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in 3D bioprinting, as they can provide 
mechanical protection and structural sup-
port during the printing process, be tuned 
to recapitulate many features of the native 
ECM, and be customized to influence 
cell–gel interactions postprinting. While 
several excellent reviews have recently 
been written within the broad topic of 
materials design for bioprinting,[1–4] here, 
we will focus on the design and develop-
ment of hydrogel bioinks that exist in 
the gel phase during the entire printing 
process and include embedded cells as a 
strategy for improving the achievable bio-
functionality of 3D bioprinted constructs.

3D bioprinting has grown out of the 
field of 3D printing. Although the process 
of 3D printing using thermoplastics has 
advanced greatly with capabilities to create 
very complex structures, these constructs 
are often neither biologically compatible 
nor mimetic of native tissue. Physiologic 
cell volume fractions, which range in vivo 
from 1% to 2% in cartilage[5,6]up to ≈80% 

in liver[7–10] and 90% in muscle,[10–13] are difficult to achieve by 
seeding cells on top of 3D printed thermoplastic scaffolds, so 
biomimetic constructs often utilize hydrogels to encapsulate 
larger volume fractions of cells. Here, we define a bioink for 
3D bioprinting to be a composite mixture of polymeric material 
and living cells that is deposited and solidified into a prespeci-
fied geometry.[14] We define hydrogels as water-swollen, insol-
uble polymer networks formed through chemical or physical 
crosslinking. Several 3D printing techniques have been trans-
lated for the bioprinting process—including inkjet, extrusion, 
laser-assisted, and stereolithography printing[15]—but we will 
focus on microextrusion bioprinting techniques, since these 
are most commonly used with hydrogel materials. Microextru-
sion processes use continuous pneumatic pressure or mechan-
ical forces that are motor or screw-driven to dispense the bioink 
from the print nozzle as an uninterrupted filament.[16] As com-
pared to 3D printing of thermoplastics, the presence of living 
cells in bioprinting greatly limits printing variables such as 
temperature, pH, and pressure as well as the material proper-
ties of the bioink.

Due to a scarcity of suitable materials to comprise bioinks, 
the field of 3D bioprinting has suffered from challenges in 
fabricating constructs that replicate both the structural com-
plexity and biological functionality of native tissues. Most 
tissues in vivo have stiffness ranging from 0.1 to 100 kPa, so 
materials that match physiological mechanical properties must 

The encapsulation of cells within gel-phase materials to form bioinks offers 
distinct advantages for next-generation 3D bioprinting. 3D bioprinting has 
emerged as a promising tool for patterning cells, but the technology remains 
limited in its ability to produce biofunctional, tissue-like constructs due to a 
dearth of materials suitable for bioinks. While early demonstrations com-
monly used viscous polymers optimized for printability, these materials often 
lacked cell compatibility and biological functionality. In response, advanced 
materials that exist in the gel phase during the entire printing process are 
being developed, since hydrogels are uniquely positioned to both protect 
cells during extrusion and provide biological signals to embedded cells as the 
construct matures during culture. Here, an overview of the design considera-
tions for gel-phase materials as bioinks is presented, with a focus on their 
mechanical, biochemical, and dynamic gel properties. Current challenges and 
opportunities that arise due to the fact that bioprinted constructs are active, 
living hydrogels composed of both acellular and cellular components are also 
evaluated. Engineering hydrogels with consideration of cells as an intrinsic 
component of the printed bioink will enable control over the evolution of the 
living construct after printing to achieve greater biofunctionality.

1. Introduction

The technique of 3D bioprinting has demonstrated potential for 
the fabrication of complex constructs that bear resemblance in 
form and functionality to native tissues. Native tissues are living 
composites of cells embedded within a complex extracellular 
matrix (ECM) of biopolymers that provide structural support 
and biochemical cues to the cells. By recapitulating the micro-
environmental features of tissues, bioprinted constructs with 
precisely patterned cells and polymeric components can serve 
as in vitro models of native tissue for basic research or can be 
translated into the clinic as implantable constructs. As a class of 
materials, hydrogels are uniquely suited for such applications 
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be similarly soft.[17,18] Since soft constructs are often not self-
supporting, it is difficult to bioprint soft materials into complex 
3D geometries. In addition, a number of biological challenges 
exist in bioprinting, including low cell viability, poor homoge-
neity within the construct, and the inability to sufficiently guide 
cell phenotype. Early demonstrations of bioprinting commonly 
used inks of viscous, solution-phase polymers (i.e., not hydro-
gels) optimized for printability in air that were then crosslinked 
into hydrogels postprinting (e.g., through use of light-initiated 
chemical reactions).[19] These materials often lacked biological 
functionality, had cell viability challenges, and prevented the 
fabrication of complex structures. While many advances have 
been made since these early pioneering demonstrations, a 
remaining challenge for the field is the ability of bioink mate-
rials to support cells through all stages of printing: 1) while sus-
pended in the syringe, 2) during extrusion through the nozzle, 
3) during any material crosslinking steps, and 4) as the final 
construct matures to become more tissue-like after printing.[20] 
Fortunately, decades of polymer science and tissue engineering 
research have provided detailed insights into cell–hydrogel 
interactions. Future success in the bioprinting field will be 
dependent on applying these insights to achieve printed con-
structs with high levels of both geometric complexity and bio-
logical functionality.

The combination of cells with advanced hydrogels to form 
bioinks that exist in the gel phase during all stages of the bio-
printing process leverages the unique properties of hydrogels to 
expand the range of achievable physical structures and biolog-
ical properties. Our review begins with a focus on the enabling 
mechanical and biochemical properties of hydrogels that make 
their use as bioink materials in 3D bioprinting beneficial. In 
this section, design strategies and case-studies of bioinks that 
exist in the gel phase both pre- and post-printing are discussed. 
More recently, as the 3D bioprinting community strives to fab-
ricate more biologically functional tissue mimics, a growing 
appreciation for the fact that all bioinks are dynamic, living 
materials has begun to emerge. Indeed, most tissues in our 
body are active hydrogels composed of nonliving polymers and 
living cells. Thus, in our forward-looking perspective section of 
this review, we highlight opportunities to leverage cell-hydrogel 
interactions that occur postprinting to evolve biologically func-
tional tissue.

2. Bioink Gels

Hydrogels are attractive materials to combine with cells for use 
as bioinks in 3D bioprinting since they can mechanically and 
biochemically support cells during and after the printing pro-
cess. Hydrogels are water swollen networks of polymers that 
can provide a cell-instructive, aqueous environment for 3D 
cell culture. The network is held together by physical interac-
tions and/or covalent bonds called crosslinks. When there are 
very few or no crosslinks, these materials can have fluid-like 
properties, and when more crosslinks are present, these mate-
rials typically have more solid-like characteristics. As gel-phase 
materials, hydrogels are well suited to be used as inks for 3D 
bioprinting. Here, we focus on bioinks that are in the gel-
phase both in the syringe and after printing. We highlight the 

advantages of gel-phase bioinks in each stage of the printing 
process and then explore the material requirements that enable 
them to be used as bioinks (Figure 1).

