by thermal/pH sensitivity.104 For
instance, alginate is a versatile polysaccharide and its gelation
properties can be induced either by addition of divalent cations
as gelling agents102,105−109 or through chemical modification of
alginate-dialdehyde (ADA) with gelatin.110 A triple network
hydrogel composed by alginate and agar was reported.111 In
this system, the entanglement of the alginate chains with the
agar double network restricted the agar helical chain bundles
and formed an extremely tough hydrogel.
Direct-write bioprinting of cell-laden, and chemically and

photo-cross-linked gelatin hydrogels has been reported in the
literature.112−114 Billiet et al. proposed the alternative use of a
biocompatible VA-086 as a photoinitiator compared to the
conventional Irgacure 2959.91 Their findings showed a high cell
viability (>97%) for 3D printing of cell laden gelatin
methacrylamide (GelMa). In another work, Bertassoni et al.
showed that a significant pressure was required to dispense the
cell-laden GelMa hydrogels from the glass capillary.114 But, cell
viability and proliferation were not significantly affected,
suggesting that the hydrogel matrix may function as barrier to
protect the encapsulated cells from the shear stress resulting
from friction with the capillary dispensing system. Novel
processing strategies for commercial materials were found by
Matrigel115 and Pluronic F-127.116 Matrigel and mixed Pluronic
and calcium phosphate cell-laden hydrogels were biofabricated
and applied as a microtissue onto a microfluidic device and as a
composite hydrogel and ceramic ink for robotic-assisted
deposition, respectively.
Usually high polymer concentrations are required to

formulate hydrogel inks for printing multiple layers with high
shape conformity.111 However, highly dense hydrogel con-
structs are usually detrimental for cell encapsulation, limit
nutrient and waste transportation, and inhibit network
remodeling and functional integration of the construct. To
overcome some of these problems, Li et al. developed a two-
component DNA hydrogel ink system, composed of polypep-
tide-DNA conjugate and complementary DNA linker, that
displays rapid cross-linking because of DNA hybridization.117

They were able to fabricate cell containing 3D structures with
tunable hydrogel properties. Villar et al. developed tissue-like
structures printing aqueous droplets into a solution of lipids in
oil leading to lipid monolayers forming bilayers with droplets in
the growing network (Figure 3E).61

Pre- or postprinting cross-linking (chemical or UV-assisted)
using multimaterial inks have also been shown to further
enhance conformity of printed constructs. For example, two-
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component hydrogels consisting of a thermoresponsive
polymer mixed with poly(ethylene glycol) or a hyaluronic
acid were partially cross-linked by a chemoselective oxo-ester
reaction before extrusion-based printing.118 The 3D hydrogels
were deposited on a heated plate at 37 °C and subsequently
chemical cross-linking was conducted to form stable hydrogels.
This reinforced construct exhibited an elastic modulus of 9 kPa
after 3 h, and showed high cell viability of chondrocytes.118 In
another study, a photopolymerizable and thermosensitive A-B-
A type triblock copolymer ink was developed.119 The ink was
composed of poly(N-(2-hydroxypropyl)methacrylamide lac-
tate) A-blocks partially functionalized with methacrylate groups,
and poly(ethylene glycol) B-blocks. A concentrated polymer
solution (25 wt %) in the presence of a UV initiator at room
temperature was dispensed on a preheated substrate at 37 °C
forming a hydrogel construct. The system was then exposed to
UV light to further strengthen the construct. In another study,
precross-linking was employed to create a lightly cross-linked
PEG-based gel as a bioink, which can easily flow under
moderate shear but is viscous enough to support itself
postprinting.113 Pluronic hydrogels have been widely used in
3D printing. However, on their own, they do not support cells
in the long term because of their density and lack of sufficient
nutrient transport. To remedy this, Muller et al. mixed acrylated
with unmodified Pluronic F127 to maintain printability while
adding a cross-linking component to the gel.120 After printing,
stable gels were created with UV cross-linking and the
unmodified Pluronic F127 was washed away, leaving an open
nanostructured hydrogel. These nanostructured gels were
mechanically weak; however, the addition of methacrylated
hyaluronic acid increased the stiffness.
Direct 3D printing of a shear thinning hydrogel was recently

