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Abstract—Advanced bioinks for 3D printing are rationally
designed materials intended to improve the functionality of
printed scaffolds outside the traditional paradigm of the
‘‘biofabrication window’’. While the biofabrication window
paradigm necessitates compromise between suitability for
fabrication and ability to accommodate encapsulated cells,
recent developments in advanced bioinks have resulted in
improved designs for a range of biofabrication platforms
without this tradeoff. This has resulted in a new generation of
bioinks with high print fidelity, shear-thinning characteris-
tics, and crosslinked scaffolds with high mechanical strength,
high cytocompatibility, and the ability to modulate cellular
functions. In this review, we describe some of the promising
strategies being pursued to achieve these goals, including
multimaterial, interpenetrating network, nanocomposite, and
supramolecular bioinks. We also provide an overview of
current and emerging trends in advanced bioink synthesis
and biofabrication, and evaluate the potential applications of
these novel biomaterials to clinical use.

Keywords—3D printing, Bioinks, Hydrogels, Interpenetrat-
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INTRODUCTION

The recent emergence of 3D printing technology in
tissue engineering has resulted in the development of
bioprinted scaffolds loaded with cells for engineering
complex tissue structures.44,46,49,59 A vital yet limiting
aspect of the design and implementation of a bio-
printing is the selection of materials to be used as
bioinks.43 Polymeric hydrogels, highly hydrated three-
dimensional polymeric networks, are one of the most
viable classes of bioink materials, as they can mimic,

augment or replace the native tissue microenvironment
and control cell fate.17,20,30,60,65 In addition, hydrogel
networks can also facilitate matrix remodeling, cell
migration, and cell–cell adhesions necessary for nor-
mal development of a functional tissue. The behavior
of cells within these printed matrices is regulated by the
physical and chemical properties of the hydrogel net-
works. In the past decade, biomimetic, responsive, and
smart hydrogels that mimic the native microenviron-
ment have been developed.8,13,17,40

Significant progress has been made in designing
single-component hydrogels for bioprinting applica-
tions, but these hydrogels suffer from serious limita-
tions since properties that enhance cell viability and
function are at odds with those that facilitate print-
ing.44,50,61 Cells generally thrive in porous networks
with cell binding domains to facilitate cell spreading
and proteolytic cleavage sites to allow cell migration.
Single component hydrogels are typically optimized
for bioprinting by increasing polymer concentration
and crosslink density. While these changes improve
print fidelity, they are detrimental to encapsulated cells
because they reduce porosity and thus prevent cell
spreading and migration, and limit nutrient diffu-
sion.5,15,44,47,48

Traditional hydrogels for bioprinting and bioprint-
ing techniques have already been covered in recent,
well-written reviews.7,38,52,69 In this review, we will
instead highlight four advanced bioink design strate-
gies currently under development—multimaterials,
IPNs, nanocomposites, and supermolecular networks.
These innovations in advanced hydrogel design pro-
vide high print fidelity, cytocompatibility, mechanical
strength, and desirable cell-scaffold interactions. We
will focus on the materials science aspects of bioink
development, provide a critical overview of these
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emerging bioink designs, and evaluate their potential
for engineering complex tissue structures. Finally, we
will identify promising new research directions in the
field of advanced hydrogels for bioprinting applica-
tions.

DESIGN PARAMETERS FOR ADVANCED

BIOINK DEVELOPMENT

3D bioprinting is a process that uses computer-
controlled deposition of biologically relevant materials
to create 3D tissue constructs. 3D bioprinting is gain-
ing prominence in tissue engineering because it offers a
straightforward method for fabricating 3D constructs
containing complex geometric distributions of cell
types, materials, and biochemical cues, which makes it
a promising tool for the development of functional
tissues.49 Multiple bioprinting strategies, including in-
kjet, extrusion, stereolithography, and laser induced
forward transfer (LIFT), are being pursued with the
goal of developing functional tissue constructs.56,59

Each of these modalities relies on a bioink that con-
tains cells; however, specific bioink requirements vary
depending on printing modality. For example, inkjet
bioprinting requires low viscosities to avoid clogging
and low thermal conductivity to prevent heat damage
to the cells. In contrast, extrusion bioprinting can
accommodate much higher viscosities but shear thin-
ning materials are often necessary to prevent
mechanical damage to the cells.7,44,49 Despite these
considerations, most developments in bioink design
originate with extrusion 3D bioprinting, a modality
that places very high demands on the rheological
properties of bioinks.

