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1. Introduction

3D printing was first made a reality in the 1980’s when Charles 
Hull developed stereolithography, a technique for converting 
3D computer-aided design into physical objects by projecting 

Bioprinting is an emerging approach for fabricating cell-laden 3D scaffolds via 
robotic deposition of cells and biomaterials into custom shapes and patterns 
to replicate complex tissue architectures. Bioprinting uses hydrogel solutions 
called bioinks as both cell carriers and structural components, requiring 
bioinks to be highly printable while providing a robust and cell-friendly 
microenvironment. Unfortunately, conventional hydrogel bioinks have not 
been able to meet these requirements and are mechanically weak due to 
their heterogeneously crosslinked networks and lack of energy dissipation 
mechanisms. Advanced bioink designs using various methods of dissipating 
mechanical energy are aimed at developing next-generation cellularized 3D 
scaffolds to mimic anatomical size, tissue architecture, and tissue-specific 
functions. These next-generation bioinks need to have high print fidelity and 
should provide a biocompatible microenvironment along with improved 
mechanical properties. To design these advanced bioink formulations, it is 
important to understand the structure–property–function relationships of 
hydrogel networks. By specifically leveraging biophysical and biochemical 
characteristics of hydrogel networks, high performance bioinks can be 
designed to control and direct cell functions. In this review article, current 
and emerging approaches in hydrogel design and bioink reinforcement 
techniques are critically evaluated. This bottom-up perspective provides a 
materials-centric approach to bioink design for 3D bioprinting.

a series of light patterns into a pool of 
photopolymers.[1] This development was 
quickly followed by the emergence of 
other 3D fabrication strategies, including 
fused deposition modeling (FDM) in 1989, 
which builds objects by precisely depos-
iting successive layers of molten thermo-
plastic using a mobile heated nozzle.[2] 
FDM has evolved to become the most 
popular 3D printing technique due to its 
low cost and accessibility, and has experi-
enced a rapid explosion in popularity since 
its patent expiration in 2009. Since then, 
open source designs like RepRap printers 
(“Replicating Rapid-Prototyper”), which 
can 3D print many of their own com-
ponents, have dramatically driven down 
printer costs from the tens of thousands of 
dollars to fewer than 200 dollars. This has 
brought the technology into the hands of 
millions of hobbyists and academics alike. 
The widespread adoption of 3D printing 
technology has led to its application to 
new fields, including regenerative medi-
cine. 3D printers are being commercial-
ized to rapidly create custom prosthetics 
for patients and to precisely replicate 
patient anatomy to allow surgeons to sim-

ulate procedures with 3D printed body parts. Most recently, 3D 
printing has been adopted for tissue engineering with the goal 
of developing highly customized cell-laden scaffolds to enable 
healthy human tissue to be regrown from a patient’s own stem 
cells. This technique of 3D printing living cells is called 3D 
bioprinting.

3D bioprinting can localize different cell types and mate-
rials to mimic the anatomical complexity of tissues and 
organs.[3–5] 3D bioprinting living cells requires a very specific 
set of conditions that are best met by a certain class of mate-
rials: hydrogels. For example, cells require an aqueous envi-
ronment, and sufficient oxygen and nutrient diffusion, as well 
as appropriate pH and osmolarity along with key vitamins and 
minerals for cellular functions. Certain cell types require spe-
cific cell attachment sites and substrate properties in order to 
proliferate. Finally, cells must have room to create new extra-
cellular matrix. This means that printed materials should 
degrade into nontoxic components over time to promote new 
tissue formation.[6–8]

Hydrogels are able to meet these stringent requirements and 
are the basis of almost all bioink formulations. Hydrogels are 
loosely crosslinked networks of highly hydrophilic polymers 
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that can absorb many times their dry weight in water, gener-
ally ranging from 70% to over 99% water content. This high 
water content makes hydrogels highly porous and permeable, 
allowing rapid diffusion of oxygen and nutrients throughout 
the scaffold.[7,8] Many hydrogels are also porous enough to allow 
cell migration, and some are also degradable, providing initial 
support for cells, then degrading away as cell populations grow 
and remodel their surroundings. Hydrogels can also be created 
from proteins and extracellular matrix components, including 
collagen and hyaluronic acid (HA), providing environmental 
cues to help direct stem cell growth. Finally, many hydrogels 
can be crosslinked into solid viscoelastic structures using cell-
friendly methods, which are not damaging to living cells and 
minimize physiological stress on printed cells encapsulated 
within the scaffold. These characteristics allow hydrogels to 
closely mimic the native microenvironment of cells, making 
them the nearly universal choice for 3D bioprinting.[8–11]

Conventional hydrogels are randomly crosslinked, single 
network hydrogels with no internal mechanism for mechan-
ical energy dissipation, and make up the majority of hydrogels 
used in biomedical research. While conventional hydrogels are 
inherently suited for cell growth, they lack mechanical prop-
erties needed for optimal 3D printing. Adapting them to 3D 
printing has therefore proven to be a consistent challenge to 
the field. Prior to crosslinking, hydrogels are typically liquid 
polymer solutions, making it impossible to support subsequent 
layers. Many conventional hydrogels crosslink too slowly or 
remain too weak to be practical for structures taller than a few 
millimeters. Hydrogel networks are conventionally strength-
ened by increasing their polymer content and crosslink den-
sity; however, increased polymer content and dense crosslinks 
interfere with cell culture by reducing the permeability and 
porosity that cells require. Crosslinks also form randomly in 
conventional hydrogels, causing variations in crosslink den-
sity that concentrate stress on the least extensible chains under 
deformation.[7,8,11] These factors make conventional hydrogel 
reinforcement undesirable in bioinks.