reported by Highley et al.121 Methacrylated hyaluronic acid
(MeHA) macromers were either modified with adamantine
(Ad-MeHA) or β-cyclodextrin (CD-MeHA). When these

macromers were mixed they formed guest−host based,
physically cross-linked hydrogels with shear thinning behavior
allowing them to flow under modest pressures. The hydrogels
were then exposed to UV light in the presence of a
photoinitiator to further strengthen the printed structure. To
develop self-supporting structures, we printed hydrogel inks
into a support gel, which is formed from the same HA-based
macromers without the methacrylate functionality. The support
gel was removed after UV exposure. Markstedt K. et al,
combined the shear thinning properties of nanofibrillated
cellulose with the fast cross-linking ability of alginate to
formulate a nanocellulose-based bioink.122 Human chondro-
cytes bioprinted in nanocellulose-based bioink exhibited 86%
viability after 7 days of 3D culture.
Finally, a novel tissue-specific ECM based bioink has been

developed using decellularized ECM from adipose, cartilage
and heart tissues.123 These bioinks were prepared as a solution
(3%), remained as a solution below 15 °C, and gelled at 37 °C
within 30 min. To develop self-supported constructs, we
printed a PCL framework in combination with the hydrogel
(Figure 4). Following this study, Kang et al. developed clinically
relevant sized, vascularized constructs by printing cell-laden
hydrogels (composed of gelatin, fibrinogen, and hyaluronic
acid) together with biodegradable polymers (PCL).19

3.3. Ceramic-Based Inks. Ceramic materials are commonly
used in biomedical applications due to their high stiffness and
bioactivity (i.e., their similarity to the mineral phase of natural
bone) providing a natural and osteoinductive surface for bone
tissue development (potentially useful for orthopedics and
dental surgery).45,124,125 Currently available 3D printing
methods are limited to provide direct printing of ce-
ramics46,126−129 as liquid phase forming ceramic materials are
limited in number, and their melting temperatures are far above
the range of FDM printers. SLA is not an option for direct
printing of ceramics as they are not responsive to light. It is also

Figure 4. Fabrication of 3D constructs from ECM based bioinks. Bioinks were developed from decellularized tissues after harvesting. Cell-laden
ECM bioinks were printed in combination with polymeric framework. The image is printed with permission from ref 123. Copyright 2014 Nature
Publishing Group.
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difficult to get highly dense and porous structures via SLS of
ceramic powders.31,46,130 PB and inkjet printing are the two
promising methods for direct printing of ceramics from powder
and suspension form.30,131−134 Another option is to use them as
an additive in a composite system, which makes it possible to
use FDM and SLA methods.135−140

For use in PB, the ceramic powder must have an appropriate
powder size to balance high-resolution printing and particle
flow within the bed, usually 10−150 μm in diameter, and an
appropriate binding solution to either entrap the particles in a
matrix or recrystallize the beads together.141,142 For inkjet
printing, ink parameters include solid content, particle size, and
viscosity.38,48,143 Below, we summarize the two most commonly
used ceramic-based ink materials in tissue engineering
applications.
3.3.1. Hydroxyapatite (HA). The bulk of the biomedically

