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ARTICLE INFO ABSTRACT
Keywords: 3D printing alias additive manufacturing can transform 3D virtual models created by computer-aided design
Additive manufacturing (CAD) into physical 3D objects in a layer-by-layer manner dispensing with conventional molding or machining.
3D P_riﬂtiflg_ Since the incipiency, significant advancements have been achieved in understanding the process of 3D printing
3D ;’f?“n?ng and the relationship of component, structure, property and application of the created objects. Because hydrogels
BTO abrication are one of the most feasible classes of ink materials for 3D printing and this field has been rapidly advancing, this
Biomaterials . . . s S
Hydrogels Review focuses on hydrogel designs and development of advanced hydrogel-based biomaterial inks and bioinks

for 3D printing. It covers 3D printing techniques including laser printing (stereolithography, two-photon poly-
merization), extrusion printing (3D plotting, direct ink writing), inkjet printing, 3D bioprinting, 4D printing and
4D bioprinting. It provides a comprehensive overview and discussion of the tailorability of material, mechanical,
physical, chemical and biological properties of hydrogels to enable advanced hydrogel designs for 3D printing.
The range of hydrogel-forming polymers covered encompasses biopolymers, synthetic polymers, polymer
blends, nanocomposites, functional polymers, and cell-laden systems. The representative biomedical applica-
tions selected demonstrate how hydrogel-based 3D printing is being exploited in tissue engineering, regenerative
medicine, cancer research, in vitro disease modeling, high-throughput drug screening, surgical preparation, soft
robotics and flexible wearable electronics. Incomparable by thermoplastics, thermosets, ceramics and metals,
hydrogel-based 3D printing is playing a pivotal role in the design and creation of advanced functional (bio)
systems in a customizable way. An outlook on future directions of hydrogel-based 3D printing is presented.
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1. Introduction

Three-dimensional (3D) printing was first introduced in 1986 as
sterolithography, in which laminae of a fluid material can respond to
ultraviolet light and be successively printed in layers to generate solid
3D objects [1]. Conceptually, 3D printing, alias additive manufacturing
or rapid prototyping, is a versatile layer-by-layer fabrication technology
of 3D objects through progressive adding of materials (inks) directly
guided by predefined digital models [2-4]. Since its first introduction,
3D printing technology has steadily increasing impact on society and is
progressively transforming the science and engineering of advanced
materials [5-9]. One good example is 3D bioprinting as a relatively
younger field has rapidly developed over the past ten years due to the
advances in 3D printing, cell biology, and materials science [10-16]. 3D
printing allows for the direct production of customized complex com-
ponents from metals [17-28], ceramics [29-34], glass [35-40], poly-
mers [41-47], and multimaterials [48-50] through computer-aided
design/computer-aided manufacturing (CAD/CAM). In comparison
with conventional formative and subtractive manufacturing technolo-
gies that typically require molds, tooling and machining, 3D printing is
much more flexible, less wasteful in materials and processes, and thus
economically favorable in time cost and financial expenditure
[7,51-53]. By virtue of CAD/CAM, 3D printing can enable the inclusion
of more complex elaborate substructures [54]. Design mistakes can be
identified at an earlier validation stage of product development through
more efficient creating and amending of 3D models, thereby avoiding
expensive and cumbersome amendments at a later stage [55,56].

For these reasons, 3D printing is considered as the next global in-
dustrial and manufacturing revolution [57-61] and finding wide ap-
plications in a range of industrial sectors such as aerospace [62-64],
automotive [65], robotics [66-68], energy [69-73], education [74-771],
food [78-801, chemical [6,81-84], pharmaceutical [85-91], biome-
dical [92-99], etc. For instance, 3D printing can be put into use for
modeling complex protein interactions and customizing laboratory re-
actionware for chemical synthesis and analysis [100-105]. Multiscale
electronics can be printed to order, just as printed circuit boards,
thereby leading to a new era of printable robotics or printable elec-
tronics [106-110]. Currently, polymers are the most widely used ma-
terials for 3D printing to manufacture custom-made components [41].
To fully unleash the huge potential of 3D printing, new printable inks
made of different materials are needed, and this requires on-demand
design and development of the composition, structure, function, and
dynamics of the ink materials [111-118].

With the accelerating population ageing tendency and prolonged
life expectancy, there is an increasingly high demand for tissue and
organ grafts and synthetic biomaterials that hold great potential to
replace, repair or regenerate lost, injured or diseased tissues and organs
[119-131]. New-generation biomaterials for tissue and organ re-
generation should be bioresorbable, bioactive and mechanically robust
[132-138]. Scaffold-based strategies hold great promise for tissue en-
gineering and regenerative medicine due to the existent 3D porous
architectures for cell ingrowth and matter transport, which will facil-
itate new tissue formation and material biodegradation [139-147]. For
this reason, increasing efforts have been focused on the design and
development of novel 3D porous scaffolds for tissue and organ re-
generation. In the recent decades, 3D printing technology has made
considerable progress in tissue engineering and is opening up the pos-
sibility of fabricating patient-specific scaffolds/constructs with defined
properties [10,148-152]. 3D printing technology has been transforming
the field of tissue engineering and regenerative medicine by providing a
tool that enables unprecedented control, flexibility, speed, and preci-
sion over conventional manufacturing techniques. A vital yet limiting
aspect of the design and application of 3D printing is the selection of
suitable materials to be used as biomaterial inks [153-155]. Polymer
hydrogels, i.e. highly hydrated 3D polymer networks, are one of the
most feasible classes of ink materials for creating 3D porous scaffolds
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[156-158], as they can mimic extracellular matrix (ECM) and modulate
cell fate [159-163]. Meanwhile, hydrogel networks can also facilitate
matrix remodeling, cell migration, and cell adhesion in 3D environment
that are required for the normal development of functional tissues
[164-173]. Furthermore, the behaviors of cells on/in these printed
scaffolds can be regulated by the material, physical, and chemical
properties of the hydrogel networks [174-182]. Although significant
successes have been achieved in designing single component hydrogels
e.g. alginate- and gelatin-based ink formulations for 3D printing ap-
plications [183,184], the lack of a larger variety of printable hydrogel
systems has been identified as one major drawback that limits the rapid
advancement of this field [111,185,186]. In addition, for 3D printing of
cell-laden hydrogels, i.e. 3D bioprinting, the cell-laden bioink for-
mulations will be more stringent than biomaterial inks [185,187-191].
At the same time, 4D printing and 4D bioprinting that are based on the
3D printing of stimuli-responsive materials particularly hydrogels, have
been recently introduced and rapidly developed as a new generation of
technology [192-199].

This review aims to be a comprehensive, authoritative, critical, and
accessible review of general interest to the chemistry and materials
science communities because 3D printing of hydrogels can combine the
advantages of both additive manufacturing and hydrogel materials: (i)
Additive manufacturing offers the unique advantages of precision,
customization, and the usage of different materials across different
scales in predefined 3D organization with high degree of automation
and reproducibility, allowing for fabricating patient-specific constructs
with customized properties; (ii) Hydrogels have tailorable material,
physical, chemical, and biological properties, hold great promise for
various biomedical applications since they can mimic/recapitulate the
complex ECM, and allow for directing cell fate in 3D scaffold en-
vironment as well as 3D printing with cells together. The choice of
hydrogels or hydrogel-forming polymers as 3D printable inks requires
the unprecedented control over their material, physical, chemical, and
biological properties e.g. degradability, processability, biocompat-
ibility, mechanical strength, gelation mechanism, ease of chemical
modification, composition and architecture, structure and dynamics, as
well as other functional properties e.g. electrical, optical, thermal or
stimuli-responsive properties. Furthermore, 3D bioprinting involves
additional complexities e.g. the choice of bioinks, cell types, bioactive
molecules, as well as technical challenges relevant to the sensitivity of
living cells and the complex construction of tissues and organs. The gap
between rapidly advancing 3D printing technology and limited prin-
table hydrogel systems has made the design and development of prin-
table hydrogels emerge as an active research direction in this field. The
scope of this comprehensive review ranges from an overview of the
most important 3D printing techniques for hydrogels, the design and
printability of hydrogels or hydrogel-forming polymers with a focus on
materials, to the selection and development of advanced biomaterial
inks and bioinks together with the summary of representative
achievements in 3D printing/bioprinting for wide biomedical applica-
tions. Our goal is to deliver a comprehensive overview on the hydrogel-
based 3D printing and 3D bioprinting that can be used as a toolbox for a
variety of researchers (polymer chemists, material scientists, etc.), en-
gineers, students, and other end-users with a general background in-
formation of basic design principles of printable hydrogel-based ink
materials for 3D printing/bioprinting from a materials science per-
spective in a way like Materials Genome Initiative (MGI): prediction/
design first, validation experiments next. It is hoped that this review
work will be helpful to understand the current status of the 3D printing
of hydrogel materials, direct the rational design of advanced bioma-
terial inks and bioinks, and accelerate the advancement of the field of
hydrogel-based 3D printing and 3D bioprinting.

Although there are already a great number of studies that have been
dedicated to the investigation of hydrogel-based 3D printing and 3D
bioprinting and some excellent reviews that have been focused on re-
levant specific topics [45,111,156-158,186-191,200-202], we noted
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that a comprehensive review in this field is still absent. Therefore we
will summarize the recent advancements and future perspectives for the
design and applications of hydrogel-based 3D printing/bioprinting in
biomedical fields. In this review, we will first indroduce the most im-
portant and best established techniques for 3D printing of hydrogels,
including laser-based, extrusion-based and inkjet printing. Then we will
summarize in detail the most representative hydrogel systems from a
materials science perspective, aiming to elucidate the tailorability of
material, physical, chemical, and biological properties of hydrogels or
hydrogel-forming polymers and guide the rational design of advanced
hydrogel materials for 3D printing. Thereafter, we will highlight the
state-of-the-art design strategies for developing advanced biomaterial
inks/bioinks and the recent advancements of fabricating complex 3D
functional hydrogel scaffolds or tissue-like constructs with the versatile
3D printing/bioprinting techniques. Following this, 4D printing/bio-
printing, which combine stimuli-responsive hydrogel materials and
advanced 3D printing/bioprinting techniques, will be introduced in
detail. Afterwards, we will discuss the emerging representative bio-
medical applications regarding the 3D printing of hydrogels, including
tissue regeneration, cancer research, in vitro tissue modeling, surgical
preparation in clinic, soft robotics, and soft wearable/printable elec-
tronics. Finally, a prospect on the future research directions of 3D
printing of hydrogel materials is provided.

2. 3D printing techniques for hydrogels
2.1. Overview

There is a primary classification of various 3D printing techniques
for biomedical applications based on their working principles: (i) Laser-
based systems by virtue of photopolymerization pathway, (ii) Nozzle-
based systems through extrusion of (pre)polymers, and (iii) Printer-
based systems by material and binder jetting. For more detailed in-
formation of the classification, we refer the readers to some excellent
reviews [6,12,41,150,157,186]. Nevertheless, not all the 3D printing
techniques are applicable to process hydrogel materials since the pro-
cessing of hydrogel materials needs mild conditions rather than harsh
conditions and therefore, it is not the objective of this review to discuss
all of these 3D printing techniques. Since this review will focus on
probing into the material design strategies that have been and/or can
be developed for 3D printing of hydrogels, here we focus on the most
important and best established techniques for 3D printing of hydrogels,
including laser-based, extrusion-based, and inkjet printing. In the fol-
lowing sections, these 3D printing techniques will be discussed with
comparison in detail.

2.2. Laser printing

Laser-based techniuqes are generally applicable to 3D print hydro-
gels [186,203] with the exception of selective laser sintering/melting
that is suitable for processing polymer, metal, or ceramic powders
[204,205]. They work by sequential deposition of light energy in pre-
defined patterns; in such a way only photo-crosslinkable prepolymers
can be applied to print crosslinked hydrogels.

2.2.1. Stereolithography

Stereolithography is the first commercialized 3D printing technique
that was developed by Chuck Hull in 1986 [1]. A stereolithography
setup is made of a container that holds photocurable liquid resin, a laser
source (usually UV light) that induces the polymerization and cross-
linking of liquid resin, a system that permits the horizontal plane (X-
and Y- directions) movement of laser beam, and a system that controls
the vertical plane (Z-direction) movement of fabrication platform.
Fig. 1 depicts the main parts of a stereolithography setup and how they
assemble together to allow for the additive layer-by-layer fabrication
process. Irradiating the surface of photocurable liquid resin in a 2D
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Fig. 1. Illustrative scheme to introduce the configuration of stereolithography.
Reproduced with permission [43]. Copyright 2015, Academy of Dental Mate-
rials.

pattern makes the resin solidify thru absorbing single photon to a
predefined depth that is typically greater than the step height of fab-
rication platform. As result of this, unreacted functional groups on the
first layer after photopolymerization will polymerize with the irra-
diated liquid resin in subsequent layer. The fabrication platform moves
layer by layer in the Z-direction after curing each layer of resin to create
the solidified 3D construct with a resolution of 30 um [206,207]. Due to
the incomplete conversion of reactive groups, post treatments of
washing-off residual resin and curing with UV light are usually needed
to promote mechanical property. For more detailed information of
commonly used photoinitiators in stereolithography, we refer the
readers to some excellent reviews [207,208].

2.2.2. Two-photon polymerization

This technique uses near-infrared femtosecond laser pulses in the
focal volume particularly titanium:sapphire laser at 800 nm wavelength
to initiate the polymerization of a photosensitive material [158,209]. In
the focal point of the laser beam, a suitable photoinitiator resin can
simultaneously absorb two photons of 800 nm wavelength within a
small volume in the photosensitive resin and let them serve as one
photon of 400 nm wavelength (UV light region) to trigger the chemical
reactions between photoinitiator molecules and monomers [210]. Some
photoinitiators for the fabrication of hydrogels through two-photon
polymerization have been summarized in previous work [211]. For
more detailed principles of two-photon absorption, we refer the readers
to some excellent reviews [212-214]. The nature of nonlinear excita-
tion can make sure the photopolymerization reaction will be triggered
only in the focal point of near-infrared laser beam thus without af-
fecting other areas [213,215]. Fig. 2 illustrates the working principle of
two-photon polymerization (2 P P) technique. As a result of the
movement of laser focus, a 3D construct can be directly fabricated in
the volume of photosensitive material with a resolution lower than the
diffraction limit of the applied light.

2.2.3. Laser-induced forward transfer

The term laser-induced forward transfer was first coined in 1986 by
Bohandy et al. [216]. The laser-induced forward transfer system mainly
consists of three components, as depicted in Fig. 3: a pulsed laser that is
focused onto a thin layer of metal or other laser-absorbing materials
(e.g. hydrogels), a donor substrate (laser-transparent quartz or glass
print ribbon) from which laser-absorbing materials are propelled, and
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Fig. 2. Schematic diagram to elucidate the working principle of two-photon
photopolymerization.
Reproduced with permission [186]. Copyright 2012, Elsevier Ltd.

an acceptor/receiving substrate for the inks. The laser-transparent
donor is coated with a solid, liquid, or paste layer to supply the source
of transfer material when laser pulses propagate thru the donor slide
and get absorbed by the coating layer. Upon an incident energy above a
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Fig. 4. Schematic diagram to illustrate the working principles of extrusion-
based 3D printing technique.

Reproduced with permission [185]. Copyright 2013, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

specific threshold, the ink materials will be ejected from the coating and
propelled toward the acceptor substrate. The movement of computer-
controlled translation stages or galvanometric scanning mirrors can
form complex high-resolution 2D and 3D patterns (10~100um re-
solution) from material droplets during the laser transfer process
[217,218]. This laser transfer technique can be very applicabe for cell
printing [203,219-221].

2.3. Extrusion printing

Extrusion-based 3D printing is the computer-controlled layer-by-
layer deposition of molten/semimolten polymers, polymer solutions,

Fig. 3. Schematic image to illustrate the the main parts and process of laser-induced forward transfer technique.
Reproduced with permission [217]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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pastes, or dispersions thru a movable nozzle acting as the extrusion
print head in a direct ink writing mode [41,222]. Fig. 4 reveals the
different mechanisms of ejection of ink materials. Extrusion printing
can be divided into two classes of melting-based process e.g. fused
deposition modelling [223] and melt electrospinning writing [224] and
dissolution-based process e.g. 3D plotting. Based on 3D dispensing that
was first developed as AM method in 2000 [225], 3D plotting provides
a versatile extrusion printing technique. In this 3D plotting process, the
extrusion print head consists of a nozzle and a cartridge, which can
horizontally (X- and Y- directions) and vertically (Z direction) move
through a computer-controlled manner. 3D dispensing is pneumatically
controlled by altering air pressure. This technique is very situable and
attractive for scaffold fabrication and hydrogel processing
[41,45,98,226]. The 3D objects are constructed in a laminar fashion
thru computer-controlled deposition of ink materials on a stationary
surface of fabrication platform with a resolution in um to cm range.
Generally, some stabilization strategies are necessary for the 3D plot-
ting technique during/following printing procedure [227].

2.4. Inkjet printing

Inkjet printing is a non-contact reprographic technique that can
acquire digital data from the computer and reproduce them onto a
substrate through ink droplets [228]. Inkjet printers can be classified
into the drop-on-demand jetting system and continuous inkjet system.
In the continuous ejection system, continuous ink comes out of a print
head (nozzle) under pressure to generate a jet. Then the jet can break
up into droplets with electrical signals controlling the direction of
movement [229]. In the drop-on-demand jetting system, an actuator
can create pulses and lead to the ejection of an individual droplet with
predefined ink volume [230] through piezoelectric or thermal heads
[205], as illustrated in Fig. 5. For more detailed principles of inkjet
printing, we refer the readers to some excellent reviews [231-234].
Inkjet printing is seen as a key technique in the field of customized
polymer deposition [228,235]. This technique is well suitable for
manufacturing complex scaffolds because of its capability to print
multiple materials into constructs with high fidelity and resolution of
50~500 um [151].

3. Polymer hydrogels
3.1. Overview

A gel refers to a solid jelly-like material that can have properties

Fig. 5. Schematic diagram to show the working principles of inkjet printing
technique.

Reproduced with permission [185]. Copyright 2013, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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ranging from soft and weak to hard and tough. A polymer hydrogel is a
3D cross-linked network of flexible polymer chains that contains a large
amount of water but retains the properties of solids [172]. The 3D
network enables the liquid retention to form a swollen gel phase and
the liquid inside can prevent the polymer network from collapsing,
which imparts characteristics similar to those of soft tissues. At the gel
point, a polymer sol or solution can abruptly change from viscous liquid
state to solid phase hydrogel (sol-gel transition) [236]. Fig. 6 shows the
classification of polymer hydrogels according to the synthetic methods,
physical properties, polymer source, ionic charge, degradation rate and
cross-linking types. A variety of polymers have been used to synthesize
hydrogels, which include natural polymer hydrogels, synthetic polymer
hydrogels and derivative hydrogels [168,172,237]. The general
methods to synthesize polymer hydrogels are summarized in Table 1.
The potential applications of hydrogels reported include tissue en-
gineering [168,175], regenerative medicine [164,165,179], delivery
systems (drugs, proteins, genes, cells) [166,238-241], synthetic extra-
cellular matrix [177,180,242], implantable devices [243,244], bio-
sensors [245-247], chemical sensors [248], diagnostic devices [169],
separation systems [249], microfluidics [250], soft electronics [167],
actuators [251], and so on.

3.2. Natural polymer hydrogels

As shown in Fig. 6, according to the polymer source, hydrogel-
forming polymers can be classified into natural polymers and synthetic
polymers. Natural polymers are also referred to as biopolymers because
they are derived from all organisms including human, animals, plants
and bacteria [45,267,268]. Table 2 summarizes the biopolymers used
for hydrogel formation including polysaccharides (sugars linked by O-
glycosidic bonds), glycosaminoglycans (polysaccharides with amine
functionality) and polypeptides/proteins. Glycosaminoglycans can
naturally cover the surface of all eukaryotic cells and combine with
various proteins to form natural extracellular matrix, thereby resulting
in excellent biocompatibility and cell affinity [269].

3.2.1. Polysaccharide hydrogels

3.2.1.1. Agarose hydrogel. Agarose, present in red algae, is a linear
polysaccharide with some ionized sulfate groups and one of the main
components of agar [270,311]. It is water-soluble at temperatures
above 65 °C and can gel in a range of temperatures from 17 °C to 40 °C
below the gel-melting temperature 90°C, depending upon the
molecular weight and chemical modification of side groups. Once
agarose gels, it is stable and does not swell at constant temperature
or re-liquefy until heated to 65°C [312]. The gelling mechanism of
agarose lies in the formation of intermolecular hydrogen bonds upon
cooling, thereby leading to the aggregation of double helices via the
physical entanglement of anhydro bridges on individual molecules
[313]. The viscoelastic properties of agarose hydrogel depend upon the
molecular weight and solution concentration. The elastic moduli of
physical gels are tunable from ~1 kPa to a few thousand kPa and well
in the stiffness range of natural tissues [314]. Table 3 summarizes the
features of agarose hydrogel.

3.2.1.2. Alginate hydrogel. Alginate is a water-soluble linear
polysaccharide extracted from brown algae or bacteria [346]. It is
generally regarded as safe and biocompatible by the U. S. Food and
Drug Administration (FDA) [347] and can gel under benign conditions,
making it attractive for cell encapsulation. The gelation can proceed
through different mechanisms. At pH below 3, alginate self-assembles
into acidic gels by forming intermolecular hydrogen bonds [348].
Alternatively, alginate forms a physical hydrogel by cooperative
binding with divalent or trivalent cations such as Ca*>*, Mg>*, Sr**,
Ba2* or AI®" which can interact with carboxylic acid groups in the
sugars [349-351]. As seen in Fig. 7, An alginate chain consists of
mannuronic acid (M unit) and guluronic acid (G unit), and arranges in
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Fig. 6. Classification of polymer hydrogels.
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Reproduced with permission [252]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 1
Synthesis methods for polymer hydrogels.

Cross-linking Methods

types

Examples References

Physical hydrogels ~ Physical cross-

linking

Heating polymer solution
Cooling polymer solution
Ionic interaction

Freeze-thaw cycle
Complex coacervation
Hydrogen bonding

Chemical cross-
linking

Chemical hydrogels
with chemical cross-linkers (aldehyde, bis-
epoxide, etc.)

Radiation cross-

linking ray, electron beam, etc.)

Functional groups (OH, COOH, NH,, etc.) react

Exposure to high energy source (gamma ray, X-

PEG-PLA, PEO-PPO, PNIPAAm

agarose, carrageenan, gelatin

Na™alginate ™ +Ca®* +2Cl~, Na*alginate ~—polylysine,
chitosan—polylysine, chitosan-TPP

[172,253,254]
[255,256,257]
[258,259,260,261]

PVA, xanthan [262,263]
xanthan—chitosan [264]
CMC [265]
collagen-glutaraldehyde [254]
PEG, PVME [236,266]

blocks that are rich in G units, blocks that are rich in M units, and
blocks that comprise alternating G and M units. The crosslinking
density of alginate hydrogels is a function of the G blocks and
molecular weight. The viscosity of alginate solution and its overall
stiffness once gelled depend upon the polymer concentration and its
molecular weight distribution [352,353]. Alginate hydrogels degrade
slowly via a process involving loss of divalent ions into surrounding
media and subsequent dissolution, in which their mechanical properties
change with time. Table 4 summarizes the features of alginate hydrogel.