2.1. Advantages of Gel-Phase Bioinks

2.1.1. In the Print Cartridge

In the print cartridge, hydrogels can maintain a homogenous 
cell suspension by preventing cell sedimentation. In a viscous 
fluid, gravity (Fg) pulls cells toward the bottom of the print car-
tridge, which can lead to cell sedimentation and uneven cell 
distribution within the ink prior to extrusion.[20] This excess 
gravitational force is opposed by Stokes’ drag (Fd), and by 
requiring the force balance Fg = Fd, the settling velocity can be 
solved for as

v gR
2
9

c f 2ρ ρ
µ

( )=
−

� (1)

where g is the gravitational field strength, R is the radius of the 
cell, ρc is the mass density of the cell, ρf is the mass density 
of the fluid, and μ is the dynamic viscosity. As cells sediment, 
they are no longer homogeneously dispersed in the ink. This 
can lead both to clogged nozzles and to an uneven distribution 
of cells in the final printed structure (i.e., the first printed layers 
would contain more cells than subsequent layers). These prob-
lems associated with cell sedimentation are amplified when 
creating larger and more complex constructs since these struc-
tures will typically require longer print times. Printing full-
scale tissues or organs may take hours up to days.[21] Gel-phase 
bioinks can be used to overcome the challenges presented by 
cell sedimentation. This can be achieved either by blending in 
viscosity modifiers to slow down sedimentation or by incorpo-
rating weak crosslinking into the bioink design to increase the 
yield stress.[20] Such hydrogels would prevent cell sedimenta-
tion, but also remain printable as they can flow once a force is 
applied.

2.1.2. During Printing

While printing, a hydrogel can protect cells from shear stresses 
and subsequent cell membrane damage, which can improve 
cell viability in the printed construct. Cells experience mechan-
ical stresses during extrusion that can rupture their membranes 
and reduce cell viability.[22] When cells are extruded through a 
needle within a low viscosity fluid, demonstrations have shown 
that up to 40% of the cells do not survive the process, likely due 
to membrane damage caused by extensional flow within the 
needle.[23] In addition to directly damaging the cell membrane, 
shear stresses have also been shown to affect cell morphology, 
cytoskeletal organization, and gene and protein expression, 
though the effects of these changes on the biological function-
ally of 3D printed structures has yet to be investigated.[1,24–26] 
Many gel-phase bioinks can protect cells from these shear 
forces if the material undergoes plug flow at the center of its 
flow profile.[27] For this to occur, the portion of the gel adjacent 
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to the syringe wall is shear-thinned and can then act as a lubri-
cating layer, allowing the rest of the gel to pass through the 
extruder as a relatively undeformed plug. Thus, cells in the plug 

flow region are not exposed to membrane-damaging mechan-
ical forces and remain viable during the extrusion process. In 
contrast, in sol-phase inks cells typically experience extensional 
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Figure 1.  Design considerations for hydrogel-based bioinks and dual-stage crosslinking strategies for advanced bioinks. A) Hydrogel-based bioinks 
are ideally yield-stress fluids with shear-thinning properties and high enough viscosities to allow for stable filament extrusion. The presence of a yield 
stress means that prior to printing, the bioink material is solid-like, which aids in preventing cell sedimentation in the extruder, but after sufficient force 
is applied, the ink can yield and flow. Shear-thinning of the bioink at the extruder wall can allow the center of the gel to pass through the extruder as a 
relatively undeformed plug, protecting cells from membrane-damaging mechanical forces. B) Potential first- and second-stage crosslinking strategies 
for dual-stage inks that are gels both before and after printing. The mode of first-stage crosslinking defines the material’s rheological behavior during 
printing. Second-stage crosslinking refers to an optional postprint “curing” step, which produces a construct with greater structural integrity and with 
the desired mechanical properties.
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flow rather than plug flow, and the increased viscosity needed 
to print sol-phase inks can actually lead to even greater shear 
stress imparted on the cell membrane.[28] Therefore, a key 
advantage of using hydrogels in bioinks is their ability to shield 
cells from mechanical stresses during extrusion, preventing cell 
death and any unintended cell phenotype changes.

2.1.3. Postprinting

After printing, hydrogels can provide a 3D culture environment 
that supports cellular survival and function. Hydrogels are 
widely used for 3D cell culture because they provide a cell-com-
patible, aqueous environment that can emulate many of the 
biochemical and mechanical features of native tissue.[29] Their 
high water content and permeability allow for facile diffusion of 
nutrients and waste to and from encapsulated cells. In addition, 
they can provide numerous signals to instruct cell phenotype, 
differentiation, growth, and migration.[30] Historically, hydro-
gels have been used extensively for tissue engineering applica-
tions, and the decades of previous research on hydrogels can 
be leveraged into bioink designs.[31–33] Based on this knowledge, 
hydrogels can be engineered to meet both the structural and 
biological demands of increasingly complex, tissue-like scaf-
folds that mimic in vivo architectures.

2.2. Material Requirements for Gel-Phase Bioinks

2.2.1. Rheological Properties

To be translated into bioinks, hydrogels must be made print-
able while also retaining their cell compatibility, which remains 
a key challenge that has limited the progression of 3D printing 
technologies. The rheological properties of the bioink play a 
large role in its ability to be extruded and to protect cells during 
the printing process. Nevertheless, reported rheological meas-
urements are still not consistent across the bioprinting field 
and there is no clear consensus on what it means for a material 
to be “printable.” Generally, for extrusion-based bioprinting, 
printability refers to the ability of the material to be extruded 
through a syringe, to form consistent filaments during deposi-
tion, and to maintain shape fidelity following printing such that 
the final structure resembles the intended design as closely as 
possible.[3] Several methodologies, both quantitative and quali-
tative, have been suggested to assess printability, and have been 
summarized in other recent reviews.[34–36] However, it remains 
challenging to compare different bioink materials, especially 
since common metrics such as print resolution and shape 
fidelity have been shown to be highly dependent on printing 
conditions such as flow rate, pressure, nozzle size, path design, 
temperature, and more.[28,37] Thus, it is clear that more stand-
ardized, quantitative metrics would be useful for evaluating 
new bioink designs. Here, we focus our discussion on the 
rheological requirements that contribute to bioink extrudability 
and long-term stability as well as how these material properties 
affect cellular behavior within the printed scaffold.

Shear Modulus: Hydrogels can exhibit both viscous and 
elastic behaviors in a time-dependent manner. The contribution 

of each of these components can be determined by measuring 
the shear storage modulus, G′, and the shear loss modulus, 
G″, typically against time, frequency, or strain. G′ represents 
the elastic component (also referred to as the stiffness of the 
material) and G″ represents the viscous component (the liquid-
like response of the material). When G′  > G″, the material 
behaves more like an elastic solid and is considered to be in 
the gel phase; in contrast, when G′ < G″, the material behaves 
more like a viscous liquid and is thus in the sol phase (Table 1). 
Depending on the molecular weight and geometric structure of 
the polymers composing a hydrogel, the resulting rheological 
properties can range from being largely elastic (i.e., without sig-
nificant time-dependence) to viscoelastic (i.e., with large time-
dependence).[45] As previously discussed, gel-phase bioinks 
offer several advantages over sol-phase inks, most notably in 
that they better preserve cell viability throughout the printing 
process.