related 3D printing of ceramics is in the creation of pure
ceramic scaffolds that mimic the minerals, structures and
mechanical properties found naturally in bone. As a result, HA
in powder form is commonly used in 3D printing because of its
high presence as a calcium phosphate phase in mineralized
bone.144,145 Powder binding of HA is achieved through the
layer-by-layer spraying of poly(acrylic acid) solutions onto HA
powders followed by sintering to compete the solidification
process.146 After sintering, scaffolds constructed by HA powder
binding can reach compressive strengths (0.5 to 12 MPa) in the
low end of those found in cancellous bone. When implanted in
mouse models, these scaffolds show ingrowth of new bone
from the edges of the scaffolds after 8 weeks and osteoid
formation in the interior of the scaffolds with some preliminary
vascularization as well.147 However, the autograft control
treatments run alongside these printed scaffolds had filled the
defect site with tissue, bone, and marrow after 8 weeks, so
although the artificial scaffold performed well, the results were
still far below the standard clinical treatments. Fiertz et al.
fabricated HA-based scaffolds with 70% interconnected
porosity, and showed the suitability of these scaffolds for
potential clinical applications using osteogenic-stimulated
progenitor cells.148 Michna et al. developed highly concentrated
HA inks for direct printing of periodic scaffolds potentially
useful for bone tissue engineering.149 By carefully tailoring the
ink composition and viscosity, they fabricated self-supporting
HA scaffolds from HA inks with minimal organic content (<1
wt %).
3.3.2. Tricalcium Phosphates. Another class of calcium

phosphate powders that is used in 3D printing are variations of
α- and β-TCP.150−158 Tricalcium phosphates are the second
most common calcium phosphate phase found in the human
skeleton behind hydroxyapatite. β-TCP has a faster resorption
rate in the body than HA which is often cited as the reason that
it is used more than other calcium phosphate phases. The most
common binder used with TCP is phosphoric acid, which
partially dissolves the calcium salt, allowing it to recrystallize
and form new bridges between particles upon drying.159

Resolution, porosity, and strength of printed TCP scaffolds
depends strongly on particle size, binder droplet size,
depowdering efficiency, and scaffold geometry. As with other
powder printing materials, depowdering and sintering are
necessary and beneficial post-processing steps to remove excess
material and increase scaffold strength. Similarly to HA, β-TCP
has been studied with polymer additives that aim to improve
the binding properties of the final scaffold.160,161 For instance,
β-TCP has been combined with PCL specifically to improve

interlayer binding and scaffold mechanical properties while
pharmaceutical agents, like alendronate, coated on the surface
have been used simultaneously to improve the wound healing
response in vivo.162,163 Alternatively, powder binding methods
employing mixtures of TCP and alginate powders combined
with phosphoric acid as the binding solvent have been used to
print three-dimensional scaffolds with improved strength and
reduced brittleness.164 Scaffolds containing TCP and 2.5%
alginate showed increased mechanical strength as well as
improved MG63 osteoblastic cell compatibility and prolifer-
ation compared to pure TCP controls.164 Using natural
polymers like alginate reduces the chances of side effects
associated with some synthetic polymers such as harmful
breakdown products and decreased cell attachment.165 Bian et
al. developed β-TCP/collagen scaffolds via ceramic SL and gel
casting to develop osteochondral scaffolds for tissue engineer-
ing.166 On the inorganic chemical side, the addition of
strontium and magnesium oxide to TCP scaffolds has been
shown to increase mechanical properties significantly.167

Overall, TCP scaffolds perform similarly to HA with slight
trade-offs in resorption rate and strength, but both are good
base material options depending on the individual applications.

3.4. Composite Inks. 3D printing initially focused on
processing exclusively pure metals and polymers; however, as
the technology grew, the development of composite inks
quickly emerged. The main goal of using composite inks is to
enhance ink properties such as processability, printability,
mechanics (stiffness) and bioactivity (to enhance cellular
function and tissue integration). Below is a summary of the
most commonly used composite ink systems for tissue
engineering applications, which fall under three major groups
including polymer-based composites, hydrogel-based compo-
sites, and ceramic composites. The additives in these systems
include ceramics, biomolecules, carbon nanotubes, and in some
rare cases, metals.

