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8.1 Introduction
Hydrogels have attracted much attention in biomedical applications owing
to their unique properties such as high-water content, good biocompati-
bility, mechanical flexibility, and structural relevance to biological tissues.1,2

The advances in polymer chemistry and a better understanding of material–
cell and material–tissue interactions have allowed researchers to modify
hydrogel properties to better fit into various biomedical application scen-
arios. An essential strategy is to develop multicomponent hydrogel formu-
lations and structures to share the desirable features obtained from
individual components.1 This strategy might address some critical issues of
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single-component hydrogels, such as the difficulty of recapitulating the
heterogeneous structures of biomedical devices2 and functionally
engineered tissues.3,4 Despite the progress in new chemistry and materials
preparation, the processing of generally soft and fragile hydrogels into de-
sired structures remains an enduring challenge.2 Therefore, a flexible
manufacturing technique is needed to satisfy various application demands.
3D printing, also known as additive manufacturing, is a desirable technology
for integrating hydrogel materials to construct customized multicomponent
structures following the digital model guidance through computer-aided
design/computer-aided manufacturing. It has specific advantages such as
free-form and heterogeneous fabrication compared to traditional subtractive
manufacturing approaches. For these reasons, hydrogel-based materials
combined with 3D printing are becoming increasingly important.

Notably, no single technique can achieve the 3D printing of all kinds of
hydrogels, and no single type of hydrogel can satisfy all application
requirements. Various enabling techniques of 3D printing have been used to
process hydrogels, including extrusion-, jet- and vat polymerization-based
approaches, which all have their advantages and disadvantages. Various
forms of multicomponent hydrogel ink for 3D printing have also been
developed, including miscible multi-material or multi-network and immis-
cible composite hydrogels.2 Considering the rapid progress in the field, we
believe a thorough understanding of 3D printing techniques and the re-
quirements for hydrogels in 3D printing is beneficial to efficiently determine
the printing strategy for particular biomedical applications. This chapter will
introduce the basic principles of hydrogel printing techniques, the strategies
for formulating multicomponent hydrogel inks for 3D printing, and the
most recent advances in typical biomedical applications. It aims to help the
readers better understand the principles and state-of-the-art 3D printing of
multicomponent hydrogels and inspire them when developing hydrogels
and 3D printing techniques for biomedical use.

8.2 3D Printing Technologies
3D printing was initially developed to rapidly manufacture a prototype without
additional cutting or casting methods. In 1981, Hideo Kodama developed a
rapid prototyping system in Japan based on an ultraviolet (UV) polymerization
manner. It presents a newway of fabricating a solidmodel by stacking the cross-
sectional layers via curing the liquid photo-hardening polymer quickly without
excessive manual labor.5 Chuck Hull invented stereolithography (SLA) technol-
ogy, filed the world’s first patent in 3D printing in 1984, and started com-
mercialization in1987.3 Since then, 3Dprintinghasbeen seenwith considerable
progress in the enabling techniques and applicable materials. 3D printing of
hydrogels has attracted much attention considering the difficulty of processing
hydrogels using conventional manufacturing approaches. Here we will review
the hydrogel 3D printing technologies and categorize them into three types,
namely, extrusion-, jet- and vat polymerization-based 3Dprinting (see Table 8.1).
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8.2.1 Filament Extrusion-based 3D Printing

Extrusion-based 3D printing is the most commonly used technique for
hydrogel printing due to its easy availability and high capability for printing
complex structures.2 Driven by pneumatic, mechanical, screw, or electrical
forces, hydrogel precursor solutions are extruded through a narrow nozzle to
form filament-shaped building blocks, usually deposited on a receiving
substrate layer by layer in a computer-controlled fashion. Different strategies
can be adopted for the 3D printing of multicomponent hydrogels as follows
(Figure 8.1).

Figure 8.1 Schematics of filament extrusion-based 3D printing technologies. (A)
Multi-nozzle extrusion. Syringes loaded with different materials
automatically shift to print a multi-component structure following the
pre-design program. (B) Multiple-channel integrated extrusion. In the
multiple outlet approach, outlets of various materials are assembled so
that hydrogels can be extruded as an anisotropic hydrogel filament
simultaneously or orderly. In the single outlet approach, channels of
various materials are integrated into one outlet via manipulative valves,
which sequence hydrogels to form the anisotropic or heterogeneous
filament. (C) Template extrusion. In the coaxial nozzle, core and shell
hydrogel solutions, respectively, flow into the two (or more) entrances of
the coaxial nozzle and contact in the confluence to form the core–shell
filament. In the pre-shape cartridge, multiple hydrogel precursor solu-
tions are loaded in corresponding areas inside the syringe. The precursor
makes adaptive flow (under air or hydraulic pressure) to the nozzle
to generate the scaled-down filament with the pre-shape pattern.
(D) Freeform-support extrusion. The filament can be printed and immo-
bilized in any direction within the bath to form an overhanging object
regardless of the layer-by-layer manner.
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8.2.1.1 Multiple-nozzle Extrusion

Printing with multiple nozzles loaded with different inks is a straightforward
way to fabricate multi-component hydrogels. Sun et al. patented their
multiple-nozzle extrusion-based 3D printing technology in 2005, which was
initially designed to fabricate heterogeneous cell-laden hydrogel constructs.4

Similarly, Kang et al. developed an integrated tissue–organ printer (ITOP) to
achieve the printing of ear cartilage with multi-materials (polycaprolactone
(PCL), Pluronic F-127, and cell-laden composite hydrogels), and the printed
implantable structure (see Figure 8.2A) exhibited desirable potential in
promoting ear cartilage reconstruction.21 Multiple-nozzle 3D printers are
currently available from numerous 3D printing companies and have been
widely used in processing hydrogel-based products. Each ink material is
loaded in a separate nozzle unit and deposited independently (see
Figure 8.1A). While the interfaces between different inks are usually sharp,
the spatial resolution of heterogeneity is highly limited by the single nozzle
printing resolution. In addition, the frequent transition of multiple nozzles
during printing might compromise the printing speed and the repositioning
deviation.

8.2.1.2 Multiple-channel Integrated Extrusion

Integrating multiple channels into a single deposition nozzle could physic-
ally avoid the transition and reposition of different nozzles. Instead, the
switching of different inks is achieved by switching the individual channels
before reaching the nozzle outlet, which could save printing time and
achieve higher resolution (see Figure 8.1B). Using this approach, Liu et al.
successfully printed up to seven hydrogel formulations to pattern organ-
shaped heterogeneous structures, such as the brain, lungs, and heart (see
Figure 8.2B).22 In their setup, the ending tubular outlet of multiple channels
is packed together to form a multiple-channel outlet, which can easily
generate parallel and tight filament with multiple materials.22,27 However,
the packing of channel outlets would enlarge the diameter of the ending
nozzle and thus might compromise the printing resolution and result in off-
center filaments when only switching on the outer outlets during printing.
Converging the channels into one outlet can avoid the problem. Lewis et al.
developed a module printer based on the channel converging technique. The
assembly of multiple module-printer allows for synchronizing printing of
symmetrical structures with multiple nozzles, which considerably shortens
the fabrication process (see Figure 8.2C).23

8.2.1.3 Template Extrusion

The shape of filament can be altered by the nozzle shape during the extru-
sion process, which leads to the template extrusion printing of multi-
component hydrogels (see Figure 8.1C). Coaxial nozzle printing is a typical
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strategy of template printing to generate a continuous multi-layered coaxial
filament with either solid or hollow cores,28 the latter of which could be used
for perfusion. Besides tubular tissue constructs, the coaxial printing ap-
proach has also been used to print hollow filaments to form complex
structures with hollow channels (see Figure 8.2D).24 Additionally, the coaxial
nozzle can be combined with jet-based printing techniques to produce core–
shell spheroids29 or core–shell nanofibers.30 In other examples, researchers
have developed customized templates. Kang et al. prepared a home-made

Figure 8.2 Representative examples of extrusion-based 3D printing. (A) The ear
cartilage constructs were printed with a cell-laden hydrogel and sacri-
ficial Pluronic F-127 (left) was dissolved in a cold medium (right).
Adapted from ref. 21 with permission from Springer Nature, Copyright
2016. (B) The organ-like patterns were independently constructed with
multiple bioinks in the multiple-channel integrated extrusion method
and stitched together in the same image as the counterpart of the human
body. Adapted from ref. 22 with permission from John Wiley & Sons,
Copyright r 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(C) The spiral patterns with four color silicone were printed by a
four-material multiple-module printer. Adapted from ref. 23 with per-
mission from Springer Nature, Copyright 2019. (D) Coaxial nozzle
bioprinting structure with hollow filament, 2D butterfly and leaf patterns
(top) and a solid ear model (bottom). Adapted from ref. 24 with
permission from IOP Publishing, Copyright 2020. (E) Pre-set extrusion
templates and the printed counterpart structures. Adapted from ref. 25,
https://iopscience.iop.org/article/10.1088/1758-5090/aac70b, under the
terms of the CC BY 3.0 license, https://creativecommons.org/licenses/by/3.0/.
(F) The centimeter-sized heart is printed within a support bath
(left). After extraction, red and blue dyes were injected into the left
and right ventricles, respectively (right). Adapted from ref. 26, https://doi.
org/10.1002/advs.201900344, under the terms of the CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.
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pre-set precursor cartridge to locate and template cell-laden collagen and
alginate hydrogels (see Figure 8.2E).25 In this technique, inks are preloaded
in the desired position of the precursor cartridge, then the precursor cart-
ridge is inserted within a typical syringe reservoir. A hydrogel filament with a
pre-set structure in the cross-section could be generated under the back-
pressure. This methodology could theoretically obtain precise and custom-
ized heterogeneous filament building blocks. Still, it might meet the
practical difficulty of preloading multi-materials and achieving simul-
taneous extrusion of these materials, especially when they exhibit distinct
rheological properties.

8.2.1.4 Freeform-support Extrusion

In a typical extrusion-based hydrogel printing process, the ink usually passes
through the nozzle in a liquid or semi-gel state and gels under external or
internal stimuli on the substrate to self-support and support the upper layers
for prevention from collapsing.31 A successful printing highly relies on the
rapid gelation property of the hydrogels to maintain the structural fidelity
and provides support for further printing. Instead of printing on a receiving
substrate in the air, researchers have developed a free-support extrusion
strategy based on a dual-layer reservoir in which the lower layer (gel or semi-
gel state) immobilizes the extruded ink, and the upper layer (liquid state)
replenishes the void space caused by the nozzle moving.32 Further, the
emergence of the integrative supporting medium33 liberates the require-
ment of the additional liquid layer and brings several advantages, such as
more stable supporting, a shorter fabrication process, and higher printing
resolution. In the printing process, the ink materials are extruded directly
into a supporting bath composite of specific medium formulations with
significant shear-thinning properties. During printing, the solid (or semi-
gel) medium around the moving nozzle makes a quick transition to
fluid states (shear-thinning), allowing the nozzle to deposit the ink
(see Figure 8.1D). Simultaneously, a spontaneous recovery (self-healing)
turns the medium back to a solid (or semi-gel) state, providing an en-
capsulation environment to support the deposited inks. The final printed
structure can be collected after removing the supporting medium. Com-
pared to the typical layer-by-layer printing in the air, this freeform-support
extrusion technique allows the nozzle to print in any direction within the
bath. Additionally, this approach allows for the fabrication of large-scale
structures since the supporting medium can minimize the evaporation and
possibly provide nutrition for printed cells during a lengthy printing process.
However, the available materials are restricted by the properties (e.g., tran-
sition temperature, load-bearing capacity) of the supporting medium.34 With
this technique, researchers printed various hydrogel-based models with
complex structures (see Figure 8.2F), such as the continuous hierarchically
branched tubular networks,33 the tri-leaflet heart valve,7 and the dual cell-
laden heart model.26
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8.2.2 Droplet Jet-based 3D Printing

Droplet jet-based 3D printing includes continuous and drop-on-demand
approaches. In the early inkjet printing approach, droplets continuously
pass through an electrostatic field for charging. Subsequently, the charged
droplets are deflected to a substrate by a deflection field for patterning,
while the uncharged droplets are directed to a gutter for recycling.35 The
low printing resolution and potential contamination during the recycling
process have made the continuous inkjet approach less applicable in
biomedical applications. The drop-on-demand methods can potentially
address these issues and have mostly represented the so-called droplet jet-
based printing. Droplet jet-based printing, widely applied in 2D pat-
terning, generates droplets and deposits them on the substrate in a
computer-controlled manner. This technology can also be used to deposit
materials on the irregular surface due to its non-contact and self-adaptive
properties. Additionally, a three-dimensional mobile platform enables 3D
object printing. Here we summarize the droplet jet-based printing ap-
proaches as follows (see Figure 8.3) according to the mechanisms of
droplet generation.