Yield Stress: The yield stress represents the stress required for 
a gel to begin to flow. The presence of a yield stress implies that 
prior to printing (that is, prior to any stress being applied), the 
material is solid-like, which aids in preventing cell sedimenta-
tion in the extruder. For microextrusion printing techniques, 
sufficient pressure must then be applied (either pneumatic-, 
piston-, or screw-driven) such that the gel can yield and flow. 
Recent studies suggest that high yield stresses that result in 
sharp decreases in viscosity lead to gels that are more readily 
printable, as measured by consistent filament formation.[39] 
However, if the yield point is too high, then very large pressures 
may be needed that are not achievable using currently available 
extruders and could also lead to significant cell death.[46]

Viscosity: The viscosity of a bioink is a measure of its resist-
ance to flow. For extrusion-based 3D bioprinting, viscosity 
influences the ability of the ink to be extruded and plays a 
role in print fidelity. In general, increasing the viscosity of 
the bioink improves printability since higher viscosity inks 
impede droplet formation, so the ink can instead be printed as 
a continuous filament.[47] If the material is printed in a layer-
by-layer fashion, high viscosity inks can also increase print 
resolution and shape retention after printing as the structure 
is able to support itself. However, inks that are too viscous 
can also clog the print needle since they are more resistant 
to flow, leading to inconsistent deposition. In addition, highly 
viscous solutions can increase the shear damage imparted 
on the cell membrane, which could decrease cell viability.[48] 
Therefore, the viscosity of the ink must be tuned to strike a 
balance between improved printability and maintaining cell 
viability. The viscosity is influenced by parameters such as 
polymer molecular weight, polymer concentration, degree 
of crosslinking, and temperature;[49] thus, there exists a large 
phase space with which to optimize the ink to maximize both 
printability and cell survival.

Adv. Mater. 2021, 2103691

Table 1.  Rheological properties for a selection of sol-phase versus gel-
phase bioinks.

Bioink material 
phase

Viscosity [Pa s] Yield stress [Pa] Refs.

Gel-phase (G′ > G″) ≈20–6 × 105 20–2400 [38–41]

Sol-phase (G′ < G″) ≈0.1–30 None [42–44]
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Shear-Thinning: Shear-thinning is a behavior in which the 
viscosity decreases as the shear rate increases. Shear-thinning 
behavior is observed rheologically by alternating periods of low 
and high strains and observing if the hydrogel decreases in vis-
cosity under high strain and then recovers when the strain is 
reduced. Shear-thinning hydrogels are well suited for 3D bio-
printing because they can easily flow under high shear rates 
present in the print nozzle, but then undergo time-dependent 
recovery of their initial properties, which can aid in structure 
stabilization. Additionally, as previously mentioned, shear-thin-
ning at the extruder wall allows the center of the gel to pass 
through the extruder as a relatively undeformed plug, pro-
tecting cells from membrane-damaging mechanical forces.[23,27] 
The mechanism that leads to shear-thinning behavior is spe-
cific for each polymer system, but often is the result of self-
assembly due to weak, physical interactions (e.g., hydrophobic 
interactions, hydrogen bonding, and electrostatic attractions).[50] 
Collectively, these interactions can lead to the formation of a 
stable network through physical or chemical crosslinks. While 
printing, some of these crosslinks disassemble, enabling the 
gel to be shear-thinned, fluid-like, and extrudable. After the 
material is extruded and the stress is removed, the crosslinks 
can reassemble to reform the network.

Self-Healing: Self-healing behavior is defined by a material’s 
recovery after an applied shear stress is removed. This can be 
determined rheologically by introducing a large deformation 
and then monitoring the recovery of the shear modulus or vis-
cosity over time once the stress is reduced. This is analogous 
to what occurs during extrusion bioprinting, in which a large 
force is applied to the print syringe, causing the material to 
decrease in viscosity and flow more like a fluid. Then, the mate-
rial should ideally recover its initial viscosity after extrusion and 
return to a solid-like state. The time required for this transition 
to occur is referred to as the recovery time or the thixotropic 
time. Rapid self-healing behavior, that is, a short recovery time, 
has been shown to improve print fidelity and shape retention 
since the material will be self-supportive after extrusion.[51]

Postprinting Mechanical Properties: The material properties of 
the bioink will also determine the ultimate mechanical proper-
ties of the printed construct. This is important not only in that 
the hydrogel network must be robust enough to retain its shape 
postprinting, but also in that the gel mechanics will affect cel-
lular behavior. It is well-established that cells are exquisitely 
sensitive to the mechanical properties of their surrounding 
matrix.[52] In particular, gel stiffness has been shown to regu-
late cell spreading, migration, proliferation, gene expression, 
and differentiation.[53–56] Thus, the final stiffness of the scaffold 
should be optimized to elicit the chosen cell response for the 
intended application. In addition, on a macroscopic level, if the 
bioprinted construct is to be implanted into the body, it is often 
desirable for the stiffness to be similar to that of the native 
tissue so as to avoid a mechanical mismatch.[57] Bioink stiffness 
can be tuned by modulating the total polymer concentration or 
the crosslink density.

Beyond stiffness, recent work has demonstrated that addi-
tional viscoelastic properties can also have a profound effect 
on cellular behavior. Physiological ECM components exhibit 
stress relaxation; that is, they are able to dissipate the energy 
of an applied stress over time. This is in contrast to purely 

elastic materials, in which this energy is stored. For hydrogels 
containing weak crosslinks, stress relaxation can arise from 
crosslink unbinding and rearrangement. This behavior can 
be cell-induced: as cells bind to the matrix and apply force or 
strain, they can actively remodel the matrix. Some cell types are 
sensitive to changes in gel stress relaxation rates.[58] Materials 
that exhibit fast stress relaxation have been shown to increase 
cell spreading and proliferation, and biased mesenchymal 
stromal cells (MSCs) toward an osteogenic lineage commit-
ment.[59,60] Dynamic hydrogels have been developed to allow for 
cellular remodeling of the network and tuning of stress relaxa-
tion rates, and there is much interest in translating such mate-
rials into bioinks.
Support Materials: In addition to the cell-laden bioink, hydrogels 
are also commonly used in 3D bioprinting as support mate-
rials. These support materials include so-called “sacrificial inks” 
and “support baths” that can temporarily provide mechanical 
support to the bioink during the printing process. Hydrogels 
with reversible sol–gel phase behavior have been used as tem-
porary sacrificial inks to enable the printing of void spaces, 
including perfusable channels.[61,62] Hydrogels with thixotropic 
mechanical properties can be used as support baths that enable 
the printing of complex structural features with increased 
print resolution by providing physical confinement during 
printing.[63–65] The use of gel-phase support materials has 
greatly increased both the complexity of printed geometries and 
the range of materials that can be used as bioinks, as recently 
reviewed elsewhere.[66,67]

2.2.2. Biochemical Properties

In addition to providing structural support, the bioink can also 
provide biochemical signals that instruct cell behavior. In native 
tissue, cells interact with the extracellular environment through 
cell surface receptors, including those that bind to the sur-
rounding matrix, to soluble factors, and to neighboring cells.[68–70] 
Natural biopolymers such as collagen, gelatin, hyaluronic acid, 
and fibrin have been used as bioinks since they already contain 
an array of biochemical signals, such as cell-adhesive domains, 
that can help maintain high cell viability and proliferation 
rates within printed structures.[42,71–75] However, most naturally 
derived materials suffer from batch-to-batch variation; there-
fore, it may be challenging to produce them in a manner that 
ensures they are reproducibly printable. In addition, the rheo-
logical and mechanical properties of these materials are often 
not tunable without introducing additional functionality.