In extrusion bioprinting, a bioink filament is con-
tinuously extruded through a deposition nozzle.48,49 A
low viscosity is generally desirable during extrusion to
avoid excessive fluid shear stress and potential for
jamming. Upon deposition, a high viscosity or solidi-
fication rate is needed so that the filament retains its
shape in order to maintain high print fidelity, i.e., the
precision of the printed structures. For example,
thermoresponsive gelation of gelatin can be employed
in bioprinting since it aids in retaining shape of printed
constructs.4,29 However, gelatin has not often been
used alone for bioprinting because its reversible sol–gel
transition poses difficulties in optimizing printing
temperature and viscosity.66 Similarly, poly(ethylene
glycol) (PEG) pre-polymer solution have low viscosity
and are too soft to maintain their shape after print-
ing.21,55 Bioinks have the additional constraint that the
cells must remain viable during extrusion and solidifi-
cation phases.35,44 Many extrudable hydrogels, such as
agarose, maintain their structural integrity through

high polymer concentrations.5 The resulting high vis-
cosity of bioinks is detrimental to cell viability and thus
agarose hydrogels are mostly used in 3D printing as
sacrificial structures.44

The biofabrication window is a concept that describes
the compromises that have traditionally been made to
design bioinks that have suboptimal, yet passable, print
fidelity while maintaining cell viability (Fig. 1a). A
range of physical, chemical and biological character-
istics can influence the application of bioinks for 3D
printing applications. These properties include viscos-
ity, shear-thinning, viscoelasticity, cytocompatibility
and biocompatibility, gelation kinetics, biodegrada-
tion, and hydration degree (Fig. 1b). Low-viscosity
bioinks that are cytocompatible can be used if printed
with another sacrificial bioink. The rate of gelation,
which can rely on conformation changes or crosslink-
ing of polymer network, also affects print fidelity by
determining how quickly the bioink can be crosslinked
after printing.44 In addition to the print fidelity and
cytocompatibility requirements, bioinks play a signif-
icant role in controlling cell functions including adhe-
sion,migration, proliferation and differentiation. Cell–
matrix interactions facilitate matrix remodeling and
extracellular matrix (ECM) synthesis,25 which are
important characteristics of bioactive bioinks. Some
natural polymers such as gelatin and fibrin are intrin-
sically bioactive and contain cell attachment
molecules.64 Synthetic hydrogels have also been func-
tionalized with arginyl-glycyl-aspartic acid (RGD) to
integrate bioactivity.65 Another approach to integrate
bioactive characteristics is to incorporate therapeutic
drugs and biologics (e.g., bone morphogenetic pro-
teins, fibroblast growth factors).13 These therapeutic
biomolecules can be physically or chemically incorpo-
ratedwithin the polymer network.Nanomaterials offer
new approaches of controlling the release kinetics of
these biomolecules and increases therapeutic efficacy
and reduces doses.8,20,36 Beyond biochemistry cues,
biophysical cues from bioinks can also influence cell
fate. ECM stiffness has been shown to direct cell dif-
ferentiation, with stiffer ECMs directing stem cells to-
ward osteogenic lineage, while softer ECMs promote
chondrogenic lineage.16,25 The stiffness of hydrogel
network can be modulated by employing interpene-
trating networks (IPNs) or reinforcing with nanopar-
ticles.26,32,33

Another important consideration for bioink devel-
opment is the ability of the hydrogel network to re-
spond to cell-mediated matrix remodeling.60 Biodegra
dation of bioinks can occur enzymatically (e.g., natural
polymers such as collagen or gelatin), hydrolytically
(e.g., synthetic polymers such as polyesters) and
through ion exchange (e.g., alginate and car-
rageenans).2,23 The degradation kinetics of bioinks can
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modulate ECM production and remodeling.23 Inter-
play between these parameters should be carefully
considered in the design and development of bioink
compositions.