8.2.2.1 Inkjet Printing

Thermal and piezoelectric inkjet printing technologies are the most com-
mon drop-on-demand approaches. In thermal inkjet printing, the resistive
element inside the thermal printer could rapidly heat up to almost 300 1C
within a few microseconds to evaporate an air bubble and thus eject the
droplet through the orifice (see Figure 8.3A). Subsequently, the ink fills
back the chamber and gets ready for the next ejection. Although the
heating process only lasts for a few microseconds, the hydrogel and en-
capsulated cargos with rigorous thermosensitivity may be functionality
damaged. Additionally, hydrogels with high viscosity or non-vaporization
properties are not suitable for thermal printing. Piezoelectric printing is an
alternative approach, which ejects the droplet under the driving force from
a sudden variation within the fluid chamber by applying a voltage pulse to
the incorporated piezoceramics (see Figure 8.3A), and it expands the win-
dow of applicable inks because it frees the requirement for vaporizable
materials.

Due to the high throughput and stable printing process, inkjet printing
has been widely applied in generating a microarray of various biological
materials, including DNA, proteins, and cells.43 The multiple-nozzle strategy
could also be incorporated with inkjet printing for printing multi-materials
in microarray printing44 and surface coating.45 For example, three kinds of
cell-laden inks were deposited to form the Eiffel tower pattern using this
strategy (see Figure 8.4A).36 Additionally, accompanied by the Z-axial
direction movement, the multiple-nozzle strategy can print a 3D tubular
cell-laden hydrogel structure (see Figure 8.4B).37
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8.2.2.2 Micro-valve Printing

Micro-valve printing relies on a valve to switch the on/off state of the outlet,
which allows the ink to be cut and ejected as droplets. The valve usually
comprises a magnetic or mechanical actuator connecting to a plunger and
springs (see Figure 8.3B). For the former, the voltage pulse is applied to
induce a magnetic field in the solenoid coil to pull the plunger upwards.46

Simultaneously, the ink passes through and then the plunger returns to
block the ink as springs restore when the magnetic field disappears. For the
mechanical valve-based approach, the vertical force is directly applied to the
plunger to close the outlet. When the force is absent, the restoration of

Figure 8.3 Schematics of droplet jet-based 3D printing technologies. (A) Inkjet
printing. In the thermal printer, a heater is a crucial component to
translate the electrical signal into a heat signal for evaporating the
localized ink to eject. In the piezoelectric printer, piezoceramics distort
spontaneously under the electric pulse leading to the variation of the
chamber to achieve droplet ejection. (B) Micro-valve printing generates
the droplets by altering the open–close state of the outlet via the mag-
netic or mechanical valve. (C) Electrohydrodynamic jet printing. The
tunable DC electric field applied between the outlet (positive) and the
substrate (negative) provides force to pull out droplets. (D) Laser-induced
forward printing. The transparent layer allows the movable laser beam to
focus on the absorbing layer, which can absorb the heat to induce an air
bubble to eject droplets out of the ink layer. (E) Acoustic printing. The
interdigitated gold rings produce circular waves and form an acoustic
focal point at the interface between the air and the bioink to eject
droplets. (F) Aerosol jet printing. The ink forms droplets under the
mechanical vibrations caused by the ultrasonic atomizer. The carrier gas
stream transports the droplets from the cartridge to the outlet, which is
encircled by the sheath gas.
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springs results in the opening of the outlet where the ink can pass through.
Therefore, the throughput rate of ejection can be manipulated by tuning the
electric pulse (magnetic) or force frequency (mechanical). Due to the indi-
vidual manipulation of the valve, micro-valve printing supports the printing
of multiple materials simultaneously or sequentially in an integrated
multiple-nozzle system. Shu’s group managed to produce spheroids of em-
bryonic stem cells with various cell concentrations via a deliberate design, in
which one nozzle decreasingly delivers the cell ink, while the other nozzle
increasingly delivers the medium for maintaining the constant volume of
each spheroid.47 Further, they applied the dual nozzle approach to fabricate
a 3D tubular structure by the ejection of alginate and calcium in an alternate
manner (see Figure 8.4C).38 Compared to inkjet printing, micro-valve
printing possesses a higher driving force for ejection and can be applied
to materials with higher viscosity. However, to minimize the damage of

Figure 8.4 Representative examples of jet-based 3D printing. (A) The Eiffel
tower by Georges Seurat pattern was printed with three types of
cells labelled with different colours. Adapted from ref. 36, https://
doi.org/10.1038/s41598-017-14726-w, under the terms of the CC BY 4.0
license, https://creativecommons.org/licenses/by/4.0/. (B) A bifurcation
structure with both horizontal and vertical hollow features was printed
with cell-alginate ink. Adapted from ref. 37 with permission from John
Wiley & Sons, Copyright r 2014 Wiley Periodicals, Inc. (C) A 13 mm
alginate tube structure was printed by dual-nozzle printing. Adapted
from ref. 38, https://iopscience.iop.org/article/10.1088/1758-5090/7/4/044102,
under the terms of the CC BY 3.0 license, https://creativecommons.org/
licenses/by/3.0/. (D) A printed peacock image comprising three fluores-
cently labelled proteins. Adapted from ref. 39 with permission from
American Chemical Society, Copyright 2012. (E) A seven-layer structure
constructed by alternately printing red and green keratinocyte sublayers.
Adapted from ref. 40 with permission from John Wiley & Sons, Copyright
r 2012 Wiley Periodicals, Inc. (F) Images of Y-shaped alginate tubes
printed. Adapted from ref. 41 with permission from IOP Publishing,
Copyright 2015. (G) The vertical metal lines onto the wall of the dielectric
pillar printed by aerosol jet printing (AJP). Adapted from ref. 42 with
permission from IOP Publishing, Copyright 2015.
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shear stress on cells, the orifice diameter is supposed to be larger than the
resulting droplet diameter.48

8.2.2.3 Electrohydrodynamic Jet Printing

Electrohydrodynamic jet printing (EJP) is a high-resolution printing tech-
nology where the ink can be pulled out as a droplet or continuous fiber
under an electric field (see Figure 8.3C). Initially, the ink in the cartridge is
pushed to the nozzle driven by the backpressure, while the surface tension at
the nozzle tip limits the ink from falling. Then an eclectic voltage is applied
between the nozzle (usually metal-coated) and the substrate receiver.
Simultaneously, the liquid ink is elongated to form the meniscus surface at
the outlet and can further eject in the dripping mode (droplet generation) or
jet mode (continuous fiber generation) by tuning the parameters.49 The
ejection process of EJP relies on multiple factors such as the properties of
ink (viscosity and conductivity), electric voltage, nozzle diameter, and the
distance between the nozzle and the substrate.49,50 In the dripping mode,
the liquid meniscus gets elongated due to the combined effects of gravity
force (liquid volume) and the electric force (electric voltage), which make the
droplet detach from the tail of the elongated meniscus. Two stable stages of
droplets, the gravity-leading large drops (Znozzle diameter) and the electric-
leading small drops (onozzle diameter), can be generated, respectively, by
tuning the ratio of the ink flow rate and electric voltage.50 For the jetting
mode, the formation of the Taylor cone represents the transition of EJP from
the dripping mode to jet mode, where the liquid meniscus deforms into a
conical shape.49 This jetting mode has been adapted in the electrospinning
and electrohydrodynamic-direct-writing (electrowriting) technologies. Add-
itionally, the multiple materials printing strategy in extrusion-based printing
is also applicable to EJP. Shigeta et al. succeeded in printing a peacock
pattern (B300 mm) with three kinds of fluorescent proteins using a multi-
nozzle printer (see Figure 8.4D).39 Li’s group applied the coaxial nozzle in
EJP to achieve the cell-laden alginate direct printing core (collagen)–shell
(alginate) multi-hydrogel cellular structure.51 Additionally, this strategy can
be extended to the core–shell droplet generation.

8.2.2.4 Laser-induced Forward Transfer

Laser-induced forward transfer (LIFT), an orifice-free printing technology
with high resolution, ejects ink droplets via vapor caused by a laser spot (see
Figure 8.3D). This printing system normally consists of a pulsed laser beam
for positioning, a donor ribbon for ejection, and a substrate for collection. As
a start, the laser beam executes the printing motion to the pre-set position.
Then the laser spot focuses on the ribbon comprising a transparent layer
(e.g., glass), an absorbing layer (e.g., titanium), and an ink layer. The focal
area of the absorbing layer produces a vapor bubble pushing the ink for-
ward, and the resulting droplet lands on the facing substrate coated with a
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hydrogel or other materials (protecting the droplet from vaporization).
Importantly, to achieve successful ejection, the energy density of the applied
laser beam should reach the threshold of vaporizing the absorbing
materials. The laser energy can also affect the droplet size and geometry; the
increase of focal area usually results in a larger droplet, while the excessive
energy might cause the formation of irregular droplets or satellite droplets.52

It should be noted that the introduction of materials from the absorbing
layer is nearly negligible because the absorbing layer is far thinner than the
ink layer.53 Besides, the metal materials stuck to the substrate can be easily
washed away.53 However, the encapsulation of the metal micro/nano-
particles within the hydrogel droplets is unavoidable, and its amount in
droplets grows as the laser energy increases, so precise control of the
exposure process during printing is essential to ease the contamination.54 It
is flexible to directly generate cell-laden hydrogel droplets by depositing the
alginate onto the substrate coated with a calcium-containing gelatin
hydrogel.55 For printing multiple hydrogel materials, strategies of multi-
ribbons56 or one ribbon with multi-materials (side by side)40 were both in-
vestigated to print the alternating pattern. Koch et al. fabricated a 3D grid
structure by alternatingly printing dual materials (alginate with different
cells) (see Figure 8.4E).40 However, due to the poor mechanical properties,
the structure of the liquid-state hydrogel droplets deforms as the printing
layers accumulate, which leads to the low fidelity of the final structure.
Localized crosslinking of the structure can improve the mechanical prop-
erties of the structure by transitioning the liquid-state hydrogel to a semi-gel/
gel state, contributing to the support for the next layer deposition.57 With
modification, Xiong et al. managed to deposit alginate on the platform
submerged in calcium solution to achieve Y-shaped tubular structure fab-
rication with LIFT (see Figure 8.4F).41 However, it is challenging to deposit
multiple materials with different crosslinking mechanisms in this strategy.