This compromise between biocompatibility and printability 
properties to make acceptable bioinks is often thought of as 
a biofabrication window. However, new approaches are being 
developed to improve the biofabrication window by efficiently 
strengthening hydrogels while retaining favorable biological 
properties (Figure  1a). The most popular techniques include 
polymer functionalization, interpenetrating networks (IPNs), 
nanocomposites, supramolecular bioinks, and thermoplastic 
reinforcement. While multiple reviews of bioinks currently 
exist, they lack a mechanistic approach to structure–property–
function relationships in bioinks.[7,8,11]

The bioink reinforcement techniques discussed in this 
review exhibit enhanced performance brought about by dis-
tinct network structures, but they also share some fundamental 
traits. A general principle for tough hydrogels is that they can 
relax stress concentrations and dissipate mechanical energy, 
increasing the energy required before cracks form and propa-
gate. This is important for bioink reinforcement because it 
means fracture energy depends not just on the energy needed 
to break the polymer chains in a propagating crack’s path, but 
also on the amount of mechanical energy that the surrounding 
region can dissipate. Bioink literature does not always report 

fracture energy, so we discuss available mechanical measures 
when necessary.

Bioinks assume multiple functions key to bioprinting 
success, many of which are interrelated through properties 
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affecting the hydrogel structure. However, existing literature 
has not adequately explored these relationships. In this review, 
we bridge this literary gap by examining the relationships 
between a bioink’s hydrogel structure, properties, and func-
tion. We critically examine how the fundamental concepts of 
hydrogel network structures relate to the mechanical, rheolog-
ical, and biological properties that are critical to bioprinting suc-
cess. Then we discuss specific emerging bioink reinforcement 
mechanisms and their effects on key bioink properties. Finally, 
we evaluate promising approaches to next-generation bioink 
designs. Understanding the fundamental mechanisms of 
hydrogel reinforcement and how they can be applied to design 
advanced bioinks will provide an in-depth understanding of 
trends emerging in the development of high performance 
bioinks.

2. Bioink Characteristics

The cell-friendly nature of hydrogels has made them the mate-
rial of choice for printing 3D cell constructs.[9,12,13] Hydrogels 
consist of highly hydrophilic polymer networks that can absorb 
many times their own weight in water. They are used in a wide 
range of commercial products, ranging from baking and food 
additives to medical devices. Hydrogel networks can be held 
together in their solid state by physical and/or covalent inter-
actions called crosslinks. The mechanical properties of these 
crosslinked networks are determined by complex interactions 
between the polymer network structure and aqueous compo-
nents. Before hydrogels form crosslinks, they exist as polymer 
solutions that can have fluid-like properties (also known as 
sols) that depend on their composition. This is typically the 
state of a bioink during extrusion (Figure 1b). Controlling both 
the noncrosslinked solution (bioink) fluid properties and the 
crosslinked hydrogel (structure or, when bioprinted, scaffold) 
mechanical properties is a major focus of bioprinting research.

In this section we will review key rheological, structural, bio-
mechanical, and biochemical properties of bioinks, and discuss 
how they are related to bioink performance. It is important to 
recognize that these properties are interrelated in complex ways 
that must be considered when optimizing bioink performance. 
As research on bioinks has progressed, certain factors in each 
of these areas have been widely identified as critical to bioink 
performance (e.g., shear thinning and elastic modulus); others 
are still being evaluated (e.g., shear recovery and stress relaxa-
tion). While many of these factors are not consistently reported 
in bioprinting literature, they are nevertheless beneficial to 
consider when evaluating bioink designs.

2.1. Hydrogel Bioink Network and Design Parameters

We begin by describing the fundamental mechanics of hydrogel 
networks to better contextualize discussions of reinforcement 
strategies in later sections.[14–18] Polymer networks have been 
widely used in engineering since the 1840s, when Charles 
Goodyear developed the first elastomers through rubber vul-
canization. The vulcanization process crosslinks the network to 
prevent polymer chains from flowing, effectively solidifying the 

rubber across a wide range of temperatures. Elastomers remain 
the most widely used polymer networks today, with applications 
ranging from tires to disposable surgical gloves.[14] In contrast, 
the history of hydrogel polymer networks is much shorter and 
intimately tied to biomedical engineering. Synthetic hydrogels 
were first engineered in the 1950’s when hydroxyethyl meth-
acrylate was developed as a contact lens material, and their 
potential for mimicking the body’s natural environment was 
quickly investigated.[19] The range of biomedical applications 
involving hydrogels quickly expanded to include burn treat-
ments, drug delivery, cosmetics, and implants.[20,21] Hydrogel 
research has grown exponentially over the past few years due 
to their application to regenerative medicine and bioprinting.[20] 
Like elastomers, hydrogels are essentially polymer chains 
whose flow is prevented by crosslinks that provide elastic 
strength.[14]

2.1.1. Soft Network Basics

Classical polymer networks are mainly formed in two ways: 
by simultaneous polymerization and crosslinking of a mon-
omer solution, and by crosslinking existing polymer chains 
together. Both methods generally create randomly crosslinked, 
heterogeneous networks containing both densely and sparsely 
crosslinked regions.[14] Upon loading, this heterogeneity leads 
to localized stress concentrations that form weaker failure zones 
in the polymer network. Thus, the distribution of crosslinks is 
a key determinant to polymer network mechanical properties. 
Individual polymer chains behave like entropic springs whose 
elasticity is dependent on their configurational degrees of 
freedom. While crosslinking increases the number of polymer 
chains in a network, the individual chains become shorter, thus 
lowering configurational entropy and creating a stiffer and 
more brittle network.[14] The energy required to break a polymer 
chain is proportional to its length. Shorter polymer chains also 
constrain the extensibility of the network. The overall impacts 
of these competing effects of crosslinking are increases in ten-
sile strength at the price of reduced threshold fracture energy. 
In other words, extensive crosslinking makes conventional 
hydrogels stiff and brittle while loosely crosslinked hydrogels 
are softer but relatively tough.[15,17] Thus, while crosslinks are 
vital to polymer network structure, increased crosslinking 
leads to a random, heterogeneous network structure and rap-
idly decreases extensibility, causing brittleness and adversely 
affecting mechanical reinforcement.[14,18]

2.1.2. Fracture Energy and Energy Dissipation

Current bioink literature often characterizes gels with just a 
few mechanical parameters, such as fracture strain and stress, 
and compressive, tensile, or shear moduli. These parameters 
are important, but only partially describe the mechanical prop-
erties of a hydrogel. A parameter that is particularly useful for 
comparing overall mechanical properties in polymer networks 
is fracture energy, alternatively referred to as tearing energy or 
critical strain energy release rate.[18] Fracture energy describes 
the amount of energy required to perpetuate a fracture through 
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the network. It is defined as the energy required to create a unit 
area of crack growth (J m−2).[15,16] Fracture energy is an attrac-
tive metric because it is an intrinsic material property that is 
independent of geometry and is thus generally consistent 
across different test methods.