The biochemical cues presented by the ink should promote 
cellular function and, ideally, be tuned to fit each individual cell 
type. Incorporating further biochemical signals beyond those 
present in natural ECM components and understanding how 
cell–material interactions impact the biological functionality of 
the printed structure will be critical for engineering more com-
plex, printed tissues. While there are many examples of incor-
porating biochemical cues into hydrogels in the broader bioma-
terials field, little has been explored in using these same cues 
in bioprinting. Thus, many opportunities exist for designing 
advanced hydrogel bioinks: motifs such as cell adhesive ligands 
can be added to the polymer backbone itself, proteins including 
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growth factors or cytokines can be tethered to the polymer net-
work, or soluble factors can be added to the aqueous solvent of 
the hydrogel. We will discuss these design opportunities fur-
ther in the future perspective portion of this review.

2.3. Crosslinking Approaches

For bioinks to satisfy the material requirements outlined above, 
they should ideally be in the gel phase both in the syringe 
and after printing. Here, we refer to such materials as “dual-
stage crosslinked.” First-stage crosslinking defines the mate-
rial’s rheological behavior during printing, while second-stage 
crosslinking determines the final mechanical properties. The 
first-stage of crosslinking is already present in the syringe: the 
ink acts as a weak gel below its yield point, so the cells remain 
suspended and viable. A weak gel can be formed through 
physical entanglements of the polymer itself or by incorpo-
rating either reversible bonds or a small number of covalent 
crosslinks. Examples of first-stage crosslinking techniques 
include ionic crosslinking, guest–host interactions, peptide–
peptide assembly, dynamic covalent chemistries, and nonspe-
cific physical entanglements (Figure 1). When a force is applied 
to the syringe, physical or dynamic crosslinks can disassemble, 
and the gel will yield and flow. After printing, these crosslinks 
can reassemble to again form a weak gel. In some cases where 
the material rapidly self-heals, no further crosslinking strate-
gies have been employed; that is, the first- and second-stage 
crosslinking mechanism is the same. This includes materials 
crosslinked by guest–host interactions and dynamic covalent 
chemistries. However, many challenges remain in making 
these materials both printable and stable, as the dynamic 
nature of the crosslinks can lead to swelling, erosion, and creep 
behavior.[76–78] For an extended discussion on dynamic hydro-
gels and the challenges associated with incorporating these 
materials into bioink designs, we point the interested reader to 
another recent review on the topic.[79]

Therefore, to produce a construct with increased structural 
integrity or to alter the postprinting mechanical properties 
to be different from those in the print syringe, a second type 
of crosslinking can occur after extrusion. This process, also 
referred to as “curing,” further stabilizes the final structure 
and allows it to be used in downstream applications. These 
crosslinks are often stronger and more permanent bonds 
than first-stage crosslinks, as they must maintain long-term 
structural integrity of the printed gel. Examples include UV 
light-induced crosslinking, pH mediated gelation, enzymatic 
crosslinking, thermal gelation, and small molecule covalent 
crosslinkers. Due to the presence of cells in the bioink before 
and after extrusion, both stages of crosslinking should be as 
cell-friendly as possible.  This limits the application of certain 
crosslinking strategies and chemistries in bioink design. For 
example, while acidified collagen has been used to successfully 
to print complex mimics of in vivo structures, the low pH of 
the ink precludes the inclusion of cells.[80] Only after the pH 
has been raised to induce gelation can cells be included; there-
fore, cells must either be printed separately or seeded on top 
of the printed collagen structure. Alternative strategies, such 
as using bioorthogonal crosslinkers, are being developed to 

overcome these shortcomings to create inks that are more cell-
friendly and can be used to encapsulate cells at physiological 
cell fractions.[81]

2.4. Case Studies on Gel-Phase Bioink Materials

While there are numerous examples of sol-phase bioinks that 
undergo a postprinting crosslinking step, there have been rela-
tively few demonstrations of dual-stage crosslinked materials 
(Table 2), that is, ink materials that are in the gel-phase both 
in the syringe and following printing. Here, we focus on such 
gel-phase bioinks, which are uniquely suited to maintain cell 
viability during the printing process, as described previously. 
For additional methods of bioink formation and printing strate-
gies, we point the interested reader to several other excellent 
recent reviews.[2,44,82]

Some of the first bioinks to be developed were based on alg-
inate, a polysaccharide derived from brown seaweed that can 
be electrostatically crosslinked by divalent cations.[83,84] As a 
single-material ink, alginate is uniquely suited to a dual-stage 
crosslinking approach because the degree of crosslinking can 
be modulated by varying cation concentration. For example, 
adding a small amount of calcium to alginate creates a weak, 
gel-phase ink that has been shown to prevent cell settling and 
reduce cell membrane damage during extrusion.[85] Additional 
calcium can then be added postprinting (e.g., in the cell cul-
ture medium) as a second stage of crosslinking, which stiffens 
the final printed structure. This crosslinking strategy has been 
employed to print a variety of cell types, including neural pro-
genitor cells (NPCs), which could be efficiently grown and 
expanded while maintaining their stem-like state within the 
printed alginate constructs.[85,86] However, care must be taken 
to avoid using excess calcium to crosslink these materials as 
nonphysiological levels of calcium could be harmful to cells.[87]

Alginate can also be combined with other materials to create 
dual-crosslinked bioinks with two distinct crosslinking mecha-
nisms. To create a recombinant-protein alginate platform for 
injectable dual-crosslinked (RAPID) bioink, researchers teth-
ered a proline-rich peptide (P) to an alginate backbone. When 
this P-modified alginate is mixed with an engineered protein 
(C7) that contains seven repeats of a complementary peptide 
(C), the P and C peptides spontaneously assemble into het-
erodimers.[88] This molecular recognition of the two comple-
mentary peptide domains results in formation of a reversible, 
shear-thinning network with a relatively low storage modulus. 
Upon printing the ink into a calcium ion-rich bath, secondary 
electrostatic crosslinks reinforced the scaffold and increased the 
storage modulus of the gel more than 100-fold. The RAPID ink 
platform enabled patterning of multiple cell types that main-
tained their spatial organization over one week in culture. 
In another demonstration, alginate was mixed with gelatin 
methacryloyl (GelMA) and 4-arm poly(ethylene glycol)-tetra-
acrylate (PEGTA) to increase the cell-responsiveness of the 
bioink. Here, the alginate component of the blended bioink was 
first ionically crosslinked by calcium ions in the print cartridge, 
which improved the printability of the ink. Then the printed 
structure was irradiated with UV light such that the GelMA 
and PEGTA were covalently photocrosslinked. This technique 
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was used to create highly organized vascular networks and 
supported the spreading and proliferation of encapsulated 
endothelial cells and MSCs.[89]

Beyond ionic crosslinking, various other physical crosslinking 
mechanisms have been used to create gel-phase bioinks. In 
particular, supramolecular assembly through guest–host com-
plexes has been widely explored for bioink development. These 
inks take advantage of the ability of guest–host complexes to dis-
assemble upon application of a physical force and then reform 
once the force is removed, creating a hydrogel ink that is both 
shear-thinning and self-healing. In this case, the guest–host 
crosslinks serve as a single crosslinking mechanism to maintain 
the ink in the gel phase both in the syringe and after printing. 
In one example, hyaluronic acid (HA) was modified with 
either adamantane or β-cyclodextrin and then mixed to form 
a supramolecular hydrogel (Figure 2A). The mechanical prop-
erties of the bioink could be modulated by varying the degree 
of chemical modification, HA concentration, or ratio of guest-
to-host molecules.[65] However, while guest–host complexation 
was shown to be an effective first-stage crosslinking step, the 
dynamic nature of the crosslinks necessitated a second stage of 
crosslinking to improve long-term stability of the printed struc-
tures. Introducing additional photocrosslinkable methacrylate 
groups onto the HA backbone and then photopolymerizing the 
structure postprinting resulted in structures that were stable for 
one month and maintained their mechanical properties over  
time.[90]