8.2.2.5 Acoustic Printing

Acoustic printing generates a droplet via the application of the surface
acoustic wave (see Figure 8.3E). The key functional part is a surface acoustic
wave generator based on a piezoelectric substrate coated with interdigitated
gold rings that determine the resonant frequency and wavelength of surface
acoustic waves.10 When the printing begins, surface acoustic waves diffract
into the liquid, and the symmetrical wave with circular geometry forms an
acoustic focal plane resulting in disturbances at the air–liquid surface. When
the acoustic radiation force exceeds the surface tension, the bulge liquid
forms an elongated jet, and the abruption at the end of the jet generates a
droplet that lands on the collecting substrate. Acoustic printing is applicable
for cell printing. For example, Demirci et al. successfully printed single cell-
laden agarose hydrogel droplets (B37 mm).58 Additionally, the hydrogel so-
lution with high cell density is also suitable for acoustic printing. Gong et al.
exploited an acoustic printing system to eject a controllable droplet of
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Matrigel with high cell density (3�107 cells per ml) to generate tumor
organoids with a desirable repeatability.59 The stability of the acoustic waves
is noteworthy during the printing process. To avoid the liquid surface vi-
bration caused by the movement, the mobile platform assembled to the
collecting substrate has been used.60 Acoustic printing can also be adopted
in multi-material printing. Fang et al. placed a plate with wells on the water
surface and aligned the surface of the materials in wells with the focal point
of the transducer to eject the droplets so that a multi-component droplet
array could be generated by focusing the acoustic wave on different wells.61

The acoustic wave propagation phenomenon within the medium can be
applied to directly assemble particles (even a single cell) in a spatial dir-
ection without physical contact.62 Therefore, an acoustic field was set under
the droplet generator to manipulate the passing droplets to form a pattern
on the collecting substrate.63 Acoustic force can also be applied as the
driving force to improve the printability of droplet-based printing. Foresti
et al. established an acoustic field around the outlet of the nozzle to generate
acoustic force, which can achieve ejection of materials with a wide viscosity
range (0.5–25 000 mPa s).64

8.2.2.6 Aerosol Jet Printing

AJP exhibits non-contact and direct-write characteristics and can perform
high-resolution printing.65 The ink in the aerosol chamber first gets atom-
ized by a pneumatic or ultrasonic atomizer as a dense aerosol, and sub-
sequently the inert air-fluid (a carrier) transports these aerosols to a vertical
channel, which guides the aerosols towards a movable substrate to print the
desired features (see Figure 8.3F). To prevent the spread of the aerosols, an
annular tube is usually set centered outside the nozzle, and the sheath gas
from the tube synchronously jets to focus the aerosols between the nozzle
and substrate.12 Within the deposition head, the droplet diameter of the
aerosol is 1–5 mm, and the aerosol stream impacts the substrate at a velocity of
10–100 ms�1 with the acceleration of the sheath gas.65 The AJP technique has
been used in manufacturing electronic components for biomedical appli-
cations such as biosensors66 and flexible/wearable bio-electronic devices.67

The AJP process is highly dependent on the rheological properties of the ink68

and shows desirable performance in printing materials containing nano/mi-
croparticles of polymers69 or metals.70 Printability of UV curable materials was
also proven in AJP. Rahman et al. printed acrylic urethane solution (containing
silver nanoparticles) by cooperating with a UV ray for in situ curing to fabricate
a dielectric pillar (see Figure 8.4G).42 Besides, AJP allowed high-resolution
printing of the complex hierarchical porous structures (five orders of magni-
tude in the length scale) without support.70 Similar to the multi-nozzle strat-
egy, Tait et al. patterned parallel alignments of emitting organic light-emitting
diodes via depositing three kinds of materials in sequence.71 It is noted that
the possible dehydration phenomenon of hydrogel materials contributed by
airflow during printing should be considered.
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8.2.3 Vat Photopolymerization-based 3D Printing

Vat photopolymerization-based 3D printing is the general term for
lithography-based printing technologies which directly exploit light to
trigger or guide the polymerization of photosensitive materials to form a pre-
designed structure, where a vat of photo-resins is selectively cured by light-
activated polymerization (see Figure 8.5). Different from extrusion-based and
droplet jet-based 3D printing, the ink materials and the printed structure are
in contact during the printing process in vat photopolymerization-based
printing. Therefore, manipulating the accumulated exposure dose such as
grayscale light72 and exposure time73 can tune the curing process for
heterogeneous structure fabrication. However, vat photopolymerization

Figure 8.5 Schematics of vat photopolymerization-based 3D printing technologies.
(A) Stereolithography. The laser beam focuses on the pre-design position
of the platform for horizontally curing the inks, and the Z platform
moves for next layer curing. (B) Digital light processing. The digital
micromirror device selectively reflects light according to the pre-set
pattern for curing the inks, then the Z platform moves for next layer
curing. The left technique requires an additional submerging process for
replenishing the ink. The right approach avoids the submerging process
by introducing an oxygen-permeable film to create the dead zone.
(C) Multiphoton polymerization. Two light sources, a femtosecond
laser and a continuous-wave laser, overlap as a spot to form the curing
zone. As the overlapped spot moves, the pathway gets cured to form
structures. (D) Volumetric 3D printing. The dynamic projection of pre-
design pattern light is projected to the vat by the projector. For the
computed axial lithography, the vat keeps rotating, then the local
cumulated dose of exposure within the curing zone increases to reach
the solidification threshold for polymerization. For xolography, the
curing zone is the overlap area of the trigger light sheet and the pattern
light, and the object can be printed by cooperating with the movement of
the light sheet.
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normally needs a sequential exposure of dissimilar photosensitive materials,
and three strategies are adopted to achieve 3D printing of multi-material struc-
tures. The first strategy is altering resin by removing the previous materials and
replenishing different materials for the next photopolymerization.74–76 The other
is submerging the semi-product in different vats filled with different materials
for the next fabrication.77–79 The last strategy is selectively curing the spe-
cified material in the vat filled with compound materials by applying dif-
ferent light sources.80–82 Figure 8.6 shows the representative application of
vat photopolymerization-based 3D printing in multi-component structure
fabrication.

8.2.3.1 Stereolithography

SLA, the earliest 3D printing technique, is a laser direct-writing printing
method that manipulates a laser beam to cure the photosensitive materials
within a vat.5,84 With its development, a galvanometric scanning system is
integrated to tune the laser beam direction to improve the printing reso-
lution (see Figure 8.5A). During the SLA process, a laser beam passes
through the scanning system and then focuses on the surface of the
photosensitive ink to sequentially cure. As the previous ink layer is cured, the
platform starts to fall to the next layer, and eventually the structure is fab-
ricated in the layer-by-layer photopolymerization. The processing time to
print one slice of the structure depends on the scanning speed and the
illuminated area.19 Applying the larger diameter of the spot can shorten the
printing time but reduce the printing resolution as the desirable printing
resolution of SLA is guaranteed by the spot size of the focused laser beam.
Therefore, each exposure dose of the spot, also called the pixel, would the-
oretically be tuned individually by controlling the laser intensity so that it
enables grayscale pattern printing.85 Cooperating with sequential exchange
and photopolymerization of different materials, SLA allows the fabrication of
multi-component structures with multi-materials. Using this method, a six-
layer poly-pill containing six drugs was generated by shifting the vats.86

8.2.3.2 Digital Light Processing

Curing the resin using a pattern of light seems to be more time-efficient than
using the light beam to draw the pattern point by point. Therefore, dynamic
mask photolithography has been introduced to the modification of SLA,
which contributes to a new type of vat photopolymerization-based printing
technique, digital light processing (DLP). In this approach, the digital mi-
cromirror device, a dynamic mask made of thousands of micromirrors, is
applied to reflect the light source as a pattern light.87 During the printing
process, the light pattern counterpart is generated according to each slice of
structure and projected by the digital micromirror device to selectively
crosslink the curable ink to form the final structure layer by layer (see
Figure 8.5B). Before crosslinking the next layer, uncured ink between the
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previously cured layer and the light source needs replenishment, and this
ink reloading process (dependent on ink viscosity) significantly decreases
the efficiency of DLP.85 However, due to the one exposure step for each layer,
the time needed for processing is still considerably shorter than that needed
for SLA in fabricating the complex structure.

Generally, the number of slices composited of the model is one of the es-
sential parameters which tunes the resolution and printing time in 3D print-
ing. As mentioned, the SLA and DLP printing process need replenishment after
each layer curing. To shorten the time required for printing high-resolution
objects, continuous liquid interface production (CLIP) was developed.11 In
CLIP, an oxygen-permeable film is set up in the vat between the surface of the
cured layer and the light source to establish a thin uncured liquid layer, called
the ‘‘dead zone’’, where polymerization is inhibited (see Figure 8.5B). Above the
dead zone, a vertical mobile platform continuously draws out the cured part
from the ink bath, and the resultant suction forces synchronously maintain
constant liquid ink replenishment for further curing until completion of the
structure. Accompanying the dynamic projected images illuminating the
curing surface and the constant ink replenishment, CLIP can obtain smooth
objects without slicing traces (using a layer-by-layer approach). However, the
fluidity of resin is necessary to support the printing continuity.

8.2.3.3 Multiphoton Polymerization

The phenomenon of absorption of two or more photons is the basis of
multiphoton polymerization technology. Theoretically, the simultaneous
absorption of two or more photons can occur and contribute to photo-
crosslinking. Current multiphoton polymerization is mainly processed via
the two-photon absorption, so we will focus on two-photon polymerization
(TPP) in this chapter.88 With TPP, the simultaneous absorption of two
photons only occurs in the focused spot in which the light intensity is high
enough to trigger the polymerization (see Figure 8.5C). A molecule is excited
from the ground state (S0) to an excited state (S1) by absorbing one photon or
to a transient state (S2) by absorbing two photons within the intermediate
virtual state (femtosecond), independently.89 The probability of transition
depends on the product of the intensities of the two laser beams for TPP.18

The transition only occurs under a sufficiently high photon concentration so
that a tightly focused femtosecond laser beam (B780 nm for an fs pulsed
Ti:sapphire laser) with high intensity is required. Different from SLA, TPP is
a direct laser writing technique in which the laser beam can move in any
direction without crosslinking the irrelevant area of resin because most
photopolymers are transparent at a wavelength in the near infrared range
and the photopolymers will only get cured within the focal volume of two
lasers.88 As a consequence, the structure is constructed by spatial spot (voxel)
in TPP but flat spot (pixel) in SLA. Due to the unnecessary need for ink
fluidity for replenishing, high viscosity materials can be applied in TPP.
Notably, TPP can generate an overhanging object with a heterogeneous
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structure by tuning the crosslinking density of the hydrogel.90 For multi-
material printing, a multi-layer structure with four materials was printed by
cooperating with the microfluidic system where materials can be auto-
matically alternated in the closed vat.75 However, the immobilization of the
overhanging structure should be concerned in the alternating materials
process due to the possible translocation or damage to the structure by
the flow.