In polymer networks, fracture energy (Γ(v)) can be divided 
into two components according to its governing equation 
(Equation (1))[14]

v a v1 , alternatively written as0 T 0 Dϕ( )( )( )Γ = Γ + Γ = Γ + Γ � (1)

Adv. Mater. 2020, 32, 1902026

Figure 1.  Hydrogel bioink design consideration reinforcement approaches. a) The biofabrication window depicts the compromise between printability 
and biocompatibility needed to make acceptable bioinks. Emerging bioink reinforcement techniques improve fabrication while maintaining biocompat-
ibility. b) Bioink considerations at different fabrication stages. A range of printing factors can determine success or failure of a bioprint. c) The rheo-
logical, biomechanical, and biochemical characteristics of bioinks play major roles in extrusion bioprinting. The structural and mechanical properties  
of a bioink are key metrics of its performance at both the macro- and microscale, influencing everything from structural integrity to biomechanical 
and biochemical cellular interactions. Mechanical reinforcement also significantly affects a bioink’s 3D printability by altering its flow properties. The 
most common bioink flow models include Newtonian, Power Law, and Herschel–Bulkley fluids. Bioink flow properties significantly alter flow velocity 
profiles during printing and determine the amount of stress that encapsulated cells experience during the printing process, and also impact 3D print-
ability through viscoelastic behavior after extrusion.
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In Equation (1), Γ0 = Nx Ub Σ and ΓD = Γ0 φ(aTv)
The first component, the threshold (or intrinsic) fracture 

energy (Γ0), is defined as the amount of energy required to 
break the polymer chains per unit area of the crack plane as 
it propagates. The required energy depends on the density of 
polymer chains crossing the crack plane (Σ), the number of 
bonds in those polymer chains (Nx), and the energy to break 
each bond (Ub).[14,15] This energy is local to the area of crack 
plane path and does not depend on surrounding bulk mate-
rial. The density of polymer chains in hydrogels is propor-
tional to their volume fraction, giving them a much lower 
intrinsic fracture energy (≈10 J m−2) relative to dry networks 
(≈50–100 J m−2).[15,18]

The second component can be thought of as viscoelastic 
mechanical energy (ΓD) dissipated into the surrounding net-
work. ΓD scales linearly with Γ0, where φ(aTv) is a mechanical 
dissipation factor that is velocity-and-temperature-dependent 
and is characteristic of the material.[22] The scaling factor φ(aTv) 
shows a Power Law dependence on crack velocity, so rapid crack 
propagation requires significantly more energy than gradual 
crack expansion.[14] Furthermore, ΓD depends on the bulk prop-
erties of the material in the region surrounding the crack. In 
tough polymer networks, ΓD can contribute dramatically more 
to the total fracture energy than Γ0.[23] For elastomers, the most 
important mechanism for mechanical energy dissipation is 
through molecular friction between polymer chains as they 
translate and rearrange in response to applied stress. Conven-
tional hydrogel networks lack this internal friction mechanism 
due to the large amount of water between polymer chains, thus 
leading to rapid crack propagation.[14,15]

In summary, hydrogels share many structural similarities 
with other soft polymer networks, but their hydrated structure 
causes their mechanical properties to differ in key ways. In all 
soft polymer networks, intrinsic fracture energy (Γ0) depends 
on the length, number, and bond strength of polymer chains 
in the crack plane. Crosslinking increases elastic modulus and 
tensile strength, but reduces fracture energy and extensibility. 
The low chain density in hydrogels reduces the intrinsic frac-
ture energy (Γ0) in proportion to polymer volume fraction, and 
functionally eliminates mechanical energy dissipation (ΓD) 
through molecular friction. Together, these severely constrain 
the mechanical properties of conventional hydrogels.[14]

Fortunately, understanding these structural limitations also 
provides us with a clear pathway for improving the mechanical 
properties of hydrogel bioinks by designing novel mechan-
ical energy dissipation mechanisms into the bioink network 
structure. Incorporating new mechanisms for dissipation 
can dramatically improve hydrogel stiffness, failure stress, 
and fracture energy by as many as three orders of magnitude 
while maintaining a highly extensible network.[16] It is impor-
tant to recognize that much of the emerging bioink reinforce-
ment technology maintains this common theme: incorporating 
mechanical energy dissipation (ΓD) into the hydrogel structure, 
while maintaining high printability and a cell-friendly environ-
ment. Interpenetrating networks, nanocomposites, supramolec-
ular bioinks, and some composite bioinks all share this theme. 
Intrinsic fracture energy (Γ0) is also improved by increasing 
crosslink stability (functionalization) and/or improving net-
work homogeneity (click reactions and sliding crosslinks).[14,15]