3.2.1.3. Carrageenan hydrogel. Carrageenan is a linear water-soluble
polysaccharide extracted from red algae [267]. The isomers include k-,
1- and A-carrageenan, which differ in the position and number of the
ester sulfate groups on the repeating galactose units [414]. The k- and 1-
carrageenans are composed of sulphated p-galactose and 3,6-anhydro-p-
galactose, and \-carrageenan is composed of sulphated p-galactose. The
3,6-anhydrogalactose is essential for the gelling properties of k- and 1-
carrageenans [274]. They can form thermoreversible hydrogels upon
cooling of hot aqueous solutions containing various salts, which may
take several hours at the gelation temperature. Nonionic solutes and
colloids can affect carrageenan solubility by interacting with
carrageenan or influencing water binding (Table 5) [415]. The
strength of carrageenan hydrogels greatly depends on the
carrageenan concentration [416,417] and monovalent cation type
and concentration [418-421]. Nevertheless, cation concentration
beyond a threshold (~0.2M) can weaken the hydrogels [421,422].
For k-carrageenan, it gels most strongly with the order of K™ > Ca®" >
Na*. K* forms rigid and elastic hydrogel while Ca®* gives stiff and

brittle hydrogel [423]. For 1-carrageenan, it gels most strongly with the
order of Ca?* > K* > Na®. Ca®?" forms soft and resilient hydrogel
[424]. Among all carrageenans, k-carrageenan forms the strongest
hydrogel. Table 6 summarizes the features of carrageenan hydrogel.

3.2.1.4. Cellulose  hydrogel. Cellulose is the most abundant
polysaccharide in the nature extracted from plants, natural fibers or
bacteria [452,453]. Cellulose hydrogels can be prepared from native
cellulose solution via hydrogen bonding [454]. However, cellulose is
insoluble in water and other common solvents, so searching for
appropriate solvents is the main issue for preparing cellulose
hydrogels [455-457]. Water-soluble cellulose derivatives are
synthesized through etherification of hydroxyl groups with methyl or
ethyl units. Examples of these cellulose ethers include methylcellulose
(MC), carboxymethylcellulose (CMC), hydroxypropyl methylcellulose
(HPMC), ethylcellulose (EC), carboxyethylcellulose (CEC) and
hydroxyethylcellulose (HEC), which have been used to prepare
hydrogels via physical or chemical cross-linking [456,457]. MC is a
semi-flexible linear-chain polysaccharide and has the most
straightforward chemical composition with methoxy moieties
partially replacing hydroxyl groups [275,458,459]. It is recognized as
an acceptable food additive by the U. S. FDA [460]. In the context of
this review, we will primarily focus on MC hydrogel. MC can gel from
aqueous solution upon heating or salt addition [461-466], which
enables it as a promising functional hydrogel for various biomedical
applications [467-469]. Table 7 summarizes the features of cellulose
hydrogel.
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Table 2
Hydrogel-forming natural polymers.
Biopolymers Descriptions Functionalities References
Polysaccharides Agarose Neutrally charged, composed of p-galactose and 3,6-anhydro-L-galactose ether and hydroxyl [270]
Alginate Anionic polyelectrolyte, composed of p-mannuronate and L-guluronate carboxylate and hydroxyl [271,272]
Carrageenan Anionic polyelectrolyte, composed of p-galactose and 3,6-anhydro-p-galactose hydroxyl and sulfate [273,274]
Methylcellulose Neutrally charged, composed of p-glucose hydroxyl [275,276]
Chitosan Cationic polyelectrolyte, composed of p-glucosamine and N-acetyl-p-glucosamine — amine and hydroxyl [277,278]
Dextran Neutrally charged, composed of p-glucopyranose hydroxyl [279]
Gellan gum Anionic polyelectrolyte, composed of p-glucose, p-glucuronic acid and 1-rhamnose  carboxylate and hydroxyl [280,281]
Pectin Anionic polyelectrolyte, composed of homogalacturonan, rhamnogalacturonan-I  carboxylate and hydroxyl [282,283]
and rhamnogalacturonan-II
Pullulan Neutrally charged, composed of maltotriose hydroxyl [284,285]
Glycosaminoglycans Chondroitin sulfate  Anionic polyelectrolyte, composed of p-glucuronic acid and N-acetyl-p- amide, carboxylate, hydroxyl and  [286,287]
galactosamine sulfate
Dermatan sulfate Anionic polyelectrolyte, composed of p-glucuronic acid and N-acetyl-p- amide, carboxylate, hydroxyl and  [288,289]
galactosamine sulfate
Heparin Anionic polyelectrolyte, composed of p-glucuronic acid, p-glucosamine, 1-iduronic ~ amide, carboxylate, hydroxyl and  [290,291]
acid and N-acetyl-p-glucosamine sulfate
Hyaluronic acid Anionic polyelectrolyte, composed of p-glucuronic acid and N-acetyl-p- amide, carboxylate and hydroxyl  [292,293]
glucosamine
Keratan sulfate Anionic polyelectrolyte, composed of p-galactose and N-acetyl-p-glucosamine amide, hydroxyl and sulfate [294,295]
Polypeptides/proteins  Albumin Amphoteric polyelectrolyte, composed of various amino acids amine, carboxylate and hydroxyl  [296,297]
Casein Amphoteric polyelectrolyte, composed of various amino acids amine, carboxylate and [298,299]
phosphate
Collagen Amphoteric polyelectrolyte, composed of various amino acids amine, carboxylate and hydroxyl  [300,301]
Elastin Amphoteric polyelectrolyte, composed of various amino acids amine and carboxylate [302,303]
Fibrin Amphoteric polyelectrolyte, composed of various amino acids amine, carboxylate and hydroxyl  [304,305]
Gelatin Amphoteric polyelectrolyte, composed of various amino acids amine, carboxylate and hydroxyl  [306]
Resilin Amphoteric polyelectrolyte, composed of various amino acids amine and carboxylate [307,308]
Silk Amphoteric polyelectrolyte, composed of various amino acids amine, carboxylate and hydroxyl  [309,310]

3.2.1.5. Chitosan  hydrogel. Chitosan, structurally similar to
glycosaminoglycans, is a linear polysaccharide prepared by N-
deacetylation of chitin [278]. It is generally insoluble in neutral
conditions but easily soluble in the presence of acid due to the
protonation of free amino groups on glucosamine [492]. Meanwhile,
many chitosan derivatives have been prepared to enhance the solubility
and processibility [493-497]. Metal cations can be adsorbed on amine
groups of chitosan through chelation in neutral solution [498,499].
Chitosan is approved nontoxic after oral administration in humans by
the U. S. FDA [267], and has been widely explored for various
biomedical applications [500-506]. Chitosan can form hydrogels by
various ionic or chemical cross-linking methods [507,508]. Table 8
summarizes the features of chitosan hydrogel.

3.2.1.6. Dextran hydrogel. Dextran, produced by bacteria from sucrose
or by chemical synthesis, is a highly water-soluble polysaccharide with
some degree of branching via 1,3-linkage (branch point)
[279,573,574]. It has been used in clinic for more than five decades
for plasma volume expander, peripheral flow enhancer, and
antithrombosis agent [267]. Dextran has excellent stability during
prolonged storage under mild acidic and basic conditions [575]. The
presence of large amount of hydroxyl groups enables it suitable for
derivatization and subsequent physical or chemical cross-linking to

Table 3
Summaries of agarose hydrogel.

form a hydrogel [576]. Table 9 summarizes the features of dextran
hydrogel.

3.2.1.7. Gellan gum hydrogel. Gellan gum, produced by the aerobic
submerged fermentation of bacteria, is a highly water-soluble linear
extracellular polysaccharide (exopolysaccharide) [624-626]. It can
undergo a thermally reversible coil to double helix transition and the
double helical molecules aggregate to form the “junction zones”; this
conformational transition is a prerequisite for the gelation of gellan
gum [627-630]. The conformational transition temperature of gellan
gum is around 30 °C and the temperature is strongly affected not only
by the concentration of gellan gum but also by the presence of cations
in aqueous solution [624,627,631-635]. Gellan gum can gel in water
induced by cations (alkali metal, alkaline earth metal,
tetramethylammonium (Mes,N¥)) or without added salts but with
increasing polymer concentration. When adding cations, the gelation
of gellan gum depends on both ionic strength and cation identity. For
monovalent cations at ionic strength of 0.1 M, gel strength increases in
the order: Me,N* < Lit < Na™ < K* < Cs* < H™Y; For divalent
cations the order is: Mg2*, Ca®*, Sr**, Ba®* < zn®** < Cu®** < Pb%*
[628]. The lack of specificity among alkaline earth cations distinguishes
gellan gum remarkably from other wuronic acid containing
polysaccharides such as alginate and pectin. For all the divalent

Chemical modifications Cross-linking Properties Applications
methods
Carboxylation [315,316] Heat cross- Thermally reversible Tissue regeneration: cartilage [323,329,330,331,332,333,334,335,336], cornea

Methacrylation [317] linking [325] [326]
EDC/NHS activation for coupling reactions Not biocompatible
[318,319,320,321] [327]

-CH,- functionalization via sulfo-SANPAH
[322,323]
Modification by genipin [324]

Non-degradable [328]

[337], enamel [255], nerve [312,318,321]

Delivery system: drugs [338,339], growth factors [340], genes [341,342,343]
Cancer therapy: ovarian cancer [344]

Immunoengineering [345]
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Fig. 7. Schematic of alginate hydrogel. In an aqueous solution, the G blocks in different alginate chains form ionic crosslinks through Ca** (red circles) and lead to

the alginate hydrogel.

Reproduced with permission [354]. Copyright 2012, Nature Publishing Group.

Table 4
Summaries of alginate hydrogel.

Chemical modifications Cross-linking methods

Properties

Applications

Carboxymethylation [355]
Oxidation [356,357,358,359]
EDC/NHS activation for coupling reactions
[160,360,361,362,363,364,365]
Tetrazine — norbornene functionalization via click
chemistry [366]
Modification by tetrazine [367] Thermal gelation
Sulfation [368] [376]
Cell cross-linking
[3771

Tonic cross-linking
[369,370]

Covalent cross-linking
[371,372,373]

Photo cross-linking

Biocompatible [271]
Immunogenic relevant to
L-guluronic acid [274]
Degradable: hydrolysis,
ion exchange/chelation
[374,375] [327]

Tissue regeneration: bone [378,379,380,381,382], cartilage
[383,384], myocardial [385,386], nerve [387,388,389], cell
encapsulation and transplantation
[160,349,390,391,392,393,394]

Wound healing [367,395]

Delivery system: drugs [396,397,398], proteins
[347,399,400,401], growth factors [402,403,404], peptides
[405], genes [360], cells [406]

Cancer therapy: ovarian cancer [407], tumor models [408,409]
Immunoengineering [392,410,411,412,413]

cations, the ion-exchange affinity order is the same as the above one for
increasing the gel strength. Generally, gellan gum hydrogel can be
obtained with only 0.04 to 0.05 % (w/v) concentration in aqueous
solution. Upon adding divalent cations, this content can be further
decreased [625,636]. The hydrogel shows high clarity and even at a 15
% sugar content it is crystal clear. The melting point of hydrogel can be
either below or above 100°C, which allows for the design and
preparation of both heat resistant hydrogel and hydrogel that should
liquify during fabrication. Gellan gum has good compatibility with
other gums/polymers and can be easily blended together [637]. In
addition to native gellan gum, there are three types of modified gellan
gum [630]: (i) High acetyl gellan gum (partially deacetylated)
producing thermoreversible hydrogel, fairly soft, elastic, and non-

brittle, (ii) Low acetyl gellan gum (highly deacetylated) generating
firm and brittle hydrogel, and (iii) High clarity gellan gum (highly
deacetylated and clarified). Table 10 summarizes the features of gellan
gum hydrogel.

3.2.2. Glycosaminoglycan hydrogels

3.2.2.1. Chondroitin sulfate hydrogel. Chondroitin sulfate, the major
component of aggrecan, is a water-soluble linear glycosaminoglycan
that is covalently linked to proteins to generate proteoglycans, which is
abundant in the articular cartilage [287,691]. It can stimulate the
metabolic response of cartilage tissue [692]. It can play crucial roles in
development process [693-696] and be involved in cell recognition,
connection of ECM components to cell surface glycoproteins, and the



J. Li, et al.

Table 5
Solubility of carrageenans [415].
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Solvents Types

k-Carrageenan

1-Carrageenan A-Carrageenan

Hot water Soluble > 60°C

Cold water Na™ salt soluble, K* and
Ca®* salts insoluble

Hot milk Soluble

Cold milk Insoluble, swelling

Concentrated sugar solution Soluble, hot

Insoluble
Insoluble

Concentrated salt solution
35 % ethanol solution

soluble > 60°C soluble

Na* salt soluble, soluble

K* and Ca** salts

insoluble

Soluble Soluble
Insoluble Soluble

Slightly soluble, Soluble, hot

hot

Soluble, hot Soluble, hot
Insoluble Na™ salt soluble

intracellular signaling functions of varieties of growth factors and
chemokines e.g. platelet-derived growth factors [697], fbroblast
growth factors [698], epidermal growth factors [698], and
transforming growth factor beta (TGF-B) [699]. Therefore,
chondroitin sulfate has been widely investigated as a promising
biomaterial for biomedical applications by physical or chemical cross-
linking to develop hydrogels. In addition, a highly modified chondroitin
sulfate chain at least at the uronic acid level is known as dermatan
sulfate [287,696]. Table 11 summarizes the features of chondroitin
sulfate hydrogel.

3.2.2.2. Heparin hydrogel. Heparin, only produced in mast cells, is a linear
highly sulfated glycosaminoglycan that exists mainly in helical structure
[290,742,743]. It has the highest density of negative charges among
known biological macromolecules due to its high content of negatively
charged sulfo and carboxyl groups. Heparin can bind to growth factors
(e.g. bFGF), enzymes (e.g. antithrombin III), plasma proteins (platelet
factor 4), and ECM proteins (e.g. fibronectin, laminin) [291,744-748].
Since its discovery, heparin has been widely used as an anticoagulant in
clinic and modification of biomaterials with heparin has been extensively
conducted for thrombogenicity reducing and drug delivery [749,750].
Heparin-based affinity delivery systems have demonstrated advantageous
for the delivery of protein-based drugs e.g. growth factors [751]. In
addition to the utilization for biomaterials modification, heparin has been
recently used as a polymer matrix for hydrogel formation and its capability
of binding to cationic polymers and basic peptides has been applied to
promote the self assembly of hydrogels [752,753]. Table 12 summarizes
the features of heparin hydrogel.

3.2.2.3. Hyaluronic acid hydrogel. Hyaluronic acid, alias hyaluronan, is a
water-soluble linear non-sulfated glycosaminoglycan which can be found
in almost every tissue in vertebrates [292,795-798]. In the body,
hyaluronic acid can be degraded by free radicals or a family of enzymes
called hyaluronidases, and then undergo endocytosis and lysosomal
digestion [293,799]. It is actively involved in many important biological

processes e.g. regulating cellular migration, proliferation, differentiation
and angiogenesis and ECM organization and metabolism, and plays crucial
roles in metastasis, inflammation, wound healing, and tissue repair
[293,800-802]. Hyaluronic acid and its derivatives have been used for
decades in clinic as medical products, and it has been increasingly
recognized as important building block for producing functional
biomaterials for tissue engineering and regenerative medicine
[803-807]. Table 13 summarizes the features of hyaluronic acid hydrogel.

3.2.3. Polypeptide/protein hydrogels

3.2.3.1. Collagen hydrogel. Collagen is the most abundant protein in
mammalian species and marine organisms [866]. It is widely available
from bone, skin, tendon, cornea, ligament, intestine, and blood vessels,
and makes up 1/3 of the total protein content in human body
[300,867-869]. This fibrous structural protein consists of a right-handed
triple helix of three parallel left-handed polypeptide strands (polyproline
II-type helical conformation), exhibiting favorable mechanical properties
[300,870-873]. Collagen is usually soluble in acidic aqueous solution and
able to be processed into different forms e.g. powders, sheets, tubes,
foams, sponges, hydrogels. Collagen is the most prevalent component of
ECM and maintains its structural and biological integrity. Therefore,
collagen biomaterial can create an ECM-mimetic microenvironment that
is advantageous for promoting various cell functions (e.g. adhesion,
migration, spreading, proliferation, differentiation, etc.)
[126,868,874-876]. Various cross-linking methods have been developed
to functionalize the molecular structure of collagen and optimise its
properties for a wide range of biomedical applications [877]. Table 14
summarizes the features of collagen hydrogel.

3.2.3.2. Gelatin hydrogel. Gelatin is a class of proteinaceous substances
that is derived from the parent protein collagen by heat denaturation
and partial hydrolysis procedures [929], after which the backbone
retains the bioactive sequences of collagen, thus able to promote cell
functions e.g. adhesion, migration, proliferation, and differentiation
[930,931]. In addition to the safe use for food processing (approved by

Table 6
Summaries of carrageenan hydrogel.
Chemical modifications Cross-linking Properties Applications
methods
Carboxylation [316] Heat cross- Thermally reversible [274,316,436,437] Tissue regeneration: bone [441], cartilage [442,443,444]

Methacrylation [424]
Cyclization through alkali treatment

linking [435]
photo cross-

Apatite forming [436]
Biocompatible [438]

Delivery system: drugs [445,446,447,448,449,450,451],
growth factors [441,444]

[425,426,427]

Acylation [428,429,430,431]
Sulphation [428,429,432,433]
Phosphorylation [428,429]
Modification by genipin [434]

linking [424]

Inflammation inducing [439]

Antitumor [274]

Degradable: hydrolysis [440]

k-Carrageenan: syneresis-susceptible [415]
1-Carrageenan: thixotropic flow, good freezing-thawing
stability, syneresis-free, less hysteresis (gelling/melting
temperature interval) [415]
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Summaries of cellulose hydrogel.
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Chemical modifications Cross-linking methods

Properties

Applications

TEMPO oxidation [470,471]
Methacrylation [472]

Thermal gelation [473]

Photo cross-linking [472]

Chemical cross-linking: divinylsulfone (DVS)
[474,475], carbodiimide [476], citric acid (CA)
[477]

Radiation cross-linking [478,479]

Thermally reversible
[480,481]
Biocompatible [456]
Non-degradable [456]

Tissue regeneration: cartilage [482,483,484], brain [468],
myocardial [466], nerve [485,486,487], liver [454], cell
encapsulation and transplantation [488]

Delivery system: drugs [489,490], enzymes [491]

Table 8
Summaries of chitosan hydrogel.

Chemical modifications Cross-linking methods

Properties Applications

Trimethylation [509,510]

N-succinylation [511]

Thiolation by EDC [512,513,514]

EDC/NHS activation for coupling reactions [515]
Azidation by EDC [516,517,518]

Modification by sugar [519,520,521]
Conjugation with catechol [522]

Quaternized modification [523]

Sulfation [524,525]

[259,529,530,531]

[540], EGDE [541]

Ionic interaction: GP [526,527,528], TPP

Photo cross-linking [516,517,518]
Chemical cross-linking: glutaraldehyde [532],
sulfuric acid [533], APS/TMEDA [534,535],

disulfide [536], genipin [537,538,539], ECH

Biocompatible, non-cytotoxic
[542,543]

Antibacterial
[503,544,545,546]

pH sensitive [547]
Mucoadhesive [548]
Degradable: hydrolysis [543],
proteolysis (lysozyme,
chitosanase) [549]

Tissue regeneration: bone [550,551],
cartilage [534,552,553,554], vascular
constructs [555,556], nerve [258,557,558],
myocardial [559,560,561,562], liver [521],
intervertebral discs [526], cell
encapsulation and transplantation [563]
Delivery system: drugs [537,564,565],
proteins [259,530,536], growth factors
[556], genes [566,567,568], antibiotics
[531]

Wound healing [516,517,569]

Cancer therapy: lung cancer [570], liver
cancer [571]

Immunoengineering [572]

Table 9

Summaries of dextran hydrogel.
Chemical modifications Cross-linking methods Properties Applications
Acrylation [577,578,579,580,581,582,583,584] Physical cross-linking: ionic Biocompatible Tissue regeneration: cartilage [589,607], skin [608],
Oxidation [585,586] interaction [593], stereocomplex [582,601] vascular constructs [609,610], nerve [602], cell

Carboxymethylation [587]
Tyramine functionalization
[580,585,588,589,590]

Thiol functionalization [591]

Alkyne and azide modification [592]

formation [594,595,596]

linking [597], free radical
polymerization [580,581,598],
covalent cross-linking (isocyanate
[599], glutaraldehyde [600])

Chemical cross-linking: photo cross-

Non-cell-adhesive [602]
Immunogenic [603]
Degradable: hydrolysis
[604], proteolysis
(dextranase [605,606])

encapsulation [611]

Delivery system: drugs [573,574,599,600,612,613,614],
proteins [576,595,598,615,616,617], growth factors
[609,618], liposomes [604], antibiotics [619,620,621],
cells [622]

Wound healing [618]

Cancer therapy: breast carcinoma [623]

Table 10
Summaries of gellan gum hydrogel.

Chemical modifications Cross-linking methods

Properties

Applications

Deacetylation [280,638]
Methacrylation
[639,640,641,642,643,644,645]
EDC/NHS activation for coupling reactions
[646,647]

Oxidation [648,649]
Carboxymethylation [650]
Thiolation [651,652]

Furan modification [653,654,655]
Sulfation [433]

Octadecylamine modification [656]

Physical cross-linking: ionotropic
gelation with cations [627,657], ionic
cross-linking with polyamines
(spermine [658,659,660], spermidine
[660,661]), addition of standard cell
culture medium [662,663]

Chemical cross-linking: covalent
cross-linking (EDC [664,665])

Thermally reversible
[657,666]

Biocompatible [667]
Non-cytotoxic [666,668]
Poor-cell-adhesive [629]
Degradable: hydrolysis
[669], proteolysis
(metalloproteinase [670])

Tissue regeneration: cartilage
[641,648,657,666,671,672,673,674], bone [639,643,675],
vascular constructs [670], adipose [676], nerve
[653,654,677], intervertebral disc [642,644,678], spinal
cord injury [655], cell encapsulation [679]

Delivery system: drugs [672,680,681,682,683,684],
proteins [685], peptides [686], antibiotics
[687,688,689,690], enzymes [688]

U. S. FDA) [866], gelatin is widely applied to pharmaceutical industry
[932] and tissue engineering and regenerative medicine field
[184,933-935]. Gelatin can form physical hydrogel below 27 °C, but
it is not stable at body temperature to be used as a biomaterial due to
the reversible thermal gelation, and this can be overcome by various
chemical modification and covalent cross-linking strategies
[256,936,937]. Table 15 summarizes the features of gelatin hydrogel.

10

3.2.3.3. Silk hydrogel. Silk is an important class of protein materials
that has been widely used by humans in ancient times. The sources of
silk include silkworm silk and spider silk, which have been extensively
studied to elucidate their processing mechanisms and thus exploit their
properties for use as biomaterials [309,983-987]. Silk derived from
silkworms mainly consists of sericin and fibroin proteins, which has
shown huge potentials for wide applications in the fields of tissue
engineering and regenerative medicine [310,988-990]. Silk fibroin is a
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Table 11
Summaries of chondroitin sulfate hydrogel.

Chemical modifications Cross-linking methods Properties Applications

Methacrylation [700,701,702,703,704,705,706,707,708,709,710,711]  Physical cross-linking: Biocompatible, Tissue regeneration: bone

Oxidation [700,712,713,714,715]
Thiolation [513,514,716,717]
Sulfation [699,718] [286]
Azidation [719]

EDC/NHS activation for coupling reactions [720,721]
Furan modification [722]

Fucosylation [723]

complex coacervate gelation
with polyelectrolyte cations

Chemical cross-linking: free
radical polymerization [724]

nonimmunogenic, pliable
[327,720,725]
Anti-inflammatory
[692,726,727,728]
Degradable: proteolysis
(chondroitinase) [729]

[706,730,731], nerve [732,733,734],
cartilage [703,709,735,736], spinal cord
injury [711]

Delivery system: drugs [724,737],
growth factors [738], antibiotics [739],
genes [737], proteins [740]

Wound healing [720,725,741]

Arthritis treatment [728]

readily available protein from silkworms [991]. The spider web is made
of the dragline silk, which mainly comprises two major ampullate
spidroins (MaSp1 and MaSp2) [992]. The mechanical toughness of silk
fibers is superior to any of the best synthetic fibers now available
including Kevlar, and the spider dragline silk has the highest toughness
among all types of silk [983,992-994]. Nevertheless, harvesting the
mechanically strong silk spidroin is impractical and it lacks intrinsic
bioactivity, which are the limitations of natural spider silk. To
overcome this, researchers have focused on the recombinant spider
silk proteins and silk-like polypeptides [995-1004]. Silk proteins can be
processed to form hydrogels, sponges, foams, meshes, porous scaffolds,
films/coatings, as well as fibers for diffferent biomedical applications
[1005-1007]. Table 16 summarizes the features of silk hydrogel.