Advanced bioinks (Fig. 1c) use multiple strategies
to improve printability and cytocompatibility. For
example, bioinks designed with shear thinning prop-
erties have lower viscosities at the high shear rates
generated during extrusion. After extrusion, viscosity
increases result in high print fidelity and cell viability.
Interpenetrating network, nanocomposite, multimate-
rial, and supramolecular hydrogels can all exhibit
shear thinning characteristics. Functional groups can

also be added to accelerate solidification upon expo-
sure to UV irradiation. Further, functional groups and
nanoparticles can provide bioactive properties to the
bioink to direct cell function.

MULTIMATERIAL BIOINKS FOR 3D PRINTING

Multimaterial hydrogels are the most widely inves-
tigated bioinks to overcome the limitations of single
component hydrogels.34 For example, alginate has
been used as a single component hydrogel in tissue
engineering because it is biocompatible and can be

FIGURE 1. Advanced bioinks for 3D printing. (a) Biofabrication window for rational design of bioinks requires compromise
between printability and biocompatibility. (b) Ideal bioink characteristics require interplay between different materials properties.
(c) Advanced bioinks can be classified into four major categories.
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ionically crosslinked using calcium ions to obtain
mechanically robust hydrogels.57 Biocompatibility is
defined as the ability of a material to be implanted
in vivo without causing deleterious local or systemic
reactions.30 Unfortunately, alginate is largely bioinert,
meaning that it does not interacts with cells. For
example, cells cannot remodel or adhere to alginate
matrix. The lack of cell adhesion moieties on the
alginate backbone can induce apoptosis of the encap-
sulated cells via anoikis.1,5,31 To overcome these limi-
tations, Chung et al. incorporated gelatin to increase
the viscosity and cytocompatibility of alginate
bioink.12 Gelatin is denatured collagen, which is cap-
able of reversible thermal gelation and has cell adhe-
sive arginyl-glycyl-aspartic acid (RGD) domains.
Addition of gelatin increased the viscosity of the algi-
nate and significantly increased the storage modulus
when the composite was cooled below the gelation
temperature of gelatin, resulting in improved print fi-
delity. The compression modulus of alginate and
alginate-gelatin hydrogels were similar after ionic
crosslinking of the alginate. However, due to ionic
crosslinking, the bioprinted structure lost its mechan-
ical integrity after 3–4 days. Thus, while the com
posite improved printing performance, the long-term
mechanical properties remained sub-optimal.12

Covalent crosslinking is an effective method for
improving the physiological stability of printed struc-
tures. Kesti et al. developed a dual crosslinked bioink
consisting of methacrylated hyaluronan (HA-MA)
and thermoresponsive polymer poly(N-isopropylacry-
lamide) (pNIPAAM) grafted hyaluronan (HA-
pNIPAAM) for enhanced mechanical integrity.37

HA-MA is a promising bioactive hydrogel for tissue
engineering and can be covalently crosslinked after UV
exposure, but is not suitable alone for printing because
of its low viscosity. They first conjugated pNIPAAM
to HA-MA to obtain a quickly gelling thermorespon-
sive component as a temporary support, making it
suitable for 3D bioprinting. The thermoresponsive
nature of the HA-pNIPAAM component provides
rapid gelation and post-printing structural fidelity.
This bioink was able to print strands down to 620 lm
wide and 200 lm in height from a 300 lm needle.
After the HA-MA had been crosslinked, the HA-
pNIPAAM was rinsed away, leaving only an intact
HA-MA scaffold. The presence of only HA-MA sig-
nificantly increased the viability of encapsulated cells.
This strategy may have the potential to be generalized
to other hydrogels to improve the pre-crosslinking
storage modulus.37

In a similar experiment, Duan et al. developed
bioink from HA-MA and gelatin methacrylate (GelMA)
to print 3D trileaflet heart valves.14 GelMA was
incorporated to improve cell adhesion characteristics

of the composite network. HA-MA increased bioink
viscosity and the resulting hydrogel stiffness, while
GelMA also enhanced viscosity and maintenance of a
fibroblastic phenotype of encapsulated human aortic
valve interstitial cells (HAVIC). Seven days after
printing, the encapsulated HAVIC showed enhanced
production of collagen and glycosaminoglycan, indi-
cating ECM remodeling. This development is partic-
ularly important because previous synthetic scaf
folds with much higher stiffness than natural heart
valves showed limited remodeling.