2.2. Rheological Characteristics of Bioinks and Flow Modeling

While the effects of mechanical reinforcement on flow prop-
erties are often underappreciated, bioink reinforcement 
cannot be completely understood without also considering 
these effects.[24–26] During extrusion, bioinks are typically non-
crosslinked polymer solutions or even prepolymer solutions. 
In this section, we discuss the flow characteristics of bioink 
solutions that determine printability, including viscosity. The 
viscosity of a bioink is a key characteristic in determining its 
flow behavior and is among the most commonly measured 
values during the bioink optimization process. Viscosity can 
have mixed effects on bioink performance. High viscosity allows 
extruded bioink to better hold its shape and improves mechan-
ical stability, which is especially beneficial in printing taller 
structures. However, higher viscosity increases shear stress 
during printing, which can damage cells by directly disrupting 
cell membranes and can reduce proliferation in surviving cells. 
Specifically, shear stresses have been shown to induce morpho-
logical changes, cytoskeleton reorganization, and generation 
of reactive oxygen species, and alter gene and protein expres-
sion. This effect is dependent on cell type and density, as well 
as the level and duration of shear stresses to which cells are 
exposed.[27] Further, the relatively high resistance to flow can 
cause the extruder to clog, which contributes to inconsistent ink 
deposition. Conversely, low viscosity can reduce bioink printa-
bility and cause inhomogeneous cell distribution and rapid cell 
sedimentation.[28,29] Changes in bioink concentration, polymer 
molecular weight, ion content, temperature, and encapsulated 
cell density will directly influence bioink viscosity. Thus, all 
reinforcement techniques are likely to impact viscosity. In addi-
tion, we will also discuss other rheological characteristics of 
bioinks including shear thinning, thixotropy, thermal gelation, 
and yield stress. We also outline the impact that bioink rein-
forcement can have on these properties, as well as discuss flow 
models that help characterize these effects (Figure 1c).

2.2.1. The Newtonian Model

Bioinks that maintain a consistent viscosity over the range of 
expected print conditions are often modeled using a Newto-
nian fluid model, where shear rate (γ) is equal to shear stress 
(τ) divided by viscosity (K). However, this behavior is mostly 
seen in bioinks with low polymer concentrations, where vis-
cosity is dominated by small, isotropic molecules, or at very 
low shear rates where Brownian motion can prevent polymer 
alignment.[8,30] In practice, most bioinks used in extrusion 
3D printing are non-Newtonian, meaning that their apparent 
viscosity depends on shear rate or deformation history. Non-
Newtonian effects are generally caused by reorientation of large 
polymer chains and disruption of electrostatic interactions, 
which are common features of reinforced bioinks.[29]

2.2.2. The Power Law Model

In shear-thinning bioinks, increasing shear rates force polymer 
chains to align along the flow direction, which reduces apparent 
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viscosity. The disruption of electrostatic interactions at higher 
shear rates also decreases apparent viscosity. Shear-thinning 
properties are beneficial in bioprinting because they combine 
the high print fidelity of viscous bioinks with high cell viability 
due to low shear stresses experienced during the bioprinting 
process. Shear-thinning is more apparent in high molecular 
weight polymers and at higher polymer concentrations.[8] The 
simplest method for modeling shear thinning behavior is with 
the Power Law relationship (Figure 1c), where shear stress (τ) is 
related to shear rate (γ) by the flow behavior index (n) and con-
sistency index (K), which is the viscosity at 1 s−1 shear rate. In 
this model, n = 1 for Newtonian fluids, while n values <1 would 
be progressively more shear thinning. The Power Law model 
is useful and simple to use for many bioinks under printing 
conditions.[26]

2.2.3. The Herschel Bulkley Model

In addition, many non-Newtonian bioinks demonstrate vis-
coelastic properties like yield stress, which can significantly 
affect flow behavior. Yield stress is the minimum stress needed 
to initiate flow. Until shear stress exceeds the yield stress, the 
bioink behaves like a solid.[8,31] Print fidelity and mechan-
ical integrity are improved by yield stress because the bioink 
remains solid-like indefinitely after extrusion, even without 
crosslinking. Additionally, it can shield encapsulated cells 
from shear forces during extrusion by creating plug flow in 
the center of the flow profile, thus shearing is confined to a 
narrow region along the extruder walls.[13,26,31] Very high yield 
stress can make bioinks difficult to work with. For example, 
high yield stress interferes with standard pipetting and cell 
dispersion techniques, requiring alternatives like syringes and 
manual mixing to be used instead.[13,24] Yield stress behavior 
in hydrogels is caused by noncovalent and electrostatic interac-
tions, which are frequently a feature of bioink reinforcement. 
Changes in yield stress have been noted in a range of bioinks, 
and have been credited with improving bioink printability 
and cell survival.[13,24] To account for yield stress, a Herschel–
Bulkley model is often employed (Figure 1c), which is similar 
to a Power Law model with an additional term (τ0) for the 
yield stress, below which the bioink is assumed to behave as 
a solid. The Herschel–Bulkley fluid model can accurately map 
the behavior of non-Newtonian fluids exhibiting shear thinning 
and yield stress, and has been adopted for bioink modeling in 
several recent reports.[13,25,28]

2.2.4. Carreau Equation

More complex models can be used for characterizing bioink 
behavior as well, including the Carreau equation, which is 
particularly useful for describing different flow behaviors of 
bioinks at very low and high shear rates. Fluids are treated as 
Newtonian fluids with constant viscosity when shear rates are 
too low to overcome the random motion orientation of polymer 
chains, and as Power Law fluids at intermediate shear rates. At 
higher shear rates, the fluids become Newtonian again as they 
reach their infinite shear rate viscosity. This model was recently 

used to characterize the flow behavior of a polylactide (PLA) 
microfiber-reinforced alginate bioink.[30,32]

2.2.5. Limitations of Existing Flow Models

While existing flow models can help predict bioink behavior 
during printing, shear recovery becomes important after extru-
sion, but is not accounted for in these models.[26] When shear 
thinning bioinks are deposited after extrusion, their viscosity 
does not recover instantaneously.[33] Recent papers have 
demonstrated that rapid shear recovery improves print fidelity 
by quickly locking extruded bioink in place.[13,26,34,35] Ther-
moresponsive materials can assist shear recovery by solidifying 
bioinks in response to a temperature change, which can be 
exploited to quickly recover viscosity and storage modulus well 
above their initial values.[13,24]

This effect is particularly evident when bioprinting taller 
structures where lower layers soon bear the weight of over-
lying filaments.[13,35–37] This property can be characterized by 
designing peak-hold experiments to mimic the shear-deforma-
tion and recovery of bioink during the printing process.[13,38]