This strategy of combining a first stage of physical 
crosslinking with a second stage of covalent crosslinking initi-
ated through UV or visible light is perhaps the most ubiqui-
tous method to create dual-crosslinked materials.[91–93] Several 
demonstrations have combined a first stage of thermal gela-
tion with a secondary UV crosslinking step (Figure  2B).[94–96] 
This strategy has also been used to print decellularized extra-
cellular matrix (dECM) inks, which have the advantage of con-
taining native bioactive and cell-adhesive domains.[75,97] In the 
future, dECM inks could be tailored to create patient-specific 
constructs.[71] Despite the popularity of photocrosslinking as 
a curing mechanism, there remain some concerns over cell 
toxicity in response to UV irradiation.[98] Increasing UV expo-
sure time has been shown to decrease cell viability, and this 
response was more pronounced in printed structures as com-
pared to cast hydrogels, perhaps suggesting that the cells are 
already in a stressed state due to extrusion forces.[43,99] Sev-
eral methods to overcome this limitation have been devel-
oped, including using materials that have higher conversion 
rates of functional groups and thus can be crosslinked using 
shorter exposure times, materials that can be crosslinked by 
visible light, and printer nozzles that have been modified with 
a transparent capillary that allows for photocrosslinking as the 
material is extruded from the nozzle instead of bulk irradiation 
postprinting.[92,100–102]

Alternatively, both stages of crosslinking can be facilitated 
by covalent crosslinking chemistries without the use of light. 
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Table 2.  Dual-stage crosslinked bioink materials.

Bioink material backbone First stage crosslinking Second stage crosslinking Refs.

Alginate Ionic (CaSO4) Ionic (CaCl2) [85]

Ionic (CaCl2) UV irradiation [107]

Alginate/collagen Ionic (CaCl2) pH-mediated [108]

Alginate/gelatin Ionic (CaCl2) Genipin [108]

Ionic (CaCl2) UV irradiation [108]

Alginate/recombinant polypeptide (RAPID) Peptide–peptide interactions Ionic (CaCl2) [20,88]

Carrageenan Ionic (KCl) UV irradiation [109]

Chitosan/gelatin Guest–host Ionic and hydrogen bonds [110]

Fibrinogen PEG-SVA crosslinker Enzymatic (thrombin) [103]

Gelatin PEG-SVA crosslinker EDC/NHS crosslinking [103]

PEG-SVA crosslinker UV irradiation [103]

DTT or PEG-8-SH Visible light irradiation [101]

Gelatin/hyaluronic acid PEG-SVA crosslinker UV irradiation [111]

Gelatin/peptide amphiphiles PEG-SVA crosslinker Ionic (CaCl2) [103]

Hyaluronic acid Guest–host UV irradiation [65]

Enzymatic Visible light irradiation [112]

Hyaluronic acid/PNIPAM Thermal UV irradiation [95]

Hyaluronic acid/recombinant polypeptide Peptide–peptide interactions (“dock-and-lock”) UV irradiation [113]

Hydrazone crosslinking Thermal [114]

Methylcellulose Thermal Visible light irradiation [94]

Pectin Ionic UV irradiation [115]

PNIPAM/recombinant polypeptide Peptide–peptide interactions Thermal [116]

Silk Metal–ligand coordination bonds UV irradiation [117]
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In one example, a small number of PEGX crosslinkers (where 
X = succinimidyl valerate, SVA, which can react with amines) 
were added to amine-containing polymers, creating a lightly 
crosslinked, soft hydrogel ink that could be easily extruded 
(Figure  2C).[103] To increase the stiffness and stability of the 
printed structure, another, secondary covalent crosslinking 
step was employed in which a solution of the same PEGX 
crosslinkers was added on top of the printed structure. These 
two-stage crosslinked materials provided longer term stability 
and increased cell viability as compared to printing inks with a 
greater number of first-stage crosslinks without the secondary 
crosslinking step. A follow-up study also expanded the identity 
of the PEGX functional groups to include more cytocompatible 
crosslinking chemistries (e.g., thiol-based Michael type addition 
and the bioorthogonal inverse electron demand Diels–Alder 
reaction).[104] In another example, a polymerizable shear-thin-
ning Pluronic F127-dimethacrylate hydrogel ink was mixed 

with an initiator (ammonium persulfate, APS) and then printed 
into a support gel containing a catalyst (tetramethylethylenedi-
amine, TMEDA). When the printed gel came into contact with 
the support gel containing the catalyst, free radicals were gener-
ated and the hydrogel ink was polymerized via a vinyl addition, 
crosslinking the printed structure (Figure  2D). Unlike photo
polymerization, this catalyst-induced polymerization method 
was effective for printing inks with increased opacity since it was 
not dependent on light penetration through the construct.[105]

These examples demonstrate how dual-stage crosslinked 
materials can be used to make bioinks that are both printable 
and stable for long-term culture. First-stage crosslinking to 
create gel-phase inks improves cell viability and filament forma-
tion, while second-stage crosslinking stiffens the construct and 
allows for the final mechanical properties of the structure to be 
tuned independently of the rheological properties needed for 
printing. In the future, we expect that the number of materials 
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Figure 2.  Dual-stage crosslinked bioprinted structures. A) A shear-thinning and self-healing bioink based on supramolecular assembly through guest–
host complexes allows for continuous printing in any direction of 3D space and seeding with endothelial cells. Reproduced with permission.[106] 
Copyright 2018, Wiley-VCH. B) Dual-crosslinked tyramine-modified methylcellulose 3D printed lattices retained structural stability up to 60 days, while 
printed constructs that did not undergo a second stage of crosslinking (exposure to light) and thus were only thermally crosslinked steadily collapsed 
within 30 min. Reproduced with permission.[94] Copyright 2020, Elsevier. C) Dual-stage crosslinked PEGX–gelatin (red) and PEGX–fibrinogen (blue) 
inks were printed together and then covalently crosslinked by a small molecule. This facilitated multimaterial and multicell type printing with HUVECs 
(CellTracker Red) and hMSCs (CellTracker Green). Reproduced with permission.[103] Copyright 2015, Wiley-VCH. D) A polymerizable shear-thinning 
Pluronic F127-dimethacrylate hydrogel ink was mixed with an initiator (ammonium persulfate, APS) and then printed into a support gel containing a 
catalyst (tetramethylethylenediamine, TMEDA). After removal from the bath, complex printed structures such as an inverted cone retained their shape 
without collapsing. Reproduced with permission.[105] Copyright 2017, American Chemical Society.
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available for bioprinting will greatly expand and that bioinks 
will be made more customizable. This will be facilitated by cre-
ating new crosslinking strategies and incorporating additional 
chemistries into bioink design that have already been devel-
oped for hydrogels used in tissue engineering.

3. Future Perspective: Bioprinted Constructs as 
Living, Composite Materials
While hydrogel design for 3D bioprinting has largely focused 
on material properties that allow for suitable printing, this 
approach often fails to acknowledge that a bioink is by defini-
tion composed of both a nonliving component (the polymer) 
and living component (the cells), making a printed construct 
an active, dynamic material after bioprinting. The geometric 
and biological transformations of the material are governed by 
interactions of the hydrogel component of the bioink with the 
cells embedded within the construct and with the external envi-
ronment in which the construct is cultured. Engineering hydro-
gels for 3D bioinks with consideration to cells as an intrinsic 
component of the printed “material” will advance the field of 
3D bioprinting toward greater biofunctionality through control 
of the postprinting evolution of the living construct.