3.3. Synthetic polymer hydrogels

According to the types of synthesis method, synthetic polymer hy-
drogels are classified into: (i) Homopolymer hydrogels that consist of
cross-linked network of one hydrophilic monomer unit (e.g. PAM,
PNIPAM, PVA), (ii) Copolymer hydrogels that are generated by cross-
linking of two co-monomer units (including one hydrophilic), (iii)
Multipolymer hydrogels that are formed by reaction of three or more
co-monomer units, and (iv) Interpenetrating polymer hydrogels that are
prepared by forming a first network and then swollen in other monomer
to generate a second intermeshing network [252,1060,1061].

3.3.1. Polyacrylate hydrogels

3.3.1.1. Polyacrylamide hydrogel. Polyacrylamide (PAAm) hydrogel can
be synthesized using acrylamide monomer (AAm) in aqueous solution
with adding N,N’-methylenebisacrylamide (MBAAm, -cross-linking
agent), ammonium persulphate (APS, photo/thermal initiator),
N,N,N',N'-tetramethylethylenediamine (TEMED, crosslinking
accelerator) [354,1062-1067]. PAAm hydrogel plays an important
role in biomedical applications for studying cell mechanics
[1068-1071] and plastic and aesthetic surgery e.g. as soft tissue
fillers and augmentation materials [1072-1074]. Table 17
summarizes the features of polyacrylamide hydrogel.

3.3.1.2. Poly(N-isopropylacrylamide) hydrogel. Poly(N-isopropylacrylamide)
(PNIPAAm), a chemical isomer of poly-leucine, has a polar peptide group in

Table 12
Summaries of heparin hydrogel.

the side chain rather than in the backbone. PNIPAAm is the most studied
synthetic responsive polymer, which undergoes a sharp coil-globule
transition in aqueous solution at 32°C, the Lower Critical Solution
Temperature (LCST), and changes from a hydrophilic state below LCST to
a hydrophobic state above LCST [253,1092]. When heating PNIPAAm
aqueous solution to 32°C, the polymer will precipitate from the clear
solution and phase separation occurs to produce a two-phase system, in
which the polymer-rich phase (globules) is insoluble in water. This
temperature-induced sol-gel transition is a reversible process and thus
forms the thermoreversible/thermoresponsive PNIPAAm hydrogel [1093],
as well as leading to thermochromic, photochromic, and magnetochromic
properties [1094-1097]. The LCST (32°C) of PNIPAAm homopolymer is
very close to human body temperature (37 °C) and can be tuned below or
above the body temperature as desired by incorporating co-monomer units,
which therefore make PNIPAAm-based materials particularly suitable for
various biomedical applications [1098-1106]. For more detailed
information of PNIPAAm, we refer the readers to some excellent reviews
[253,1107-1113].

3.3.1.3. Sodium polyacrylate hydrogel. Sodium polyacrylate, alias
acrylic sodium salt polymer (ASAP), is a sodium salt of polyacrylic
acid (PAA), an anionic polyelectrolyte with negatively charged
carboxylic groups in the main chain, which is well known as
waterlock and has wide applications in consumer products e.g.
cosmetics, infant diapers, and personal care products. This polymer
can absorb as much as 100-1000 times its mass in water and therefore
sodium acrylate is a monomer used to prepare superabsorbent polymers
[1114,1115]. Using sodium acrylate and acrylamide co-monomers,
along with MBAAm cross-linker, APS initiator, and TEMED
accelerator, an expansion microscopy (ExM) has been developed to
allow nanoscale resolution imaging of biological samples with
conventional microscopes [1116-1124], and an implosion fabrication
(ImpFab) process has been achieved to 3D print a range of materials
with nanoscale feature sizes inside a hydrogel scaffold, thus developing
a versatile 3D nanofabrication method [1125].

3.3.2. Poly(ethylene glycol) hydrogel

Poly(ethylene glycol) (PEG), alias poly(ethylene oxide) (PEO), is
one of the best biocompatible and most widely used synthetic polymer
hydrogels in medicine and biomedicine (approved by the U. S. FDA)

Chemical modifications Cross-linking methods

Properties

Applications

Sulfation [754,755]

Thiolation [756,757,758]

EDC/NHS activation for coupling reactions
[721,759,760,761,762]

Methacrylation [763,764,765] [772]
Amidation [766,767]

Tyramine functionalization [768]

Oxidation [740]

Chemical cross-linking:
photo cross-linking [763],
PEG cross-linking [762]

Anticoagulant [290,769,770]
Blood-compatible [768]
Degradable: photodegradation
[269,771], proteolysis (heparinase)

Tissue regeneration: bone [773,774], cartilage [775,776],
liver [777,778,779,780], vascular constructs
[759,766,781,782], renal [783], cell encapsulation [784]
Delivery system: drugs [754], growth factors
[760,767,785,786], proteins [787,788,789]

Wound healing [790,791,792]

Cancer therapy: breast cancer [793], tumor models [794]
Immunoengineering [759,760]
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Table 13
Summaries of hyaluronic acid hydrogel.
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Chemical modifications Cross-linking methods

Properties Applications

Esterification [808,809,810]

Amidation [811,812]

Methacrylation (MeHA) [374,813,814]
EDC/NHS activation for coupling reactions
[805,815,816,817]

Oxidation [818]

Sulfation [699,819]

Thiolation [820,821]

Pentenoate functionalization [822]

cations [823]

linking [830]

Physical cross-linking: ionotropic gelation with

Chemical cross-linking: photo cross-linking
[374,801,811,815,824,825,826], click cross-
linking [827], disulfide cross-linking [828],
covalent cross-linking [829], carbodiimide cross-

Angiogenic [831,832]
Biocompatible [808,833]
Cell-adhesive [834]
Chondroprotective [293]
Immunoprotective and
immunomodulatory [835]
Degradable: proteolysis
(hyaluronidase, 3-p-
glucuronidase, 3-N-
acetylhexosaminidase) [293]

Tissue regeneration: bone
[822,831,836,837], cartilage
[819,838,839,840,841,842],
intervertebral disc [843], liver [824],
myocardial [824], nerve [844,845],
retinal [846], spinal cord injury
[847,848,849]

Delivery system: cells [850], drugs
[851,852,853,854,855], genes
[851,856,857,858], growth factors
[786,859,860], proteins
[788,861,862]

Arthritis treatment [795,796]

Wound healing [720,863,864]
Cancer therapy: thyroid cancer [865],
tumor models [827]

[1126]. PEG itself is a very hydrophilic and hydrolytically non-de-
gradable polymer of high solubility in water and many organic solvents
[1127-1129]. It is well known for the excellent biocompatibility be-
cause the mobile, non-ionic, and highly hydrated features make PEG
effectively repellent to both protein adsorption and cell adhesion
[1130-1135]. Since PEG can only undergo limited metabolism in
human body, the whole polymer chains are cleared through the kidney
(< 30kDa) or ultimately through the liver (> 30kDa) [1136].
Therefore, typically, only PEGs with < 50kDa molecular weight are
considered for applications in tissue engineering and regenerative
medicine to insure their complete clearance from human body [1137].
When drying, PEG can easily form crystals, which therefore can be
readily measured with endothermic melting signals upon use for blends
or copolymers [1138-1140]. The melting point depends on the chain
molecular weight. For instance, at room temperature PEG 400 is a
viscous liquid, whereas PEG 2000 and PEG 6000 are solid state mate-
rials of approximately 40 °C and 60 °C melting point, respectively. And
the melting point and glass transition temperature of PEG blends or
copolymers are tailorable. This kind of plasticizing effect of PEG can be
used to modulate the mechanical properties of polymer biomaterials at
human body temperature. For more detailed information of PEG, we
refer the readers to some excellent reviews [1141,1142]. Other broadly
used hydrogels based on PEG derivatives include poly(ethylene glycol)
monoacrylate (PEGA) [1143,1144], poly(ethylene glycol) diacrylate
(PEGDA) [1145-1150], poly(ethylene glycol) methacrylate (PEGMA)
[1151,1152], and poly(ethylene glycol) dimethacrylate (PEGDMA)
[1153-1155]. These PEG-based hydrogels play an important role for
various biomedical applications. Table 18 summarizes the features of
PEG-based hydrogels.

3.3.3. Poly(vinyl alcohol) hydrogel
Poly(vinyl alcohol) (PVA) is mainly synthesized by the poly-
merization of vinyl acetate. Its chemical structure is relatively simple

Table 14
Summaries of collagen hydrogel.

with pendant hydroxyl groups [1209,1210]. PVA is a water-soluble
linear polymer with chemical inertness in many organic solvents and
optical transparency in UV-vis region. Pure or non-modified PVA can
repel protein adsorption and cell adhesion, which thus contributes to its
good biocompatibility for biomedical applications [1211,1212]. PVA
must be cross-linked into hydrogels for a broad range of biomedical
applications. Physical, chemical, and radiation cross-linking methods
can be used to form PVA hydrogels. For example, PVA hydrogels can be
produced by the alternating freezing and thawing cycles (freezing/
thawing technique) due to crystallite formation, as first reported by
Peppas in 1975 [262,1213], which is regarded as the most preferred
approach for preparing PVA hydrogel without involving toxic chemical
cross-linkers. The freezing/thawing treatment can make PVA crystallize
rapidly from solution to form hydrogel network; increasing the number
of freezing/thawing cycles (aging), additional crystallization can re-
inforce the original PVA hydrogel network [1214-1216]. Such physi-
cally cross-linked PVA hydrogels, of an elastic and rubbery nature
[1217,1218], have higher mechanical strength than those formed by
chemical and radiation cross-linking [1219]. For the more detailed
information of PVA cryogels, we refer the readers to some excellent
reviews [1220-1223]. PVA hydrogels are featured by their good me-
chanical property and water retention capability to provide a prolonged
humid environment [1224]. Table 19 summarizes the features of poly
(vinyl alcohol) hydrogel.

3.4. Composite hydrogels

The major drawback of single-component hydrogels from either
natural or synthetic polymers is their lack of mechanical strength. They
are mechanically weak, fragile, and brittle. Therefore, maintaining and
improving the mechanical integrity is a key issue regarding hydrogel-
based materials for biomedical applications. On the other hand, es-
sentially, human tissues are composite materials possessing anisotropic

Chemical modifications

Cross-linking methods

Properties

Applications

Amination, acetylation,
succinylation [878]
Glutathione modification
[879]

Physical cross-linking: self-assembling
gelation [880,881], dehydrothermal

treatment [882,883], ultraviolet irradiation

[882,883]

Chemical cross-linking: photo cross-linking
[884], NaHCO; [885,886], carbodiimide

[8871], genipin [888], glutaraldehyde
[889,890], tannic acid [891,892]
Radiation cross-linking [893,894]

Biocompatible, cell-adhesive,
hydrophilic, flexible, chemotactic,
low antigenic [895,896]
Immunomodulatory [897]
Degradable: proteolysis (collagenase)
[898,899]

Tissue regeneration: bone [884,900,901,902], brain
[903,904], cartilage [905,906,907,908,909], liver [910],
myocardial [911], nerve [912,913,914], renal [915,916],
skin [886], tendon [917], vascular constructs [918]
Delivery system: drugs [895,919], growth factors
[920,921], peptides [922], proteins [923], antibiotics
[924]

Wound healing [925]

Cancer therapy: tumor models [926,927,928]
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Table 15
Summaries of gelatin hydrogel.
Chemical modifications Cross-linking methods Properties Applications
Methacryloyl functionalization (GelMA) Physical cross-linking: heat cross-linking, Biocompatible, limited Tissue regeneration: bone [947,964,965],
[933,938,939,940,941,942] ultraviolet irradiation [944,945,946] antigenic [960], cell- cartilage [966,967,968,969,970], corneal [971],
Heparin functionalization [943] Chemical cross-linking: photo cross-linking adhesive [961] myocardial [972], retinal [973], skin [974]
[947,948], EDC [934,949], formaldehyde [950], Water-soluble [962] Delivery system: drugs [929,951,975,976], genes
genipin [946,950,951], glutaraldehyde Degradable: proteolysis [975,977], growth factors [978], peptides [979],
[937,952], PEG [953], pullulan dialdehyde [954], (gelatinase [931], proteins [980]
tannic acid [955,956,957], enzymatic cross- subtilisin [963]) Cancer therapy: gastric cancer [981], tumor
linking (microbial transglutaminase [958,959]) models [982]
Table 16
Summaries of silk hydrogel.
Chemical modifications Cross-linking methods Properties Applications
Diazonium coupling Physical cross-linking: hydrophobic Biocompatible [1018], cell- Tissue regeneration: bone [1022,1023,1024,1025,1026,1027,1028],
[1008] interaction [1010], ultrasonication adhesive [1019], cartilage [1014,1029,1030,1031,1032,1033], cervix [1034],
Methacrylation [1009] [1011,1012], vortex [1013] biodegradable [1020], low intervertebral disc [1035], pancreatic islet [1036,1037], nerve
Chemical cross-linking: photo cross-linking immunogenic [1021] [1038,1039], vascular constructs [1040]

[1009], enzymatic cross-linking (horseradish ~ Apatite-forming
peroxidase [1014,1015,1016,1017])

ability [996] Delivery system: drugs [1041,1042,1043,1044,1045,1046],
antibiotics [1047,1048], antibodies [1049,1050], genes [1051,1052],
growth factors [1012,1053], proteins [1027,1050,1054]
Wound healing [1055]
Cancer therapy: breast cancer [1056], glioblastoma [1057],
neuroblastoma [1058], tumor models [1059]

properties that rely upon the roles and structure arrangements of var-
ious components e.g. collagen, elastin, keratin, and hydroxyapatite of
different tissues e.g. bone, cartilage, tendon, and skin. To replace/re-
pair/regenerate the natural host tissues with hydrogels, hydrogel ma-
terials should simultaneously possess an appropriate elastic modulus
and high mechanical strength [1267-1271]. This can be achieved using
the strategy of composite hydrogels. Through tuning the proportion and
arrangement of reinforcement phase, the properties of composite hy-
drogels can be tailored to match the mechanical and physiological re-
quirements of different host tissues.

3.4.1. Polymer composite hydrogels

Here we mainly focus on composite hydrogels prepared from the
double-component blends of natural and synthetic polymers. Brifely,
such blends include: (i) Natural-natural polymer hydrogels, (ii)
Natural-synthetic polymer hydrogels, and (iii) Synthetic-synthetic
polymer hydrogels. Table 20 summarizes some examples of the double-
component polymer composite hydrogels.

Interpenetrating polymer networks (IPN) are the unique “alloys” of
cross-linked polymers [1380], among which at least one network is syn-
thesized/cross-linked in the existence of the other network. They are held
together only by permanent topological interlocking interactions without
covalent bonds in between, thus not able to separate them from each other
without breaking their own cross-linked networks [1380-1384]. From the
point of preparation chemistry, IPN hydrogels are classified into: (i) Se-
quential IPN hydrogels, i.e. one hydrogel network is polymerized and
formed in the presence of the other swollen single-network hydrogel, and

(i) Simultaneous IPN hydrogels, i.e. the monomers/prepolymers of both
hydrogel networks are mixed and synthesized at the same time by two
independent, non-interfering polymerization routes. When one network
comprises an uncross-linked linear polymer, it is a semi-IPN hydrogel;
otherwise with cross-linking, it is a full-IPN hydrogel. For the more de-
tailed information of IPN hydrogels, we refer the readers to some excellent
reviews [1385-1387]. Mechanically reinforced double-network (DN) hy-
drogels are a unique type of IPN hydrogel, as first described by Gong et al.
in 2003 [1388]. They can exhibit an impressive nonlinear enhancement of
the mechanical strength and have attracted increasing attention for use as
biomaterials for tissue replacement particularly for load-bearing tissues
[961,1388-1393]. In such DN hydrogels that are featured by high
toughness, high fracture strength, high resistance to wear, and high water
content (ca. 90 wt%), the first network is a tightly/abundantly ionically
cross-linked hydrogel as the minor component (rigid and brittle skeleton),
which is interpenetrated with the second network, a loosely/poorly
crosslinked neutral hydrogel as the major component (soft and ductile
polymer), and the preparation should be performed in that order to
achieve their high mechanical strength [354,1064,1394-1398]. Recently,
a universal strategy was developed to convert the polymer composite
hydrogels into the DN hydrogels with prominent mechanical properties by
a facile soaking treatment, which may aid in the fabrication of various DN
hydrogels for a wide range of biomedical applications [1399].

3.4.2. Nanocomposite hydrogels
Organic—inorganic hybrid nanocomposites are omnipresent in the
nature such as bone, tooth, and nacre, which comprise biomacromolecules

Table 17

Summaries of polyacrylamide hydrogel.
Chemical modifications Cross-linking methods Properties Applications
2-Pyridinecarboxaldehyde functionalization Chemical cross-linking: free radical Non-toxic, non-inflammatory Delivery system: drugs [1085]
[1075] polymerization [354,1080,1081] [1061,1082] Wound healing [1086]
Protein conjugation [1069] Non-degradable, stable in natural Facial corrections [1087]
Mannich reaction [1076,1077] environment [1083] Tonic skin [1063]

Hofmann reaction [1078,1079]

Tunable substrate mechanics [1084]  Stretchable and compressible
electronics [1088,1089]
Actuators and artificial muscles
[1090,1091]
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Table 18
Summaries of PEG-based hydrogels.
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Chemical modifications Cross-linking methods

Properties Applications

Derivative synthesis [1127,1156]
Bioactive modification [1157]

Thiol — ene reaction [1158]
Heparin functionalization [774,793]
Azidation [1159]

DOPA modification [1160]

Physical cross-linking: laponite
[1161,1162]

Chemical cross-linking: photo cross-
linking [1163,1164,1165], click cross-
linking [180,1166,1167,1168,1169]

Biocompatible, non-toxic [1156]
Low inflammatory [1170]
Degradability: (i) PEG: non-
degradable [1141]; (ii) derivatives:
photodegradable [1171,1172,1173],
hydrolysis [1174], proteolysis
[1175]

Tunable substrate mechanics
[826,1176,1177]

Tissue regeneration: bone [774,1178,1179],
cartilage [703,821,1180,1181,1182,1183,1184],
nerve [753,771], muscle [1175], corneal [1185],
liver [1186], kidney [1187], adipose [1188], cell
expansion [1189], vascular constructs [1190],
cell encapsulation [1191,1192]

Delivery system: drugs
[1136,1193,1194,1195,1196,1197], cytokines
[1198], proteins [1199,1200,1201,1202],
growth factors [1203,1204]

Wound healing [1205,1206]

Cancer therapy: tumor models [539]

Biosensors [1207,1208]

(proteins) and inorganic nanomaterials (minerals) with outstanding me-
chanical strength [1400-1402]. The insufficient mechanical strength of
polymer hydrogels has limited their otherwise extensive applications for
different biomedical purposes. To overcome this bottleneck, inspired by
natural materials, nanocomposite hydrogels have been developed as me-
chanically reinforced materials, which thus enable a broader range of use in
different fields e.g. electronics, optics, magnetics, sensors, and biomedicine
[1403-1406]. Nanocomposite hydrogels are 3D organic-inorganic hybrid
nanocomposites, which are formed by physical or chemical cross-linking of
polymer networks in aqueous solution together with functional inorganic
nanomaterials incorporated into the matrices [1407-1411]. In general,
there are five major approaches to fabricate hydrogel-nanoparticle com-
posites with the uniform distribution, as illustrated in Fig. 8. The nano-
composite hydrogels can not only combine the individual functions of
polymer hydrogels and inorganic nanoparticles (NPs), but also exhibit new
or reinforced mechanical, electrical, optical, magnetic, remote-control, self-
healable, stimuli-responsive, controlled drug delivery and biological prop-
erties due to their synergistic effect [1115,1404,1411-1414]. The com-
monly used inorganic nanomaterials for developing nanocomposite hydro-
gels include metal NPs (Au, Ag, etc), mineral NPs (natural silicate clay,
Laponite, layered double hydroxides, etc), silica NPs (mesoporous silica,
etc), magnetic NPs (Fe;0,, etc), carbon NPs (graphene, graphene oxide, etc)
and polymer NPs (nanocellulose, etc). For example, Au NPs are considered
as the most widely used metal NPs in nanomedicine due to their excellent
biocompatibility, tailorable shapes (spherical, nanorod, nanoshell, etc) and
sizes and unique electrical and optical properties (surface plasmon re-
sonance, photothermal conversion) [1415,1416]. To engineer nano-
composite hydrogels with unique properties to meet specific needs, Au NPs
have been widely incorporated as reinforcing elements into the matrices of
natural polymer hydrogels or synthetic polymer hydrogels. In addition, to
endow nanocomposite hydrogels with enhanced electrical/electronic
property, various electrically conductive nanomaterials e.g. Au, Ag, gra-
phene, carbon nanotubes, polypyrrole, polyaniline, PEDOT:PSS can be
combined with the polymer networks of hydrogels. Table 21 summarizes
some examples of the nanocomposite hydrogels.

3.5. Supramolecular hydrogels

Supramolecular hydrogel networks are materials crosslinked by re-
versible non-covalent supramolecular interactions e.g. m—w stacking, hy-
drogen bonding, metal coordination, ionic interactions, and hydrophobic
interactions. Supramolecular hydrogels can exhibit quite interesting and
significant properties originating from their dynamic nature, such as
bioadhesive [965,1456,1457], self-healing [1458,1459], stimuli-respon-
siveness [1460-1462], adaptability [1463], and molecular recognition
[1464,1465]. One good example is the cyclodextrin-based host — guest
supramolecular hydrogel systems [1466,1467], e.g. mixing the cyclodex-
trin- and azobenzene-modified hyaluronic acid [810] or PAA [1468]. For
the more detailed information of supramolecular hydrogels, we refer the
readers to some excellent reviews [1469-1474].

3.6. Stimuli-responsive hydrogels

Stimulus-responsive hydrogels are polymer networks that are able
to actively respond to a wide range of environmental stimuli e.g. light
[1145,1171,1173,1475], temperature [258,538,1476-1479], me-
chanics [801,826,1480], glucose [1151,1345,1481], enzyme
[1184,1199,1482,1483], pH [571,1484,1485] and so forth. One re-
presentative examlpe is the thermosensitive hydrogels that can undergo
reversible sol — gel transition as a response to temperature changes,
such as agarose, gelatin, PNIPAAm, etc. For the more detailed in-
formation of stimuli-responsive hydrogels, we refer the readers to some
excellent reviews [178,239,245,1486-1493].