8.2.3.4 Volumetric 3D Printing

Different from layer-by-layer approaches applied in SLA and DLP printing,
the volumetric 3D printing (or volumetric additive manufacturing) techni-
que is proposed to generate an object at once rather than through the
sequential addition of building blocks. Computed axial lithography (also
known as tomographic 3D printing), a landmark in volumetric 3D printing,
is inspired by the image reconstruction procedures of computed tomo-
graphy.79,91,92 In computed tomography, the scanned object is reconstructed
by processing a set of X-ray radiographs of the object acquired from various
angles with a tomographic algorithm. Inversely, in computed axial lith-
ography, a digital model is first sliced to generate cross-sectional images
(voxelization), then a set of projections from 0 to 360 angles are calculated by
the tomography algorithm. As shown in Figure 8.5D, each projection
propagates through the resin within the vat from a defined angle and the
resin solidifies at a specific location (depending on the light intensity) where
the superposition of illuminations contributing to the cumulative dose
distribution of formed radicals achieves the material threshold (mediated by
oxygen inhibition). After rotations, the solidification product can be
collected after removing the uncured resin. Due to the unnecessary reflow
between the resin and the cured part, this technique allows printing a high-
viscosity material with the self-supporting property so that it can be applied
for secondary printing with other materials by encapsulating an object in-
side the vat.79

Xolography, a linear volumetric 3D printing technique, is another at-
tractive volumetric printing technique due to its compatibility with high
resolution (25 mm) and rapid printing process (four to five orders of mag-
nitude higher than TPP).20 In xolography, two intersection light sources with
different wavelengths are leveraged to solidify the localized resin. A sheet of
the first light triggers a narrow layer of photoinitiator molecules from the
initial dormant state to a latent state (finite lifetime), and subsequently the
second light generated by an orthogonal projector focuses sectional slices of
the object into the first light plane. In this manner, the polymerization was
accurately processed between the second light of the projector and the layer
of molecules in the latent state. Incorporating the synchronized movement
of the resin vat, a sequence of images is projected for curing, and the
structure is continuously fabricated.
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8.3 Multicomponent Hydrogels for 3D Printing

8.3.1 General Requirements for Hydrogels in 3D Printing

The requirements for hydrogels to be used in 3D printing depend on the
specific techniques. For the extrusion-based approach, the rheological
properties of hydrogel materials are important for successful printing. Ap-
propriate rheological properties enable hydrogels to exhibit non-Newtonian
properties such as shear thinning and rapid recovery. On the one hand, it
helps the hydrogel form filaments that stack on top of each other according
to deposition or printing patterns, layer up, and generate high-fidelity 3D
structures. On the other hand, it is guaranteed to be squeezed out at a
pressure level that maintains cell integrity, reducing cell damage. In add-
ition, the stability of the printed structure over time is another critical
requirement for the application of hydrogels in 3D printing, which is closely
related to the cross-linking method. Meanwhile, attention needs to be paid
to the risk of damage to cells and structural deformation by cross-linking
reagents and by-products.

Regarding the droplet jet-based printing approach, mainly referring to
inkjet printing and micro-valve printing, the inks are typically required to be
less viscous for a smooth ejection. The hydrogel polymer concentration and
cell density would synergistically affect the viscosity of the hydrogel for jet-
based printing, which has a negative influence on the viability of cells under
high shear stress. Moreover, improper formulations are therefore likely to
cause problems such as nozzle clogging. The constraints on low ink con-
centration and cell density can be reduced by employing other jet-based
printing techniques, such as acoustic printing, laser-assisted printing, and
electrohydrodynamic jet printing, to reduce the influence of shear (see
Table 8.1). For example, electrohydrodynamic jet printing can cooperate
with micro-valve printing to eject 1% alginate solution to generate tiny
droplets, which require larger backpressure resulting in a higher shear
force.93 The high resolution and cell viability of jet-based printing make it
suitable for printing single cells and DNA materials for studying single cell-
level mechanisms and gene transfection.94

A mandatory requirement for inks in vat-photopolymerization-based 3D
printing is the photo-crosslinkable property, which has the attractive ad-
vantages of crosslinking efficiency and spatiotemporal controllability. This
could be achieved by using photo-crosslinkable monomers or functionaliz-
ing macromolecules with photo-crosslinkable side groups, such as acrylate
and methacrylate. During the vat-photopolymerization-based 3D printing
process, it is important to control the photoinitiator concentration as too a
high dose might result in an entire volume curing and potential toxicity,
while a low dose might not be able to polymerize the gel. In a typical digital
light processing approach, the ink needs to flow well to refill the layer, while
some new processes require weak fluidity. For instance, volumetric printing
requires printing materials with high viscosity to minimize the relative
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motion between the printed object and the uncured precursor. Kelly et al.
developed a computed axial lithography (CAL) system that selectively so-
lidifies by volume via rotating a vat with photosensitive resins in a dynam-
ically changing light field.79

Additional requirements might be issued for hydrogels being used in
biomedical applications. For example, 3D bioprinting usually involves the
use of cellularized bioinks. Due to the involvement of living cells in the 3D
printing process, balancing structural printability with cell viability and bio-
functionality still has lots of challenges. For example, printability can be
optimized by increasing polymer concentration in the single-component
hydrogel, but the resulting stiff microenvironment and dense polymer
networks might hinder important cellular processes such as proliferation,
differentiation, and extracellular matrix (ECM) deposition.95 Thus, the
single-component hydrogel is unlikely to meet the comprehensive require-
ments in 3D printing, especially 3D bioprinting. The development of inks
based on multicomponent hydrogels has become more attractive. In the
following sections, we will review the most recent advances in multi-
component hydrogels used in 3D printing and categorize them into miscible
and immiscible systems (see Table 8.2).

8.3.2 Miscible Multicomponent Hydrogels in 3D Printing

8.3.2.1 Multi-material Hydrogels

A single material is challenging to meet the composite demands of 3D
printing structures, and their properties, so miscible multi-material hydrogels
are prepared from mixtures of two or more miscible polymer solutions (see
Figure 8.7A). This is a straightforward way to combine the advantages of
different materials. For example, the gelatin–alginate hybrid hydrogel is a
typical multi-material hydrogel applied in 3D printing, where the thermo-
gelation of gelatin mediates the extrusion-based printability, and ionic
crosslinking of alginate stabilizes the printed constructs during physiological
incubation.110,111 In the selection of polymers, it is often possible to divide
and combine natural polymers and synthetic polymers, which have different
characteristics. In biomedical applications, natural polymers, especially those
derived from the ECM, are generally preferred over synthetic polymers in the
design of ink formulations due to their better biocompatibility, biodegrad-
ability, cell affinity, and ability to mimic natural ECM properties. Sodium
alginate, hyaluronic acid, fibrin, and collagen are parts of the representative
natural polymers that can promote cell growth and differentiation. However,
these natural hydrogels usually exhibit poor mechanical properties and
structural integrity and thus are limited in biomedical applications. Synthetic
polymers offer advantages such as well-defined chemistry, good mechanical
properties, and tunable degradation rates, but usually exhibit poor bio-
compatibility. Formulating these polymers into multimaterial hydrogel inks
would likely address the challenges issued to individual types.
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The crosslinking mechanisms of inks are critical for the 3D printing
process.31 Thermally responsive hydrogels, such as gelatin, poloxamer,
agarose, and Matrigel, are popular candidates to formulate a multi-material
ink owing to the simple gelation. Gelatin is a denatured product of collagen,
a low charge density peptide polymer. It is well known for its significant
temperature sensitivity. It should be noted that it is difficult to determine a
strict temperature of melting and gelling points, which vary from different
gelatin sources and processing methodologies. Gelatin from cold-water fish
possesses significantly lower gelling and melting temperatures (4 to 12 1C
and o17 1C, respectively) than the porcine and bovine gelatin does.112,113

Recently, we developed a complementary network bioink system based on
gelatin and a series of photocrosslinkable components.114 Gelatin mediates
the thermoresponsibility, and the other complementary component stabil-
izes the printed constructs for subsequent incubation under physiological
conditions. This generalizable approach allows for the standard 3D printing
of various hydrogels with a wide range of compression modulus fromB1 to
B200 kPa.

To better suit the 3D printing process, many polymers can be modified
with functional side groups to mediate structural printability and bio-
medical functionality. Photocrosslinking is an attractive property due to its
accurate spatial and temporal control of gelation, highly tunable physical
properties, and fast reaction. GelMA is an excellent photo-crosslinkable ink
candidate, which exhibits biocompatible photo-crosslinking properties,
thermal responsivity, unique biofunctionality, a fast gelation process, anti-
inflammatory activity, and mechanical stability. For example, GelMA and
poly(3,4-ethylenedioxythiophene) (PEDOT):poly(styrenesulfonate) are mixed
to prepare a conductive ink formulation being used in both wet spinning
and 3D printing methods (see Figure 8.8A).115 The fabrication process was
performed through an initial crosslinking step with divalent calcium ions
and a secondary photopolymerization step with visible light, with a resulting
Young’s modulus of 40–150 kPa. To expand the universality of ink formu-
lations, Rutz et al. designed bioinks based on multifunctional PEGX
by combining different polymers, including linear (e.g., gelatin), branched
(e.g., 4-arm PEG amine), or multifunctional (e.g., GelMA) polymers (see
Figure 8.8B).98 The PEGX cross-linker provides the necessary viscosity and
post-printing support by covalently bonding other low-concentration poly-
mers that favor cell encapsulation and culture.

8.3.2.2 Interpenetrating Network Hydrogels

IPN hydrogels are formed by the entanglement of at least two cross-linked
networks, which could usually enhance the mechanical properties as single-
network hydrogels are often weak, especially in the field of tissue engin-
eering (see Figure 8.7B). Theoretically, there is little chemical interaction
between the different polymer networks in IPN hydrogels. A well-known
subset of IPN hydrogels is double-network (DN) hydrogels. Gong et al.
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reported a DN hydrogel prepared from two synthetic polymer networks,
namely poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) and
poly(acrylamide) (OAAm).116 The resulting hydrogel shows high strength,
sustaining a stress of 17.2 MPa and a fracture strain of 92%. The DN
hydrogel is composed of two separate cross-linked networks, in which the
main feature is the incorporation of a flexible neutral second polymer net-
work into a swollen rigid and brittle first polymer network. It is the reason
that DN hydrogels usually exhibit better mechanical properties than general
IPN hydrogels. However, the formation of typical DN hydrogels is slow and
might face difficulties when applied to 3D printing because the secondary
polymer monomers need to be completely dispersed in the primary network,
which is usually covalently cross-linked. Some studies have chosen to
crosslink the first polymer network with metal cations since ion penetration
and crosslinking can proceed simultaneously with covalent second polymer
network formation.117 Many sub-categories of IPN hydrogels are derived
from the different cross-linking methods of the multi-layer polymer network.
For the convenience of understanding, the following are all described in
terms of IPN.

Alginate, a natural ionic polysaccharide isolated from brown algae, is one
of the ideal hydrogels as the primary polymer within IPNs because it could
be crosslinked and dissociated by multi-cations easily.118 Acting as a struc-
tural template, the inert alginate hydrogel can properly keep the printed
multilayer structure from collapsing. The lack of cell adhesion ligands in
alginate drives researchers to combine it with bioactive polymer networks in
order to introduce both structural fidelity and biocompatibility to the prin-
ted structures.119 Colos et al. developed a low-viscosity bioink (4.5% w/v
GelMA) made of alginate and GelMA to print homogeneous HUVEC-loaded
fibers (see Figure 8.8C).99 In detail, it was found that the viscosity of the
alginate/GelMA mixture was reduced three times that of pure alginate, and at
the same time weak temperature sensitivity was observed, which improved
the self-heating gel of GelMA. Hong et al. constructed a network with sodium
alginate and poly(ethylene glycol) (PEG) and bioprinted highly stretchable
and tough hydrogels tougher than natural cartilage.100 The hydrogels
showed excellent stiff and ductile performance attributed to mechanical
energy dissipation of the reversible alginate network and high elasticity of
the covalent PEG network (see Figure 8.8D). In some studies, alginate was
retained as a support structure after ionic cross-linking, while the other
components in the composite bioink were not cross-linked and might dis-
solve out to form pores over time, beneficial to control the properties of the
printed scaffolds more precisely, such as porosity, water absorption, and
mechanical properties.120

SF is an attractive option when developing IPN hydrogel inks owing to its
good biocompatibility, well-controlled degradability, versatile processability,
and remarkable pro-osteogenic properties.121 However, the application of
silk fibroin hydrogels in extrusion-based 3D printing is limited by their low
viscosity.122 Mixing other high-viscosity biomaterials or rheological
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modifiers is a convenient and straightforward strategy to improve its
printing processability and biofunctionality. Wen et al. used a UV-curing
method to develop an IPN bioink with a polyvinylpyrrolidone (PVP) and SF
macromolecular hydrogel. The bioink has nearly 100% light transmission
and fast sol–gel transformation.101 Maleki et al. developed an ultralight
nano-silica-SF IPN aerogel mixture to obtain micron-scale honeycomb
topological pores (B0.5–18 mm) for bone scaffolds by unidirectional freeze-
casting and CO2 supercritical drying.123 Among them, SF has high mech-
anical elasticity, which supports the compression and bending flexibility of
printed bone scaffolds as ECM, which also positively affects the viscoelas-
ticity and swelling/deswelling properties of IPN hydrogels.