For bioprinted constructs to serve as in vitro models of nat-
ural tissue or implants to regenerate functionality of a damaged 
tissue in the body, the material must mature to adopt a form 
and function more similar to native, functional tissue.[2,118] 
Thus far, only a small fraction of the bioprinting literature has 
demonstrated high functionality in bioprinted constructs that 
closely recapitulates tissues or organs. In this section, we dis-
cuss facets of 3D bioprinted construct evolution that may pre-
sent challenges or unexpected material properties if not consid-
ered, but that also provide opportunities for advanced hydrogel 
design toward enhanced geometric complexity and biological 
function. These include effects of the cells on the polymer, the 
polymer on the cells, and the external environment on both 
components of the composite material (Figure 3).

3.1. Density and Distribution of Cells within Prints

The rate of tissue maturation is greatly affected by the density 
and distribution of cells within the bioprinted construct as cells 
remodel the surrounding hydrogel. Hydrogels that allow for 
cell-mediated remodeling unsurprisingly experience accelerated 
remodeling with higher cell densities.[119,120] Remodeling occurs 
through cell adhesion, contraction, degradation of the initial 
hydrogel material, and deposition of new ECM.[121]  The initial 
cell density and distribution within the bioprinted construct are 
dependent on the composition of the bioink and the printing 
process. In some cases, it is not possible to print hydrogel-
based bioinks with initial cell densities higher than a certain 
threshold, since the presence of cells within the bioink may 
alter the rheological properties of the bioink and interfere with 
the hydrogel network formation or crosslinking steps.[122,123] 
During the cell culture period postprinting, however, the den-
sity of cells within the bioprinted construct may increase from 
this initial state due to cell proliferation.[124] Furthermore, it is 

possible to seed additional cells on the construct postprinting 
or print directly into a bath of cells in order to avoid the chal-
lenges associated with prohibitively high cell densities within 
the bioink during extrusion.[125]

The distribution of cells within the construct is not always 
entirely homogenous during printing and can evolve due to 
cell proliferation and migration, which in turn changes the 
construct properties postprinting.[126] Cells communicate via 
signaling molecules or cell–cell contacts to self-organize and 
adjust their position within the matrix, influencing the form 
of the construct.[127,128] For example, spheroids of cells and bio-
material may merge together into a continuous structure over 
time,[127,128] while a defect in the construct shape may grow over 
time rather than heal.[129] In addition to changing the construct 
shape, a numerical modeling study on the effect of proliferation 
on cellular distributions within a hydrogel—randomly distrib-
uted or arranged in either multiple “edge clusters” or a single 
“central cluster”[130–132]—has demonstrated that hydrogels with 
clustered cells have a notably different modulus than those with 
a random distribution of cells.[124] The overall modulus of the 
construct, therefore, has the potential to evolve over time as 
the density and distribution of cells change, and reporting only 
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Figure 3.  Postprinting, the living construct will change and “mature” over 
time, which can be influenced by material design choices. As bioprinted 
constructs are active, dynamic hydrogels, they will evolve over time as 
the polymer component interacts with the cellular component. In the 
future, developing customizable bioink polymers for multiple cell types 
that guide polymer–cell interactions postprinting will enable fabrication 
of more complex tissue types. The embedded cells can act on the polymer 
through cell-generated forces and matrix remodeling/degradation, where 
the rate of matrix remodeling is dependent on the density and distribu-
tion of cells within the structure. Conversely, the polymer can also affect 
cellular behavior through biochemical cues such as growth factors, the 
presence of cell-adhesive sites, the mechanical properties and struc-
tural features of the material that influence mechanotransduction, and 
polymer swelling. Finally, external stimuli such as electrical stimulation, 
mechanical stimulation, and photopatterning can be used to accelerate 
the maturation of printed hydrogels into more tissue-like constructs.
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the modulus of a bioink polymer alone may not be representa-
tive of the material properties during culture.

3.2. Cell-Generated Forces

Cells dynamically interact with their surrounding matrix and 
generate traction forces that act upon the hydrogel macro-
molecules within a printed construct. When cells form focal 
adhesions with the ECM, transmembrane integrins transmit 
mechanical force by pulling on the ligands.[133] The amount of 
traction generated at focal adhesions is specific to each cell type; 
cardiomyocytes, for example, are highly contractible.[134] Since 
hydrogels may exhibit viscoelastic behavior, cell-generated ten-
sion is sometimes able to dissipate through the hydrogel due to 
stress-relaxation of the polymer network. In some cases, how-
ever, stress gradients from these cellular contractive forces may 
cause mechanical instabilities and construct deformation. For 
example, cell-generated forces within microbeams that were 
3D bioprinted into a support bath of microgels caused evolu-
tion of their structure. Depending on the cell density, hydrogel 
concentration in the bioink, construct size, and material prop-
erties of the surrounding support gel, a range of construct 
changes were observed due to cell-generated forces over time, 
including buckling, axial contraction, failure, or total static  
stability (Figure 4).[135]

For increased control over geometric changes, the construct 
could be engineered to respond to cell-generated forces in a 
predetermined way. For instance, when deformation is not 
desired, increasing the polymer concentration in the bioink 
or the modulus of the surrounding supporting gel decreases 
the magnitude of changes to the construct shape or stability 
attributed to cellular forces.[135] On the other hand, it may 
be possible to amplify cell forces on the hydrogel matrix in 
order to alter the global geometry, for instance, by control-
ling cell-adhesive ligand densities and locations within the 
hydrogel construct. Cell-laden microplates, for example, have 
been demonstrated to roll into a cylinder or fold into a cube 
due to cell-generated forces exerted on the surface of the con-
structs.[136] From the understanding of geometric changes 
induced by cell-generated forces in hydrogel films and simple 
geometries, the internal forces imposed by cells onto their 
surrounding matrix could be leveraged in more complex 
structures in bioprinting.

Finally, the forces that cells impose onto their surroundings 
not only influence the shape of the construct but also cellular 
behavior, particularly when anisotropic tensions are created. 
For example, cells react to self-generated tension by elongating 
themselves and depositing ECM in alignment with the direc-
tion of the tension.[137] Therefore, creating anisotropic tensions 
within a printed construct may guide cell behavior and the 
properties of deposited matrix as the material matures.