Overall, current flow models are very useful for screening 
potential bioinks in conjunction with practical experiments. 
While optimal flow properties vary with experimental goals and 
print conditions, emerging research indicates that shear thin-
ning, yield stress, and rapid shear recovery are key determinants 
of bioink printability.[13,24,26,35] These properties are important 
for successfully bioprinting large-scale, freestanding scaffolds 
with challenging geometries, including structures with high 
aspect ratios and overhangs.[13,35–37] Mechanical reinforcement 
is key to creating next-generation bioinks, but there is still little 
data on its effects on print performance interactions. Future 
bioink reinforcement papers can help address this knowledge 
gap by publishing these rheological properties along with their 
other experimental results. Current bioink flow models are suf-
ficiently accurate for describing bioink behavior under expected 
conditions, but do not account for more complex non-Newto-
nian behaviors like time-dependent effects, thermosensitivity, 
and wall-slip effects.[26,28,31,39] As bioinks become increasingly 
complex, more elaborate models should be adopted to more 
faithfully describe bioink behavior. Rheology and flow modeling 
are powerful tools to provide scientists a better understanding 
of the behavior of newly developed bioinks.

2.3. Biomechanical Properties of Bioinks

Due to their high water content, hydrogels used in tissue engi-
neering are softer than many biomaterials, ranging from an 
elastic modulus <1  kPa for soft collagen gels to >1 mPa for 
reinforced double network (DN) hydrogels. A desired stiff-
ness is typically achieved by tailoring polymer selection and 
increasing polymer mass fraction, crosslink density, and mole-
cular weight.[40,41] However, increasing these features gener-
ally interferes with the microarchitecture and cytocompatibility 
of the hydrogels. For example, densely crosslinked hydrogels 
form stiff structures, but cells become trapped in the network, 
preventing them from thriving by limiting nutrient diffusion 
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and restricting space for migration and proliferation. Dense 
crosslinks also limit flexibility and extensibility of the printed 
scaffold.[7,8]

2.3.1. Macroscopic Requirements

The mechanical properties of a bioink are crucial to its perfor-
mance on both the macro- and microscale (Figure 1c). Macro-
scopically, the eventual goal of bioprinted tissue constructs is 
implantation into the body, which requires a minimum level of 
mechanical properties difficult for many bioinks to attain. The 
ideal mechanical properties of an implant should match those 
of the target tissue, including stiffness, viscoelasticity, and yield 
stress/strain. For example, soft tissue implants need to sustain 
similar levels of compression to the surrounding tissue without 
failing or separating from surrounding tissue. Especially in 
bioprinting, hydrogels must also be able to mechanically sup-
port themselves after extrusion without significant sagging or 
deformation, which can interfere with layer-on-layer deposition. 
A bioink’s ability to self-support depends on both its mechan-
ical and rheological properties, as well as crosslinking kinetics.

2.3.2. Cell-Scale Biomechanics

Beyond these macroscopic considerations, the mechanical prop-
erties of hydrogels also play an important role in the success 
or failure of tissue regeneration. For example, elastic modulus 
(or stiffness) profoundly influences the behavior of encapsu-
lated cells, such as the matrix stiffness-dependent differentia-
tion of mesenchymal stem cells (MSCs).[42,43] Matrix stiffness 
also plays a key role in tissue repair processes by helping guide 
fibroblasts and MSCs toward injured tissue and modulating cell 
proliferation rates.[41] While matrix stiffness has been the pri-
mary focus among studies evaluating the effects of mechanical 
properties on cell-laden scaffolds, emerging research suggests 
that more complex viscoelastic properties also significantly 
direct cell behavior. The viscoelasticity of native extracellular 
matrix plays an important role in regulating cell behavior, and 
viscoelasticity in hydrogel scaffolds is being likewise recognized 
for its influence on cell spreading, proliferation, and differenti-
ation. For example, viscoelastic hydrogels demonstrating stress 
relaxation have been shown to encourage myoblast prolifera-
tion even on softer hydrogels when compared to purely elastic 
hydrogels.[44] Similarly, rapid stress relaxation increases prolif-
eration, spreading, and osteogenic differentiation of MSCs.[45,46]

2.3.3. Extrinsic Mechanical Cues

Extrinsic mechanical signals can also act as biomechanical cues 
in hydrogels through a process called mechanotransduction.[47,48] 
Dynamic cyclic 10% compression of MSCs has been shown to 
promote chondrogenesis, and dynamic deformation has also 
been shown to induce cell alignment.[49] To complicate mat-
ters, cell-material interactions and the intrinsic mechanical 
properties discussed above can modulate the way cells experi-
ence external cues. Timing and duration of mechanical signals 

can also determine differentiation.[47] The direction and extent 
of MSC alignment in response to static and cyclic strain is 
highly dependent on matrix stiffness.[50] Mechanobiology is a 
quickly growing body of research, but not all research in the 
area can be applied to bioprinting: 3D cell encapsulation pro-
vides a much more complex environment than 2D seeding, and 
can evoke radically different responses.[46,51] Currently, research 
on cells encapsulated in hydrogel bioinks focuses primarily on 
matrix stiffness and viscoelasticity, although this may change as 
more is learned on this topic.[21,46–49,51]

The structural and biomechanical properties of hydrogel 
scaffolds are closely related, and structural properties like-
wise play an important role in determining cell behavior. Pore 
size and interconnectivity, isotropy, and degradability are all 
important determinants of cell behavior.[41] Small pore sizes 
prevent cell migration and reduce nutrient diffusion, while 
larger pores generally encourage cell migration and prolifera-
tion but decrease mechanical properties. Anisotropic features 
like aligned fibers or pores can also direct cell migration within 
scaffolds.[52] Finally, biodegradability is also an important con-
sideration, since cells require more space to grow as they pro-
gressively generate new tissue, as we discuss below.[21]