8.3.2.3 Supramolecular Hydrogels

Hydrogels for tissue engineering applications are usually required to be
strong enough to withstand deformation cycles and reduce loss of mech-
anical integrity. To achieve these properties, supramolecular hydrogels have
been developed, which combine the reversibility of physical bonds with the
versatility and customizability of covalent bonds (see Figure 8.7C). When
subjected to cyclic stress, the dynamic bonds in a supramolecular hydrogel
can be temporarily broken. This break is reversible and can be rapidly re-
formed again. Such properties are beneficial during extrusion-based print-
ing to achieve ‘shear-thinning’ behavior, which suggests a gel–sol transition
in response to external mechanical stimuli.124 When applying shear stress to
a supramolecular ink, the decrease of the gel modulus makes it flow during
the injection process (loss modulus G004storage modulus G0). However,
upon removal of the shear force, the storage modulus recovers rapidly by the
reformation of physical cross-linking.125 Applying supramolecular principles
to the gel mechanism of hydrogels can simulate dynamic non-covalent
interactions in natural matrix materials, including multiple hydrogen
bonds, electrostatic interactions, van der Waals interactions, and host–guest
interactions. It enables biomimetic dynamic reciprocity, providing spatio-
temporal control over biological activity, chemical composition, and mech-
anical properties.126

In particular, the dynamic properties of supramolecular bioinks are at-
tractive for extrusion-based bioprinting, which enables the rapid and stable
construction of complex structures. The main design goals of supramole-
cular polymers are to accelerate the self-healing speed and increase the
viscosity and elastic modulus of the ink.127 Such properties required for DIW
polymers can be improved by introducing metal–ligand coordination net-
works and host–guest auxiliaries, such as establishing multivalent co-
ordination between the carboxylate groups of alginate and calcium ions.
Chemical modifications are usually needed to introduce supramolecular
properties to biopolymers. For example, HA is a linear non-sulfated pro-
teoglycan that plays a lubricating role in connective tissue and has high
water absorption and retention capacity. To form a proper hydrogel, HA is
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commonly modified with methacrylate (the resulting material is HAMA),
which allows for covalent photocrosslinking in the presence of a photo-
initiator and light. Burdick’s group further introduced guest–host chemistry
to HAMA and developed a robust injectable and printable formulation.128

Specifically, they coupled adamantane and b-cyclodextrin groups to HAMA
and achieved self-assembled hydrogels due to the guest–host interaction
between Ad and CD groups. Highley et al. reported the direct printing of
HA–Ad and HA–b-CD polymers with methacrylate groups as inks into self-
healing supported hydrogels for bioprinting applications.102 The two-fold
supramolecular hydrogels are dynamically equilibrated in mutual contact,
allowing the specification and printing of various hydrogel structures
(materials, voids, and cells) at high resolution in a given three-dimensional
space (see Figure 8.8E).

8.3.3 Immiscible Multicomponent Hydrogels

8.3.3.1 Aqueous Two-phase Hydrogels

An aqueous two-phase system (ATPS) refers to the appearance of two im-
miscible phases when two aqueous solutions containing appropriate con-
centrations of certain polymers or salts (either lyophilic or chaotropic) are
mixed (see Figure 8.7D).129 The phase separation is due to the thermo-
dynamic incompatibility of the two polymers.130 In this system, the entropy
contribution is less than the enthalpy contribution, so the free energy is
greater than zero, resulting in phase separation. In addition, the small dif-
ference in density between the two polymers creates an extremely small
interfacial tension, allowing the two phases to mix, albeit immiscibly.131

ATPS is promising in the field of tissue engineering, especially bioprinting,
because a fully aqueous environment is prominently favourable for cell
printing and survival. It is also possible that the use of ATPS improves the
stability and ease of tunability of printing parameters, as phase separation
enables two-phase control in the ink over a wide range of temperatures,
phase volumes, mass fraction ratios, and osmotic pressure.132

ATPS has shown significant prospects in terms of tissue engineering,
ranging from 2D bio-patterning to 3D bioprinting. The former application is
more established, usually by depositing cell-rich DEX aqueous droplets onto
PEG-rich aqueous substrates to generate cell islands or colonies.133 The
ultra-low interfacial tension of the two-phase interface provides a very mild
ecological niche for cell culture. Cell micropatterning has also been ex-
tended to high-throughput three-dimensional (3D) platforms. It opens a
window to the study of cell–cell interactions, such as the direct impact of
adjacent cell types,134 cell density,135 and colony size on neural cell differ-
entiation.136 Furthermore, the introduction of ATPS is attractive for de-
veloping embedded 3D bioprinting for spatially free-defined tissue
construction, where the printed shape is preserved through the formation of
interfacial coacervates. PEO and DEX systems have been shown to have
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hydrogen bond interactions to generate complex, free-form 3D all-liquid
structures and preserved for more than ten days, with a considerable survival
rate of NIH 3T3 fibroblasts (90%).137 Immiscible PEG and dextran solutions
are another typical ATPS, and aqueous tubules can be printed in water to
observe selective ion separation and accumulation (see Figure 8.9A).137

Furthermore, ATPS-based bioinks could be used to prepare porous hydro-
gels by sacrificing the discontinuous phase, with the advantage of tunable
pore size. Discontinuous PEO droplets were dispersed in the continuous
GelMA phase, leaving tens of micrometers of voids removed by soaking in
PBS for 24 h.103 GelMA and PEG constitute an unusual bicontinuous state of
aqueous two-phase dispersions in which the GelMA phase encapsulates
living cells and rapidly photocrosslinks to form hydrogel sponges after re-
moval of the uncrosslinked PEG phase (see Figure 8.9B). The continuous
microtubule structure in this sponge can be generated simultaneously upon
gelation, potentially chemically and structurally mimicking a tightly packed
capillary network, although precise control of pore size and homogeneity
might be difficult.

8.3.3.2 Nanocomposite Hydrogels

Nanocomposite hydrogels contain nanomaterials in different forms, in-
cluding nanoparticles, nanodisks, and nanofibers (see Figure 8.7E). The
introduction of some nanomaterials, including graphene, graphene oxide,

Figure 8.9 Examples of immiscible multicomponent hydrogels. (A) Optical images
showing a PAA–DEX two-phase hydrogel 3D-printed in an all-aqueous
environment under UV light irradiation, allowing erasure and modifi-
cation. Adapted from ref. 137 with permission from John Wiley & Sons,
Copyright r 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(B) Two-phase porous hydrogel constructs of immiscible GelMA and PEO
for culturing NIH/3T3 fibroblasts and 3D printing compared to the
conventional GelMA hydrogel. Adapted from ref. 103 with permission
from John Wiley & Sons, Copyright r 2018 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (C) Schematic of a 3D printed gradient NHA
multilayer nanocomposite hydrogel scaffold. Histological and immuno-
histochemical analyses of the osteochondral (OC)-deficient areas of the
seven groups of grafts demonstrated the best cartilage defect repair
effect in the ‘‘G-NHAþBMSCs’’ group. Adapted from ref. 138 with
permission from John Wiley & Sons, Copyright r 2020 Wiley-VCH
GmbH. (D) Images and schematic diagrams of the torsion test (L) and
cyclic tensile test. Adapted from ref. 139 with permission from John
Wiley & Sons, Copyright r 2015 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (R) The high elasticity of the MeTro/graphene oxide (GO)
highly elastic hybrid hydrogel, compared to the pure MeTro hydrogel.
(E) A tunable microgel template pore gel for 3D printing, where the
porosity of the printed structures is evidenced by confocal images.
Adapted from ref. 107, https://doi.org/10.1002/adhm.202200027, under
the terms of the CC BY 4.0 license, https://creativecommons.org/licenses/
by/4.0/. Scale bars: A¼ 10 mm.
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CNTs, hydroxyapatite, BG, and calcium phosphate, can enhance mechan-
ical and physicochemical features, and improve biological and functional
properties.140 Usually, the improvement effect is positively correlated with
the content of particles. Some studies have mentioned that the addition of
inorganic nanoparticles (e.g., gold nanomaterials, nanosilicates, etc.) can
improve cell adhesion, organization, diffusion, and/or differentiation
within the printed structures to some extent. A recent study incorporated
aminated mesoporous BG nanoparticles into a composite hydrogel based
on ADA-GEL for 3D printing in order to introduce osteogenic differen-
tiation and angiogenesis. The introduction of dynamic covalent chemistry
between hydrogel chains and nanoparticles likely engineers a dynamic
microenvironment for embedded cells, leading to enhanced cellular
function.141

Synthetic silicate clays offer great potential for bioprinting applications. It
has a highly negatively charged surface and positively charged edges that can
generate shear-thinning properties through electrostatic interactions with
polymers. The resulting self-assembled structures can dynamically form and
break. Xavier et al. developed collagen-based hydrogels containing two-
dimensional nanosilicates.104 Notably, the addition of nanosilicate de-
creased the degree of hydration and significantly enhanced the mechanical
stiffness, perhaps due to the strong interaction between the nanosilicate and
the gelatin substrate. The inclusion of 2% nanosilicate increases the com-
pressive modulus by a factor of 4 and also increases the peak tensile stress by
a factor of 10 at 90% strain.

NHA is abundant in native calcified cartilage or subchondral bone and is
therefore widely used in the construction and transplantation of OC com-
posites. Studies have shown that it is critical for the differentiation of BMSCs
into osteoblasts, accelerating subchondral bone formation, and promoting
the interface between bone and hyaline cartilage. Zhang et al. added NHA to
a DN hydrogel scaffold with OC-like tissue structures based on sodium al-
ginate and acrylamide.138 Although alginate by itself better supports hyaline
cartilage development, as evidenced by type II collagen tissue staining, the
results showed that the NHA-incorporated group had the best repair effect
on the OC defect, and the corresponding microstructure of cancellous bone
was similar to that of natural tissue (see Figure 8.9C).

Conductive nanomaterials, such as carbon nanotubes, graphene oxide,
and gold nanoparticles, have unique mechanical, electrical, and biological
properties for a diversity of biomedical applications (see Figure 8.9D).139 For
example, gold nanoparticles can induce cardiomyocyte maturation in 3D
cardiac tissue architecture and organization. Zhu et al. developed a GNR-
based GelMA bioink for printing 3D functional cardiac tissue structures.106

At the optimized GNR concentration, the nanocomposite bioink has a low
viscosity similar to the pristine ink, which can reduce the shear stress on the
encapsulated cells. The experimental results indicate that the Mion G-GNR/
GelMA hydrogel provides a beneficial microenvironment for cardiomyocyte
retention, growth, and function.
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8.3.3.3 Microphase-incorporated Hydrogels

Hydrogel microparticles (HMPs) are typically used to engineer microphase-
incorporated hydrogels (see Figure 8.7F). In the packed or plugged state,
HMPs connect and support each other through interactions that are weaker
than covalent bonds, while they can still retain the macrostructure to a
certain extent. On the other hand, the generated formulation can flow when
external forces overcome interparticle friction, thus possessing the shear-
thinning properties required for 3D printing. The advantage of HMPs is that
the microgels are not destroyed during shear flow and can potentially protect
the encapsulated cells from high shear stress.142 Feng et al. assembled mi-
crogel particles (E100 mm) through a dynamic cross-linking reaction, which
improved the dynamic viscosity and maintained a relatively low mechanical
modulus.143 Another use of HMPs is to introduce controlled micropores into
the hydrogel, which could lead to a more biomimetic microenvironment for
tissue engineering. For example, we recently reported a tunable microgel
template pore gel bioink system, and the microgel size can be as small as
10–100 mm.107 Such microgel-containing hydrogels can be engineered with
controllable porosity (up to 70%) and small pore size in building blocks for
the fabrication of porous scaffolds (see Figure 8.9E).