3.4.1. Polymer-Based Composites. PLA is one of the most
used polymeric inks in 3D printing. As described above, it is not
bioactive; it allows cell adhesion but does not support cellular
activity. Therefore, it is a common practice to add bioactive
ceramics into PLA ink formulations.168 For instance, Serra et al.
combined PLA with PEG as a plasticizer and bioactive calcium
phosphate glass in chloroform to make a printable polymer-
based bioink for DIW bone scaffold construction.62,66 Primary
mesenchymal stem cells (MSC), when cultured on those
printed scaffolds, showed increased adhesion to the surface over
controls, suggesting the potential for a better migratory and
healing response in vivo. The addition of bioactive glass
changes the chemical and topographical nature of the scaffold
surface in ways that seem to benefit cell progression.
Surface erosion of PCL within the body makes it an

interesting system for drug and growth factor delivery in
printed scaffolds because the constant, slow degradation
behavior allows for controlled release of trapped biomole-
cules.169 PCL fibers made with poloxamine and dexamethasone
(DXMS) have been printed using fused deposition modeling
and studied to assess the release profile of dexamethasone and
its effect on MSC development.170 The degradation and release
profile was found to depend on the fiber composition ratio
when tested in vivo. DXMS containing scaffolds showed greater
cell proliferation at earlier time points than those without
DXMS, giving it potential as an additive in scaffolding systems.
In another study, PCL pellets mixed with HA particles were
extruded to form filaments for FDM, which were printed into
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goat femoral chondyle replicas.171 To mimic an osteochondral
interface, we coated the scaffolds with PGA/PLA and tested in
a goat knee model. After 10 weeks, smooth, homogeneous
articular cartilage and integrated subchondral bone were
observed. PCL dissolved in DCM has been used as a base
solution for direct ink writing. To enhance osteogenic behavior
of scaffolds after 3D printing, we developed an ink formulation
composed of HA powder in DCM and carbon nanotubes and
PCL in THF, and printed it on scaffolds with 200−700 μm
pores.172,173 The addition or carbon nanotubes was found to
increase the mechanical properties and add conductivity to the
scaffolds; MG63 cells attached to the scaffold surface and
proliferated.
Manufacturing of PEEK-hydroxyapatite composites has been

investigated using SLS printing to create tissue engineering
scaffolds.174 Assessment of different weight percent powder
mixtures by Tan et al. showed that many different powder
compositions, from 10 to 40% HA in PEEK, could be printed
using SLS by varying the laser power and sintering temper-
ature.175 For this mixture, it was found that 40% HA produced
structures with good mechanical integrity while scaffolds
created from higher levels of HA became brittle and difficult
to handle. Because HA is a natural mineral phase of bone, it is
theorized that the inclusion of HA particles into PEEK scaffolds
will increase their osteointegrative properties and reduce the
drawbacks associated with PEEK’s bioinertness while main-
taining its beneficial mechanical and heat-resistant properties.
3.4.2. Hydrogel-Based Composites. Luo et al. experimented

with DIW of a system of water-soluble poly(vinyl alcohol)
(PVA) and alginate combined with bioactive glass and
dexamethasone.176 After printing, the scaffolds were solidified
by chemically cross-linking the alginate hydrogel with a calcium
chloride solution. The flexibility of this formulation allowed for
tailoring of the mechanical properties by changing the bioactive
glass levels within the ink. The hollow struts combined with
bioactive glass led to increased bone ingrowth in vivo and
better control of degradation rate.176 Pluronic hydrogels are not
commonly used alone in DIW bone scaffold engineering
because of their low strength and inertness with respect to
osteoblasts. Bioactive glass is a common additive that provides
increased compressive strength to the end stage scaffold as well
as increased bioactivity toward osteogenic lineages.177

Co-printing with a second, stiffer polymer is another option
for reaching more desirable stiffness levels. In a similar system,
natural, biocompatible, biodegradable hyaluronic acid was
combined with UV-curable glycidyl methacrylate. When this
material was printed into linear porous scaffolds, cross-linked
and implanted into a porcine mandibular model, it showed
good biocompatibility and supported tissue growth.178