2.4. Physiological Stability and Biochemical Interactions  
of Bioinks

The biochemical environment of a hydrogel is related to 
biomechanical properties: the biomechanical environment 
provides cues for cell behavior, and biochemistry can affect 
the way encapsulated cells respond to these cues (Figure  1c). 
For example, cells can sense matrix stiffness through integrin 
proteins, so hydrogels without integrin binding sites diminish 
cell responses to matrix stiffness.[43,53] Additionally, hydrogel 
biodegradation is an important factor in hydrogel design. Deg-
radability is desirable in many applications where the hydrogel 
is meant to be replaced with functional tissue over time. In 
these instances, the degradation rate should be coupled to the 
rate of tissue generation to optimize tissue regrowth. Some 
materials, like peptides, can be enzymatically degraded by cell 
enzymes that break down extracellular matrix. Other materials, 
including some polysaccharide networks, degrade through ion 
exchange that disrupts ionic crosslinks in the hydrogel. Even 
typically nondegradable polymers, like poly(ethylene glycol) 
(PEG), can be made to degrade through introduction of hydro-
lytically sensitive moieties.[54] Overall, the mechanical, struc-
tural, and biochemical characteristics of a hydrogel bioink are 
an important consideration in tissue engineering, and it is 
important to note that the reinforcement techniques we discuss 
in this review affect mechanical properties beyond elastic mod-
ulus, and research in this area is rapidly developing.[41,45,47,53,55]

3. Bioink Reinforcement Techniques for Additive 
Manufacturing

The complex and sometimes opposing needs of bioinks have 
led to a concerted push to invent new ways of incorporating 
the best possible qualities into bioinks. Early 3D printed 
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hydrogels simply compromised between mechanical proper-
ties and cytocompatibility to produce bioinks that were medi-
ocre in both regards. As bioprinting has expanded, there has 
been a considerable upsurge in development of new tech-
niques to reinforce bioinks through novel technologies. This 
section will cover emerging trends in bioink reinforcement 
and how these changes to hydrogel networks affect the key 
characteristics discussed in the previous section. Specifically, 
we will discuss bioink reinforcement approaches such as 
polymer functionalization, supramolecularly reinforced hydro-
gels, IPNs, nanocomposites, and thermoplastic reinforcement 
(Figure  2). In randomly crosslinked single networks, stress 
is concentrated in areas with the shortest distances between 
crosslinks, while slack remains in zones with longer distances 
between crosslinks. Polymer functionalization can introduce 
new, stronger crosslinking mechanisms. Sometimes multiple 
crosslinking mechanisms can be combined to make a dual-
crosslinked network. Supramolecular hydrogels incorporate 
rapidly reversible crosslinks that act as weak points, preventing 
permanent damage to the network. When ionic–covalent entan-
glement (ICE) networks are stretched, the physical interactions 
of the stiffer ionic network are reversibly disrupted to dissipate 
mechanical energy, resulting in a tougher network. Meanwhile 
the covalent network maintains hydrogel elasticity. Embedded 
nanoparticles can act as reversible electrostatic crosslinkers, 
diffusing stress and dissipating mechanical energy when nano
particle–polymer bonds are disrupted. Co-printing typically 
shields and supports weak bioinks, but emerging methods 
incorporate thermoplastics efficiently at the microscale.

These emerging bioink reinforcement methods improve 
hydrogel mechanical properties from multiple different 
approaches, including strengthening crosslinks, homogenizing 
stress distribution, and dissipating mechanical energy through 
sacrificial bonds. For example, sliding crosslinks can move in 
response to applied stress, preventing stress from concentrating 

in any one area, thus avoiding premature fracturing of the 
network. Newer research is also combining multiple bioink 
reinforcement strategies, for example, by employing both ICE 
and nanocomposite reinforcement to synergistically improve 
mechanical properties and printability. Other strategy com-
binations under development include supramolecular IPNs 
and nanoreinforced dual-crosslinked bioinks. In the following 
section, we will briefly discuss the theory behind each rein-
forcement approach and the recent breakthroughs for their 
use in bioprinting, as well as outline existing limitations and 
directions for future development.[14,15]

3.1. Polymer Functionalization and Dual-Crosslinked Networks

One of the most important design shifts during the bio-
printing revolution has been the increased use of polymers 
modified with new chemical moieties. This polymer func-
tionalization can introduce new crosslinking methods and 
incorporate new biological activity into bioinks. Hydrogels 
fabricated from synthetic polymers are usually covalently 
crosslinked networks, while hydrogels from natural polymers 
are physically crosslinked through conformation changes 
and physical interactions. Physical crosslinks are weaker 
than covalent crosslinks but are reversible, and are typically 
sensitive to environmental factors like temperature, pH, and 
ion concentrations. Functionalizing natural polymers with 
covalent crosslinks can improve mechanical properties and 
reduce sensitivity to environmental conditions. While dual 
crosslinked networks are single networks that are crosslinked 
in more than one way, e.g., covalently and ionically in the 
same network. The permanence and increased bond energy 
of covalent crosslinks over physical interactions has driven 
research into incorporating covalent functionalization into 
natural hydrogels to increase their strength and durability 
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Figure 2.  Overview of mechanical reinforcement techniques. Conventional bioinks are typically randomly crosslinked single networks. Established 
techniques for mechanically reinforcing bioinks include polymer functionalization, supramolecular networks, ionic–covalent entanglement (ICE), nano-
composite-based bioink, and co-printing/thermoplastic reinforcement.
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after 3D printing.[56] Many natural bioinks including alginate, 
gelatin, hyaluronic acid, and collagen have been reinforced 
through functionalization to improve mechanical strength 
and stability in in vivo conditions.[7,57] Polymer functionali-
zation can also be used to modulate properties of bioinks by 
including sites for degradation and cell attachment. In this 
section, we will discuss current and emerging approaches to 
bioink functionalization.