To improve the hydrogel tunability, Rutz et al. de-
signed a bioink from GelMA and multifunctional PEG
crosslinkers (PEGX) (Fig. 2a).58 They used long
PEGX crosslinkers to loosely connect the gelatin
backbone to provide the necessary viscosity for bio-
printing applications with low gelatin concentrations.
The increased viscosity of the bioink resulted in high
structural fidelity without directly crosslinking gelatin
polymers to each other. PEGX crosslinking allowed
properties like viscosity and biodegradability to be
tuned without compromising cytocompatibility. Taken
together, these multimaterial hydrogels are a facile and
effective approach for obtaining desirable bioink
characteristics without compromising cell viability.

Recently, printing strategies have begun to use
multiple bioinks to fabricate large and complex con-
structs. Kang et al. used a multi-head printer to print a
complex interwoven scaffold consisting of hydrogel
bioinks and polycaprolactone (PCL) and Pluronic
F-127 (Fig. 2b).35 PCL was selected for its biocom-
patibility and relatively low melting temperature
(~60�C), while Pluronic F-127 was selected as a sacri-
ficial material due to its thermosensitive characteristics.
The bioinks were synthesized using gelatin, fibrinogen,
hyaluronic acid (HA), and glycerol. Fibrinogen was
used to provide cell adhesion properties, while gelatin
was used to improve print fidelity. HA and glycerol
acted as plasticizers. Interweaving these materials
resulted in a support structure for the mechanically
weak bioink component. After printing, the fibrinogen
was crosslinked using thrombin and the sacrificial
components (Pluronic F-127, gelatin, HA, and glyc-
erol) were rinsed away.

Finally, some recent strategies seek to alter bioink
printability by extruding into hydrogel support baths.
Hinton et al. developed a bioink containing collagen,
Matrigel, fibrinogen, and hyaluronic acid.29 They used
this multimaterial bioinks to build complex structures
by embedding the printed structure within a secondary
‘‘sacrificial’’ hydrogels (gelatin slurry). After printing
the structure, the gelatin support bath was removed by
heating the bath to physiological temperature. Models
of complex structures such as a human right coronary
arterial tree and explanted an embryonic chick heart
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FIGURE 2. Multimaterial bioinks for 3D bioprinting. (a) Bioinks consist of GelMA and PEG crosslinker. The length of PEG
crosslinker can be modulated to control the mechanical properties of printed structures. Cells can be incorporated within the
bioink prior to printing. 3D printed structures show high cell viability and support cell proliferation. (b) Multi-head printer used to
print a complex interwoven scaffold consisting of hydrogel bioinks, polycaprolactone(PCL) and Pluronic F-127. Adapted and
reproduced by permission from Wiley58� 2015 and Nature American Inc.35� 2016.
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can be printed with high structural fidelity (Fig. 3). In
another approach, Bhattacharjee et al. used a similar
method to print thin rings of fluorescently labeled
endothelial cells into a Carbopol granular gel
medium.6 This printing process relies on the bingham
plastic and thixotropic flow of the support materials.
Although cell-containing bioinks were only printed
into simple flat structures, the studies demonstrated
that this technique can also be used to achieve very
high fidelity with biocompatible materials like alginate.
This technique represents a promising new approach to
improving the printability of bioinks without sacri-
ficing biocompatibility.

INTERPENETRATING NETWORKS BIOINKS

FOR 3D PRINTING

Interpenetrating Networks (IPNs) are composite
hydrogels in which each polymer network has limited
interactions with the other.3,9,26,39,62 Unlike multima-
terial hydrogels, where different constituent polymers
may be crosslinked together, IPNs are composed of
separate polymer networks that are physically entan-
gled within each other. The IPNs are often crosslinked
using different chemistries to encourage each polymer
network to only crosslink with itself.9 Limited unin-
tentional inter-network crosslinking may occur depend
ing on the type of polymers and crosslinking reactions
used, which is believed to be significant in semi-IPNs

where only one of the polymer networks has been
crosslinked.3,9,26,39,62 IPNs have been shown to have
enhanced toughness and fracture strength relative to
the single component networks of either of its con-
stituent polymers. Generally, the primary network is
composed of a flexible & elastic polymer, while the
secondary network consists of a high-stiffness, brittle
polymer at much lower concentration.