The weak mechanical properties of hydrogels significantly limit their ap-
plication as load-bearing biomaterials as required in artificial cartilage and
tendons. Micro-scale immiscible particle components are often used to en-
hance hydrogel networks to obtain composites with superior mechanical
and biological properties or tailored functionalities (see Figure 8.7F). SF-
based hydrogels have good biocompatibility and can be used to obtain stiff
hydrogels. Kim et al. developed a methacrylated SF hydrogel for digital light
processing bioprinting.144 In addition, some micro-sized dopants are often
encapsulated in non-covalent physical DN hydrogels, which have significant
self-healing properties compared to covalent DN hydrogels, further en-
hancing the mechanical behavior. Hou et al. introduced macromolecular
microspheres into DN hydrogels as the physical cross-linking centers of the
hydrophobic segments so that the hydrophobic monomer hexadecyl me-
thacrylate was stably adsorbed to the surface of microspheres, forming a
second-layer network entangled with the primary gelatin network.145

Microsphere-based DN hydrogels exhibit up to 2100% fracture strain and
dynamic fatigue resistance.

8.4 Biomedical Applications of 3D Printed
Multicomponent Hydrogels

8.4.1 Tissue Engineering and Regenerative Medicine

Tissue and organ damage within the human body can occur due to injury or
diseases. The affected body parts can only benefit from a limited ability to
repair, self-renew, or regenerate.146 In addition, traditional approaches
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(e.g., allograft, xenograft) to replacing the affected body part face a variety of
challenges, such as donor shortage and body immune rejection. Tissue en-
gineering approaches have provided more opportunities for regenerative
medicine and are becoming more and more important as they represent
a way to overcome the described challenges.147 For example, a multi-
component hydrogel of gelatin, fibrinogen, HA, and glycerol is used in
conjunction with stem cells extracted from human amniotic fluid to fabri-
cate a mandibular bone fragment for a patient. Using a self-developed
extrusion-based bioprinting system, ITOP, which enables microchannel in-
clusion and facilitates the manufacturing process, the bone fragment is
fabricated.21 In addition to properties to ensure cellular viability, the mul-
ticomponent hydrogel features calcium deposition capability. The 3D
printing of cartilage tissue represents another broad application spectrum.
The elastic connective tissue holds a high potential for the use of additive
manufacturing processes, as it does not contain nerves and blood vessels
and contains only one cell type. The challenges lie in the different depth
composition gradients and the strong heterogeneity of cartilage tissue. In
one approach, a multicomponent hydrogel of gellan and alginate is used in
combination with cartilage ECM particles so that high-resolution cartilage
grafts with sufficient biological and mechanical requirements can be pro-
duced. These can be customized to the patient and used for noses, vertebral
disc grafts, or ears.148

Osteochondral tissue engineering represents another important appli-
cation area for the 3D printing of multicomponent hydrogels (see
Figure 8.10B). Osteochondral defects, which include both the articular car-
tilage and the underlying subchondral bone, can lead to functional limi-
tations of joints and cause severe physical pain in the patient. To overcome
the limitations of current treatment methods, engineering an osteochondral

Figure 8.10 Examples of applications in tissue engineering and regenerative medi-
cine. (A) Fluorescence and light micrographs of in situ endothelization.
HUVECs were seeded on 3D channels. Adapted from ref. 153, https://
doi.org/10.1002/adfm.201908349, under the terms of the CC BY 4.0
license, https://creativecommons.org/licenses/by/4.0/. (B) Schematic
illustration of tissue substitutes for multi-layered osteochondral defects
via 3D printing (left) and structure of multi-channel 3D printing of
artificial full-thickness osteochondral plugs based on a hydrogel (red)
and a calcium phosphate cement (white). Adapted from ref. 154, https://
doi.org/10.1038/s41598-020-65050-9, under the terms of the CC BY 4.0
license, https://creativecommons.org/licenses/by/4.0/. (C) (a) Schematic
of the design for a 3D bioprinted multichannel scaffold for modeling the
spinal cord. (b) Overview of the 3D bioprinting process. (c–f) Structure of
the multichannel scaffold of the spinal cord. Adapted from ref. 152 with
permission from JohnWiley & Sons, Copyrightr 2018Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. (D) Placement and size distribution of 3D
bioprinted islet tissue. Adapted from ref. 151 with permission from John
Wiley & Sons, Copyright r 2019 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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composite tissue substitute is an option.149 One example describes the
development of a multilayer osteochondral alternative tissue using an
extrusion-based 3D printer. The composite tissue is divided into three dis-
tinct zones, which consist of a mineralized biomaterial phase as well as a
multicomponent hydrogel loaded with human chondrocytes or mesenchy-
mal stromal cells. A multicomponent bioink composed of alginate and
methylcellulose is used, where alginate is used to realize chondrogenesis,
the process of cartilage formation. However, when used alone, alginate does
not achieve high enough viscosity for good shape retention in extrusion
printing, so methylcellulose is added. The resulting composite bioink allows
for cell encapsulation with considerable cell viability and metabolic activity
and good printability that can produce sufficiently precise 3D constructs.150

Apart from bone and cartilage, 3D printed hydrogels can be used to treat
other tissues with diseases. One approach describes a procedure involving
the metabolic disease diabetes. During the course of the disease, the insulin-
producing islet cells in the pancreas are attacked by the immune system, and
their function is impaired (see Figure 8.10D). Difficulties occur after trans-
plantation in the form of dwindling islet mass and islet function. To over-
come the difficulties, the cells are encapsulated in a hydrogel matrix to
increase cell function and survival capabilities. The hydrogel matrix consists
of high-purity alginate and methylcellulose and is printed using a 3D ex-
trusion bioprinter. The use of a multicomponent hydrogel in the form of
different alginates leads to a plottable mass characterized by a high fidelity
of the printed scaffolds. The results show high potential to increase surviv-
ability, ensure functionality, and preserve islet cell morphology within the
hydrogel for seven days.151 In another example, researchers address the
treatment of neurological diseases, such as spinal cord injuries, by de-
veloping patient-specific clinical implants using bioprinting152 (see
Figure 8.10C). The 3D printed construct is made of a combination of
Matrigel, gelatin/fibrin, and GelMA and a cell mixture of oligodendrocyte
progenitor cells and derived spinal neural progenitor cells. The custom-
made 3D cellular scaffold is characterized by stable contact with the native
spinal cord. The potential for successful treatment of neurological diseases
by bioprinting can be confirmed by intracellular calcium flux studies by
confirming the viability and functionality of the neural progenitors.

The use of several combined hydrogels as ink materials holds huge opti-
mization potential in the field of tissue engineering and regenerative
medicine, as the described examples have already illustrated. In addition,
further versatile application examples exist on various parts of the human
body. The primary challenge with respect to multicomponent hydrogel inks
is the recapitulation of the unique anatomy in the form of intricately bran-
ched, sometimes multi-layered structures. This challenge can be overcome
by mimicking the environment as closely as possible in the form of different
cell types and ECM microstructures while incorporating external par-
ameters. The field has also evolved tremendously with the advances in 3D
printing. We can envision that there will be more technological
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breakthroughs, and products that are clinically applicable might make their
appearance before too long. However, to keep up with this progress, external
circumstances such as patient acceptance, legal regulations, and the will-
ingness of health insurance companies to pay must also be taken into
account.150,152

8.4.2 Disease Modeling and Drug Testing

Conventional treatments of diseases are based on the ‘‘one-size-fits-all’’
approach and show only moderate success in certain disease processes, such
as cancer. The response to therapies and the patient’s quality of life in
difficult-to-evaluate species are variable because disease patterns are highly
individualized. For this reason, 3D printing disease models that can map
complex and heterogenous intercellular and cell–matrix interactions, drug
screening, and the creation of patient-specific treatment regimens are
among those being produced.155

Cancers are second only to cardiovascular diseases on the list of the most
frequent causes of human death and can also impose a heavy economic
burden on the patient. An initial study in extrusion-based bioprinting of
cancer cells was performed by Xu et al. in 2010.156 One approach focuses on
the development of breast cancer models using extrusion bioprinting. The
spheroid bioprinting model is based on patient-derived MCF-7 breast cancer
cells and a hydroxyethylcellulose/alginate/gelatin hydrogel.155 This approach
represents a promising approach in terms of developing personalized breast
cancer therapy and opens new possibilities in drug screening. Furthermore,
a unique feature of the 3D bioprinting approach worth highlighting is the
ability to precisely deposit the multicellular microenvironment, which is
composed of the ECM, the interstitial fluid, and the cells themselves, and
thus fabricate the model.157 The modified extrusion method, such as coaxial
extrusion, was demonstrated to fabricate a multicellular tumor model.158

Also, vat photopolymerization-based 3D printing was utilized to form the
microenvironment, like the bonelike microenvironment or high-resolution
microchannels (o25 mm), and to study the behavior of cancer invasion in
these microstructures.159 Droplet jet-based 3D printing is another bio-
printing methodology to form tumor tissues with faster speed and high
resolution.160 Bioprinting can also allow the production of multiple scales of
the vasculature, such as coaxial printing or cooperation of sacrificial ma-
terial supporting and bioprinting, enabling the growth of larger tumor
organoids.161,162

Sometimes single cell spread in the hydrogel matrix may not be able to
faithfully represent disease states. Indeed, spheroids as building blocks could
be an alternative and implementable approach.163 Swaminathan et al. have
investigated the bioprinting of pre-formed breast epithelial spheroids by co-
culture of endothelial cells with alginate and demonstrated that the printed
pre-formed spheroids exhibited high cell viability.164 A co-culture model of
adipose-derived stromal cells and breast cancer cells in a 3D-printed way has

3D Printing of Multicomponent Hydrogels for Biomedical Applications 267



268 Chapter 8



been developed by Horder et al., and the ECM remodeling process can be
demonstrated by staining for the major ECM components.165

In addition to cancer treatment, there is a need for further development of
treatment methods for other disease conditions. Multicomponent hydrogels
are increasingly used to improve and expand the range of applications,
which could improve cell spreading and proliferation, printability, or mi-
gration of stratification in combination with innovative approaches, such as
3D printing.166 For example, a naturally-derived blood vessel network fab-
ricated by printing cell (endothelial cell and fibroblast)-laden decellularized
extracellular matrix bioink within a PCL frame was introduced into an airway
model to form a vessel-air model, and this model presented respiratory
symptoms such as asthmatic airway inflammation in the physiological
context (see Figure 8.11A).167 For physiological units, involving multiple cells
and immune responses into disease models is critical. Park et al. have de-
veloped a 3D adipose tissue model with immune cells, which could form
lipid droplets, induce insulin resistance, and allow each cell type to separ-
ately grow and differentiate.168 Lee et al. have developed a 3D liver fibrosis
model with three liver cell types cultured with gelatin, which could effectively
evaluate gene expression, collagen production, apoptosis, and liver function
losses in liver fibrosis disease.169 Zhao et al. have developed 3D cervical
tumor models which exhibit higher MMP protein expression and higher
chemoresistance compared to the conventional 2D planar culture.170 Other
physiological structures, like renal tubules,171 intervertebral disc,172 neuro-
muscular junction,173 and cardiac tissue,174 could also be reconstructed
through 3D printing of multicomponent hydrogels and could maintain
better physiological activity than 2D culture (see Figure 8.11C and D). The
results show that 3D printing models could be more representative of in vivo
tissue and cheaper than testing in vivo.