4. 3D printing of hydrogels
4.1. Multifaceted considerations
4.1.1. Extracellular matrix mimics

Extracellular matrix is a complicated cell-centered microenviron-
ment that comprises proteins (collagen, elastin, laminin, fibronectin),

Table 19
Summaries of poly(vinyl alcohol) hydrogel.
Chemical modifications Cross-linking methods Properties Applications
Acrylation [1225,1226,1227,1228,1229] Physical cross-linking: freezing/thawing cycle Biocompatible Tissue regeneration: bone [1225], cartilage

Norbornene functionalization [1230,1231]

Todine modification [1226] induction [1239,1240]

[262], hydrogen bonding (tannic acid [1238]), PEG

[1251,1252]
Self-healable [1253]

[1255,1256,1257], meniscus [1258], nerve [1259],
vascular constructs [1260,1261], vocal cords

Tyramine functionalization
[1232,1233,1234]

Thiolation [1235]

Acrylamide functionalization [1236]
Heparinization [1237]

Chemical cross-linking: photo cross-linking
[1212,1241], free radical polymerization [1241],
glutaraldehyde [1242], click cross-linking
[1243,1244], borax [1245,1246]

Radiation cross-linking: electron beam
[1247,1248], gamma ray [1249,1250]

Non-degradable
[168,1226]
Transparent [1254]

[1262]

Delivery system: drugs [1263,1264], genes [1265],
growth factors [1239], proteins [1211]

Wound healing [1266]
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Table 20
Summaries of polymer composite hydrogels from the double-component blends of natural and synthetic polymers.
Polymer blends Examples
Natural-natural Polysaccharide-polysaccharide Gellan gum-carrageenan [1272]
Polysaccharide-glycosaminoglycan Dextran-hyaluronic acid [1273], dextran-heparin [1274], cellulose-hyaluronic acid [1275,1276,1277,1278],
chitosan — chondroitin sulfate [1279], alginate-chondroitin sulfate [1280], alginate — heparin [1281,1282],
chitosan-hyaluronic acid [1283,1284,1285,1286,1287,1288], pectin — hyaluronic acid [1289],
alginate-hyaluronic acid [1290]
Polysaccharide-polypeptide/protein Alginate-silk [1291], gellan gum — silk [1292], chitosan—collagen [1293,1294], alginate—collagen [1295],
alginate-gelatin [1296,1297,1298], cellulose-gelatin [1299], pectin-silk [1300]
Glycosaminoglycan—glycosaminoglycan Heparin — hyaluronic acid [1301,1302], hyaluronic acid—chondroitin sulfate [720]

Glycosaminoglycan-polypeptide/protein Chondroitin sulfate — collagen [718,1303,1304], hyaluronic acid — collagen
[718,1305,1306,1307,1308,1309,1310,1311,1312,1313], hyaluronic acid — elastin [1314,1315], hyaluronic
acid—fibrin [1316,1317], hyaluronic acid—silk [1318,1319], hyaluronic acid-gelatin [1320]

Polypeptide/protein—polypeptide/protein  Silk — collagen [1321,1322,1323], collagen-gelatin [1324], gelatin — elastin [1325], gelatin-silk
[1326,1327], silk-elastin [1328,1329,1330,1331,1332]

Natural-synthetic Polysaccharide-synthetic Alginate-PAAm [1333,1334,1335,1336,1337], gellan gum-PVA [1338], gellan gum — PEG [1339],

dextran — PEG [1340], chitosan-PAAm [1341], cellulose-PVA [1251,1342], chitosan-PVA [1343,1344,1345],
alginate-PVA [1346,1347,1348]

Glycosaminoglycan-synthetic Chondroitin sulfate-PEG [1349], heparin—-PEG
[757,760,761,771,792,1350,1351,1352,1353,1354,1355,1356,1357,1358,1359], heparin-PVA
[764,1360,1361,1362,1363,1364], hyaluronic acid-PEG [1365,1366], hyaluronic acid-PNIPAAm [1367],
hyaluronic acid-PNIPAAm [1368]

Polypeptide/protein—synthetic Silk-PEG [1369,1370,1371], silk-PVA [1372,1373,1374,1375], gelatin-PAAm [1376]

Synthetic-synthetic PVA-PAA [1377,1378], PAAm-PVA [1379]

Fig. 8. Five major ways for the fabrication of hydrogel-nanoparticle composites with uniform distribution. (A) Synthesizing hydrogels in the suspension of nano-
particles. (B) Physically incorporating nanoparticles into the hydrogel matrices after gelation. (C) In situ synthesis of nanoparticles from precursors embedded in the
hydrogel matrices after gelation. (D) Using the nanoparticles as cross-linker to generate hydrogels. (E) Fabricating the hydrogels using polymers, nanoparticles and
gelators.

Reproduced with permission [1417]. Copyright 2015, The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This is an open access article
under the terms of the Creative Commons Attribution License.
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Table 21
Summaries of nanocomposite hydrogels.
NPs Polymers Properties Applications Refs
Au k-Carrageenan Thermoresponsive, mechanical reinforcement Controlled drug release [1418]
Agarose Electrically conductive Catalysis [1419]
Hyaluronan Extrudable for 3D bioprinting Fibroblast remodeling [1420]
Gelatin Biodegradable Enhancing bone formation [1421]
Collagen Injectable, mechanical enhancement, shear-thinning, Combinatorial antitumor photothermal/photodynamic ~ [1422]
self-healing therapy
Silk Laser-induced heating, injectable, biocompatible Antibacterial treatment of focal infections [1423]
PAAm Electrically conductive Wearable pressure sensors [1424]
PNIPAAm Thermoresponsive, rapid self-healing, excellent Biomedicine, biosensors, molecular electronics, [1425,1426]
mechanical property engineering
Ag PVA Reusable robust carrier Catalysis [1427]
Alginate/PNIPAAm High stretchability, toughness, tissue adhesion, Adhesive dressings, wound healing [1428]
antimicrobial
Montmorillonite  Chitosan Electrostimulation-responsive Controlled drug release [1429]
Alginate, hyaluronic acid High osteointegration Bone regeneration [1430]
Methacrylated glycol Increased Young’s modulus, controlled degradation, Bone tissue engineering [1431]
chitosan promoted calvarial healing
Laponite Collagen Bioactive Bone tissue engineering [1432,1433]
PNIPAAm Excellent mechanical property, thermoresponsive Stimuli-responsive “smart” soft robots, sensors, [1434,1435]
bending property, transparent artificial muscles, tissue engineering
Hectorite PNIPAAm Extraordinary mechanical, optical, and swelling/de- Tissue engineering, drug delivery, sensors, artificial [1412,1436]
swelling properties muscles, microactuators
LDHs PAAm Ultrahigh tensibility, hierarchical porous structure Artificial muscles, biomedical devices, drug delivery [1437]
Silica Alginate, k-carrageenan, Tunable structural organization Biomaterials [1438]
PVA
PMO Alginate Controlled cell growth/migration Tissue engineering, regenerative medicine [1439,1440]
Fe304 PNIPAAm Thermosensitive, magnetically responsive, remote- Active components of micro/nanoscale devices, [1441,1442]
controlled biomaterials
GelMA Mechanically stiff Tissue engineering, protein/cell delivery [1443]
Graphene PAAm Improving biocompatibility, allowing neuronal adhesion ~ Neural interface of brain devices [1444]
Silk Tunable stiffness, bioactive Nerve regeneration [1445]
Elastin Light-controlled Actuators [1446]
Graphene oxide =~ PNIPAAm Photothermally sensitive, remote light-controlled Microfluidic devices, liquid microvalves [1447]
PAAm Tough, highly stretchable Mechanically robust materials [1448]
GelMA Tunable mechanical strength and electrical conductivity =~ 3D scaffold materials for tissue engineering [1449]
Nanocellulose Hyaluronic acid Injectable, mechanically stiff, cell supportive Promoting ASC spread and proliferation, tissue [1450]
engineering
PVA Highly transparent, good UV-blocking property Ophthalmic applications [1451,1452]
PAAmM Excellent mechanical and absorptive properties Hygiene products, biomedical devices [1453]
Gellan gum Mechanically reinforced, cell viability promotive Annulus fibrosus tissue regeneration [1454]
Polypyrrole Agarose Electronically conductive, self-healing, thermoplastic Electronic skin (e-skin) [1455]

glycosaminoglycans (sulfated heparin, chondroitin, keratin) and other
soluble molecules. Most of the glycosaminoglycans are attached to the
protein cores to generate proteoglycans. The glycosaminoglycans can
maintain necessary compressive resistance and sequester soluble mo-
lecules for cells and tissues. ECM can provide dynamic biochemical and
biophysical cues for the cell microenvironment, which is a critical de-
terminant of cell physiology and fate [162,1494,1495].

As the paradigm for representative in vitro cell culture model, cells and
tissues are quite often cultured on 2D substrates e.g. tissue culture plates or
flasks. However, from the perspective of cell biology, it has been de-
monstrated that cells and tissues cultured on 2D substrates cannot mimic
cell growth in vivo and express some tissue-specific genes or proteins that
are comparable to those at levels in vivo [159,161,1496]. In vivo, cells
grow in 3D with complex intercellular interactions, which has been en-
couraging a paradigm shift from the routine 2D cell culture model to
mimetic 3D cell culture microenvironment [1497-1500]. Cells are able to
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behave more natively when they are cultured in 3D microenvironment.
From the standpoint of tissue engineering, establishing a cell micro-
environment that can mimic the native ECM is highly desired and
meaningful to recapitulate in vivo milieu and replicate cell/tissue func-
tions in vitro. By mimicking ECM, hydrogels are capable of not only
supplying structural support for cell residence but also affording various
predefined biochemical (cytokines, growth factors, cell adhesion peptides,
etc) and biophysical (structures, stiffness, degradation, etc) cues for
modulating cell fate [128,1501-1503].

4.1.2. Scaffold designs

Since Robert Langer and colleagues pioneered in 1993 the concept
that combined therapeutic cells with polymeric matrices to regenerate/
reconstruct damaged tissues and organs [1504], this research field has
witnessed the explosive development of new materials and structures
for tissue-engineered scaffolds. Ideally, scaffold designs should meet the
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Fig. 9. (A) Schematic illustration of the coaxial nozzle-assisted 3D printing/bioprinting system. (B) Photographs of the printed 3D alginate constructs with built-in

microchannels: (a) hollow cylinder, (b) grid, (c¢) cuboid and (d) hemispheroid.
Reproduced with permission [1509]. Copyright 2015, Elsevier Ltd.

following requirements: (1) A scaffold should be highly porous 3D
construct with interconnected pore network. The structure parameters
(pore size and distribution, pore shape and orientation, specific surface
area, pore interconnectivity, etc) should be optimized for migration and
growth of cells and mass transfer of nutrients, oxygen molecules and
metabolic waste [1505]; (2) The materials for scaffold designs should
be biocompatible and biodegradable in a tailorable way so as to match
the dynamic growth needs of different cells and tissues ex vivo and in
vivo [1506]; (3) The scaffolds should have suitable surface physical
and/or chemical cues for cell attachment, spread, proliferation and
differentiation [127,130,1507]; and (4) A scaffold should be able to
supply appropriate mechanical properties (strength, toughness, elastic
stiffness, etc) that meet the needs of different cell types or match those
of the surrounding tissues at implantation sites [139,145,175]. Such
mechanical cues are preferentially dynamic and tunable at different
phases of cell/tissue growth.

4.1.3. Cross-linking and printability

Whether a hydrogel material is suitable for a specific 3D printing
technique is majorly dependent on its physicochemical properties when
using the respective 3D printer. To think about the printability of a
hydrogel material, two determinant factors are the rheological
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properties (viscosity, shear thinning, yield stress) and cross-linking
mechanisms (physical cross-linking, chemical cross-linking). For phy-
sical hydrogels, the cross-linking process can be done during printing or
after the printing. Here we take the alginate hydrogel system as an
example. Pure alginate inks in the form of low concentration sols
(<6wt%) tend to diffuse after 3D printing through the nozzles and
cause deformation of the whole 3D structure due to the low mechanical
strength [1508]. To tackle this problem, He and colleagues printed al-
ginate sols (2~5wt%) into CaCl, solution to maintain the structural
integrity of whole 3D scaffolds during the printing process [1509].
Using a coaxial nozzle, the team were able to fabricate high strength 3D
hydrogel constructs with built-in microchannels, as illustrated in Fig. 9.

The viscosity of a polymeric solution or blended paste, such as a
hydrogel precursor, is mainly dependent on the concentration and
molecular weight of the polymer/precursor in solution. To enhance the
printability of alginate sol, Schiitz et al. [1510] developed an ink ma-
terial composed of 3 % alginate and 9 % methylcellulose suitable for
both 3D printing and bioprinting processes. The addition of methyl-
cellulose lead to strongly increased viscosity of the alginate solution,
which thereby allowed accurate and easy deposition and cross-linking
with CaCl, after the printing process. Methylcellulose can be released
from the printed scaffolds in solution, generating the constructs with
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high elasticity and stability and increased microporosity. Similarly, the
same group also formulated a blended paste of 16.7 % alginate and 6 %
PVA, which significantly improved the viscosity of the paste for direct
3D printing of stable and regular scaffolds including vasculature-like
constructs through a core/shell nozzle tip [1511].

In spite of the printability-favoring constant viscosity from reversible
interactions and favorable compatibility with biologic systems, the major
disadvantage of the physically cross-linked hydrogels is their lack of me-
chanical properties, probably causing the stability issues and handling dif-
ficulties of the printed scaffolds. In this context, increasing efforts have been
focusing on an elaborate combination of the weak reversible interactions
from physical cross-linking and the stable covalent bonds from chemical
cross-linking during and/or after printing, as discussed in section 3.1,
thereby capable of promoting the mechanical and handling properties of the
printed hydrogel constructs. The chemical cross-linking is mainly used for
stabilising the fabricated hydrogel constructs after 3D printing. For this
purpose, the polymer precursors of hydrogels can be modified with pho-
topolymerisable functional groups e.g. acrylate, diacrylate, methacrylate,
methacrylamide, and in this case the fabricated constructs are irradiated by
UV light immediately after printing. Such examples include single compo-
nent ink materials e.g. PEGMA [1512], GelMA [1513], two-component ink
materials e.g. hyaluronic acid/dextran methacrylate [1514], PEGDA/algi-
nate [1515], etc. Burdick and colleagues [1516] introduced methacrylates
into hyaluronic acid macromers, which were thereafter modified with ei-
ther adamantane (Ad) or p-cyclodextrin (B-CD) moieties. These
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modifications produced the ink components Ad-MeHA and CD-MeHA.
When mixed together, they can yield the HA-based hydrogel networks
through both supramolecular bonding (i.e. intermolecular guest-host bonds
between Ad and (3-CD moieties) for dynamic bonding, shear-thinning, self-
healing and supporting and covalent cross-linking for mechanical stabilising
via UV light induced photopolymerization. Due to such a design, the ink
materials can be directly printed into self-healable 3D hydrogel structures
(Fig. 10), thereby holding potentials for 3D printing of multimaterials and
complex constructs at high resolution even with open channels.

4.2. Biomaterial ink selection

4.2.1. Definition of biomaterial inks

According to a recent paper by Groll et al. [153], the term bioma-
terial inks are defined as “(bio-)materials that can be printed and sub-
sequently seeded with cells after printing, but not directly formulated
with cells”. Representative examples of such inks cover a wide range of
biomaterials including metals, ceramics, cements, glasses, non-de-
gradable polymers (polyetheretherketone (PEEK) [1517], polytetra-
fluoroethylene (PTFE), silicone [1518], etc), biodegradable thermo-
plastics (polycaprolactone (PCL) [1519], polylactide-co-glycolide
(PLGA) [1520], etc), hydrogel-forming natural polymers (alginate, silk,
etc) and synthetic polymers (PAA, PEG, etc), as well as sacrificial ma-
terials (PVA [1511], MC [1510], etc), support materials (PCL [1521],
calcium phosphate cement [1522], etc) and lithography-based resins

Fig. 10. 3D Printing of self-healing MeHA hydrogels with guest-host bonds. (A) Hyaluronic acid modification. (B) Printing of the channels. (C) Printing of the self-

supporting architectures.

Reproduced with permission [1516]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 22

Summaries of reported single component hydrogel inks for 3D printing.
3D printing techniques Biomaterial inks Applications Refs
Extrusion printing Chitosan Tissue engineering, drug delivery [1524]
3D plotting Nanocellulose Wound healing, regeneration and tissue repair [1525]
Extrusion printing Chondroitin sulfate Cartilage regeneration [1526]
3D plotting Collagen Adipose and bone tissue engineering [1527]
Stereolithography PEGDA Tissue engineering [1528]
Laser jet printing PEGDA Tissue engineering, formation of immobilized cell and protein arrays [1529]
Stereolithography GelMA Bone replacement materials [1530]
2PP PEGDA Tissue constructs, artificial ECM [221]

[1523]. covalent bonds, the GelMA hydrogels can not only exhibit enhanced

4.2.2. Design of biomaterial inks

In accordance with the above discussed in section 3, we here mainly
focus on the following five types of biomaterial inks: (i) single com-
ponent hydrogels, (ii) IPN hydrogels, (iii) supermolecular hydrogels,
(iv) nanocomposite hydrogels, and (v) multimaterial inks. Besides, the
components of hydrogels including polymers, prepolymers and nano-
particles can be chemically modified to meet specific needs for ink
formulations and 3D printing.

4.2.2.1. Single component hydrogel inks. Just as its name implies, single
component hydrogel inks refer to biomaterial inks made of only one
component of hydrogel or hydrogel precursor, ranging from natural
polymer hydrogels to synthetic polymer hydrogels as discussed in
section 3.2 and 3.3, respectively. Table 22 lists the summaries of
examples of reported single component hydrogel inks for 3D printing.

4.2.2.2. IPN hydrogel inks. The IPN hydrogel inks refer to biomaterial
inks made of composite hydrogels or precursors with polymer networks
thereof physically interweaved with each other (see section 3.4.1).
compared with the single component hydrogel inks, IPN hydrogel inks
can yield 3D scaffolds/constructs with improved toughness and fracture
strength. Table 23 lists the summaries of examples of reported IPN
hydrogel inks for 3D printing.

4.2.2.3. Supermolecular hydrogel inks. To meet practical application
requirements in tissue engineering fields, hydrogels should be able to
provide sufficient mechanical strength. Especially in the case of
dynamic/cyclic loading and repeated deformation, hydrogel materials
are expected to self-repair, self-heal and survive to maintain mechanical
integrity. For this purpose, one strategy is to develop the
supermolecular hydrogel inks. Table 24 lists the summaries of
examples of reported supermolecular hydrogel inks for 3D printing.
Recently, Wang and colleagues [1539] developed a novel host-guest
supramolecule (HGSM) on the basis of inclusion reaction between
cyclodextrin (CD) and adamantane (Ad), which can be utilised as
multifunctional crosslinkers to cross-link GelMA during hydrogel
formation. The produced hydrogel matrices are composed of physical
noncovalent bonds incorporated into covalently cross-linked networks.

mechanical strength and maintain excellent biocompatibility, but also
show self-healing and 3D printability as ink materials (Fig. 11).

4.2.2.4. Nanocomposite hydrogel inks. Nanocomposite hydrogel inks
refer to engineered nanocomposite hydrogels or hydrogel precursors
that are suitable for 3D printing. As discussed in section 3.4.2,
dependent on the types of incorporated nanoparticles, the hydrogel
matrices can obtain different physical, chemical and biological
properties. Table 25 lists the summaries of examples of reported
nanocomposite hydrogel inks for 3D printing. Hong and colleagues
[1544] developed a nanocomposite hydrogel ink composed of
biocompatible sodium alginate, PEGDA and nanoclay materials. The
formulated hydrogel inks can allow direct 3D printing of highly
stretchable and tough hydrogels into complex constructs, which first
demonstrated the 3D printability of tough hydrogels and the suitability
for long-term cell culture.

4.2.2.5. Multimaterial inks. Multimaterial inks have been widely
explored to remedy the shortcomings of single component hydrogel
inks. Having all the advantages of additive manufacturing,
Multimaterial 3D printing can create complex constructs with defined
geometries and desired functionalities [48]. In addition, different from
IPN hydrogels in which polymer components are physically inter-
entangled, the polymer networks of multimaterial hydrogels can be
cross-linked together e.g. by amine—carboxylic acid coupling [1553].
Such printing examples include PEGDMA/PEGDA + PEG-RGDS ink
through stereolithography [1554], agarose + SWCNT/PVP through
extrusion printing [1555], alginate/methylcellulose + CPC through
3D plotting [1522], alginate/gellan gum + CPC through 3D plotting
[1556].

4.3. Advances in 3D printing of hydrogels

4.3.1. New 3D printing techniques

3D printing techniques are increasingly applied to manufacture
multicomponent, multimaterial and end-use products [54]. To over-
come existing limitations and tackle new challenges, new additive
manufacturing techniques are being developed to meet different user-
specific requirements. When stereolithography is carried out above an

Through this combination of weak noncovalent interactions and strong oxygen-permeable build window, Continuous Liquid Interface

Table 23

Summaries of reported IPN hydrogel inks for 3D printing.
3D printing techniques Biomaterial inks Applications Refs
Stereolithography GelMA/PEGDA Engineered nerve guidance conduits for repairing peripheral nerve injuries [1531]
Extrusion printing Gelatin/alginate Tissue engineering [1532]
3D plotting Gelatin/alginate Osteochondral tissue regeneration [1533]
Extrusion printing Gelatin/Hyaluronan Traumatic brain injury repair [1534]
3D plotting Gelatin/agar Tissue engineering [1535]
3D plotting Alginate/PAAm Artificial tendons [1536]
3D plotting Alginate/gellan gum Tissue engineering [1537]
Extrusion printing PVA/x-carrageenan Tissue engineering, drug delivery, bone regeneration [1538]
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Table 24

Summaries of reported supermolecular hydrogel inks for 3D printing.
3D printing techniques ~ Biomaterial inks Applications Refs
3D plotting Ad- and CD-modified crosslinkers/GelMA Tissue engineering, soft tissue repair [1539]
Extrusion printing HA-PNIPAAm/MeHA Cartilage engineering [1540]
Extrusion printing Ad-HA/CD-HA, Ad-MeHA/CD-MeHA Cartilage and cardiac tissue engineering  [808]
Extrusion printing N-acryloyl 2-glycine/GelMA Osteochondral regeneration [1541]
Extrusion printing Ad-HA/CD-HA, Ad-MeHA/CD-MeHA Tissue engineering [1516,1542]
Extrusion printing N-acryloyl glycinamide/N-acryloyl glycinamide-co-N-[tris(hydroxymethyl) methyl] Osteochondral defect repair [1543]

acrylamide

Fig. 11. 3D printing of self-healing GeIMA hydrogels with host—guest interactions. (A) Schematic of HGSM synthesis. (B) Photos of HGGelMA and GelMA hydrogel
samples. (C) 3D printing of HGGelMA hydrogel scaffolds.
Reproduced with permission [1539]. Copyright 2019, The Royal Society of Chemistry.
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Table 25

Summaries of reported nanocomposite hydrogel inks for 3D printing.
3D printing techniques Matrix materials Nanoparticles Applications Refs
3D plotting Alginate dialdehyde/gelatin Bioactive glass Bone tissue engineering [1545]
Extrusion printing PVA Au Optical filters [1546]
3D plotting N-acryloyl glycinamide Laponite Bone regeneration [1547]
Extrusion printing GelMA Laponite Bone tissue engineering [1433]
3D plotting Methacrylated chitosan Graphene oxide Tissue engineering [1548]
3D plotting Thiolated hyaluronan Au Vessel and duct tissue engineering [1420]
Stereolithography PEGDA Hydroxyapatite Breast cancer bone metastasis model, drug sensitivity assessment [1549]
Stereolithography PEGDA Hydroxyapatite Osteochondral regeneration [1550]
Extrusion printing PEGDA, alginate, gelatin Laponite Tissue engineering [1551]
3D plotting Alginate/methylcellulose Laponite Skeletal tissue engineering [1552]
Extrusion printing Alginate/PEGDA Laponite Tissue engineering [1544]

Production (CLIP) can be achieved through generating an oxygen-
containing “dead zone”, a thin uncured liquid layer that can con-
tinuously provide raw ink materials to ensure the continuity of the
whole printing process (Fig. 12A-B) [1557]. Taylor and colleagues
[1558] recently demonstrated a rapid volumetric additive manu-
facturing method i.e. Computed Axial Lithography (CAL) by illumi-
nating a rotating volume of photopolymer within dynamically evolving
light field, which allowed the concurrent 3D printing of entire complex
constructs and circumvented the need for layer-by-layer (Fig. 12C-J).
This method enables printing components that encase pre-existing solid
conctructs for multimaterial fabrication. By using the capacitor edge
effect, a complete 3D printing system was established for patterning
liquids with 100 pm resolution applicable to a wide range of hydrogels
[1559]. Recently, Lewis and colleagues [1560] reported the design and
creation of voxelated soft matter through multimaterial multinozzle 3D
(MM3D) printing (Fig. 12K-L) that can program the material compo-
nent, structure and function at voxel scale. On the basis of diode-like
behavior, the MM3D printheads enable seamless high-frequency
switching among multiple viscoelastic materials (up to 8 different
materials) to generate voxels with the volume close to that of nozzle
diameter cubed. This work demonstrates a powerful strategy to create
voxelated soft matter with MM3D printing, which would exclude per-
iodicity restraints from present printhead design and meanwhile im-
prove feature resolution and reduce fabrication time.