Double network (DN) hydrogels are a subset of
IPNs that have been synthesized through a two-step
polymerization. In the first step of traditional DN
network preparation, polymer chains are covalent
crosslinked to obtain the primary hydrogel network.
The secondary polymer monomers are then dispersed
throughout the primary network to be later crosslinked
to obtain the DN hydrogel. Although this method has
been widely used for DN hydrogel formation, it is too
slow to be suitable for 3D bioprinting. Ionic-covalent
entanglement (ICE) gels are now being developed that
are both physically and chemically crosslinked and
form at a sufficient rate to facilitate their use in 3D
printing.9,10

Recently, Bakarich et al. demonstrated the use of
ICE hydrogels containing acrylamide and alginate for
bioprinting.3 The acrylamide solution loaded with
alginate maintained the printed shape and allowed
formation of a covalently crosslinked acrylamide net-
work that was then physically crosslinked with calcium
chloride solution. The physical crosslinking of the gel
was shown to restrict hydrogel swelling in water and

FIGURE 3. Multimaterial bioinks for 3D bioprinting using a sacrificial support bath. (a) 3D printing of a multimaterial bioink within
a thermoreversible support bath. A range of complex tissue structures such as (b) a human right coronary arterial tree and (c)
an explanted embryonic chick heart can be printed using computer models (Scale bar 5 1 mm). Adapted and reproduced by
permission from American Association for the Advancement of Science29� 2015.
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increased both stiffness and failure stress by roughly an
order of magnitude: from 23 to 260 kPa, and from 11
to 130 kPa, respectively. Additionally, soaking in cal-
cium chloride increased strain at failure for the gels
from ~23 to 90%. This experiment demonstrated the
utility of ICE bioinks as well as the improved
mechanical properties that can be achieved with the
addition of a biocompatible secondary network to
create IPNs.3

In another study, Hong et al. fabricated elastomeric
ICE hydrogels from poly(ethylene glycol) diacrylate
(PEGDA) and alginate (Fig. 4).31 The addition of
calcium ions to ICE hydrogels increased fracture
strength from ~200 J/m2 to over 1500 J/m2, compara-
ble to native cartilage. Moreover, the hydrogel net-
works were able to sustain mechanical stress without
significant plastic deformation. This behavior was
mainly attributed to the elastomeric characteristics of
the PEGDA network and the reversible crosslinking of

the alginate that can reconfigure during deformation.
The encapsulated cells within these ICE hydrogels
showed high cell viability (75.5 ± 11.6%) over a peri-
od of 7 days. IPNs could be further modified with
nanomaterials, as discussed in the following section, to
obtain high print fidelity. Overall, this study showed
that ICE hydrogels can be used to fabricate mechani-
cally tough 3D-printed structures for regenerative
engineering.

NANOCOMPOSITE BIOINKS FOR 3D PRINTING

Nanoengineeredhydrogels have been investigated for
a range of biomedical and biotechnology applica-
tions.8,20,24,54 Small amounts of nanoparticles added to
polymeric hydrogels can result in significant alterations
in various physical and chemical characteristics includ-
ing increased stiffness, shear-thinning characteristics,

FIGURE 4. Interpenetrating network (IPN) bioinks for 3D printing. (a) IPNs were synthesized by covalently crosslinking PEG and
ionically crosslinking alginate. (b) A mesh printed with the tough and biocompatible hydrogel can be subjected cyclic mechanical
deformation. (c) Encapsulated cells show high cell viability. Adapted and reproduced by permission from Wiley31� 2015.
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and resistance to degradation under physiological con-
ditions.33,36,63 Depending on the type of nanoparticles
used to reinforce the hydrogel network, unique proper-
ties such as bioactivity, controlled drug release, electrical
conductivity, photoresponsiveness, and magnetism can
be incorporated.20 Although several nanocomposite
hydrogels have been developed for tissue engineering
applications, very few studies have investigated their
potential for 3D bioprinting.18,20,51

In a recent study, Gao et al. explored the bioactive
potential of hydroxyapatite nanoparticles (nHAp) for
bone tissue engineering by combining poly(ethylene
glycol) dimethacrylate (PEGDMA) with nHAp
(~200 nm) and/or bioactive glass (BG) (~20 lm) for
3D printing.22 Although the addition of nHAp to
PEGDMA increases mechanical strength, their effects
on shear-thinning characteristics and print fidelity were
notmeasured.Humanmesenchymal stem cells (hMSCs)
were printed with bioinks consisting of nHAp and BG
using layer-by-layer assembly, resulting in uniform cell
distribution within the hydrogel and high cell viability
(>80%). The addition of nHAp resulted in significant
increases in ECM deposition and upregulation of bone-
related gene expression (collagen I, osteocalcin, collagen
X, and MMP13) compared to PEGDMA scaffold
alone. This study demonstrates that addition of nHAp
to PEG bioinks increases compressive modulus and
promotes osteogenic differentiation of hMSCs.