8.4.3 Biosensing and Bioelectronics

Hydrogels are an ideal matrix for many sensing methodologies due to their
ability to maximize the interaction between sensors and objects with an

Figure 8.11 Examples of applications in disease modeling and drug testing. (A)
Fabrication and structure of vascularized airway-on-a-chip by 3D cell
printing, which also includes the microstructure of airway mucosa.
Adapted from ref. 167 with permission from IOP Publishing, Copyright
2018. (B) Cellular morphology of the cervical tumor model during eight
days of culture. Adapted from ref. 170 with permission from IOP
Publishing, Copyright 2014. (C) Schematic illustration of coaxial cell-
printing of 3D vascularized renal (top) and fluorescence micrographs
of cultured renal tubule and blood vessels (bottom). Adapted from
ref. 171 with permission from Elsevier, Copyright 2020. (D) Schematic
depicting the fabrication of engineered heart tissue and fluorescence
micrographs of actin filaments formed by cardiomyocytes. Adapted
from ref. 174 with permission from Elsevier, Copyright 2019.
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enhanced capability of changing the functional properties of hydrogels in
response to different stimulations.

The most common way to make hydrogel-based sensors is to directly
fabricate responsive materials, such as thermo-responsive,175 pH-
responsive,176 electronic-responsive,177 and light-sensitive hydrogels. An-
other common strategy is to add stimuli-responsive entities, such as nano-
particles, functional polymer chains, and DNA, into hydrogels to create
inhomogeneous structures. Both approaches highlight the importance of
multi-components in hydrogel sensing applications: single-component
hydrogels likely fail to satisfy structural support and signal response at the
same time. Here, we take electrically conductive hydrogels as an example to
show the fabrication method of multicomponent sensing hydrogels, which
have been at the frontline of ‘‘3D printed biosensors’’ due to their ability to
couple with electronic components and circuits. One method is to directly
fabricate conductive polymers into hydrogels, including in situ- and post-
polymerization of conductive polymers.178 Another method is adding con-
ductive particles or conductive ionic solution to achieve conductivity.179

After obtaining the responsive hydrogels, it can step into the process of
sensor structure fabrication through 3D printing. Bruen et al. have de-
veloped sugar-responsive 3D printed scaffolds through co-polymerization of
a fluorophore pair with GelMA, which could be used for glucose detection in
cell culture180 (see Figure 8.12A). Apart from chemical elements, living cells
could also be involved in creating hydrogel sensors through 3D printing.
Jiang et al. have built a wheat allergen gliadin sensor by printing a cluster-
shaped microvillus structure of the small intestine and immobilizing the rat
basophilic leukemia cells on this GelMA-based printed structure. This sen-
sor could detect wheat gliadin covering the range 0.1–0.8 ngmL181 (see
Figure 8.12B). However, responsive hydrogels are still isotropic materials,
which may have difficulty selectively triggering and conducting specific re-
sponses. This challenge highlights the importance of fabrication methods.
For example, cross-linking density is the intrinsic parameter for designing
performance, which can be varied by adjusting polymer components,

Figure 8.12 Examples of applications in biosensors. (A)-(A) Schematic of generation
of BA-GelMA hydrogel scaffolds. (B) Microscopy images of the sensor
structure in a buffer. (C) Scanning electron microscopy of the hydrogel
scaffold and fluorescence response of the hydrogel scaffolds in 0–100
mM glucose. Adapted from ref. 180 with permission from John Wiley &
Sons, Copyright r 2020 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (B) Characterization of the intestinal microvilli and compos-
ite hydrogel. Adapted from ref. 181 with permission from Elsevier,
Copyright 2021. (C) Schematic diagram of the gelatin-based drug-
eluting bandage contact lenses (left) and drug release profiles of contact
lenses (right). Adapted from ref. 183 with permission from Elsevier,
Copyright 2021. (D) Illustration of a wearable bioanalytical platform.
Adapted from ref. 175, https://doi.org/10.1038/s41467-020-18238-6,
under the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/.
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and tuning these different parameters modulates the apparent mesh size,
mechanical moduli, and permeability in response to different environ-
mental stimuli. Bayles et al. have fabricated hydrogel layers with different
cross-linking densities by combining advective assembly with 3D printing,
which could be used as soft actuators or sensors responding to swelling
stimuli.182

A promising application of hydrogel surface sensors is contact lenses.
Zidan et al. prepared drug-loaded GelMA hydrogels with different concen-
trations of poly(ethylene glycol) diacrylate and fabricated this hydrogel into
contact lenses using 3D printing, which could respond to the ocular en-
vironment and enable drug release183 (see Figure 8.12C). 3D printing of
hydrogels is also widely used for mechanical sensors and flexible sensors on
biological surfaces. Darabi et al. have attained a self-healing and conductive
hydrogel, which has pressure and extension sensitive features and could be
printed as wearable sensors for respiration and wrist pulse monitoring.184

Liu et al., Zhu et al., Peng et al., and Wang et al. also developed 3D printing
patches as skin-inspired sensors for motion, humidity, temperature, and
pressure monitoring using multi-component hydrogels184,185 (see
Figure 8.12D). Another fabrication strategy called in situ 3D printing has
been developed to make hydrogel sensors on moving freeform surfaces. Zhu
et al. have directly printed ionic conductive hydrogels on the skin and lung
surface with the help of a 3D scanner, which could estimate not only the
motion but also the deformation of the target surface as they are thin and
deformable.186

8.4.4 Soft Robotics in Biomedicine

Soft robotics typically make use of flexible substrates to meet the require-
ment for the softness of the environment or receivers. Compared to hard
robotics, soft ones usually rely on material properties for actuation, and their
driving methods are more versatile. Moreover, the softness and bio-
compatibility of many soft robotics make them suitable for a wider appli-
cation scenario in the biomedical field.

The materials used to construct a soft actuator include flexible fluid,
shape-memory polymers, electroactive polymers, and hydrogels. Compared
with other materials, hydrogels stand out in biomedicine owing to their good
biocompatibility. In addition, the softness of hydrogels allows them to
achieve flexible movements. The ability to respond to a wide range of stimuli
to achieve large volume changes broadens the range of functions in soft
robotics. For example, some dynamic hydrogels have a self-healing property,
which could enable soft robotics to regain shape and functionality after large
deformations and to be used multiple times.

The responsive nature of soft robotics usually calls for heterogeneity in
both their geometry and components, thus leading to a great demand for
processing multicomponent hydrogels into complex geometry. The concept
of 4D printing has been widely used to develop hydrogel-based soft
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actuators. 4D printing adds a dimension of time to 3D printing, where the
printed structure changes over time due to external stimuli. In this scenario,
different actuation driving methods have been used, and the most widely
used one is osmotic actuation. The change of the osmotic pressure sub-
sequently leads to changes in volume and shape. Bakarich et al. designed
and 3D-printed a temperature-controlled smart valve using an alginate/
PNIPAAm-based gel ink (see Figure 8.13A).187 This material undergoes a
reversible volume change near the critical temperature (32–35 1C). This valve
reduces the flow rate by 99% when exposed to hot water, while it returns
to normal in cold water. Gladman et al. designed an ink formulation com-
posed of cellulose fibers embedded in a soft acrylamide matrix (see
Figure 8.13B).188 This ink allows the alignment of the cellulose to be ad-
justed during the 3D printing process, resulting in a printed structure with

Figure 8.13 Examples of applications in 3D printed hydrogel soft actuators. (A) A
temperature-controlled smart valve is fabricated by 3D printing of an
alginate/PNIPAAm-based ionic covalent entanglement (ICE) gel ink,
showing different deformations at 20 1C (left) and 60 1C (right). Adapted
from ref. 187 with permission from John Wiley & Sons, Copyright r
2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) A swelling-
triggered shape-change flower-like structure is fabricated via extrusion-
based 3D printing of ink composed of cellulose fibers embedded in a
soft acrylamide matrix. The flowers composed of 901/01 and �451/451
bilayers oriented with respect to the long axis of each petal could
change their shape accordingly with time-lapse sequences. Adapted
from ref. 188 with permission from Springer Nature, Copyright 2016.
(C) An artificial apricot flower based on a shape-memory composite
polymer capable of synergistic color-changing and shape-deformation
in response to the subtle interplay between temperature and acidity/
alkalinity changes. Adapted from ref. 189 with permission from John
Wiley & Sons, Copyright r 2019 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. Scale bars: B¼ 5 mm, B(inset)¼ 2.5 mm, C¼ 10 mm.
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anisotropic swelling behavior. In another example, Wei et al. designed a
multicomponent hydrogel material that can change color depending on the
environmental pH-value and metal ions (see Figure 8.13C).189 They used it to
3D-print hydrogel apricot flowers, which can change shape and color sim-
ultaneously. Cell-driven actuation is another interesting method, where cell
traction force is usually applied to drive the deformation of soft substrates. It
has the advantage of exploiting the self-healing properties and adaptability
of hydrogels. The challenge lies in the composition of the suitable hydrogel
and macroscopic movement due to the limited force generated by cells.
Recently, Lee et al. developed an autonomously swimming biohybrid fish
equipped with an antagonistic muscular bilayer.190 The mechanical coup-
ling between the two layers of cardiomyocytes enables the contraction of one
side to be translated directly into an axial stretch of the opposite side,
leading to antagonistic muscle excitation and contraction. In the experi-
ment, this fish was able to swim continuously for 108 days. Pneumatic,
hydraulic, magnetic, and acoustic actuation are used in soft actuators as
well. These methods do not rely on the swelling effect of hydrogels but tend
to have higher drive efficiency.

Soft robotics based on 3D printed multicomponent hydrogels are still
facing many challenges. The mechanical strength of the hydrogel limits its
movement ability. More efficient and multi-factor actuation methods also
need to be developed. In terms of performance, more precise control, greater
stability, and self-recovery are all desired. On the manufacturing side, ad-
vanced 3D printing processes that allow for the fabrication of more so-
phisticated structures could also advance soft robotics. Considering the fact
that current studies are mostly limited to the laboratory, efforts are also
needed toward translational use in biomedicine.

8.4.5 Other Biomedical Devices

3D printing can benefit the field of biomedical devices in a customized
manner. Apart from the advances listed above, here we highlight the add-
itional application areas of 3D printed biomedical devices based on multi-
component hydrogels. A straightforward use of 3D printed hydrogel
constructs is to serve as high-fidelity training or education platforms owing
to the fabrication capability of 3D printing and the high mechanical simi-
larity of the hydrogel to human tissues. These training platforms, including
the middle cerebral artery model, partial nephrectomy, coronary artery by-
pass, cervical laminectomy, etc., not only show high anatomical accuracy and
realistic tissue properties but also exhibit lower cost and easier accessibility
than traditional training platforms.191

3D printing of microrobots is also noteworthy, which aims to develop
micromachines that are physically and/or chemically propelled and pro-
grammed to implement miscellaneous complex missions within the human
body or in the natural environment.192 Photopolymerizable hydrogels are
widely used for the fabrication of microrobots, such as GelMA, MeHA, and
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Table 8.3 Biomedical applications of 3D printed multicomponent hydrogels.

Category Applications Main feature(s) Ref.