Modified P123 mixtures containing strontium, mesoporous
bioactive glass, and PVA have been printed into scaffolds using
DIW.179 These scaffolds have shown good cell attachment and
proliferation when cultured with MC3T3-E1 cells. Higher
proliferation was seen on scaffolds containing strontium than
the MBG only controls, along with increased levels of ECM
mineralization. Furthermore, dexamethasone could be loaded
with these Sr-MBG powders and gave an initial burst release
followed by a slow, sustained release in vitro.180 Importantly,
these scaffolds showed a high compressive strength comparable
to that of human trabecular bone (8−9 MPa vs 2−12 MPa)
according to the study. Increased mechanical strength was
achieved through the addition of PVA which functions to bind
the individual Sr-MBG particles together, decrease the scaffold

brittleness and increase stability in solution. The variety of
modifications that can be made to pluronics as well as the
potential to incorporate a wide variety of additives makes this
an interesting system for exploration, but the mechanics will
likely hinder its use in hard tissue scaffolds.
Finally, bioinks containing metal powders have been

developed for DIW printing of mechanically stiff, porous
scaffold systems.181 These powder-based liquid inks consist of a
variety of metal powders mixed with polylactic-co-glycolic acid
(PLGA) in DCM. Once formulated, these inks could be printed
through a 200-μm nozzle to form porous, strut based
biomedical scaffolds. Following printing, the products were
subjected to H2 thermochemical reduction to sinter the 3D
object to its final state. This method allowed for the
incorporation of any metal or metal oxide that can be obtained
in particle form and the bypassing of traditionally difficult 3D
metal printing methods for hard tissue engineering such as SLS.

3.4.3. Ceramic-Based Composites. TCP and HA are not
mutually exclusive and can be printed jointly simply by mixing
the powder forms together within the printing bed. These
biphasic calcium phosphate mixtures have been found to
produce scaffolds with similar cell viability and enhanced cell
proliferation compared to scaffolds with HA or TCP alone.182

The mechanical properties for biphasic ceramic scaffolds are
still lacking compared to bone but increasing TCP content and
coating with PLGA has been found to improve scaffold
properties.183 It should also be noted that mixtures requiring
the use of organic solvent binders, like PLGA and β-TCP, are at
an inherent disadvantage based on the potential for solvent to
remain in the scaffold in trace amounts. In a different study,
PLGA/TCP scaffolds showed less bone formation and
osteoconduction in rat models than identically structured
pure calcium phosphate sintered scaffolds.144 Further research
into optimizing the concentration of each calcium phosphate
phase and investigating which additives improve end properties
the most will be beneficial for improving performance of
powder-bound scaffolds.
In an attempt to improve the mechanical strength and

flexibility of the scaffolds, HA-poly(vinyl alcohol) (HA-PVA)
composite scaffolds were printed using an aqueous binder
followed by drying and sintering.146 These scaffolds exhibited
physiological porosities and mechanical strengths on the low
end of cancellous bone. The addition of PVA to the mixtures
allowed for lower sintering temperatures and better binding
between layers, making the final scaffold more robust and easier
to handle. There is evidence that the pore size and geometry
play a role in scaffold performance and can enhance the ability
of HA ceramic scaffolds to accelerate healing.144 Combining
HA with polymers and adequate porosity by SLS or PB
fabrication methods has the potential to create good artificial
scaffolds that may one day compete with autologous bone
implants.