3.1.1. Methacrylate Functionalization

One of the most popular polymer functionalization methods is 
to incorporate covalent crosslinking by modifying the polymer 
backbone using methacrylate groups.[58] In this method, a 
polymer is exposed to methacrylic anhydride to form meth-
acrylate functional groups that can be photocrosslinked in the 
presence of a photoinitiator. This technique is an attractive 
modification for adding covalent crosslinking to natural poly-
mers such as gelatin, which is otherwise physically crosslinked 
through noncovalent bonds below body temperature. Func-
tionalized gelatin methacryloyl (GelMA) maintains many 
essential bioactive properties of gelatin, including cell attach-
ment and enzymatic degradation.[59] GelMA prints poorly at 
physiological temperature. However, by leveraging the sol–
gel transition of GelMA, cell-laden bioink can be printed into 
multilayer structures by cooling the bioink to 4 °C for several 
minutes before printing.[60] In contrast to gelatin, photo-
crosslinked GelMA is stable at body temperature, has higher 
fracture energy, is more resistant to degradation, and is able 
to be photopatterned through selective light exposure.[60,61] The 
mechanical properties of 3D printed structures using GelMA 
bioinks can be readily modified by changing polymer concen-
tration, which can be used to direct cell function.[62] 3D vascu-
larized structures can be obtained using sacrificial materials 
within GelMA hydrogels or microbead-laden hollow GelMA 
hydrogel fibers.[62]

Methacrylation has been applied to polysaccharides as well, 
including alginate, HA, and kappa carrageenan (κCA). As most 
of the acrylated and methacrylated polymers have low viscosity, 
cure-on-site techniques using UV light have been developed 
to print these types of polymer bioinks by crosslinking and 
extruding the bioinks simultaneously. A range of cell-laden, low 
viscosity bioinks can be bioprinted this way, including meth-
acrylated hyaluronic acid, GelMA, PEG diacrylate (PEGDA), 
and norbornene-functionalized hyaluronic acid. Interestingly, 
no significant difference in cell viability was observed between 
UV photoinitiator and visible light photoinitiator.[63] Poly
saccharide hydrogels are generally stiff, but brittle, showing 
significant plastic deformation and poor recovery upon com-
pressive loading. Covalent functionalization can also decrease 
stiffness but improve elastic recovery in these bioinks, as dem-
onstrated using a methacrylated κCA bioink.[61,64,65] Covalent 
functionalization often interferes with the formation of phys-
ical crosslinks, which rely on conformation changes that are 
sensitive to alterations in polymer structure. However, some 
polymers retain the ability to physically crosslink after function-
alization, allowing both crosslinking methods to be combined 
into a dual-crosslinked network.[60,65,66]

3.1.2. Click Chemistry and other Functionalization Methods

Some bioink functionalization methods utilize click reactions, 
rather than free radical chain polymerization, to covalently 
crosslink gelatin polymers.[67,68] Click reactions are a set of 
synthesis reactions that are highly selective, thermodynami-
cally favorable, and proceed under mild conditions. Thiol-ene 
click reactions in particular have gained interest for functional-
izing biomaterials due to their ease of use and the availability of 
cysteine residues in peptide polymers.[69] Thiol-ene click reac-
tions are based on reactions between thiols and alkene groups, 
which can be designed to favor chain transfer over propaga-
tion, resulting in a step growth polymerization that recycles 
radical species.[69] These reactions are not inhibited by oxygen 
and proceed efficiently at much lower radical concentrations 
compared to free radical polymerization, which translates to 
roughly 30x faster crosslinking times in a more cell compat-
ible environment. This rapid crosslinking can improve print-
ability by solidifying extruded bioink within a few seconds of 
extrusion, reducing structural sagging. The rapid crosslinking 
kinetics of thiol-ene click reaction has been used to bioprint 
structures up to 20 layers tall using allylated gelatin.[67] Click 
crosslinking utilizes a step growth process that creates hydro-
gels with similar elastic moduli to methacryloyl hydrogels, 
but produces more homogenous networks, which reduces 
stress concentrations and has been shown to improve exten-
sibility and fracture toughness.[56,67–70] Finally, there are also 
non-photocrosslinking agents useful for bioinks. For example, 
tyrosinase has been used as an alternative to photoinitiator for 
catalyzing the crosslinking of collagen and gelatins for bioink 
reinforcement.[71]

To summarize, functionalization reinforces bioinks by intro-
ducing covalent crosslinking mechanisms, which are stronger 
and more stable than physical crosslinks. These reactions are 
increasingly popular due to the rapid and permanent nature 
of the crosslinks. Functionalization techniques can improve 
the fracture energy (Γ) of hydrogel networks, and some reac-
tions, like thiol-ene click reactions, also improve network 
homogeneity, which increases extensibility. Polymer function-
alization improves the network’s intrinsic fracture energy (Γ0) 
by increasing crosslink bond energy. However, total fracture 
energy remains relatively low unless it is combined with an 
energy dissipative mechanism to increase ΓD, like interpen-
etrating networks, nanocomposites, or supramolecular bonds. 
This makes functionalization a common step in fabricating 
high performance bioinks.

3.2. Supramolecular Bioinks

Sacrificial bonds improve bioink mechanical properties by dis-
sipating stress to increase fracture energy. When these sacri-
ficial bonds show reversible characteristics, the network can 
potentially resist many cycles of deformation. This is a driving 
force for development of another interesting class of self-healing 
inks known as supramolecular bioinks (Figure  3). Supramo-
lecular hydrogels are composed of short polymer strands that 
self-assemble into a network through noncovalent interactions 
between functional end groups. When these interactions are 
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mechanically disrupted, they can re-form rapidly without per-
manent losses in performance.[72] These characteristics impact 
viscoelastic properties in interesting ways. For example, supra-
molecular networks demonstrate elastic properties below their 
yield point, but behave like a viscous liquid after yielding. After 
shear stress is removed, supramolecular hydrogels reform into 
an elastic solid. Developing models to correlate these flow prop-
erties with supramolecular structure is still an active area of 
research.[18,73,74] These properties have been used to develop a 
supramolecular bioink by modifying HA with adamantane (Ad) 
and β-cyclodextrin (β-CD) (Ad–HA and CD–HA). 3D printed 
structures that use these HA-based supramolecular bioinks are 
able to support formation of complex shapes.[72] However, it was 
difficult to obtain multilayered structures using HA-based supra-
molecular bioinks due to their limited mechanical properties.