In another approach, a shear-thinning bioink was
developed by combining nanofibrillated cellulose with

alginate for printing soft tissue structures.45They showed
that the designed bioinks can be printed with high
structural fidelity at room temperature. Anatomically
shaped models of cartilage tissues such as meniscus and
ear can be printedwith high structural fidelity usingMRI
and CT images. The printed structures were ionically
crosslinked by exposure to cations, and their mechanical
stiffness could be modulated by alginate concentration.
As a proof-of-concept, they showed that human chon-
drocytes can be encapsulated within the bioink and
printed with high cell viability (>70%). In the future, it
would be interesting to investigate the effect of nanofib-
rillated cellulose on the mechanical characteristics of
bioinks and production of cartilage ECM.

Other types of nanoparticles, such as synthetic sili-
cate clays, are extensively used for bioprinting appli-
cations. These clays are 2D coin-shaped nanomaterials
characterized by a high surface-to-volume ratio and an
unusual charge distribution (negatively charged flat
surfaces and positively charged edges).11 These char-
acteristics result in strong, reversible, non-covalent
interactions with both natural and synthetic polymers
and overall shear-thinning mechanical properties.
Shear-thinning is an important characteristic for bio-
printing applications as high fidelity structures can be
obtained through reversible changes in the shear vis-
cosity of bioinks. For example, Xavier et al. synthe-
sized bioactive bioinks using these synthetic
nanosilicates and GelMA (Fig. 5).66 While GelMA
hydrogels provide cell adhesion sites, their poor

FIGURE 5. Nanoengineered bioinks for 3D printing. (a) Shear-thinning hydrogels were prepared by combining synthetic
nanosilicates with gelatin methacrylate (GelMA). (b) The addition of nanosilicates to GelMA results in high print fidelity and
structural stability. After UV crosslinking, printed hydrogels showed high physiological stability. Adapted and reproduced by
permission from American Chemical Society66� 2015.
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mechanical strength limits their utility as a bioink. The
addition of nanosilicates to GelMA increased viscosity
at low shear rates, while it exhibited similar viscosity to
pure GelMA at high shear rates, which facilitated the
printing of complex shapes with high shape fidelity.
Hong et al. showed similar behavior upon incorporation
of silicate nanoparticles to ICE hydrogels (PEGDA/
alginate).31 Xavier et al. also showed that addition of
nanosilicates to GelMA promotes osteoblast differen-
tiation and induces production of mineralized ECM.66

Taken together, this research exemplifies the potential
of new nanocomposite bioinks for both enhancing the
3D printing process and providing bioactive cues to
encapsulated cells.

SUPRAMOLECULAR BIOINKS FOR 3D

PRINTING

Hydrogels for tissue engineering applications should
be mechanically tough and capable of surviving

repeated mechanical deformation. When subjected to
repeated stress, bonds in conventional hydrogels can
break, resulting in progressive loss of mechanical in-
tegrity. To overcome this drawback, supramolecular
bioinks are currently under investigation.27,68 Supramolec
ular polymers are composed of short repeating units
with functional groups that can interact non-cova-
lently with other functional units, forming large,
polymer-like entanglements. Under high stress, these
non-covalent bonds are reversibly broken to dissipate
energy. The reversibility of these bonds also leads to
shear-thinning properties that facilitate their use in
bioprinting.