4.3.2. 4D printing of hydrogels

4.3.2.1. Definition of 4D printing. The concept of 4D printing was first
introduced in 2013 by Skylar Tibbits [1561,1562], in which the fourth
dimension means time. Since then, 4D printing has developed into a
novel and thrilling branch of the well-established 3D printing and has
been increasingly attracting attentions from scientists and engineers
from a wide range of research fields e.g. intelligent materials and
biomedical engineering. The central feature of 4D printing is the
printed objects are able to reshape over time rather than remain
static in an active and programmable way, possibly coupled with
function evolvement. By now, there is no standard definition given
for 4D printing. Here, we give a definition by Miao and colleagues
[192]: “3D printing of objects which can, immediately after printing,
self-transform in form or function when exposed to a predetermined
stimulus, including osmotic pressure, exposure to heat, current,
ultraviolet light, or other energy sources”. Active materials for 4D
printing cover a broad range including shape memory materials (e.g.
shape memory polymers, shape memory alloys), dielectric elastomers,
photoactive polymers, liquid crystal elastomers and stimuli-responsive
hydrogels as well as active composite materials, which have been
attempted to manufacture wearable devices, biomedical devices,
artificial muscles and other intelligent products [1563]. For the more
detailed information of 4D printing, we refer the readers to some
excellent review papers [192,193,1563,1564].

4.3.2.2. Hydrogel-based 4D printing. In this review paper, we will
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mainly focus on the hydrogel-based 4D printing. For 4D printing
hydrogels, hydrogel materials are generally integrated with non-
swelling polymer or filament components. When the printed
constructs are soaked into certain solvent, the hydrogel parts will
swell and produce mismatch strains between the two components,
thereby resulting in the shape global deformation due to asymmetrical
swelling with no need for further programming after the printing.
Through elaborate composite strategies, these 4D printed architectures
can acquire tunable mechanical strength and other functional
properties. Table 26 lists the summaries of reported hydrogel-based
materials for 4D printing.

Programmable shape-changing systems can be widely found in the
nature. One representative example is the nastic plant motions, in
which plant organs e.g. flowers and leaves can make response to var-
ious environmental stimuli (touch, light, humidity, etc) and alter in-
terior turgor to yield anisotropic and asymmetric distribution of tissue
components and microstructures of plant cell walls, thereby leading to
the dynamic changes of morphology or conformation. Inspired by
nature, Lewis and colleagues [1566] recently demonstrated the pro-
grammable 4D printing of plant-mimetic complex architectures capable
of morphing shape and generating complicated 3D morphology when
soaking in water (Fig. 13). The nanocomposite hydrogel inks were
formulated from stiff cellulose nanofibrils and soft acrylamide matrix to
imitate the compositions of plant cell walls. The added nanoclay par-
ticles served as the rheological aid and resulted in desired viscoelastic
property for direct ink writing. Due to the predefined alignment of
cellulose nanofibrils, the 4D printed hydrogel constructs were endowed
with localised anisotropic swelling property.

The 4D printable inks can be formulated from single active material,
multiple active materials or even the combination of active materials
and non-active materials (termed active composite materials
[1571,1572]) for the manufacturing of shape-morphing architectures.
The multimaterial 4D printing can impart more versatile shape de-
formations to the fabricated structures. Fig. 14 shows some examples of
using single-material or multimaterial 4D printing to fabricate fully soft
robots or other shape-shifting objects. In regard to the non-active ma-
terials, with precise control of internal stress, it is also possible to
achieve the intended shape changes [1573,1574]. An alternative design
strategy is based on the self-folding origami mechanism, which enables
the 4D printing for shape-deforming of the flat materials into complex
3D architectures with desired configurations [1575,1576].

5. 3D bioprinting of cell-laden hydrogels
5.1. Multifaceted considerations

5.1.1. Definition of bioinks

Bioinks are very different from biomaterial inks. To be competent as
a bioink, a biomaterial should act as a cell-laden medium/matrix during
the formulation and printing. By definition from Groll and colleagues
[153], bioinks refer to “a formulation of cells suitable for processing by
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an automated biofabrication technology that may also contain biolo-
gically active components and biomaterials”. Representative bioinks for
3D bioprinting may contain hydrogels or hydrogel precursors, decel-
lularized matrices, separate cells, cell microcarriers, cell/tissue spher-
oids, mini-tissues, organoids [1579] and/or bioactive molecules e.g.
adhesive peptides (RGD, KRSR, etc), growth factors (VEGF, TGF-p, etc),
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proteins (BMP-2, etc), cytokines (IL-4, etc), miRNA, DNA, etc. With
regard to the types of selected cells, they can be human cells, animal
cells, plant cells, microalgae, fungi cells, bacteria and a combination
thereof. As a focus of this review, hydrogels are considered the most
outstanding class of biomaterials for bioinks due to their tailorable
physical, chemical, biological properties that can facilitate the use of

(caption on next page)
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Fig. 12. Examples of some recently developed 3D printing techniques. (a-b) CLIP. (A) Schematic diagram to elucidate the working principle of CLIP printer in which
the gyroid part is created continuously by simultaneously elevating build support plate and altering 2D cross-sectional UV images from imaging unit. (B) Eiffel Tower
model, 10 cm tall. Reproduced with permission [1557]. Copyright 2015, American Association for the Advancement of Science. (C-J) CAL. (C) Patterned illumination
from different directions can deliver a computed 3D exposure dose to a photopolymer. (D) Schematic diagram to elucidate the working principle of CAL printer. (E)
Sequential view of the build volume (scale bar 10 mm) during CAL printing. (F) The 3D construct (40 mm tall) in (E) after rinsing away uncured photopolymer. (G)
Airplane with sharp wing tips and overhanging wings. (H) Donut with smooth surface finish printed in highly deformable GeIMA hydrogel. (I) Over-printing of 3D
parts around pre-existing solid objects. (J) Example of a screwdriver handle printed by CAL to encase a metal shaft. Reproduced with permission [1558]. Copyright
2019, American Association for the Advancement of Science. (K-L) MM3D printing. (K) Multimaterial multinozzle 3D (MM3D) printheads. (a) Schematic of voxelated
constructs through MM3D printing. (b-c) Photographs of the MM3D printheads. (d) Schematic of MM3D printhead operation. (e) Voxelated matter created by MM3D
printing. (L) MM3D printing of voxelated soft matter. (a—b) Parallel printing of arbitrary pattern in wax (white) and silicone (black) with 8 x 1 two-material MM3D
printhead. (c—d) Printing silicone spiral patterns with 8 X 1 four-material MM3D printhead. Reproduced with permission [1560]. Copyright 2019, The Authors,

under exclusive licence to Springer Nature Limited 2019.

bioinks for 3D printing process and provide favorable extracellular
microenvironment for various cell functions e.g. attachment, migration,
proliferation and differentiation of encapsulated cells in 3D constructs
(bioconstructs).

5.1.2. Bioprinting window

For the more detailed information on the rapidly developed 3D
bioprinting field, we first refer the readers to some excellent reviews
[10,11,13,1580]. Recapitulation of the hierarchically complex natural
tissues in cell-laden 3D constructs is very attractive and meaningful for
fabricating functional tissue/organ analogues for a wide range of bio-
medical applications. Both biopolymer hydrogels and synthetic polymer
hydrogels have been extensively developed for formulating bioinks for
3D bioprinting, however, the formulation of bioinks requires a com-
promise between bioink printability and cell viability to enable the
fabrication of complicated tissue- or organ-like constructs with high
shape fidelity and resolution, which limits a narrow boundary for the
use of hydrogels (Fig. 15). This is the concept termed bioprinting
window or biofabrication window by researchers [185,1581].

5.1.3. Printability and biocompatibility

When formulating bioinks for 3D bioprinting, many factors should
be deliberately taken into consideration to balance the printability and
biocompatibility. Similar to that of biomaterial inks, the printability of
bioinks is determined by the bioink rheological properties, cross-linking
mechanisms and 3D printing parameters. In this section, we will focus
on several main factors as follows.

(1) Material properties of bioinks: As will be further discussed in next
section, both natural and synthetic polymers or prepolymers can be
used to prepare hydrogels for bioink formulations. The composi-
tions, structures, processability and properties of hydrogel materials
are dependent on the types of used hydrogel precursors (polymers
or prepolymers), precursor molecular weight, precursor con-
centration in bioinks and other added components e.g. nano-
particles. These variants will affect the rheological properties of the
formulated bioinks. In materials science, the term rheology is the
investigation of flow and deformation of materials (liquids, soft
solids, solids) under the external condition of applied stress/force.
Similar to 3D printing process (see section 4.1.3), important rheo-
logical parameters for printability in 3D bioprinting process are
viscosity, shear thinning and yield stress. Viscosity is the resistance

of a fluid to flow when applying stress, which can be tailored by
changing precursor concentration and molecular weight as well as
temperature; it can allow uniform cell encapsulation and retard
collapse of printed structures. Shear thinning is a non-Newtonian
behaviour of viscosity decreasing along with shear rate increasing,
which is very important for the injectability, extrudability and
printability of hydrogel materials. Yield stress refers to the stress
that should be surmounted for the flow initiation of bioinks. In
addition, viscoelasticity is also an important property for protecting
cells from shear stress during the printing (e.g. extrusion) process.

(2) Cross-linking in the presence of cells: Both physical and chemical
cross-linking methods are applicable to 3D bioprinting process. No
matter prior to, during or after the 3D bioprinting, the solutoins/
sols/pastes of hydrogels or hydrogel precursors will be physically
and/or chemically cross-linked for gelation. In this context, it is
inevitable for the encapsulated cells to suffer from this cross-linking
procedure. Therefore, it is highly necessary to evaluate the cyto-
compatibility of the different cross-linking mechanisms (see section
3.1) with the embedded cells. Physical cross-linking methods are
the most widely adopted due to their mild treatment and reversible
gelation. Nevertheless, the printed bioconstructs are prone to me-
chanically weak and unstable, which is disadvantageous for long-
term culture in vitro and in vivo. Chemical cross-linking methods
can also be used for the gelation of bioinks, among which the UV
cross-linking is the most commonly applied treatment for bioink
gelation and cell encapsulation.

(3) 3D bioprinting parameters: The major bioprinting parameters in-
clude extrusion pressure, nozzle diameter, dispensing speed, bio-
printing speed and biofabrication time. They must be flexibly op-
timised during 3D bioprinting process for optimal bioprinting
outputs including the diameter, uniformity, precise placement and
spacing distance of filaments and balanced with the post-printing
viability of encapsulated cells. Biofabrication time determines the
exposure duration of embedded cells to bioprinting conditions and
too long bioprinting time will reduce the cell viability.

(4) Cell viability and biocompatibility: The 3D printed bioconstructs
are expected to provide non-toxic or promotive excellular micro-
environment for various embedded cell functions such as cell ad-
hesion, migration, signaling, proliferation and differentiation. In
addition, these printed bioconstructs should be able to avoid ad-
verse immune responses or even elicit beneficial im-
munomodulatory functions when using them for in vivo

Table 26

Summaries of reported hydrogel-based materials for 4D printing.
Printing techniques Materials Applications Refs
3D plotting Alginate/PNIPAAm Hydrogel actuators, sensors, soft robots, medical devices [1565]
Extrusion printing PDMAAm/PNIPAAm, cellulose nanofibrils, Laponite Tissue engineering, biomedical devices, soft robotics [1566]
Extrusion printing Polyurethane/PHEMA, polyurethane/PNIPAAm Foldable robots, electronics, biomedical devices [1567]
Extrusion printing PAAm/PNaAMPS/Laponite, Ecoflex/nanosilica Soft devices for medicine and engineering [1568]
Stereolithography PEGDA/PHEMA/2-(2-methoxyethoxy) ethyl methacrylate (MEO,MA) Soft robotics, tissue engineering, actuators [1569]
Stereolithography PNIPAAm, poly(2-carboxyethylacrylate) (PCEA) Hydrogel actuators [1570]
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Fig. 13. Programmable localised anisotropy through biomimetic 4D printing: (A) Diagram of shear-induced one-step alignment of cellulose fibrils while printing
composite hydrogel inks. (B) Distribution imaging of cellulose fibrils (blue) in the casted isotropic and the printed unidirectional and patterned specimens. (C)
Complex flower morphologies fabricated by biomimetic 4D printing. (a) 90°/0° bilayer. (b) —45°/45° bilayer. (c) Print path, (d) printed structure and (e) swollen

structure of a flower inspired by (f) Dendrobium helix.

Reproduced with permission [1566]. Copyright 2016, Nature Publishing Group.

investigation.

(5) Mechanical integrity and stability of printed bioconstructs: The
formulated bioinks should ensure the high fidelity of the printed
bioconstructs during and after the bioprinting process to maintain
the structure, size, resolution and shape stability of the cell-laden
bioconstructs for a desired period of time.

(6) Biodegradability of bioinks and printed bioconstructs: The sa-
tisfactory biodegradability and degradation rate of bioinks can
promote the ECM production and remodeling of encapsulated cells
in the printed bioconstructs.

(7) Biochemical and biophysical cues of bioinks: By definition in sec-
tion 5.1.1, bioinks can contain various bioactive components such
as growth factors, proteins, drugs and cytokines. In addition, the

stiffness and elasticity of bioink materials can also be tailored by
formulations to regulate cell differentiation toward different
lineages according to the need given the fact that ECM elasticity
and stiffness hold the potential to direct cell fate [1071,1582].
Material biomimicry of bioinks: One should keep in mind that when
formulating the bioinks for 3D bioprinting, designing the desirable
material properties (structures, compositions, mechanics, func-
tionalities, dynamic state, etc) should be on the basis of tissue- or
organ-specifc endogenetic material components [13].

(8

—

5.2. Selection and design of bioinks
Similar to the classifications of biomaterial inks, in this section we
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Fig. 14. Multimaterial 4D printing of an octobot: (A) Entirely soft autonomous robot design and fabrication. (B) The oscillator of soft controller trigger octobot to
alternate between the blue (1) and red (2) actuation states. (C) Images of the octobot actuation autonomously alternating between the blue (1) and red (2) actuation
states. Reproduced with permission [1577]. Copyright 2016, Nature Publishing Group. (D) Single-material 4D printing of Eiffel tower. (E) Sequential shape recovery
of a flower from multimaterial 4D printing. Reproduced with permission [1578]. Copyright 2016, The Authors. This work is licensed under a Creative Commons

Attribution 4.0 International License.

will mainly focus on five types of hydrogel-based bioinks (i.e. hydrogel
materials + cells): single component bioinks, IPN bioinks, supramole-
cular bioinks, nanocomposite bioinks and multimaterial bioinks. For
the more general information of bioink formulations for 3D bioprinting,
we refer the readers to some excellent review papers
[187,189,190,1583-1586].

5.2.1. Single component bioinks
The single component bioinks refer to bioink formulations of the
single component hydrogels or hydrogel precursors and the
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encapsulated cells (i.e. single component bioinks = single component
hydrogel materials + cells). Single component hydrogel inks have been
well formulated with cells for 3D bioprinting. Representative examples
of such established hydrogel systems include alginate-based and ge-
latin-based bioinks. To improve printability, one can increase the
polymer concentration and cross-linking density in hydrogel networks.
However, these changes may cause harm to the encapsulated cells due
to the decrease in porosity, which has adverse effect on cell functions
(migration, proliferation, etc) and mass transfer (nutrients, oxygen,
etc). Table 27 lists the summaries of examples of reported single
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Fig. 15. The bioprinting window for the rational design of bioinks demands a
compromise between the printability of bioinks and the biocompatibility of
hydrogel constructs/scaffolds.

Adapted with permission [111]. Copyright 2016, Biomedical Engineering So-
ciety.

component bioinks for 3D bioprinting.

The human brain is an extremely complicated organ with various
layered tissue structures. Researchers have extensively attempted to
model and investigate the brain architecture through in vitro 2D cell
culture approaches. To more truly mimic the in vivo environment and
3D structure of neuronal tissues, Wallace and colleagues [646] devel-
oped a facile method to 3D bioprint brain-like layered structures using a
formulated bioink of RGD-modified gellan gum (RGD-GG) and primary
cortical neurons (Fig. 16). The bioink was optimised with no need for
massive bioprinting apparatus. The printed bioconstructs can support
neuron viability and neural network formation. Overall, these bio-
printed brain-like structures are expected to offer opportunities to

Materials Science & Engineering R 140 (2020) 100543

replicate in vitro more realistic 3D brain architecture and improve our
understanding of brain functions, brain injuries and neurodegenerative
diseases at a tissue or organ level.

5.2.2. IPN bioinks

The IPN bioinks refer to the bioink formultions of designed IPN
hydrogels or hydrogel precursors and encapsulated cells (i.e. IPN
bioinks = IPN hydrogel materials + cells). Table 28 lists the summaries
of examples of reported IPN bioinks for 3D bioprinting. To improve the
printability of mechanically robust DN hydrogels for 3D bioprinting,
the tough ionic-covalent entanglement (ICE) hydrogels, both physically
and chemically cross-linked, have been developed to meet the re-
quirements for 3D bioprinting process [1602]. Bakarich and colleagues
[1603] demonstrated that the ICE hydrogels of alginate and PAAm can
be manufactured through a coinstantaneous extrusion printing and in
situ photopolymerisation. The rheological properties of ink formula-
tions (alginate/acrylamide hydrogel precursors) were optimized to
enhance the printability. Recently, Zhao and colleagues [1544] for-
mulated an IPN hydrogel from covalently cross-linked PEG and ioni-
cally cross-linked alginate that can have high stretchability and
toughness and allow cell encapsulation for 3D bioprinting (Fig. 17).
These studies have demonstrated the potential of mechanically tough
ICE hydrogels for 3D bioprinting for tissue engineering purposes.

5.2.3. Supramolecular bioinks

The supramolecular bioinks refer to the bioink formulations of su-
pramolecular hydrogels or hydrogel precursors and encapsulated cells
(i.e. supramolecular bioinks = supramolecular hydrogel materials +
cells). The dynamic supramolecular interactions can impart distinct
advantages to supramolecular hydrogels for 3D bioprinting. First, in-
troducing these dynamic interactions will be able to promote print-
ability and productivity. Incorporating such supramolecular function-
alities can also offer tailorable surface structures to modulate
cell-scaffold interactions [1630]. Furthermore, the introduced supra-
molecular interactions in hydrogel scaffolds can contribute to favorable
mechanical properties. Duncan and colleagues [1631] designed a su-
pramolecular polypeptide-DNA hydrogel system allowing 3D bio-
printing. Designed cell-laden constructs can be printed through alter-
natively depositing two complementary bioink components A

Table 27
Summaries of reported single component bioinks for 3D bioprinting.

3D bioprinting techniques Ink materials Cells Applications Refs

3D bioplotting Alginate ATDC5 Cartilage tissue engineering [1587]

Solid freeform fabrication Alginate Rat heart endothelial cells Tissue engineering [1581]

Extrusion bioprinting Alginate 1929 mouse fibroblasts Vascular tissue engineering [1509]

Extrusion bioprinting Norbornene modified Mouse 1929 fibroblasts Tissue engineering [1588]

alginate

Extrusion bioprinting Collagen NIH 3T3 fibroblasts Tissue engineering [1589]

Extrusion bioprinting Collagen Bovine fibrochondrocytes Soft tissue implants, cartilage tissue engineering [1590]

Extrusion bioprinting Collagen Bovine primary articular Cartilage tissue engineering [1591]
chondrocytes

Extrusion bioprinting RGD modified gellan Mouse primary cortical neurons Brain-like structures for understanding of brain injuries [646]

gum and neurodegenerative diseases

Extrusion bioprinting Pectin methacrylate Human neonatal dermal fibroblasts Dermal tissue engineering [1592]

Extrusion bioprinting Pluronic F127 diacrylate Engineered E. coli Wearable devices [1593]

Digital light processing, extrusion bioprinting Allylated gelatin Human articular chondrocytes Chondrogenic tissue engineering [1594]

Extrusion bioprinting Gelatin Vascular smooth muscle cells Vascular prosthesis [1595]

3D bioplotting GelMA Hepatocarcinoma HepG2 cells Tissue engineering [1513]

Extrusion bioprinting GelMA Human umbilical vein endothelial ~ Tissue engineering, pharmaceutical screening [1596]
cells (HUVECs)

2PP GelMA Human adipose-derived stem cells Tissue engineering [1597]

Extrusion bioprinting MeHA Human bone marrow-derived Bone regenerative medicine [1598]
mesenchymal stromal cells

3D bioplotting Spider silk Mouse BALB/3T3 fibroblasts Tissue engineering [1599]

Stereolithography PEGDA Human adipose-derived stem cells ~ Tissue engineering, tissue repair [1600]
(hADSCs)

Stereolithography PEGDMA Human dermal fibroblasts Tissue engineering [1601]

26
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Fig. 16. 3D bioprinting of layered brain-like structures. (A) The 3D bioprinting system inside a biosafety cabinet. (B) A 3D printed construct. The right side is a
diagram of the extrusion tip. (C) A representation of the six-layer brain structure in human cortex. (D) The proposed design for the artificial brain-like layered
structure. (E) The 3D bioprinting process to fabricate the brain-like layer structure, in which each colour stands for one layer. (F) Confocal microscopy images of
encapsulated neurons in each layer after culturing for 5 days. The image is coloured for neuron distribution through z-axis. (G) The enlarged view of the square area
in (F) indicates an axon penetrating into the adjacent layer. (Scale bars 100 pm).

Reproduced with permission [646]. Copyright 2015, Elsevier Ltd.

(polypeptide-DNA conjugate) and B (complementary DNA linker). The
self-healing and high mechanical strength allow printing millimeter-
scale constructs without collapse. The encapsulated cells in printed
bioconstructs can show normal cellular functions, indicating the fa-
vorable biocompatibility (Fig. 18). In the rapidly developing field of 3D
bioprinting, supramolecular bioinks on the basis of host-guest inter-
actions hold great promise for the two directions: (i) directly print
gradient bioconstructs, and (ii) first print different bioconstructs and
then self-assemble into more complex structures through molecular
recognition. In this way one can achieve modular bioprinting and Lego-
like assembly to reach larger and more complicated hydrogel-based
bioconstructs (e.g. various tissues, organs at real size) with controllable
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physical, chemical and cellular components at higher resolutions. With
regard to the concept of self-assembly, it can be applicable at all scales
and achieve flexible manufacturing of 3D material structures organised
on every scale, which is the distinct advantage that traditional manu-
facturing techniques do not have [1632]. Since the self-assembly pro-
cess is independent on instruments, its parallel large-scale high-effi-
ciency manufacturing can provide new ideas for 3D bioprinting with a
particular significance on controlled macro-assembly biofabrication.