Figure 4.  Properties of the hydrogel material may be engineered to form geometrically complex structures and cell patterns. A) Cellulose nanofibers 
within a hydrogel ink align in the direction of printing due to shear forces during extrusion, leading to anisotropic mechanical and swelling proper-
ties that allow for controllable, dynamic changes in morphology. Scale bars: 5 mm; inset = 2.5 mm. Reproduced with permission.[143] Copyright 2016, 
Springer Nature. B) Internal, cell-generated contractile forces cause undulation of printed microbeams over 24 h. Buckling behavior is controlled by the 
print filament diameter and the moduli of the bioink material and gel-based support bath. Reproduced under the terms of the CC-BY 4.0 License.[135] 
Copyright 2019, The Authors, Published by Springer Nature. C) A heterogeneous print demonstrates patterning of three different cell types (101T1/2 
fibroblasts, blue; HNDFs, green; HUVECs, red) in a single-tissue construct. Reproduced with permission.[21] Copyright 2014, Wiley-VCH. D) Printed cell 
layers (hASCs, red; 3T3 cells, green) retain their spatial fidelity over 7 days. Reproduced with permission.[88] Copyright 2016, Wiley-VCH. E) Multiple cell 
types (hMSCs, green; HUVECs, red) may be encapsulated within a single bioink that is printed into 3D custom-shaped constructs. Reproduced with 
permission.[144] Copyright 2020, American Chemical Society.
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3.3. Matrix Remodeling and Degradation

In many cases, the original hydrogel component of the bio-
printed construct ideally degrades over time and is gradu-
ally replaced by the ECM components deposited by cells. The 
hydrogel material in the construct may undergo degradation 
mediated by cells or external factors in their environment. For 
example, cells can degrade hydrogels that contain enzymatic 
cleavable sequences in the polymer backbone or crosslinks. 
During enzymatic degradation, proteases secreted from cells 
degrade their surrounding matrix, allowing for cell spreading, 
dynamic engagement with the surrounding ECM, and volume 
expansion upon proliferation. This cell-mediated matrix deg-
radation and remodeling has the advantage of spatiotemporal 
synchronization with tissue generation. Enzyme kinetics can 
be used (e.g., with Michaelis–Menten models) to predict and 
tune the degradation profile. An important consideration is 
the balance between the printed construct having sufficient 
mechanical strength and integrity to maintain its printed struc-
ture while still allowing cells to remodel the matrix. To achieve 
this, an alternate approach is to design hydrogels with a com-
bination of adaptable and permanent crosslinks, as has been 
demonstrated by bioprints with dynamic covalent hydrazone 
linkages along with a photocrosslinkable interpenetrating net-
work.[76] The permanent crosslinks provide structural integrity 
to the hydrogel, while adaptable crosslinks facilitate cell-medi-
ated matrix remodeling for proliferation, migration, and tissue 
formation. The relative amounts of crosslinker types could be 
tunable to optimize the balance between mechanical stability 
and cell remodeling of the material.

Biodegradable hydrogel materials often also degrade over 
time under physiological conditions in culture medium due 
to the erosion of physical crosslinks or the hydrolysis of ester, 
anhydride, or amide bonds.[138] Hydrogels with higher degrees 
of crosslinking and stronger physical bonds tend to erode more 
slowly. In the case of this nonenzymatic degradation, the pres-
ence of cells can also slow the overall degradation rate of the 
hydrogel-based construct compared to acellular hydrogels 
because of their ECM deposition and matrix remodeling.[139] 
Although the cleavage of bonds due to hydrolysis is controllable 
and predictable from information about the initial polymer 
network such molecular weight, crosslinking, and hydrolysis 
kinetics, hydrolytic degradation cannot generally be regulated or 
altered in real-time after gel formation.[140] Alternatively, a photo
degradable functionality incorporated into the backbone of a 
PEG-based hydrogel could be cleaved by spatiotemporally con-
trolled exposure to light.[141,142] This ability to remotely manipu-
late the material properties of the hydrogel in real-time allowed 
for local degradation of the hydrogel to create channels and 
arbitrary features at specific timepoints.[141] Degradation gradi-
ents were also created through the material and increased cell 
spreading was observed in regions of the hydrogel with greater 
degradation.[142] Coupled with the initial geometric complexity 
already feasible with 3D bioprinting, externally controlled 
local degradation would allow for time-dependent changes to 
the geometry of the construct in order to either probe funda-
mental biological questions or control the dynamic relationship 
between cells and the structural properties of their surrounding 
matrix.

3.4. Promoting Biofunctionality

3.4.1. Multibioink Prints

To date, the majority of 3D bioprinting demonstrations have 
used a single type of cell and material to formulate the bioink 
for a printed construct. In contrast, native tissues and organs 
have distinct spatial arrangements of different cell types, matrix 
compositions, and biochemical signals. The ability to pattern 
multiple types of cells using 3D bioprinting will be a signifi-
cant advancement in the field of tissue engineering toward rep-
licating anatomic features of native tissues for in vitro models 
or implantation. In one example, a multinozzle bioprinter 
patterned separate inks containing osteoblasts and chondro-
cytes to mimic the interface between bone and cartilage for 
osteochondral tissue engineering.[145] In another example, dual 
cell-laden bioinks of chondrocytes and bone-marrow-derived 
mesenchymal cells printed and subcutaneously implanted in 
mice resulted in more pronounced neocartilage formation in 
vivo than bioprints with only chondrocytes.[146] While these 
studies have demonstrated the potential of bioprinting with two 
or more cell types, there are several challenges associated with 
printing multiple bioinks into a single construct. Crosslinking 
mechanisms may not be compatible between ink materials, 
and the matrix requirements for the cells may be different. For 
multi-ink structures, cohesion between the two printed mate-
rials is also a key requirement. One strategy to achieve multi-
ink cohesion is to employ a universal crosslinking strategy for 
all materials in one print. A recent demonstration of a UNI-
versal Orthogonal Network (UNION) crosslinking platform 
employed a small molecule crosslinker loaded in the support 
bath that diffused into bioinks conjugated with bioorthogonal 
functional groups. This approach allowed for multiple mate-
rials to be crosslinked using a single mechanism into a cohe-
sive, multimaterial print.[81] Furthermore, the materials within 
each bioink should be tailored to fit the needs of that cell type. 
Developing customizable and compatible bioink materials for 
multiple cell types will accelerate the geometric complexity and 
heterogeneity that can be introduced into bioprinted constructs 
for better biomimicry.

3.4.2. Biochemical Features

Within the tissue engineering field, biofunctionality is often 
achieved by incorporating peptide motifs for cell-adhesive 
ligands into the hydrogel.[85,147] Ligands can be covalently bound 
to a polymer, incorporated into the polymer backbone, adsorbed 
to the material, or added as an interpenetrating network. The 
tripeptide RGD, found in fibronectin, is commonly used as 
a minimal integrin-binding sequence since most cells have a 
receptor that binds to it, but other peptide sequences such as 
the laminin-derived sequences YIGSR and IKVAV and the col-
lagen-derived GFOGER and DGEA have also been used both 
alone and in conjunction with other ligands.[148] The concen-
tration, affinity, and mobility of ligands affect cell morphology 
and gene expression[149,150] and therefore could be optimized 
for different cell types within each bioink.[151–153] By identifying 
and including biochemical signals crucial to the desired cell 
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type and function in the hydrogel that encapsulates the cells, 
the biological functionality of the bioprinted construct can be 
enhanced while also expanding the types of cells that can be 
used in bioprinting.

Growth factors, which can also be specific to each cell and 
tissue type, can be tethered to the hydrogel network or solu-
bilized in the medium to promote the desired cell growth or 
function. MSCs and endothelial cells have been demonstrated 
to preferentially migrate into gradients of certain growth fac-
tors.[106,154,155] For example, angiogenic sprouting was observed 
from a 3D printed microchannel of endothelial cells toward 
increasing concentrations of soluble angiogenic growth fac-
tors within the support gel.[106] Recently, the ability to print with 
distinct growth factor patterns and release times was demon-
strated by incorporating growth factor-loaded nanoparticles into 
the bioinks. The degree of angiogenesis was dependent on the 
spatial presentation of VEGF and BMP-2, with enhanced angi-
ogenesis for gradients of growth factors over a homogeneous 
presentation.[155] 3D bioprinting is uniquely positioned to create 
patterns with control over the type, concentration, and location 
of growth factors, which could aid in regenerative medicine 
applications.