In a recent study, Highley et al. described a
straightforward method for fabricating shear-thinning
and mechanically resilient hydrogels for 3D bioprint-
ing applications using a cytocompatible hyaluronic
acid (HA)-based supramolecular hydrogel (Fig. 6).28

HA was modified with either adamantane or b-cy-
clodextrin functional groups that can interact with
each other through guest–host interactions and can

FIGURE 6. Supramolecular bioinks for extrusion-based 3D bioprinting applications. (a) Hydrogels were fabricated by combining
CD-MeHA with Ad-MeHA to obtain physically crosslinked bioinks. (b) After exposing the printed structure to UV light, covalently
crosslinked supramolecular hydrogels were obtained. (c) The printed structure shows high mechanical integrity and can be used
to print complex structures. Adapted and reproduced by permission from Wiley28� 2015.

CHIMENE et al.2098



rapidly form a supramolecular polymer. The reversible
nature of the non-covalent bonds in the hydrogel
caused the gel to exhibit low viscosity under mechan-
ical deformation (or at high strain) and recovery of
mechanical integrity after cessation of stress. The rapid
increase in viscosity after strain cessation prevents the
bioink from continuing to flow after printing, resulting
in high structural fidelity and integrity. The bioink was
shown to be highly cytocompatible (>80% cell via-
bility). HA macromers were also ~25% methacrylated
in order to allow for UV crosslinking after 3D print-
ing, as the supramolecular bonds themselves lacked the
mechanical strength for long-term stability.

DNA hybridization represents another approach to
fabricating supramolecular hydrogels. Li et al. developed
supramolecular polypeptide–DNA hydrogel for rapid
in situ 3D bioprinting by designing two bioinks—one
containing a polypeptide–DNA conjugate and the other
containing the complementary DNA linker (Fig. 7).37

DNA hybridization between the complementary DNA
molecules led to rapid crosslinking andgelationwithin one
second. The rigidity of DNA polymers allows for the
printing of structures on the millimeter scale with high
structural integrity. These scaffolds were shown to have
high cytocompatibility and could be selectively biode-
graded using either proteases or nucleases.

EMERGING TRENDS AND FUTURE OUTLOOK

The current bottleneck in designing complex tissue
structures using 3D printing is the limited availability of
versatile bioinks.Whilemultimaterial bioinks have been
the most extensively explored solution, many promising
combinations of innovative polymers have yet to be
evaluated. For example, PEG hydrogels functionalized
with RGD or other binding moieties can provide cell
adhesion to otherwise bioinert hydrogels.64 Combina-
torial screening of biomaterials using high-throughput
techniques such as 3D biomaterial microarrays might
provide optimum hydrogel combinations to support
and direct cell fate.18 Combinations of different strate-
gies described in this review can lead to development of
the next generation of bioinks. For example,mechanical
improvement ofmulticomponent polymeric bioinks can
be obtained by incorporation of shear-thinning
nanoparticles.19 Incorporation of bioactive components
such as growth factor-loaded nanoparticles or
microparticles within polymeric network will provide
additional tools to control cell fate.36

We have described some minimal criteria for
developing advanced bioink formulations. They
should be able to print complex, high-resolution tissue
structures such as vascularized tissues and biomimetic
architectures. The printed structure should have high

structural fidelity and should facilitate a cell-initiated
remodeling process. The bioink should be able to
modulate cell phenotype within the printed structure.
We can expect to see an increased number of strategies
to better meet these requirements, especially the
development of new bioresponsive inks to control and
direct cellular process.3 Breakthroughs in related fields
such as polymer chemistry, nanomaterials, stem cell
technology, and 3D printing equipment will certainly
facilitate the development of hydrogel bioink tech-
nologies in unexpected ways. For example, current
research into nanomaterials is primarily in the funda-
mental research stage, with relatively few studies
applying this technology to biomedical engineering.11

While current bioink research has so far been confined
primarily to traditional polymeric hydrogels, promis-
ing categories of nanoparticles including stimuli-re-
sponsive nanomaterials and two-dimensional nano
materials have the promise to add additional func-
tionalities to bioinks.11

The combination of new strategies to control stemcell
differentiation is expected to play a prominent role in
designing advanced bioinks. Bioinks with sustained re-
lease of growth factors will not only provide favorable
conditions for directed cell fate, but local release will
also reduce the amount of growth factor required. The
use of controlled and stimuli-responsive release of
immunomodulators and growth factors has the poten-
tial to add another level of control of the bioactivity of
bioinks.11,67 In addition, stem cell fate can also be
directed towards different lineages using mechanical
cues. Cells respond to cyclic strain on GelMA
nanocomposites by aligning to an extent dependent on
stiffness of the hydrogel.34 While the role of mechanical
cues in tissue engineering fields are relatively well
established,25,66 they have not been applied to 3D prin-
ted constructs. In the near future, we can expect to see
incorporation of these modalities within 3D printing.