5.2.4. Nanocomposite bioinks
Nanocomposite bioinks refer to the bioink formulations of na-
noengineered hydrogels or hydrogel precursors and encapsulated cells
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Fig. 17. 3D bioprinting of tough IPN hydrogels into cellularized constructs. (A) Diagram of the tough hydrogel made from covalently cross-linked PEG and ionically
cross-linked alginate. (B) Deformation of the hMSC (nuclei in blue, actin in green) encapsulated in the hydrogel matrix and stretched to different strains. (C) 3D
constructs printed with the hydrogel. Left to right: hollow cube, hemisphere, pyramid, twisted bundle, ear, nose. (D) A printed mesh with the hydrogel can undergo
cyclic mechanical stretch and recovery. (E) A printed pyramid can undergo 95 % compressive strain and original shape recovery after relaxation.

Reproduced with permission [1544]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(i.e. nanocomposite bioinks = hydrogel materials + nanoparticles +
cells). The incorporation of a small quantity of nanoparticles into the
hydrogel matrices can lead to dramatic changes in a variety of physical,
chemical and biological properties, offering many opportunities to
regulate printability, functionality, degradability and usability. Due to
the organic-inorganic composite feature, nanocomposite hydrogels
have been increasingly formulated with cells into advanced bioinks for
3D bioprinting process. Table 29 lists the summaries of examples of
reported nanocomposite bioinks for 3D bioprinting.

5.2.5. Multimaterial bioinks

Multimaterial bioinks refer to the bioink formulations of multiple
ink materials and encapsulated cells. For the types of ink materials, at
least one of them is the hydrogels or hydrogel precursors for cell en-
capsulation. Both multiple material types and multiple cell types can be
used to formulate the multimaterial bioinks. The primary challenge of
3D bioprinting is to reproduce the complex ECM microstructures and
multiple cell types at increasingly accurate high resolutions so as to
recapitulate the various biological functions of tissues and organs. This
demands the elaborate combinations of multimaterials and multiple cell
types to print complex 3D bioconstructs that possess multiple mor-
phological, structural, mechanical and functional compositions and

29

characteristics. Nowadays, multimaterial hydrogels are being increas-
ingly studied to surmount the limitation of single component hydrogels
for 3D bioprinting applications. Although bioprinting a brain analogue
does not mean it will develop into a real brain, multimaterial 3D bio-
printing makes a closer step to the ultimate dream. Examples of the
distinct advantages include: (i) establish gradient bioconstructs with
biomimetic structural and functional properties, (ii) achieve multilevel
mechanical match with surrounding tissues, (iii) combine multiple cell
types in one complex construct with location specificity through
printing multiple cell-laden hydrogels. Table 30 lists the summaries of
examples of reported multimaterial bioinks for 3D bioprinting.
Recently, Khademhosseini and colleagues [1647] developed a con-
tinuous multimaterial extrusion bioprinting platform with the distinct
ability to extrude coded multimaterial bioinks, whose reservoirs can be
switched fast and smoothly, allowing for the rapid fabrication of com-
plex tissue- and organ-like constructs (Fig. 19). With a wide range of
bioink formulations from shear-thinning to conductive hydrogel mate-
rials, they demonstrated the multimaterial bioprinter capable of fabri-
cating the miniaturized multiple cell-laden bioconstructs, gradient
constructs and multicomponent bioelectronics with strong capacities in
continuity and printing speed. Overall, this platform is expected to be
extended to a broad variety of bioinks and offer convenience for 3D
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Fig. 18. 3D bioprinting of supramolecular hydrogels. (A) Fabrication of supramolecular polypeptide-DNA hydrogels by mixing two-component bio-ink A and bio-ink
B. (B) 3D printing of the supramolecular hydrogels into various 3D constructs. (C) 3D printing of the hydrogels into arbitrarily designed 3D constructs that are
responsive to proteases and nucleases for degradation. (D) 3D bioprinting of the cell-laden hydrogel bioink. (E, F) 3D stack images of the encapsulated cells in printed
hydrogel scaffold stained in green and red. (G) Fluorescence image of a single cell in the printed scaffold. (H) Tracking of dynamic organelles and trajectories from

inside the cell in (G).

Reproduced with permission [1631]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

bioprinting of highly complicated bioconstructs and biomedical de-
vices.

Lewis and colleagues [1652] reported an approach for engineering
tissue constructs with vasculature, ECM and multiple cell types on the
basis of multimaterial 3D bioprinting (Fig. 20A-D). The engineered
bioconstructs can pave the way for screening drugs, studying angio-
genesis, wound healing and stem cell niches and hopefully fabricating
3D functional tissues and organs. Rutz and colleagues [1553] developed
bioink formulations from gelators (gelatin, GelMA, 4-arm PEG amine)
and chemical cross-linker (PEGX). The PEGX cross-linking can impart
tailorable viscosity and biodegradability without endangering cellular
activity (Fig. 20E-F). The PEGX bioinks are expected to 3D bioprint
tissue constructs that are more biomimetic, complicated and custo-
mized for tissue engineering applications.

5.3. Advances in hydrogel-based 3D bioprinting

5.3.1. New 3D bioprinting techniques

While developing a variety of advanced bioinks, researchers are also
devoting to the development of advaced 3D bioprinting methods. To
tackle the challenge of creating 3D vascularized constructs of

30

complexity and large size, Atala and colleagues [1655] developed a 3D
bioprinting system termed integrated tissue—organ printer (ITOP) cap-
able of fabricating human-scale tissue constructs with any shape,
structural integrity and microchannel incorporation (Fig. 21A-C). With
further development, the ITOP system can produce more complicated
tissues and organs for tissue engineering. Feinberg and colleagues
[1649] reported development of the 3D bioprinting technique named
freeform reversible embedding of suspended hydrogels (FRESH). The
FRESH system utilised the thermoreversible gelatin slurry support bath
to enable depositing hydrogels into 3D complex constructs. By ex-
truding and embedding hydrogel inks in the gelatin hydrogel support
bath, FRESH printing process can maintain the desired 3D structures
and remarkably boost bioink printability. Based on 3D imaging data,
the FRESH can 3D print complex bioconstructs such as explanted em-
bryonic chick heart with high printing fidelity and spatial resolution
(Fig. 21D-E). Despite requiring further investigation to achieve direct
3D bioprinting of intended tissues and organs, the FRESH technique
should be a catalyst in academic or commercial biofabrication labora-
tories to elicit breakthroughs for a variety of tissue engineering appli-
cations. Recently, Kong and colleagues [1659] presented an embedded
3D bioprinting strategy termed freeform reconfigurable embedded all-
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Fig. 19. Multimaterial 3D bioprinting. (A, B) Design of a digitally controlled multimaterial extrusion bioprinter with seven-channel printhead connected to re-
servoirs. (C) Sample code diagram for bioprinting single serpentine microfiber from 1 to 7 bioinks. (D) Photograph of the printed microfiber with the side view of the
end (right). (E) Bioprinting of the 2- and 3-layer cuboid blocks. (F) Bioprinting of blood vessel analogues with 2, 3 and 4 materials. (G) Bioprinting of a 7-layer
pyramid from different bioinks. (H) Bioprinting of the 3- and 10-layer blocks with 7 segments from different bioinks. (I) Bioprinting of human organ analogues from
multimaterial bioinks, including brain, lung, heart, liver, kidneys, pancreas, stomach, small/large intestines, bladder, prostate. (J-N) 3D side views of organ-like
structures: (J) brain, (K) lung vasculature, (L) kidney, (M) left atrium of heart, (N) bladder/prostate. Reproduced with permission [1647].

Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 20. Multimaterial bioinks for 3D bioprinting. (A) Diagram of a 3D bioprinting strategy to engineer tissue constructs with heterogeneous subunits. (B)
Fluorescence images of an engineered tissue construct. (C) Schematic side view of a heterogeneous engineered tissue construct. (D) Composite top view image of 3D
bioprinted tissue construct. Reproduced with permission [1652]. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) A multimaterial bioink
formulated with GelMA, PEG cross-linker and cells. (F) 3D bioprinted constructs support high cellular viability and proliferation. Reproduced with permission

[1553]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

multi-responsive intelligent architectures for nerve tissue engineering,
in which the stress-induced shape transformation was adopted to
accomplish 4D reprogrammability. Another 4D bioprinting approach
is based on the origami folding principle. By harnessing the cell traction
force as biological driving force, one can achieve the self-folding and
mass-production of various 3D cell-laden microstructures [1663],
holding promise for biotechnology applications and biomedical
devices. Last but not least, the shape chane in 4D bioprinting is
expected to exert dynamic mechanical stimuli to the encapsulated
cells and thus may be able to modulate cell fate e.g. adhesion, spread,
migration, proliferation and differentiation [1070,1071,1664].
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6. Emerging biomedical applications
6.1. Tissue engineering and regenerative medicine

Tissue engineering can apply the biology and engineering principles
to develop functional substitutes for replacing, repairing and re-
generating (3R) the lost, damaged or diseased tissues and organs. This
field has been rapidly expanding to tackle the donor tissue limitations
and transplant rejections. As detailed in section 4.1.2, scaffold designs
should be capable of creating complex 3D constructs with hierarchical
porous architectures and arbitrary anatomical shapes to achieve desired
mass transport and mechanical properties, thereby coupling mechanical
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Fig. 21. ITOP system: (A) Major units of the system. (B) Schematic of 3D bioprinted construct with multiple cell-laden hydrogels and PCL support. (C) CAD/CAM
process for 3D bioprinting of tissue- or organ-like structures. Reproduced with permission [1655]. Copyright 2016, Nature Publishing Group. FRESH system: (D)
Schematic FRESH process of extruding hydrogel inks, cross-linking in gelatin slurry support bath and releasing 3D construct by heating and melting gelatin. (E)
FRESH printed of an explanted embryonic chick heart. Reproduced with permission [1649]. Copyright 2015, The Authors, exclusive licensee American Association
for the Advancement of Science. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

functionality with tissue/organ regeneration. However, traditional
fabrication methods e.g. solvent casting, phase separation, gas foaming,
fiber bonding, freeze-drying and porogen leaching/particulate leaching
have limitations for scaffold designs with complex topology structures
and adequate mechanical properties [145]. As an advanced manu-
facturing technology with distinct advantages e.g. customizability and
precision, 3D printing is an increasingly powerful tool for researchers,
engineers and clinicians, and hold huge potential as an accelerator to
translate tissue engineering concepts into rapid, cheap and promising
clinical implementations.

6.1.1. Bone regeneration
Bone damages/defects caused by disease (e.g. osteoporosis), trauma
(e.g. bone fracture), surgical resection (e.g. bone tumor therapy) and
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congenital bone condition require regeneration and reconstruction by
customized substitutes (grafts) to repair the lost bone structure and
physiological function. By now, the most widely used ways to re-
generate bone defects (particularly large bone defects) include auto-
grafts and allografts. The use of autologous bone grafts is currently the
clinical gold standard for bone regeneration due to superior osteo-
conduction and osteoinduction; however, it suffers from the problems
like supply limitations and donor site complications [1665]. By con-
trast, bone allografts are the suboptimal choice owing to the wide
availability; nevertheless, problems like immune rejection, infectious
pathophoresis and decreased osteoinductivity may cause inferior bone
healing. Alternatively, various synthetic biomaterials have been de-
signed and developed as bone substitutes; nontheless, their structures
and compositions often require elaborate designs to mimic native bone
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Fig. 22. Entangled multivascular networks: (A-D) Adaptation of the 3D space-filling mathematical curves to the entangled vessel topologies in hydrogel. (E) The
tessellation of axial vessel along serpentine path. (F) Magnified images of the three rectangular areas in (E). Tidal ventilation and oxygenation: (G-H) Structural
design of a vascularized alveolar model topology in hydrogel (left) and image of the printed hydrogel during RBC perfusion and O, ventilation (right). (I) Schematic
of generative lung-mimetic design with distal lung subunit (upper) and image of the printed hydrogel during RBC perfusion and O, ventilation (lower).
Reproduced with permission [1660]. Copyright 2019, American Association for the Advancement of Science.

tissues to enable bone regeneration function. Therefore, novel concepts
and strategies for bone tissue engineering are urgently needed, among
which 3D printing/bioprinting is expected to fabricate bone-biomimetic
complex constructs having the anatomical characteristics of natural
bone tissues, thereby enhancing the bone regenerative ability
[1666,1667].

While engineering complex constructs for bone reconstruction and
regeneration through 3D printing/bioprinting, the following informa-
tion on bone structure and function should be fully taken into con-
sideration to enable biomimetic designs: (1) Bone is hierarchically
structured (Fig. 25) comprising macrostructures (cancellous bone,
cortical bone), microstructures (trabeculae), submicrostructures (la-
mellae), nanostructures (fibrillar collagen, embedded minerals) and
subnanostructures (minerals, proteins). (2) Bony hierarchical archi-
tectures provide mechanical function, guarantee mass exchange and
maintain cell activities [1668]. (3) Bony structure is dynamic and needs
dynamic modulation i.e. bone remodeling. (4) Bone tissues are highly
vascularized and linked with rich blood vessels in periosteum, allowing
active mass transfer e.g. oxygen, nutrients, wastes and blood cells with
the outside. (5) The organic unity of bony structure, host cells (e.g.
mesenchymal stem cells) and biomolecules endows bone tissues with
the intrinsic powerful self-healing, self-renewing and self-regenerating
capacity [1669].

Kang et al. [1655] adopted the home-made ITOP system to bio-
fabricate a mandible bone fragment with the similar shape and size for
traumatic facial reconstruction to meet the reconstruction requirements
of arbitrary-shape mandible bone defects (Fig. 26A). The bioinks were
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formulated with the composite hydrogel (gelatin/fibrinogen/HA/gly-
cerol) and human amniotic fluid-derived stem cells. It was demon-
strated that the bioprinting process did not negatively affect cellular
viability and that inducing the osteogenic differentiation for 28 d
showed calcium deposition capacity in the cell-laden hydrogel. Kha-
demhosseini and colleagues [1671] engineered a vascularized bone
tissue construct using extrusion-based bioprinting strategy to mimic the
whole bony architecture (Fig. 26B). The GelMA hydrogel cylinders were
first individually printed out and then piled up to create pyramidal
architectures comprising 28 rods. The individual printing process en-
ables the composition customizability and precise control of the whole
architecture at the single rod resolution. As a proof-of-concept model,
they further printed the vascularized bone tissue constructs of pre-
defined architectures using bioink formulations with GelMA and cells
(HUVECs, hMSCs). The perfusable channels, formed by the fast de-
gradation of the soft hydrogel inner core (5 % GelMA), can act as the
central blood vessels in the cell-laden bioconstructs. The bioprinted
bone tissue constructs are capable of supporting cell survival, pro-
liferation and maturation and maintaining high structural stability over
a desired period. Overall, this study has demonstrated a bone biofab-
rication approach enabling localized control of osteogenic and angio-
genic niches and establishment of biophysical and/or biochemical
gradients within the bioprinted bone constructs. Cui et al. [1672] de-
veloped a proof-of-concept design of dual 3D bioprinting platform for
fabricating vascularized bone biphasic constructs comprising hard mi-
neral structures encompassed by cell-laden GelMA hydrogels to simu-
late native bone, as shown in Fig. 26C. Such an integrated strategy can
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Fig. 23. (A) Schematic diagram of 3D printing, 3D bioprinting, 4D printing and 4D bioprinting with ink formulations from conventional biomaterials, cells and
intelligent biomaterials. Cells are encapsulated within ink materials (e.g. hydrogels, hydrogel precursors) to formulate bioinks for bioprinting. Reproduced with
permission [196]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Illustrative 4D biofabrication of 3D cellularized constructs through shape
transformation. Reproduced with permission [199]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

combine the advantages of multiple 3D bioprinting platforms with re-
gional immobilization of bioactive factors to enable hierarchical bone-
biomimetic reconstruction and regeneration, and is expected to provide
an innovative approach for complex multicellular tissue regeneration.
For the more detailed information of bone tissue biofabrication, we
refer the readers to some excellent review papers [1665,1667,1669].

6.1.2. Cartilage regeneration

Cartilage is a smooth elastic connective tissue as the structural and
functional component of many specific body parts such as ear, nose,
trachea, meniscus, osteochondral, articular cartilage, intervertebral disc
and costal cartilage. The cartilage matrices are composed of

37

proteoglycans, collagen fibers, glycosaminoglycans and high content
water; they are gelatinous, tough and rigid, thereby playing the role of
holding and supporting in the body. Cartilage tissue only contains one
kind of cells, i.e. chondrocytes, and can be classified into three types
including hyaline cartilage (e.g. trachea, articular cartilage), elastic
cartilage (e.g. ear, nose) and fibrocartilage (e.g. meniscus, inter-
vertebral disc), which are different in the relative content of collagens
and proteoglycans. Cartilage appears as a relatively simple tissue: it has
no blood vessels (avascular) or nerves (aneural). Nutrients are supplied
through diffusion to chondrocytes. Cartilage tissue has no self-repair
capacity and once cartilage defect emergs, it will finally cause the de-
generative and osteoarthritic changes [1673]. In spite of the simple
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Fig. 24. Hydrogel-based 4D bioprinting of self-folding cell-laden tubes. (A) Printing of AA-MA (alginate methacrylate) or HA-MA (hyaluronan methacrylate) ink
materials without/with cells onto glass or PS substrate. (B) Photocrosslinking of the printed films with 530 nm green light. (C) Instant folding of the cross-linked films
into tubes when immersing in water, PBS or cell culture medium. (D) Large-scale fabrication of self-folding tubes (top) and images of single tube without/with cells
(bottom). (E) Optical (left) and fluorescent (right) images of 4D bioprinted cell-laden self-folding AA-MA tubes. (F) Live/dead fluorescent images of cell-laden AA-MA

tubes after different periods of culture: green for live cells, red for dead cells.

Reproduced with permission [1661]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

appearance, cartilage tissue actually exhibits distinct heterogeneity
with varying composition gradient in the depth. For example, the ar-
ticular cartilage contains three zones: superficial zone (SZ, top 10~ 20
% region contacting with synovial fluid), middle zone (MZ, subsurface
40~60 % region) and deep zone (DZ, bottom 30~40 % region con-
tacting with subchondral bone). With the depth increase, chondrocyte
density decreases and glycosaminoglycan amount increases (leading to
compressive modulus increase). Furthermore, the alignment of collagen
fibers differs among the three zones, i.e. parallel to surface in SZ,
random orientation in MZ and perpendicular to surface in DZ. These
specific orientations combining with the distributed proteoglycan ag-
gregates in between the fibrils can bring cartilage tissue unique bio-
mechanics (resilience, compressive stiffness, shear resistance). Fig. 27
shows the morphology and structure of hyaline cartilage.

Kesti and colleagues [1675] developed a novel cartilage-specific
bioink for 3D bioprinting of complex cartilaginous constructs. The
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bioink was formulated with two FDA-compliant polysaccharides (i.e.
alginate and gellan) and combined with the clinical product cartilage
ECM particles. The physical gelation of the formulated bioink is cell-
friendly in the presence of cations through co-extrusion. As proof-of-
concept study, 3D cartilage grafts e.g. ear, nose, and vertebral disk
grafts were printed using patient-specific data (Fig. 28A). This 3D
bioprinting approach is clinically compliant and can produce viable and
high-resolution cartilaginous grafts to meet mechanical and biological
requirements. Recently, Bernal et al. [1676] introduced the volumetric
bioprinting concept, and demonstrated the 3D bioprinting of large-size
living tissue structures using cell-friendly hydrogel bioresins (GelMA)
on volumetric printer based on visible light laser. Such volumetric
bioprinting can fabricate the entire cell-laden grafts of arbitrary size
and structure in seconds to tens of seconds. The 3D meniscus grafts
were bioprinted from the anatomical scan (Fig. 28B). The encapsulated
articular chondroprogenitor cells revealed increasing metabolic activity
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Reproduced with permission [1665,1670]. Copyright 2016, Elsevier Ltd. & Copyright 2014, Nature Publishing Group.

and high cellular viability over time within the printed bioconstructs.
The meniscus grafts can maintain shape in culture for at least 28 d.
During this period, the neo-fbrocartilage matrix was synthesized, with
the increase of mechanical properties and GAGs and collagen type I
synthesis. This work explored the potential of volumetric bioprinting
for rapid biofabrication of patient-specific grafts for a wide range of
tissue regeneration applications. For the more detailed information of
cartilage tissue biofabrication, we refer the readers to some excellent
review papers [202,1673,1677].

6.1.3. Spinal cord regeneration

The spinal cord tissues are not structurally homogeneous, but
composed of different cell types in high degree of spatial distribution.
Traumatic spinal cord injury (SCI) can cause immediate loss of motor or
sensory function below the site of injury, with poor prognosis. Fig. 29A
gives an overview of the used experimental strategies to stop SCI pro-
gression and promote its repair. In the context of engineering functional
spinal cord tissues, it is important to take into consideration the spatial
distribution of different cell components to mimic spinal cord structure
within the engineered tissue-like bioconstructs. To this point, the 3D
bioprinting enables directly printing cells into scaffold for predefined
localization, which is very advantageous compared with other fabri-
cation methods involving printing scaffolds first and then seeding cells
onto them after printing. Joung et al. [1650] bioengineered spinal cord
tissues through extrusion-based multimaterial 3D bioprinting strategy
(Fig. 29B). During the printing process, clusters of iPSC-derived spinal
neuronal progenitor cells (SNPCs) and oligodendrocyte progenitor cells
(OPCs) can be positioned precisely in defined locations within the 3D
printed scaffolds. The successful 3D bioprinting of OPCs and sNPCs
demonstrated a multicellular neural tissue engineering strategy, which
is promising for the regeneration of functional axonal connections
across the damage regions of central nervous system (CNS) tissues. It is
expected that this 3D bioprinting approach enables the fabrication of
novel hydrogel-based bioscaffolds to mimic the complex structures of
CNS tissues for treating some neurological diseases, for example, re-
pairing/regenerating the SCI.

Tuszynski and colleagues [1679] recently reported using microscale
continuous projection printing (UCPP) to fabricate complex CNS con-
structs for tissue regeneration applications in SCI repair (Fig. 30). The
UCPP approach can print biomimetic 3D hydrogel scaffolds; the scaffold
parameters can be tailored to meet the needs of the human spinal cord
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dimensions and the actual lesion geometries. The injured axons are able
to regenerate into the biomimetic 3D printed scaffolds and the im-
planted NPCs can extend axons out of scaffold and into spinal cord
below injury to significantly repair synaptic transmission and functions.
Therefore, the biomimetic 3D scaffold fabrication by pCPP may offer an
effective way for improving SCI regeneration.