Tissue
engineering and
regenerative
medicine

Hard mandibular bone
fragment

� Multicomponent hydrogel
of gelatin, fibrinogen, HA,
glycerol and stem cells

21

Multilayer
osteochondral
alternative tissue

� Divided into mineralized
biomaterial phases,
hydrogels loaded with human
chondrocytes and hydrogels
loaded with mesenchymal
stromal cells

� Considerable cell viability
and metabolic activity, and
good printability

149

Islet cell and diabetes
model

� Preserve islet cell morphology
within the hydrogel for
seven days

151

Spinal neural structure � Made of a combination of
Matrigel, gelatin/fibrin, and
GelMA and a cell mixture of
oligodendrocyte progenitor
cells and derived spinal
neural progenitor cells

159

Disease
modeling and
drug testing

Spheroid bioprinting
breast cancer models

� Developing personalized
breast cancer therapy and
drug screening

155

Tumor bonelike
microenvironment

� Photopolymerization-based
3D printing

� Study the behavior of cancer
invasion in microstructures

159

Pulmonary artery
models

� Vascularized airway-on-a-chip
� Microstructure of airway

mucosa

167

3D liver fibrosis
models

� Involving three liver cell types
� Effectively evaluate gene

expression and liver
function losses

169

Biosensing and
bioelectronics

The GelMA scaffolds
used to detect glucose

� Co-polymerize the
fluorophore pair

180

The wheat allergen
gliadin sensor

� Involving living microvillus
cells as sensors

181

Wearable sensors � Skin-inspired sensor for
motion, humidity,
temperature, and pressure
monitoring

175

Contact lenses � Could respond to the ocular
environment and enable drug
release

183

Soft robotics Temperature-
controlled smart
valve

� Reversible volume change
when exposed to different
temperatures

187

Swimming biohybrid
fish

� Be able to swim continuously
for 108 days

190
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PEG acrylates. For example, Zhu et al. have developed a 3D microscale
continuous optical printing method to engineer functionalized microrobots.
By constructing PEGDA-based composite hydrogels with functional nano-
particles, the microrobots could be fabricated with magnetic Fe3O4 nano-
particles at the head and catalytic Pt nanoparticles at the tail, which can
control the swimming direction and speed of the microrobots.193 Also, Park
et al. have fabricated a magnetically driven porous degradable microrobot
which consists of a PEGDA and pentaerythritol triacrylate matrix containing
magnetite nanoparticles and the anticancer drug 5-fluorouracil. The mi-
crorobot could also be actuated by magnetic fields, thanks to magnetite
nanoparticles, and the porous structure facilitates the ultrasound-induced
drug release, which can be selected on command from three different modes
by different ultrasound exposure conditions.194

Hydrogels could also print into origami structures to evolve in structure
response to their environment, which could be optimized for different
purposes. It takes advantage of the responsive properties of hydrogels, which
combine the benefit of planar fabrication methods with the complexity
achievable through folding. For example, Baker et al. have fabricated origami
structures formed by a hydrogel core trilayer with a polyurethane elastomer
skin bilayer, which causes shape-change during submersion in water and
returns to the configuration after dehydration.195 Other elaborate and
complex origami structures, such as helices and chains, can be fabricated by
3D printing, which can complete reversible structure changes in response to
factors such as temperature and humidity, thanks to the incorporation of
multiple components into hydrogels.195 These 3D-printed origami structures
show promise in fabricating foldable devices, such as foldable robots and
electronics (see Table 8.3).

8.5 Concluding Remarks
The extrusion-based approach could readily process multi-materials simul-
taneously via the use of multi-nozzles or other versatile multi-input strat-
egies to yield heterogeneity, which has been systemically reviewed in this
chapter. Vat photopolymerization-based 3D printing is another attractive
approach and has been seen with exciting progress, such as volumetric 3D
printing in seconds and high-resolution printing of complex vascular net-
works in hydrogels. Despite the efforts in processing multiple inks into one
construct via the switch of vats or in situ refilling approaches, the fabrication
of multicomponent constructs remains an enduring challenge due to the
nature of vat-polymerization. Droplet jetting-based 3D printing exhibits the
advantages of high speed and resolution but is usually limited to low-
viscosity inks, which makes it challenging for 3D construction.

Regarding the multicomponent hydrogels being used in 3D printing, we
have made a careful classification of the formulation types and overviewed
the most recent progress accordingly. The conventional miscible systems
would usually yield enhanced mechanical properties (e.g., injectability and
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high stiffness) via the use of various materials preparation strategies
(e.g., interpenetrating networks and supramolecular chemistry). Recently,
immiscible systems have emerged as an important approach for engineering
heterogeneous hydrogel structures. Bulk hydrogels can be supplemented
with multiscale components, ranging from nanocomposites to microphase,
to yield specific properties, such as conductivity, microporosity,
bio-functionality, and 3D printability. One of the most exciting and
straightforward applications of these 3D printed multicomponent hydrogels
is engineering bio-functional tissues or organs for regenerative medicine.
This leads to a more focused area termed 3D bioprinting, which usually
introduces living cells to the fabrication process and generates cellularized
products that serve as tissue implants. Beyond regenerative medicine,
bioprinted products can also serve as disease and drug testing models for
pathological and pharmaceutical applications. Notably, bioprinted drug
testing models attracted much attention owing to their excellent reprodu-
cibility and biological relevance compared with the traditional 2D cell cul-
ture models. Apart from these areas, the 3D printing of multicomponent
hydrogels has also shown great potential in biosensing, bioelectronics, soft
robotics, and other biomedical applications.

Abbreviations
ITOP Integrated tissue–organ printer
PCL Polycaprolactone
LIFT Laser-induced forward transfer
AJP Aerosol jet printing
EJP Electrohydrodynamic jet printing
SLA Stereolithography
DLP Digital light processing
CLIP Continuous liquid interface production
TPP Two-photon polymerization
ECM Extracellular matrix
HAMA Methacrylated hyaluronic acid
PEDOT Poly(3,4-ethylenedioxythiophene)
PEG Polyethylene glycol
PEGX PEG crosslinkers
IPN Interpenetrating network
DN Double-network
SF Silk fibroin
PVP Polyvinylpyrrolidone
DIW Direct ink writing
NHA Nano-hydroxyapatite
HA Hyaluronic acid
Ad Adamantane
CD b-Cyclodextrin
ATPS Aqueous two-phase system
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PEO Polyethylene oxide
DEX Dextran
CNTs Carbon nanotubes
ADA Alginate dialdehyde
GEL Gelatin
OC Osteochondral
GNR Gold nanorod
BNC Bacterial nanocellulose hydrogels
CNC Cellulose nanocrystals
CNF Cellulose nanofibers
HMPs Hydrogel microparticles
GO Graphene oxide
NSC Neural stem cells
BG Bioactive glass
ICE Ionic covalent entanglement
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V. Păunescu, Micromachines, 2021, 12, 535.

163. R. H. Utama, L. Atapattu, A. P. O’Mahony, C. M. Fife, J. Baek, T. Allard,
K. J. O’Mahony, J. C. C. Ribeiro, K. Gaus, M. Kavallaris and
J. J. Gooding, iScience, 2020, 23, 101621.

164. S. Swaminathan and A. M. Clyne, J. Visualized Exp., 2020, 165, e61791.
165. H. Horder, M. Guaza Lasheras, N. Grummel, A. Nadernezhad, J. Herbig,

S. Ergün, J. Teßmar, J. Groll, B. Fabry, P. Bauer-Kreisel and T. Blunk,
Cells, 2021, 10, 803.

166. J. H. Li, C. T. Wu, P. K. Chu and M. Gelinsky, Mater. Sci. Eng., R, 2020,
140, 100543.

167. J. Y. Park, H. Ryu, B. Lee, D.-H. Ha, M. Ahn, S. Kim, J. Y. Kim, N. L. Jeon
and D.-W. Cho, Biofabrication, 2018, 11, 015002.

168. S. B. Park, B. Koh,W. H. Jung, K. J. Choi, Y. J. Na, H.M. Yoo, S. Lee, D. Kang,
D. M. Lee and K. Y. Kim, Diabetes, Obes. Metab., 2020, 22, 1302–1315.

3D Printing of Multicomponent Hydrogels for Biomedical Applications 285



169. H. Lee, J. Kim, Y. Choi and D. W. Cho, ACS Biomater. Sci. Eng., 2020, 6,
2469–2477.

170. Y. Zhao, R. Yao, L. Ouyang, H. Ding, T. Zhang, K. Zhang, S. Cheng and
W. Sun, Biofabrication, 2014, 6, 035001.

171. N. K. Singh, W. Han, S. A. Nam, J. W. Kim, J. Y. Kim, Y. K. Kim and
D.-W. Cho, Biomaterials, 2020, 232, 119734.

172. A. Srivastava, I. L. Isa, P. Rooney and A. Pandit, Biomaterials, 2017, 123,
127–141.

173. T. A. Dixon, E. Cohen, D. M. Cairns, M. Rodriguez, J. Mathews,
R. R. Jose and D. L. Kaplan, Tissue Eng., Part C, 2018, 24,
346–359.

174. S. Das, S.-W. Kim, Y.-J. Choi, S. Lee, S.-H. Lee, J.-S. Kong, H.-J. Park,
D.-W. Cho and J. Jang, Acta Biomater., 2019, 95, 188–200.

175. H. Lin, J. Tan, J. Zhu, S. Lin, Y. Zhao, W. Yu, H. Hojaiji, B. Wang,
S. Yang, X. Cheng, Z. Wang, E. Tang, C. Yeung and S. Emaminejad,
Nat. Commun., 2020, 11, 4405.

176. R. Gotor, P. Ashokkumar, M. Hecht, K. Keil and K. Rurack, Anal. Chem.,
2017, 89, 8437–8444.

177. A. C. Da Silva, J. Wang and I. R. Minev, Nat. Commun., 2022, 13,
1353.

178. T. Distler and A. R. Boccaccini, Acta Biomater., 2020, 101, 1–13.
179. J. Xu, Y.-L. Tsai and S.-H. Hsu, Molecules, 2020, 25, 5296.
180. D. Bruen, C. Delaney, J. Chung, K. Ruberu, G. G. Wallace, D. Diamond

and L. Florea, Macromol. Rapid Commun., 2020, 41, e1900610.
181. D. Jiang, K. Sheng, H. Jiang and L. Wang, Bioelectrochemistry, 2021,

142, 107919.
182. A. V. Bayles, T. Pleij, M. Hofmann, F. Hauf, T. Tervoort and J. Vermant,

ACS Appl. Mater. Interfaces, 2022, 14, 15667–15677.
183. G. Zidan, C. A. Greene, A. Etxabide, I. D. Rupenthal and A. Seyfoddin,

Int. J. Pharm., 2021, 599, 120452.
184. S. Liu and L. Li, ACS Appl. Mater. Interfaces, 2017, 9, 26429–26437.
185. J. Wang, Y. Liu, S. Su, J. Wei, S. E. Rahman, F. Ning, G. Christopher,

W. Cong and J. Qiu, Polymers, 2019, 11, 1873.
186. Z. Zhu, H. S. Park and M. C. McAlpine, Sci. Adv., 2020, 6, eaba5575.
187. S. E. Bakarich, R. Gorkin, M. I. H. Panhuis and G. M. Spinks,Macromol.

Rapid Commun., 2015, 36, 1211–1217.
188. A. S. Gladman, E. A. Matsumoto, R. G. Nuzzo, L. Mahadevan and

J. A. Lewis, Nat. Mater., 2016, 15, 413–418.
189. S. X. Wei, W. Lu, X. X. Le, C. X. Ma, H. Lin, B. Y. Wu, J. W. Zhang,

P. Theato and T. Chen, Angew. Chem., Int. Ed., 2019, 58, 16243–
16251.

190. K. Y. Lee, S.-J. Park, D. G. Matthews, S. L. Kim, C. A. Marquez,
J. F. Zimmerman, H. A. M. Ardoña, A. G. Kleber, G. V. Lauder and
K. K. Parker, Science, 2022, 375, 639–647.

191. S. S. Ovunc, M. Yassin, R. Chae, A. Abla and R. Rodriguez Rubio,
Cureus, 2021, 13, e16749.

286 Chapter 8



192. J. Li and M. Pumera, Chem. Soc. Rev., 2021, 50, 2794–2838.
193. W. Zhu, J. X. Li, Y. J. Leong, I. Rozen, X. Qu, R. F. Dong, Z. G. Wu,

W. Gao, P. H. Chung, J. Wang and S. C. Chen, Adv. Mater., 2015, 27,
4411–4417.
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