4. MOVING FORWARD WITH BIOMATERIAL INK
DESIGN

There are only a handful of biodegradable polymeric
biomaterial inks that are available, and they have limited
independent tunability of processability, degradation and
mechanics. Within our knowledge, none of these biomaterial
inks offer the ability to be functionalized. They are currently
used as space filling applications allowing basic cell function but
not promoting biological activity. Therefore, the major hurdle
for the coming years will be to create novel biodegradable
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polymer ink libraries with user-defined and tunable properties.
For ceramic-based inks, the focus has been and will be on
controlling the powder size and particle flow properties by
surface modifications, and developing more efficient binding
materials. When compared to polymer and ceramic inks,
hydrogel inks are receiving much more attention, and
significant progress has already been made to design novel
ink formulations. The reasons are 2-fold: First, the hydrogel
inks are cell compatible and they can be printed together with
cells. Second, they are more amenable to chemical
modifications, and small changes in their chemistry usually
lead to significant changes in their properties, such as
processabilty, degradation, stiffness, and ability to be function-
alized. For instance, novel supramolecular hydrogels are
offering a wider range of possibilities in ink design.184 Loo et
al. developed peptide bioinks (lysine-containing hexapeptides)
that self-assemble into stable hydrogels with stiffness up to 40
kPa.185 Supramolecular hydrogel inks are developed for
extrusion based printing, and have enabled printing of high-
resolution multimaterial structures with cells.121 Non-covalent
cross-links enabled direct extrusion of hydrogels into self-
supporting structures. Another study showed bioprinting of
supramolecular peptide-DNA inks to form self-supporting
hydrogel structures due to fast reaction kinetics.117 Supra-
molecular interactions also enabled low-molecular-weight
polyimide-based inks (with viscosities in the range of 3−11
cP) to be inkjet printed in high resolution via self-assembly
through tunable π−π interactions.184,186 In addition, the
fundamental design approach for ink design has evolved from
single component to multicomponent inks, and from distinct
cross-linking mechanism to complementary sequential cross-
linking mechanisms (pre- or postprinting). The ultimate goal is
to create self-supporting, cell-laden 3D scaffolds. Creating
hybrid constructs composed of biodegradable polymer inks
with much softer cell-laden hydrogels inks bring this technology
one step closer to this goal.187

5. CONCLUSION
Recent developments in mechanical systems and software have
vastly improved the resolution, accuracy, speed and flexibility of
3D printing methods. As a result, 3D printing has been gaining
traction as a tool for creating the complex constructs required
to engineer both hard and soft tissue engineering systems.
Objects created using additive manufacturing have already seen
use clinically as space-filling permanent, or semi permanent,
implants in the face, chest and extremities. However, the lack of
printable biomaterials with sufficient chemical and mechanical
properties for constructing regenerative implants has been a
significant barrier to biomedical progress. Scientists and
engineers have been working hard to develop biomaterials
that take into account factors such as printability, biocompat-
ibility, mechanical properties, degradation kinetics and by-
products, and tissue biomimicry required for a successful 3D
printed tissue implant. Polymeric bioinks have been the focus of
much of the investigation, specifically with the low-cost
polyesters poly(lactic acid) and poly(caprolactone). The ability
of these materials to function in many printing technologies
with high biocompatibility and good mechanical properties has
made them a common base for many formulations. Future
development of printable polymeric biomaterials will need to
build on these properties while addressing concerns with
degradation, brittleness, and cell compatibility. Ceramics, such
as hydroxyapatite and β-TCP, have traditionally seen used with

success in hard tissue scaffolds and are now seeing more use in
polymer-ceramic composite blends to provide strengthening
and osteogenic properties to printed polymer bioinks. Advances
in hydrogel bioinks and printing systems are bringing us closer
to printing fully functional, cell containing model systems that
may 1 day lead to functional organ printing. This process has
already started with the investigations into supremolecular
hydrogel bioinks. With ongoing studies to understand how
tissues and scaffolding materials interact in the body, we will
hopefully begin to see transitions from some of these bioink-
based 3D printed technologies into clinical trials in the coming
years. Overall, 3D printing is a promising and exciting tool for
tissue engineering and regenerative medicine but there is still a
great deal of work to be done in the area of biomaterial ink
development before it reaches its full potential.
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