6.1.4. Skeletal muscle regeneration

The skeletal muscle tissues are highly organised cable-like archi-
tectures and meanwhile have hierarchical structure units at different
sizes (Fig. 31A). The tiniest functional unit is referred to as myofibril.
Bundles of myofibrils can generate myofibers that further group to
produce fascicles. Then the fascicles can be bundled to create muscle
belly. Skeletal muscle tissue engineering aims to repair/regenerate the
skeletal muscle defects. The utilization of 3D bioprinting is expected to
provide a promising strategy and tool for skeletal muscle tissue re-
generation [1680,1681]. Merceron et al. [1682] adopted the 3D in-
tegrated organ printing (IOP) system to print four different ink com-
ponents, which enabled fabricating single integrated muscle-tendon
unit (Fig. 31B). The printed bioconstructs revealed over 80 % cell
viability at day 1 and 7 post-printing and initial tissue differentiation,
thus demonstrating the potential of IOP system to manufacture in-
tegrated tissue-like constructs having region difference in cellular types
and mechanical property for skeletal muscle tissue engineering. The
same group later developed the ITOP system for the 3D bioprinting of
skeletal muscle grafts (Fig. 31C) [1655]. The 3D printed bioconstructs
were able to mature into functional muscle in vivo and the implanted
muscle grafts could respond to electrical stimulation to a degree ac-
cordant with the developing immature muscles. Costantini and collea-
gues [1683] demonstrated a novel 3D bioprinting strategy to create
skeletal muscle tissues of functional morphologies. The microfluidic
printing head was coupled with co-axial needle extruder, thus enabling
the 3D bioprinting of myoblast-laden PEG-fibrinogen hydrogel fibers at
high resolution and the fabrication of 3D multicellular constructs with
precise location of encapsulated cells (Fig. 31D). Histological analysis
showed muscle-like tissue formation within the 3D bioprinted implants
with significant parallel organization and orientation. This strategy is
robust and promising for the 3D bioprinting of skeletal muscle tissues
for regenerative applications.
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Fig. 26. 3D bioprinting for bone regeneration. (A) Reconstruction of mandible bone defect. (a) 3D CAD model from human CT image data. (b) Visualized motion
program to establish 3D defect architecture. (¢) 3D bioprinting process with the ITOP system. (d) Picture of the 3D bioprinted defect construct. (e) Calcium deposition
showing osteogenic differentiation in the printed bioconstruct. Reproduced with permission [1655]. Copyright 2016, Nature Publishing Group. (B) Biofabrication of
osteogenic and vasculogenic 3D bone architectures. (a) Schematic of native bony structure. (b) Schematic of the bone bioprinting strategy. (c) Schematic of 3D
bioprinting individual cell-laden cylinders. (d) Cross-section of the bioprinted pyramidal architectures. (e) Conjugation of gradient Texas Red to —COOH modified
GelMA. Reproduced with permission [1671]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Biofabrication of vascularised bony biphasic
constructs. (a) Schematic of dual 3D bioprinting to engineer the vascularised bony constructs. (b) Design schematic of the vascularised bone constructs. Reproduced
with permission [1672]. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

6.1.5. Skin regeneration

The human skin (average thickness ~2.5 mm) has unique anatomy
composed of three different layers i.e. epidermis, dermis and hypo-
dermis (Fig. 32A). Different types of skin cells are positioned at high
degree of region specificity including keratinocytes and melanocytes in
epidermis, fibroblasts in dermis and adipose tissue at hypodermis base;
meanwhile, collagen can be found in all the three layers. Tissue-en-
gineered skin substitutes are believed to surmount the limitations of
conventional skin therapy methods, and 3D bioprinting is a promising
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strategy to enable rapid, reliable and scalable production of biomimetic
skin substitutes to meet the clinical requirements for human skin re-
generation [1685]. Koch et al. [1686] demonstrated the 3D spatial
arrangement of fibroblasts and keratinocytes in collagen hydrogel by
laser cell printing to fabricate multicellular 3D skin grafts (Fig. 32B).
This study shows the potential of laser cell printing for engineering
functional skin substitutes. Recently, Kim and colleagues [1687] sug-
gested a novel 3D cell printing platform to increase the complexity of
the printed skin anatomy (Fig. 32C), which can engineer the perfusable
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Fig. 27. H&E staining image and schematic illustration of the morphology and structure of hyaline cartilage. Note: CZ, calcified zone; SB, subchondral bone.
Reproduced with permission [1674]. Copyright 2015, The Authors. This is an open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY).

vascularized 3D human skin equivalent. The full-thickness skin model
composed of epidermis, dermis and hypodermis demonstrated tissue
maturation and better recapitulation of native human skin. For the
more detailed information of skin tissue biofabrication, we refer the
readers to some excellent review papers [1688-1690].

6.1.6. Vasculature regeneration

Almost all the tissues in human body own complicated branched
internal vascular system to satisfy oxygen and nutrient supply. To
promote the performances and functions of engineered tissues, devel-
oping 3D vascular networks interconnected within the tissue-en-
gineered constructs can play a crucial role [1652,1691]. However,
mimicking the natural vascular networks for blood transport, mass
exchange and long-term tissue survival remains a major challenge for
tissue engineering [1691,1692]. To this point, 3D bioprinting has been
emerging as a promising approach for manufacturing functional 3D
vascular networks via predefined deposition of cell and material com-
ponents [1646,1693-1695]. Lei et al. [1696] presented a versatile 3D
printing strategy to create biomimetic vasculature for tissue regenera-
tion applications (Fig. 33A). The vasculature fabrication was based on
3D printed caramel construct as sacrificial template and polymer
coating with phase separation. The patterned microchannel networks
have biomimetic three-level vascular architectures i.e. 3D framework,
interconnected microchannels and permeable walls. This 3D fabrication
method is applicable to varied polymers and integrated with different
matrices e.g. hydrogels. Mirabella and colleagues [1697] demonstrated
the implantation of 3D printed vascular grafts with endothelial cell
lined lumens are able to engineer functional vascular patches for
guiding rapid therapeutic angiogenesis and perfusion for treatment of
the ischaemic diseases (Fig. 33B). Previously, Miller et al. [1693] de-
monstrated these 3D printed rigid sacrificial template are cytocompa-
tible and able to form patterned vascular networks in various hydrogels
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for creating 3D perfusable engineered tissues with living cells
(Fig. 33C). The perfused vascular channels can maintain metabolic
functions of rat primary hepatocytes in tissue-engineered bioconstructs.
A coaxial 3D bioprinting approach was developed to create the GelMA
microfibers encapsulated in alginate and produce mini tissues con-
taining human umbilical vein endothelial cells; these cells can gradually
migrate and connect to generate lumen-like blood vessels [1698]. For
the more detailed information of vascular tissue biofabrication, we refer
the readers to some excellent review papers [1699,1700].

6.1.7. Ovary regeneration

Patients that undergo treatments of cancers and autoimmune dis-
eases may suffer from weakened ovary function and cause puberty loss,
infertility and early menopause [1701,1702]. Current artificial re-
production and hormone restoration approaches e.g. ovary transplant
and assisted fertilisation cannot give long-term solution and may leave
metastatic diseases to paediatric patients [1703,1704]. Thus, devel-
oping whole organ replacement strategy is crucial for oncofertility field
in order to restore the long-term fertility and hormone functions for all
cancer patients. In this context, tissue engineered hydrogel scaffolds
e.g. alginate, fibrin, matrigel, PEG based [1705-1708] play an in-
creasingly important role for ovarian tissue regeneration and function
restoration. Due to its unique advantages, 3D printing technology has
huge potential to fabricate human ovary bioprostheses for ovarian
tissue replacement. As the first attempt towards this aim, Laronda et al.
[1709] used 3D printed porous hydrogel scaffolds to investigate the
influence of varied scaffold pore geometry on the survival and function
of ovarian follicles (Fig. 34). They demonstrated that the 30° and 60°
scaffolds can produce the corners surrounding follicles on multiple sides
and promote the interactions of follicles with scaffolds. After im-
plantation in sterilized mice, the follicle-seeded 3D scaffolds became
highly vascularized and their ovarian function was completely restored.
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Fig. 28. 3D bioprinting for cartilage regeneration. (A) 3D bioprinting of cartilaginous tissues of complex shapes with clinically used materials as the bioink. 3D
printing of external ear graft (a—f), intervertebral disk (g), and nose (h-i) based on patient-specific data. Note: scale bar 5mm, ruler smallest division 1 mm.
Reproduced with permission [1675]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Volumetric bioprinting of meniscus graft. (a) 3D model.
(b) The GelMA graft after 28 d of culture in vitro. (c) The p-CT image of the 3D printed meniscus. (d) The high cellular viability within the graft over 7 d. Note: scale
bar 2 mm. Reproduced with permission [1676]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

More excitingly, mouse pups were successfully born via natural mating
and thrived by maternal lactation. This study shows that 3D printing
can be used for creating bioprosthetic ovarian implants with predefined
scaffold designs to achieve whole ovary replacement and restore ovary
functions.

6.1.8. Islet transplantation

Type 1 diabetes (T1D), also termed juvenile-onset diabetes, is an
autoimmune disease where immune system will attack and damage the
insulin-producing islet cells in pancreas. Over the last decades, pan-
creatic islet transplantation has become a promising therapy for the
Type 1 diabetes to give sustained extrinsic insulin supply [1710,1711].
However, after transplantation, factors like the lack of vasculature and
allo- or autoimmune attack will cause the substantial loss of islet mass
and function. To tackle these problems, encapsulating islets in hydrogel
matrix can protect them from immune system and 3D printing can be
used for favorable hydrogel scaffold designs, therefore, the combination
of islet encapsulation and 3D printing of hydrogel scaffolds is a pro-
mising strategy to enhance the islet viability and functions. Liu et al.
[1712] formulated the alginate/gelatin bioink for islet and islet-related
cell encapsulation and 3D printing (Fig. 35A). The designed coaxial
printer allowed for 3D printing of the multicellular islet-containing
bioconstructs with a precise control of distribution. After 3D printing,
the viability of pancreatic islets was well maintained, showing the po-
tential for islet transplantation. Marchioli and colleagues [1713]
adopted the 3D bioplotting to fabricate 3D alginate-based porous hy-
drogel scaffolds as the islet delivery system (Fig. 35B). They
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demonstrated that the INS1E B-cells, mouse and human islets can be
successfully encapsulated into the 3D plotted hydrogel constructs
without influence on their viability and morphology. These islets can be
confined at one site in the 3D plotted hydrogel scaffolds and blood
vessels can grow into the scaffold pores and come in closer contact with
the encapsulated islet tissue. In a recent work, Duin et al. [1714] 3D
bioprinted the pancreatic islets in alginate/methylcellulose hydrogel
constructs. With the maintained viability, morphology and function
within scaffolds, these embedded islets can continuously generate in-
sulin and glucagon during observation.

6.1.9. Heart regeneration

Cardiovascular diseases are the leading reason of mortality and
morbidity in the world [1715]. Cardiovascular tissues e.g. heart valves,
arteries and myocardium are highly differentiated and incessantly load-
bearing. So far, heart transplantation is the only therapy choice for
patients with heart failure at the end stage. However, given the fact that
the number of available cardiac donors is quite limited, it is of huge
demand to develop novel strategies to regenerate/repair infarcted
hearts, thereby reducing the excessive dependence on cardiac donors.
To solve this issue, cardiac tissue engineering plays an important role
through the integration of cardiac cells within 3D hydrogel scaffolds/
biomaterials [1716,1717]. Increasing attentions have been paid to 3D
bioprinting, a very promising method to create customized cardiac
valves, patches or even whole heart [1649,1700,1718]. Recently,
Feinberg and colleagues [1719] adopted their home-made FRESH 3D
bioprinting technique to fabricate collagen hydrogel scaffolds for
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Fig. 29. (A) Experimental strategies to stop progression and promote repair of the spinal cord injury (SCI). Reproduced with permission [1678]. Copyright 2014,
Elsevier Ltd. (B) 3D bioprinting for spinal cord regeneration. (a) Schematic spinal cord and model design for 3D bioprinting multichannel scaffold. (b) Schematic 3D
bioprinting process through extruding bioinks. (¢) Comparison of transected rat spinal cord and the 3D bioprinted scaffold. (d-f) Images of the 3D bioprinted scaffold.
(g) Schematic of the progenitor cells for 3D bioprinting and in vitro culture. (h-m) 3D bioprinting of neurocompatible alginate-based bioscaffolds. Reproduced with
permission [1650]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

rebuilding the components of human heart at multiple scales, ranging
from the capillaries to the whole heart (Fig. 36). They demonstrated
that the FRESH 3D bioprinted hearts are able to precisely reproduce the
patient-specific anatomy architecture. Morever, using human cardio-
myocytes, the bioprinted cardiac ventricles can exhibit synchronic
contraction, directional propagation of action potential and wall
thickening of ~14 % during the peak systole. Although there is still a
long way to achieve 3D bioprinting of totally functional organs, this
work shows the potential of 3D bioprinting to rebuild tissue engineered
bioconstructs that can begin to recapitulate the complex architectures,
mechanics and biological properties of natural tissues/organs.

6.2. In vitro tissue modeling

6.2.1. Tissue models

Tissue engineering and regenerative medicine has been witnessing
the unprecedented success and driving the thrilling field of in vitro
tissue models toward the structural, mechanical, biological and func-
tional recapitulation of native human tissues, which is very important
for a wide range of applications such as improving tissue/organ
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regeneration (see section 6.1), investigating natural biological pro-
cesses, evaluating the safety and efficacy of drugs, antibiotics and
cosmetics. From tissue models (hard tissues e.g. bone, cartilage, soft
tissues e.g. skin, cardiac tissue, adipose tissue) to organ models (e.g.
eye, ear, liver, lung, heart, kidney), from vascularized models to tissue-
on-a-chip or organ-on-a-chip platforms, these versatile tissue/organ
models hold great promise for in vitro disease modeling and drug de-
velopment and high-throughput screening. 3D bioprinting has unique
technical advantages and enables the precise customization of spatio-
temporal placement of cells, ECM, biomaterials and growth factors
within the 3D bioengineered constructs/scaffolds, thereby creating the
biomimetic tissue and organ analogues for different biomedical appli-
cations. For the more detailed information of in vitro tissue model
biofabrication, we refer the readers to some excellent review papers
[15,1720-1723].

6.2.2. Integration with microfluidics

The tissue-on-a-chip and organ-on-a-chip platforms are developed
to mimic the complex real microenvironment of native tissues and or-
gans, which is achieved by the precise control over cell components,
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Fig. 30. (A) 3D printing of functional scaffolds to mimic the architecture of spinal cord tissues. (a) 3D printer setup. (b) Comparison of uCPP layerless 3D printing and
extrusion 3D printing. (c) Axon neurofilament labeling in intact rat spinal cord. (d) Axonal projections in spinal cord. (e) Schematic of axonal alignment and guidance
hypothesis. (f-g) Magnetic resonance image of human clinically complete SCI and the traced outline of cystic lesion cavity. (h—j) 3D model design and 3D printing of
the scaffold to fit contusion cavity. (k) Scaffold mechanical measurement. (B) In vivo performance of 3D printed scaffold after 4 weeks. (a) Axon labeling in cross-
section. (b) Nissl staining of reactive cell layer (arrows). (c) Glial scar shown by GFAP immunoreactivity. (d) Scaffold vascularization. (e) Comparison of axons to
enter scaffolds. (f) Axons (arrow) regenerate into empty scaffold (left) and reach channel caudal end (right). (C) In vivo performance of NPC-laden 3D printed scaffold
after 4 weeks. (a) Channels filled with GFP-expressing NPCs. (b-c) GFP-expressing NPCs can extend the linear axons within scaffold. (d) Axons enter NPC-filled
channel and regenerate linearly (arrow). (e) Axons regenerate into spinal cord distal to lesion (arrow). (f) Axons regenerating into scaffold can produce appositional
contacts (arrow) with NPC dendrites. (g) Quantification of axons reaching scaffold caudal end. (h-i) Ultrastructural images of oligodendrocyte, myelinate and
ensheath axons within channels.

Reproduced with permission [1679]. Copyright 2019, The Authors, under exclusive licence to Springer Nature America, Inc. 2019.

ECM and other factors e.g. hydrogels and growth factors to elucidate organ-on-a-chip enables more powerful designs for creating compli-
the pathological and physiological mechanism. The combination of cated flow channels/chambers and functional bioconstructs with 3D
microfluidics and 3D printing technologies in tissue-on-a-chip and heterogeneous structure, cell placement and tissue specificity to
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Fig. 31. 3D bioprinting for skeletal muscle regeneration. (A) Schematic of hierarchical arrangement of the skeletal muscle tissues. Reproduced with permission
[1684]. Copyright 2015, Elsevier Ltd. (B) 3D bioprinting of muscle-tendon unit. (a) Schematic of 3D IOP system. (b) Image of the 3D printed bioconstruct. (c-e)
Fluorescence labeling of dual cell 3D printed construct (green, C2C12; red, NIH/3T3). Reproduced with permission [1682]. Copyright 2015, IOP Publishing Ltd. (C)
3D bioprinting of skeletal muscle. (a—g) In vitro bioprinted muscle. (h—j) In vivo study on structure maintenance and nerve integration of 3D bioprinted muscle graft.
Reproduced with permission [1655]. Copyright 2016, Nature Publishing Group. (D) Microfluidic 3D bioprinting of skeletal muscle. (a-b) Schematic 3D bioprinting
system. (c) Multicellular 3D bioprinting (green, C2C12; red, BALB/3T3). (d) In vivo study on PEG-fibrinogen hydrogel scaffolds. Reproduced with permission [1683].
Copyright 2017, The Authors. Published by Elsevier Ltd. This is an open access article under the CC. BY-NC-ND.

recapitulate and reproduce the natural tissue/organ features
[1724-1726]. On the one hand, 3D printing, without the use of replica
molding master, can offer much more simplified fabrication process for
microfluidic devices. One of the earliest applications of 3D printing for
microfluidics was the fabrication of complicated 3D microvascular
networks (Fig. 37A), which were composed of 10~300um smooth
cylindrical channels for promoting fluid mixing via chaotic advection
[1727]. The multimaterial 3D printing method was used to manu-
facture the instrumented cardiac microphysiological device with for-
mulated six functional inks, which can integrate the strain gauge sen-
sors in human laminar cardiac tissues to investigate their drug response
and contractile development (Fig. 37B) [1728]. The soft 3D model of
human kidney phantom with collection system was fabricated with 3D
printing and medical imaging data (Fig. 37C), with real anatomy ar-
chitectures and mechanical properties for surgical preparation and si-
mulation [1729]. 3D cell encapsulation and patterning can also be
coupled into GelMA hydrogel to improve the properties of 3D printed
microfluidic chip, thus forming the tailorable 3D cell culture environ-
ment (Fig. 37D) [1730].
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On the other hand, with elaborate design, microfluidic printheads
can be couple with multimaterial 3D printing/bioprinting technique for
the on-the-fly seamless switching of inks/bioinks [1683,1731,1732].
Colosi et al. [1733] developed a new 3D bioprinting exemplification
which can deposit multimaterials simultaneously and fabricate 3D cell-
laden bioconstructs (Fig. 38A). The bioinks, integrated with micro-
fluidic platform, can be formulated to promote cell spreading and mi-
gration inside the bioconstructs, and meanwhile allow additional cell
seeding on the top of the 3D bioprinted construct, thereby creating new
inhomogeneous 3D in vitro tissue models to mimic native tissues for
regenerative medicine or drug development purposes. Recently, a
promising microfluidic 3D bioprinting technique i.e. multichannel
coaxial extrusion system was established to achieve the single-step
fabrication of circumferentially multilayered tubular tissues with the
bioink formulations of GelMA, alginate and PEGA derivative (Fig. 38B)
[1734]. This study reveals a basic step toward the fabrication of bio-
mimetic human cannular tissues for tissue regeneration and in vitro
tissue modeling. The same group also developed a stereolithography-
based multimaterial bioprinting system for the creation of



J. Li, et al.

Materials Science & Engineering R 140 (2020) 100543

Fig. 32. 3D bioprinting for skin regeneration. (A) Schematic of 3D human skin. Reproduced with permission [1689]. Copyright 2016, Elsevier Ltd. (B) Laser cell
printing of skin tissues (Scale bar 500 um). Reproduced with permission [1686]. Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) 3D cell
printing of full-thickness human skin tissues. (a) Schematic of biofabrication process. (b) Section views from (a). (c) A prototype of bioprinted skin graft. Reproduced
with permission [1687]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

inhomogeneous 3D hydrogel-based bioconstructs through the combi-
nation of microfluidic apparatus having 4 on/off pneumatic valves
[1657]. The microfluidic apparatus can switch fast among diverse hy-
drogel bioinks and thus enable the layer-by-layer multimaterial 3D
bioprinting of 3D tissue-like constructs (Fig. 38C). The unique ad-
vantage of this bioprinting platform is the multimaterial 3D biofabri-
cation performance at the high spatial resolution, which is superior to
the traditional stereolithography bioprinting. 3D human kidney tissue
models capable of recapitulating the native human kidney behaviors
and responses are very promising for kidney organ regeneration, renal
disease modeling and new drug screening. Lewis and colleagues [1735]
demonstrated a 3D bioprinting strategy to fabricate the 3D in vitro
human renal proximal tubules. These 3D convoluted renal proximal
tubules were totally embedded in gelatin/fibrinogen ECM and sheathed
in perfusable tissue chip (Fig. 38D), and the 3D tissue-on-a-chip can be
maintained for over 2 months. This work represents a new approach to
create biomimetic human kidney tissue model for a variety of appli-
cations e.g. regenerative medicine, drug mechanism study, drug de-
velopment and screening and kidney disease modeling.
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6.2.3. Disease modeling

For decades researchers and clinicians have been profoundly de-
pendent on the use of 2D cell culture experiments and animal models to
clarify the underlying cellular and molecular mechanisms that cause
various human diseases. However, conventional 2D cell culture and
animal models have their limitations and cannot reproduce/re-
capitulate the complicated tissue microenvironment of natural human
tissues. In this context, increasing attempts have been made to develop
more complex and physiologically relevant 3D in vitro disease models
[1499,1736]. In the field of tissue engineering and regenerative medi-
cine, the research community has been focusing on the development of
3D cell culture and in vitro disease models from the very beginning
[1737]. Recently, microphysiological platforms, the biomimetic mi-
crofluidic devices, including tissue-on-a-chip and organ-on-a-chip, have
been introduced for recapitulation of the biological features and func-
tions of native human tissues, organs and circulation through in-
tegrating the in vitro 3D cell culture models into the controlled perfu-
sable microphysiological systems [1738]. The combination of 3D
bioprinting and microfluidics can provide more diverse and versatile
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Fig. 33. 3D printing for vascular and vascularized tissue regeneration. (A) Design and printing of biomimetic vasculature. (a-b) Schematic of fabrication process and
printed constructs. (c—f) 3D printed caramel template with tunable filament diameter. Reproduced with permission [1696]. Copyright 2019, The Royal Society of
Chemistry. (B) 3D printing of vascular patches. (a) Schematic of fabrication. (b—c) Illustration of patches implantation. Reproduced with permission [1697].
Copyright 207, Nature Publishing Group. (C) Engineered tissue constructs with patterned vascular networks and living cells. (a) Schematic overview. (b) Removal of
filament in fibrin gel. (c) Transport of fluorescent dextran in fibrin gel channels. (d) Patterned vascular channels in various gels (Scale bar 200 um). (e) Live/dead
staining image of cross-section in fibrin gel. Reproduced with permission [1693]. Copyright 2012, Nature Publishing Group.

designs for creating tissue-on-a-chip and organ-on-a-chip systems for 6.2.4. Drug screening

3D in vitro disease modeling (see section 6.2.2). For the more detailed The traditional drug discovery road from the preclinical study to the
information of 3D bioprinting for in vitro disease models, we refer the clinical trial and to the final commercial use is a quite long and costly
readers to some excellent review papers [1739-1742]. process. Although continuous efforts have been made to increase the
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Fig. 34. (A) Dependence of ovarian follicle survival on follicle-strut contacts from 30° and 60° scaffold pore geometry. (a—c) 3D reconstruction of 30°, 60° and 90°
scaffolds. (d—f) 3D pore reconstruction. (g-i) Maximum intensity projection of GFP + follicles in pores after 2 day culture. (B) Interactions of follicles with struts. (a)
Image of follicle in 30° scaffold for 8 day culture with maintained basement membrane (green arrow) and centralized oocyte (white arrow). (b) Image of follicle in 60°
scaffold for 6 day culture revealing cells can surround and support follicle. (¢) Vinculin staining showing cells can adhere to gelatin struts of the 3D printed scaffold
after 8 day culture. (d) Image of follicle in 60° scaffold for 2 day culture showing stromal cells surrounding and anchoring follicle. (C) Bioprosthetic ovaries
supporting vascular infiltration and restoring function in vivo. (a) Implantation of GFP + follicles (green) in GFP- mice ovarian bursa. (b—c) Vascularization. (d)
Quantification of vessels. (e—f) H&E staining of ovarian bioprostheses. (g) Serum analysis. (h-i) Photos of GFP + pup. Reproduced with permission [1709]. Copyright
2017, The Authors. This work is licensed under a Creative Commons Attribution 4.0 International License.

production efficiency of new drug development, only 1 out of tested
10,000 new chemical entities can be finally approved and enter market
[1743]. Therefore, it is very necessary and meaningful to develop novel
strategies and concepts for drug screening and development, thus being
able to speed up the new drug discovery and clinical use. Numerous
attempts have been showing that 3D in vitro tissue and organ models
are very ideal platforms to mimic the native tissues and organs, and
they can be integrated in various microarrays and microfluidic systems,
thereby enabling the high-throughput drug trial and screening. Due to
the unique technological superiorities, 3D bioprinting has been widely
used to create 3D in vitro tissue and organ models with huge potential
for the drug toxicology testing and high-throughput drug screening
[226]. For the more detailed information of 3D bioprinting for drug
screening applications, we refer the readers to some excellent review
papers [85,1739,1744,1745].