3.4.3. Hydrogel Physical Structure

In addition to the importance of the biochemical features of 
the hydrogel, cell behavior such as the differentiation of stem 
cells or velocity of migration depends on the physical prop-
erties and microstructure of the hydrogel.[53,156] Tissues in 
vivo contain complex, tissue-specific hierarchical structures 
such as microscale topography, porosity, and fibril alignment 
that provide signals to cells.[157] Hydrogels can be designed to 
incorporate microscale features such as fiber-like geometries 
and microscale porosity to guide cell functions and move-
ment.  For example, oriented fibers stimulate anisotropy in 
cell elongation and migration.[158,159] During bioprinting, 
shear and extensional forces imparted on the bioink as it is 
extruded through the nozzle can align fibers in the hydrogel 
depending on the level of shear stress.[26] In addition, hydro-
gels with microscale porosity, such as granular hydrogels, 
have demonstrated enhanced ability for cellular infiltration 
compared to nanoporous hydrogels and can be used as the 
bioink material when increased cell migration and rearrange-
ment is desired.[160–162]

The evolution of the macroscale structure of the construct is 
often transformed due to swelling of the hydrogels, since con-
structs are cultured in aqueous solutions to keep cells hydrated. 
Swelling behavior of a bioprint is governed by the inherent 
solubility of the polymer, crosslinking density, and heteroge-
neity of the construct.[86,87] For example, the commonly used 
hydrogel PEG swells significantly due its strongly hydrophilic, 
water-soluble nature, while the amphiphilic polymer Pluronic 
(a PEG–polypropylene glycol (PPG)–PEG triblock polymer) has 
limited water sorption due to its hydrophobic component.[163] 
The swelling ratio of hydrogels also decreases with increasing 
degree of crosslinking; while crosslinking density can be 
modulated to control swelling, the rheological properties of 
the hydrogel are simultaneously affected.[164] In heterogeneous 

bioprints with multiple materials or complex geometries, local-
ized or anisotropic swelling may lead to significant changes in 
geometry after printing. These temporal changes to the bio-
printed construct can be harnessed to create so-called “4D” bio-
printed materials.

In particular, many tissues in the human body contain 
curved or folded regions, such as tubular ducts in mammary 
glands that influence breast cancer cell behavior due to strain, 
curvature, and confinement effects.[165] For creating complex, 
curved geometries, hydrogel constructs have been designed 
that swell anisotropically upon exposure to water to signifi-
cantly transform in shape. For example, flat PEG-based bilayers 
with two different molecular weights experience differential 
swelling in water that induced spontaneous curvature of the 
bilayers.[166,167] By changing the crosslinking pattern with photo
lithography, the bilayers self-folded into a variety of geometries 
including spherical capsules, helices, and cylinders.[166] In 
another approach to achieve complex geometries of multilay-
ered hydrogels through anisotropic swelling, a composite ink 
of cellulose fibrils embedded within an acrylamide matrix was 
used.[143] During extrusion, the cellulose fibrils experienced 
shear forces that aligned them in the direction of printing. The 
printed filaments, therefore, had anisotropic stiffnesses and 
preferentially swelled in the transverse direction. By printing 
layers of filaments in different patterns, the direction and extent 
of curvature of the multilayered construct was controlled to 
create intricate, flower-like shapes upon swelling.[143] Although 
cells were not encapsulated in the ink in this example, the 
theoretical frameworks that guided the printing patterns for 
controlled, anisotropic swelling could be applied for cell-laden 
bioinks. The design of bioinks that can be printed in a flat print 
path but spontaneously swell into a desired shape in aqueous 
cell culture medium allows for high resolution structures with 
delicate geometric features.

3.5. Accelerated Maturation via External Stimuli

While the methods to improve biological functionality of bio-
printed constructs described thus far have focused on mate-
rial design parameters within the construct, the maturation of 
hydrogels and cells into more tissue-like constructs has also 
been accelerated by the application of physiologically relevant 
external stimuli. For cartilage tissue engineering, mechanical 
stimulation of constructs in compression increases the amount 
of ECM synthesis and enhances chondrocyte differentia-
tion.[168] In another example, in vitro models of cardiac tissue 
have been observed to benefit from electrical stimulation that 
promotes differentiation toward a cardiomyocyte lineage and 
induces synchronization of beating.[169,170] Finally, as discussed 
in Section  3.3, spatiotemporally controlled degradation of a 
hydrogel has been achieved with photopatterning.[141,142] Further 
development of bioink materials that enable these types of post-
printing external stimuli are expected to lead to more “mature” 
artificial tissues. For example, the use of injectable, conductive 
hydrogels as bioinks coupled with the postprinting application 
of external electrical stimulation would be a tailored strategy for 
cells that require the conduction of electrical signals for optimal 
functionality. By considering the physiological conditions 
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relevant for the target tissue type, bioprinted constructs may 
mature to more closely resemble native tissue.

In summary, to advance the achievable complexity of 3D bio-
printed constructs for increased biomimicry, the postprinting 
evolution and “final” properties of a hydrogel-based construct 
can be governed using a wealth of knowledge from the fields of 
polymer chemistry and tissue engineering. Considering a bio-
printed construct as a living, composite material with polymer 
and cells as intrinsic elements requires the evolution of both 
components to be characterized for a comprehensive under-
standing of the material. For example, in addition to quantifi-
cation of the physical and mechanical properties of the print 
over time, the living component of the 3D bioprinted construct 
should be assessed with assays commonly referred to in the 
tissue engineering community as characterization of “cells in 
gels” (Table 3). In recent years, computational and theoretical 
frameworks are also being developed and validated experimen-
tally to predict and understand the interactions that biomate-
rials have with cells and the external environment during cul-
ture.[124] By predicting the structural and biological evolution of 
the construct over time, the relevant initial parameters of the 
3D bioprinting process—including the design of the hydrogel 
materials—can be engineered to better control the ultimate 
geometric structure and biological function of the bioprinted 
construct.

4. Conclusion

Gel-phase materials have demonstrated great potential for use 
in 3D bioprinting as bioinks. Early demonstrations of 3D bio-
printing often optimized bioink materials for printability, with 
the tradeoff that they suffered from challenges maintaining 
cell viability and biological functionality. Advanced hydrogels 
are now being developed to support cells during all stages of 
the printing process: in the print cartridge, as the bioink is 
extruded through the nozzle, during any material crosslinking 
steps, and as the printed construct is being cultured. In this 
way, hydrogels can provide structural support during and after 
printing, as well as biological and mechanical cues to promote 
cellular function. Looking forward, the design of new, more 

advanced bioinks will benefit from the previous decades of bio-
materials research that has sought to understand and optimize 
the biochemical and biomechanical signals present in hydro-
gels. These material properties should be tailored to the cell 
type, tissue, or organ of interest, and must be engineered with 
consideration to the final application of the construct, whether 
it be for in vitro models or in vivo transplantation. There is also 
a growing appreciation that bioprinted constructs are active, 
living materials containing both an acellular (polymer) com-
ponent and a cellular component. Thus, the properties of the 
final construct will evolve over time due to reciprocal cell–mate-
rial interactions as well as influences from the external envi-
ronment; this evolution can be leveraged for dynamic or “4D” 
prints. Future work in the field will improve upon the bioink 
material’s ability to guide cell behavior by better mimicking 
physiological features, by adding cell-specific biochemical and 
mechanical features, and by increasing complexity and het-
erogeneity with multibioink constructs. Altogether, the use of 
advanced hydrogel materials as bioinks should propel forward 
the 3D bioprinting field toward greater biological complexity 
and function.
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