Bioprinters with multiple printing heads are also
needed to rapidly produce complex, heterogeneous
tissue structures.35 3D bioprinters with multiple heads
have the ability to deposit multiple formulations
simultaneously to fabricate complex and biomimetic
tissue structures including vascularized tissue. Multi-
head 3D printers with the ability to control different
types of bioink to be printed will be crucial. Different
types of bioinks are needed to design intricate
geometries, as the ultimate goal of bioinking is to ob-
tain biomimetic tissue structures. Different bioink
formulations with a range of mechanical characteris-
tics, gelation mechanisms and bioactivities need to
be developed.53 Multi-head printers would provide
greater control over the spatial distribution of bio-
chemical cues. Recently, studies have explored the use
of multiple polymeric bioinks for printing complex

Advanced Bioinks for 3D Printing 2099



tissue structures.41,42 In the future we expect to see a
significant development in advanced bioink composi-
tions for printing complex structures that are currently
not feasible due to technological limitations.

CONCLUSION

3D bioprinting is a promising solution to some of the
most daunting obstacles facing the field of tissue engi-
neering, including vascularization of tissue constructs,
creation of complex architectures, and directing stem
cell differentiation. However, the lack of suit-
able bioinks has emerged as one of the most significant
obstacles to the advancement of 3D bioprinting
research. Traditional single component hydrogels have
lacked one or more of the characteristics desired in a
bioink, including high structural fidelity and printabil-
ity, high mechanical strength post-printing, and
bioactivity and biodegradability. Attempts to rectify
mechanical and rheological shortcomings of bioinks
through increased polymer and crosslink density tend
to reduce the cytocompatibility of single component
bioinks. Recent developments in advanced bioinks
avoid these tradeoffs without sacrificing cell viability.

Multimaterial hydrogels are gaining popularity as a
facile and effective method for obtaining desirable
bioink characteristics. Due to their high viscosities and
shear-thinning characteristics, multimaterial bioinks
have desirable printability and high structural fidelity.
Meanwhile, IPN bioinks have been shown to combine
the physical and chemical characteristics of multiple
polymeric hydrogels into a single hydrogel. This is
particularly evident in IPN mechanical properties,
which combine the stiffness of the ionically crosslinked

networks with the elasticity and strain recovery
characteristics of covalently crosslinked networks. A
range of IPNs have been formulated that have higher
stiffness at lower polymer concentrations than single
component hydrogels, resulting in a useful blend of
stiffness and cytocompatibility that is likely to con-
tinue to be explored for bioinks development.
Nanocomposite hydrogels provide a facile method to
combine multiple functionalities within 3D printed
structures by incorporating nanoparticles with unique
characteristics. These nanoparticles physically and
chemically interact with polymer chains to result
in shear-thinning, and sometimes even bioactive,
hydrogels, which are highly desirable characteristics
for bioprinting applications. Finally, supramolecular
hydrogels have favorable shear-thinning characteris-
tics and offer high shape fidelity for millimeter-sized
structures. However, these bioinks have limited
mechanical strength, which will need to be improved
to make this a viable strategy for bioprinting. Despite
these drawbacks, supramolecular hydrogels are
promising candidates for bioink applications due to
their ability to create reversible non-covalent bonds.
Overall, advances in bioink design promise to bring
3D bioprinting and tissue engineering closer to clini-
cal applications in treating a wide range of tissue
ailments, from lower hanging fruit, such as arthritis
and burn treatments, towards eventual complex organ
replacement.
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FIGURE 7. 3D bioprinting of supramolecular bioinks. (a) Polypeptide–DNA hydrogels were synthesized by using two bioinks
[Bioink A (blue): polypeptide–DNA, and Bioink B (red): DNA linker]. Hybridization of these two bioinks result in crosslinking,
leading to hydrogel formation. (b) Hydrogels with different sizes and complex structures can be obtained. (c) Encapsulated cells
showed high viability. Adapted and reproduced by permission from Wiley37� 2015.
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