6.2.5. Cancer research

Nowadays, cancer is still among the most life-threatening diseases
in the world. Many factors may affect cancer prognosis; these factors
include cancer type and stage, tumor microenvironment, patient age
and gender, body response to cancer treatment, etc. To implement basic
cancer research and develop more effective cancer therapy, new
methodologies are needed prior to clinical trials, for example, estab-
lishment of various in vivo cancer-bearing animal models and in vitro
cancer models. The cancer models can provide promising cancer re-
search platforms with no need for the animal models, thus being able to
largely reduce the use of animals in cancer research; however, it is still
a challenge to create fully functional cancer models in imitation/re-
plication of the anatomical structure, biological feature and drug re-
sponse of human solid tumors [1746,1747]. 3D bioprinting is a pow-
erful way to tackle this issue through creating 3D tissue engineered
bioconstructs that are able to mimic/recapitulate the heterogeneity,
vascular networks, multicellular spheroids and native ECM of solid
tumor tissues. Moreover, 3D bioprinting can also create the tissue en-
gineered bioconstructs into the microfluidic devices, thereby together
producing the “tumor-on-a-chip” platforms suitable for in vitro tumor
modeling and high-throughput screening of new drugs or therapeutic
targets in biomimetic tumor microenvironment [1748]. Hydrogel-based
microfluidic chips with multiscale vascular network were constructed
through 3D printing to model the interactions of tumors and blood
vessels [1749]. Cao et al. [1750] recently developed a tumor-on-a-chip
with 3D bioprinted blood and lymphatic vessel pair (TOC-BBL,
Fig. 39A). The bioprinted blood vessel was hollow perfusable and the
lymphatic vessel was one end blinded. Such devices revealed diverse
diffusion profiles for biomolecules or anticancer drugs with the varied
combination of 3D bioprinted blood and lymphatic vessels. It is an-
ticipated that such in vitro tumor model may enable mimicking the
drug transport within tumor microenvironment and thereby improve
the screening accuracy of anticancer drugs. Cho and colleagues [1751]
utilized the 3D bioprinted glioblastoma-on-a-chip system to investigate
patient-specific body responses toward chemoradiotherapy (Fig. 39B).
First, they 3D bioprinted the in vitro glioblastoma model using patient-
derived tumor cells and vascular endothelial cells within decellularized
ECM hydrogels. The bioprinted tumor model was capable of re-
capitulating the architectural, biophysical and biochemical features of
natural glioblastoma tumor, and reproducing the patient-specific
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resistance to temozolomide and chemoradiation therapy in clinic. This
model can also screen different anticancer drug combinations and thus
assist in identifying effective therapies for the glioblastoma patients. 3D
bioprinted in vitro microchip in hydrogels can also be used for studying
the cancer cell migration behavior [1752]. Meng et al. [1753] de-
monstrated the use of 3D bioprinting to create in vitro metastatic model
through predefined positioning of tumor cells, hydrogels and release
capsules (Fig. 39C). On the basis of guided migration of the tumor and
endothelial cells in the presence of growth factors and stromal cells, the
3D vascularized in vitro model can simulate the cancer progression and
metastasis including invasion, intravasation and vascularization.
Meanwhile, this bioprinted metastatic model can serve as a useful
platform to identify and screen new anticancer drugs for animal-free
preclinical study. Recently, Xu and colleagues [1754] established a 3D
microtissue model of growth-hormone-secreting pituitary adenoma
(GHSPA) through 3D bioprinting. Compared to those in 2D environ-
ment, tumor cells in the 3D model showed the enhanced activity of cell
cycle progression, secretion, proliferation, invasion and tumorigenesis.
This 3D bioprinting strategy of tumor microtissue can create a pro-
mising in vitro model at tissue level for cancer research, and thereby
hopefully boost the further investigation of GHSPA etiology, therapy,
drug resistance and long term prognosis.

6.3. Surgical preparation

3D printing technology enables developing patient-specific treat-
ment protocols through printing the patient anatomy, thereby pro-
moting the development of individual patient care. The individualized
variance and complexity of human body anatomy make the 3D printed
models an ideal tool for the surgical preparation. For surgeons or
physicians, studying a tangible 3D model of patient anatomy for surgery
simulation and planning is preferable and more instructive than solely
viewing the MRI or CT scan images on a flat screen [1755]. Being able
to fully simulate all complex surgical procedures prior to a surgery with
the help of 3D printed models can assist in predicting the possible in-
traoperative accidents or complications, with already having numerous
cases for preoperative planning [97,1756]. A proof-of-concept study
adopted 3D printing to develop a useful benchtop workflow to estimate
the interactions of customized expandable valve sizer with patient-
specific aortic root anatomy, which can help to predict the leak location
of heart valve and direct the optimal selection of artificial valve size for
every individual patient, thus enabling preoperative planning for suc-
cessful transcatheter aortic valve replacement [1757]. The 3D printing
technology can allow for high-resolution fabrication of rigid and flex-
ible parts of the flexible 3D models of aortic root and transcatheter
aortic valve [1758]. In clinic, 3D printed models have been used for
preoperative planning of liver transplantation [1759]. The surgeons
utilized patient liver replicas to foresee how to carve donor liver with
minimal tissue loss to match recipient abdominal cavity. It should be
noticed that these 3D liver models were printed with partially trans-
parent acrylic resin or PVA hydrogels. The combination of hydrogel
materials and 3D printing can create soft tissue and organ models with
needed water content and vasculature networks similar to native living
soft tissues and organs; 3D printing of tough hydrogels can even be used
to fabricate hard tissues such as cartilages, tendons and ligaments.
Using these 3D models for preoperative planning will be able to allow
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Fig. 35. 3D bioprinting for islet transplantation. (A) Coaxial 3D bioprinting of vascularized pancreatic bioconstructs. (a) Schematic of bioprinting. (b) Nozzle. (c—e)
Printed bioconstruct with the encapsulated islets and endothelial progenitor cells. Reproduced with permission [1712]. Copyright 2019, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (B) 3D bioplotting of hydrogel scaffolds for islet delivery. (a) Schematic of bioplotting. (b) 3D plotted alginate/gelatin scaffold. (c) 3D plotted
islets in scaffold. (d) Fluorescence image of islets in scaffold. Reproduced with permission [1713]. Copyright 2015, IOP Publishing Ltd.
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Fig. 36. 3D bioprinting for cardiovascular tissue engineering. (A) FRESH 3D bioprintig of contractile human cardiac ventricle. (a) Schematic of bioprinting. (b)
Ventricle model. (c) Printed ventricle. (B) Organ-scale bioprinting of tri-leaflet heart valve. (C) Bioprinting of multiscale vasculature. (a) 3D human heart model. (b)
Left ventricle. (c) 3D vascular network. (d) Bioprinted vascular network. (e-f) Glycerol perfusion (red) of vascular network. (D) Bioprinting of neonatal-scale human
heart. (a-c) 3D model and printed collagen heart. (d-e) Image of trabeculae in left ventricle. (f-g) Image of septal wall between the ventricles. Reproduced with
permission [1719]. Copyright 2019, American Association for the Advancement of Science.

surgeons and physicians to cut into them with surgical blades with a
more realistic 3D perception and appreciation relative to the anato-
mical, mechanical and functional characteristics of natural or patho-
logical tissues and organs.

6.4. Soft robotics

Design and development of mechanically strong and stimuli-re-
sponsive hydrogel materials have enabled the rapid advancement of
hydrogel-based biomimetic soft robotics [1760-1762]. To develop soft
robots and soft actuators through 3D printing has been a thrilling re-
search field. 3D printing can allow for the customization design and
one-step production of soft robots/actuators with complicated
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architecture at a high resolution, thereby facilitating more precise
control over their shape morphing ability. The combination of stimuli-
responsive hydrogels with 3D printing can create novel 4D shape
transforming or actuating systems that can make asymmetrical re-
sponse e.g. swelling/shrinking to a variety of external stimuli e.g.
temperature, pH, humidity, light, electric field or magnetic field (see
section 3.6,4.3.2 and 5.3.2). The commonly used hydrogel materials
include alginate, agarose, chitosan, methylcellulose, PEG, PNIPAAm,
GelMA, pluronic and their derivatives [106], with the unique super-
iorities of porous network, high water content, shape memory effect
and governable sol-gel phase transition relative to other traditional
materials. The technical advantages of 3D printing e.g. layer-by-layer
deposition and multimaterial deposition can allow feasible anisotropic



J. Li, et al.

Materials Science & Engineering R 140 (2020) 100543

Fig. 37. 3D printing for microfluidics. (A) 3D microvascular networks fabrication. (a) Schematic of fabricating microvascular scaffold. (b) Microfluidic mixing test.
Reproduced with permission [1727]. Copyright 2003, Nature Publishing Group. (B) Multimaterial 3D printing of cardiac microphysiological device. (a) Device
principle schematic. (b) Fully printed final device. (c) Microscale 3D printing process (step 7 shown here). Reproduced with permission [1728]. Copyright 2017,
Nature Publishing Group. (C) 3D printing of human kidney phantom. Reproduced with permission [1729]. Copyright 2016, The Authors. This article is distributed
under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. (D) 3D printing of microfluidic chip. (a) Stereolithography printing
process. (b) Hydrogel post formation. (¢) 3D chip cross-section. Reproduced with permission [1730]. Copyright 2016, IOP Publishing Ltd.

designs of soft robotics and soft actuators and create predefined ani-
sotropic structures to achieve better control over their actuating and
shape-morphing performance. A hydraulic hydrogel actuator and robot
can be created by 3D printing [1763]. With prescribed architectures
and properties, the designed hydrogels exhibited hydraulic actuations
that endow soft robots and actuators with optical and sonical camou-
flage ability in water at a high speed. An autonomous, fully soft robot
(octobot) was designed and fabricated via the multimaterial 3D printing
of two hydrogel-based fugitive and catalytic inks into moulded base
materials (Fig. 14A-C) [1577]. Using the stimuli-responsive nano-
composite hydrogel ink composed of GelMA and aligned iron oxide
nanoparticles, a magnetic starfish soft robot was 3D printed, showing
magnetic remote control and cell guidance effect in which C2C12
skeletal myoblasts can differentiate into myotubes without inducing
medium [1764]. Soft helical GelMA hydrogel microswimmers were
microfabricated by 2P P 3D printing method and then decorated with

52

magnetic nanoparticles (Fig. 40A) [1765]. Such hydrogel soft robots
can be enzymatically biodegraded after implementing tasks and thus
hold promise for targeted cell delivery or drug delivery into human
body for wide biomedical applications. Through stereolithography 3D
printing, Bashir and colleagues developed hydrogel “bio-bots” of
asymmetrical physical design, which were powered by the engineered
skeletal muscle strip to move (Fig. 40B) [1766]. Electric stimulation
was able to trigger the contraction of C2C12 cells within the skeletal
muscle strip and the net locomotion of hydrogel bio-bot at maximum
speed of more than 1.5 body lengths per min (~156 um s~ ). Such
biorobot designs can integrate cell components within soft robotic
systems, thus enabling a wide range of biomedical applications e.g.
active drug delivery, drug screening, bioinspired machine designs and
programmed tissue engineering. Morimoto et al. [1767] developed a
biohybrid robot that was powered with an antagonistic pair of skeletal
muscle tissues (Fig. 40C). They demonstrated the biohybrid robot can
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Fig. 38. Microfluidic-enhanced 3D bioprinting. (A) Multimaterial bioprinting of heterogeneous 3D tissue constructs. (a) Microfluidic system. (b—c) Alternate ex-
trusion. (d—e) Alternate/simultaneous extrusion. (f-i) Simultaneous extrusion. Reproduced with permission [1733]. Copyright 2015, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (B) Bioprinting of multilayered cannular tissues. (a) Bioprinting schematic of multilayered hollow tube. (b) Bioprinted perfusable tubes. (c) Image
of double layered hollow fibres. (d-e) Image of monolayered (i) and double layered (ii) hollow fibres. Reproduced with permission [1734]. Copyright 2018, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Multimaterial maskless stereolithography bioprinting. (a) Tumor angiogenesis model. (b) Skeletal muscle model. (c)
Tendon-to-bone insertion model. Reproduced with permission [1657]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Bioprinting of 3D
renal proximal tubules. (a) Nephron schematic. (b) Creation of 3D perfusable tubules. (c) Bioprinted convoluted tubule with 3D rendering. Reproduced with
permission [1735]. Copyright 2016, The Authors. This work is licensed under a Creative Commons Attribution 4.0 International License.

allow for the pick-and-place object manipulation, thereby having the
potential to replicate/reproduce diverse life-like motions. In addition,
the biohybrid robot can be integrated with muscle-on-a-chip platform
to develop the in vitro tissue models for new drug screening and dis-
covery. For the more detailed information of 3D printing for soft ro-
botics, we refer the readers to some excellent review papers
[106,107,1768].

6.5. Printable electronics

The wearable flexible electronics represent one highly important
field of future technical development, which include far more than the
smartwatch but the whole range of flexible wearables e.g. biosensors,
programmed biomedical implants/devices, supercapacitors and elec-
trochemical cells powered by human body fluids. These wearable de-
vices hold enormous potential to greatly improve the quality of our life,
health and safety. Due to the stretchability, transparency, biocomp-
ability, ionic conductivity and similarity to the native biologic tissues,
hydrogel materials have been recently considered as a promising can-
didate for developing the new generation flexible bioelectronic devices
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[1769-1771]. Compared with traditional fabrication methods, 3D
printing technology can allow for the creation of customizable flexible
electronic devices with complex structures by precisely predefining to
meet the individualized use requirements. The combination of 3D
printing with wearable flexible electronics enables the rapid advance-
ment of 3D printable electronics for personalized flexible wearables
[1772-1774]. These 3D printable flexible wearables have huge poten-
tial for a wide range of customized applications including individual
wearable devices, patient-specific prostheses, human-machine inter-
faces, etc. Using 3D printing strategy, Zhao and colleagues [1593] de-
veloped a novel living material system consisting of hydrogels and
programed bacteria, wherein bacteria were able to communicate and
process various signals programmably. Such 3D printing of programed
bacteria enabled the fabrication of living wearable devices (Fig. 41A),
and have potentials for practical applications e.g. on-demand medicine
and drug delivery. Inspired by human skin, a conductive self-healing
DN hydrogel (PAA/polypyrrole) was developed and used for 3D
printing of wearable sensors for human movement detection (Fig. 41B)
[1775]. A hydrogel-elastomer device of softness, transparency,
stretchability and conductivity was developed by 3D extrusion printing
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Fig. 39. 3D bioprinting for cancer research. (A) Tumor-on-a-chip with 3D bioprinted blood and lymphatic vessel pair (TOC-BBL). (a) Tumor structure. (b) Blood and
lymphatic vessel pair model. (c) TOC-BBL. (d) Bioink formulations. (e) Coaxial nozzle. (f) Bioprinting of two different hollow tubes. Reproduced with permission
[1750]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) 3D bioprinting of glioblastoma-on-a-chip. (a) Schematic of glioblastoma cross-
section. (b) Bioprinting schematic. (¢) Photo of glioblastoma-on-a-chip. (d) Microscopy image. Reproduced with permission [1751]. Copyright 2019, The Authors,
under exclusive licence to Springer Nature Limited 2019. (C) 3D bioprinting of in vitro metastatic tumor model. (a) Schematic of bioprinted in vitro model to mimic
metastatic dissemination. (b) Photo of metastatic tumor model. (c) Lumen image of vessel. (d) Image of vessel perfused with fluorescent fluid. (e) Image of tumor
model before capsule rupture by laser. Reproduced with permission [1753]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

technique at a sub-millimeter resolution (Fig. 41C) [1776]. Such in-
tegrated design and fabrication enabled by 3D printing of hydrogels
with dielectric elastomers hold promise for applications in stretchable
electronics as well as soft robotics. A proof-of-concept study demon-
strated the use of chondrocyte-laden hydrogels for 3D printing a bionic
ear, with Ag NPs infused silicone as antenna [1777]. Such 3D printed
ear can allow for the readout of inductively coupled signals from the
cochlea electrode and improve the auditory sensing ability of radio
frequency and stereophonic audio music (Fig. 41D), thereby showing
the promising applications of 3D printing for cybernetics to create cy-
borg organs. The organic integration of wearable electronics/bioelec-
tronics with our human bodies could make a cybernetic future for cy-
borgs (cybernetic organisms) (Fig. 42) [1778].

7. Conclusions

This Review summarizes recent progress related to the rational
design of hydrogels for 3D printing and emerging biomedical applica-
tions. Representative techniques of hydrogel-based 3D printing are in-
troduced and discussed. Hydrogel synthesis methods, crosslinking me-
chanisms, modification approaches and material, physical, chemical or
biological properties are discussed. On this basis, the design strategies
and recent advancements of biomaterial inks and bioinks for 3D
printing and 3D bioprinting are reviewed, along with 4D printing and
4D bioprinting. Combining the material and technical superiorities,
hydrogel-based 3D printing enables a wide range of promising biome-
dical applications to satisfy individualized requirements in a custo-
mizable manner.

54

8. Outlook and future directions

The number of papers has been witnessing an explosive increase and
3D printing will play an increasingly important role in the tissue en-
gineering and regenerative medicine field. In the future, 3D printing
can be applied to fabricate multifunctional patient-specific constructs,
implants and devices, which are biomimetic, bioactive and biocompa-
tible (3B) to enable the functional replacement, repair or regeneration
(3R) of the damaged/diseased tissues and organs in human bodies.
Meanwhile, by virtue of the human-machine interactions, the 3D
printable wearable electronic devices can achieve on-the-fly health
monitoring of human bodies in a customized and individualized way.
Furthermore, well established 3D in vitro tissue and organ models by
3D printing of cell-laden natural and/or synthetic hydrogels can allow
for high-throughput new drug screening and discovery with the re-
duced or even avoided animal testing. Enabled by the 3D printing
technology, customized tissue/organ grafts and drug delivery systems
holds great promise for patient-specific healthcare, personalized med-
icine and precision medicine.

It is a rising trend to combine multiple 3D printing techniques to-
gether to additively manufacture one object, thereby being able to re-
duce the production period and add the complexities of architecture
and functionality. At the same time, new 3D printing techniques and/or
instruments will be developed with the advancement of this field. For
example, applying external electric, magnetic or acoustic fields during
3D printing can assist in the orientation, alignment, distribution and
assembly of functional nanoparticles within the 3D printed objects.
Such field-assisted 3D printing enables the design of bioinspired
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composite reinforcement constructs, e.g. nacre-mimetic structures.
Moreover, multimaterial 3D printing is anticipated to increase in de-
mand to create novel functional objects of gradient, heterogenity, ani-
sotropy and complicacy, wherein those sophisticated microstructure
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Fig. 40. 3D printing for soft robots. (A)
Creation of GelMA hydrogel helical
microswimmers. (a) 2 P P printing. (b)
Decoration with Fe;O, nanoparticles.
(c) Image of helical microstructures.
Reproduced with permission [1765].
Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (B)
Printing of hydrogel bio-bot. (a) De-
sign and stereolithography printing.
(b) Cell-matrix solution. (¢) Bio-bot
fabrication. Reproduced with permis-
sion [1766]. Copyright 2014, National
Academy of Sciences. (C) Creation of
biohybrid robot having antagonistic
skeletal muscle tissue pair. (a) Sche-
matic of biohybrid robot. (b) Photo of
myoblast-laden hydrogel sheet shaped
by PDMS stamp. (c) Creation of an-
tagonistic skeletal muscle tissue pair.
(d) Photo of biohybrid robot. Re-
produced with permission [1767].
Copyright 2018, The Authors, ex-
clusive licensee American Association
for the Advancement of Science.

characteristics are so far only achievable or accessible by the natural
biologic materials/structures. In addition, hand-held 3D printing de-
vices will become increasingly popular due to flexibility and con-
venience for diverse field applications.
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Fig. 41. 3D printable electronics. (A) 3D printing of living tattoo for on-skin chemical detection. (a) Living tattoo design. (b) Different states of on-skin living tattoo.
(c) Response of on-skin living tattoo. Reproduced with permission [1593]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) 3D printing of
wearable sensor with conductive self-healing hydrogels. Reproduced with permission [1775]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C)
Comparison photo of the patterned design (left) and 3D printed hydrogel-on-PDMS sample (right). Reproduced with permission [1776]. Copyright 2017, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (D) 3D printing of bionic ears. Reproduced with permission [1777]. Copyright 2013, American Chemical Society.

Although 3D printing enables the precision manufacturing on the
basis of patient-specific anatomy, more attempts and efforts need to be
made for developing new biomaterial inks and bioinks with tailorable/
appropriate material, mechanical, physical, chemical and biological
properties for 3D printing and practical applications. To this end, su-
pramolecular hydrogels point out a charming direction for the devel-
opment of advanced biomaterial inks and bioinks. On the basis of su-
pramolecular chemistry, each individual building block can be 3D
printed first and thereafter, these printed building blocks can self-as-
semble into larger, more complex, more exquisite and more functional
3D objects through molecular recognition and multivalent interaction,
thereby leading to the concept of self-assembly 3D printing. In addition,
tough hydrogel-based 3D printing and bioprinting hold great promise
for the fabrication of synthetic connective tissues to mimic biologic gel
composites such as menisci, tendons, ligaments and articular cartilages,
which are very strong and tough structural solids in human body.

Implementation of the 3D printing process under a microgravity or
zero-gravity environment will be very meaningful considering the
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levitation state of biomaterial inks and bioinks, and such explorations
enable the promising applications for astronauts in space. Besides, 3D
printing may enable developing hydrogel-based metamaterials that
present unprecedented properties e.g. mechanical reinforcement.
Herein, we define the concept of life materials. Life materials refer to
advanced materials that not only contain cells such as mammalian cells
or microorganisms (e.g. bacteria, fungi, microalgae), but also can re-
pond to external stimuli such as chemicals or physical fields (e.g. light,
electric, magnetic, acoustic, heat). These living materials have life and
can self-assemble and shift shapes and achieve functions. 3D bio-
printing of cell-laden hydrogels can be used to create a wide range of
life materials for applications in drug screening, drug resistance study,
photosynthetic therapy, catalysis/biocatalysis, environmental re-
mediation and other industrial applications. All in all, some day the 3D
bioprinting scenes of an organ or a human in science fiction movies will
no longer be science fiction but become reality, entering our real world.
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Fig. 42. A cybernetic future for cyborg-like humans. Reproduced with permission [1778]. Copyright 2018, The Authors. Published by WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited.
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