Supramolecular bonds attract interest among bioink 
researchers because they combine the reversibility of phys-
ical bonds with the versatility and customization of covalent 
crosslinking techniques.[75] Supramolecular bonds differ from 
covalent bonds because they do not have permanent crosslinks. 
Instead, bonds between molecules exist in a dynamic equi-
librium between the bound and unbound states, meaning 
that bonds are constantly breaking apart and re-forming. Two 
important factors help determine how this affects hydrogel 
behavior: bond lifetime and the equilibrium constant (Keq). The 
equilibrium constant reflects the free energy difference between 
the bound and unbound states. Higher equilibrium constants 
favor extensive complexation within the network, which gener-
ally creates more connected, stronger hydrogels. Bond lifetime 
is a kinetic factor determined by the size of activation energy 
barriers and contributes to supramolecular hydrogels’ time-
dependent mechanical properties. Supramolecular bonds do 
not contribute to fracture energy when their lifetime is much 
smaller than the timescale of deformation, but they behave 
much like permanent bonds during more rapid deformation. 
These thermodynamic and kinetic factors help explain some of 
the unusual behaviors of supramolecular bioinks.[73] Supramo-
lecular bioinks are sensitive to their environment, which can be 

exploited for creating bioinks. For example, a supramolecular 
bioink was developed to undergo reversible thermal gelation 
over room temperature using a living cationic ring-opening 
polymerization mechanism.[76] This network notably dem-
onstrated good mechanical properties for a thermally gelling 
bioink, having a storage modulus of 4 kPa.[76]

3.2.1. Bioink Based on Guest–Host Interactions

Despite their interesting properties, the application of many 
supramolecular hydrogels for bioprinting has been limited due 
to their weakened strength in the presence of water, which com-
petitively binds with supramolecular functional groups.[73,77] 
In the past few years, stronger water-compatible bonds have 
been developed, and more mechanically stable supramolecular 
hydrogels are being investigated for bioprinting. Supramole
cular moieties can be vulnerable to creep and erosion over 
time, so they are often combined with covalent crosslinks 
and other mechanical reinforcement strategies in bioinks. For 
example, supramolecular bioinks were recently combined with 
methacrylation functionalization as a method to reinforce a 
weak supramolecular bioink.[78] In this study, hyaluronic acid 
polymers were methacrylated for covalent crosslinking and also 
functionalized with either guest (adamantane) or host (b-cyclo-
dextrin) moieties to enable supramolecular crosslinking. This 
dually crosslinkable network resulted in a self-healing bioink 
that could be stabilized for at least 30 d after printing using 
covalent crosslinking. In contrast, guest–host (GH) only gels 
relaxed too quickly to be printed effectively.[78,79]

Recently, the same GH bioinks were reinforced further by 
creating a supramolecularly reinforced dual-network bioink 
by adding a covalently crosslinked second network.[80] Com-
pared to the methacrylated GH network (MethGH), a teth-
ered interpenetrating network (MethGH-DN) reinforcement 
significantly improved mechanical properties, including com-
pressive modulus (3  vs 11  kPa) and tensile toughness (2  vs 
13 kJ m−3). Reinforcement was maintained through successive 
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Figure 3.  Supramolecular mechanisms for bioink reinforcement. a) Supramolecular bonds act as reversible crosslinks. They are disrupted when a crack 
propagates through the hydrogel, but quickly reform, regaining their strength. b) Complementary bioinks of polypeptide and DNA can be deposited 
alternatingly to obtain supramolecular 3D printed structure. These self-healing structures can encapsulate cells.
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compression cycles, and qualitative tests showed rapid healing 
within ≈1 s. Interestingly, the MethGH-DN was also superior 
to an interpenetrating network with a nonmethacrylated GH 
first network, particularly at low strain rates and cyclic com-
pressions, which demonstrates that tethering the first network 
to the second can be used to prevent Mullins-type softening in 
supramolecular bioinks.[80]

3.2.2. Supramolecular Bioinks

Beyond these hybrid bioinks, supramolecular hydrogel 
research continues to advance. This may lead to an increase in 
pure supramolecular bioinks as well. One recent folate-based 
supramolecular bioink combines hydrogen bonding and π–π 
bond stacking with zinc coordination bonds to create a scaf-
fold with a storage modulus as high as 100  kPa. Scaffolds 
were biocompatible and self-supporting, although their long-
term shape stability remains to be investigated.[81] Another 
interesting recent approach combines dynamic and covalent 
crosslinking into a single moiety. Gallol antioxidants, which 
cause fruit browning, form dynamic hydrogen bonds with 
protein backbones that initially provide rapid self-healing and 
shear recovery properties to the bioink.[82] Over the course of a 
day, the gallol functional groups are gradually oxidized to form 
permanent covalent bonds. This allows a single functional 
group to operate as both a dynamic and covalent crosslinker 
depending on scaffold age.

Another class of supramolecular bioink is fabricated using 
polypeptide–DNA hydrogels. This study showed that by alternat-
ingly depositing two complementary bioinks, a stable bioprinted 
structure loaded with cells can be obtained.[83] Interestingly, 
these relatively large 3D printed structures are able to retain their 
shapes up to several millimeters in height without collapse. Due 
to the presence of DNA building blocks, these gels have self-
healing properties. However, stability of these hydrogels for long-
term cell culture needs to be examined for future applications.

The ability to heal is common in living tissues; hence, 
bioinks capable of healing damage are attractive choices for 
implantable materials. Like many biological materials, supra-
molecular hydrogels are often made with noncovalent bonds 
between small, self-assembling blocks, which makes them an 
attractive option for biomedical applications, including drug 
delivery and injectable materials. However, the complex and 
often toxic preparation of these materials, as well as the lower 
strength of supramolecular interactions, has limited their 
application as bioinks. Recent advancements in the design of 
supramolecular hydrogels, as well as their combination with 
other reinforcement techniques, are making them an increas-
ingly attractive choice for 3D bioprinting.

3.3. Interpenetrating Networks Bioinks

IPNs increase fracture energy (Γ), toughness, and stiffness 
through a highly heterogeneous hydrogel architecture. IPNs 
are composed of two separate polymer networks that are held 
together with covalent or ionic crosslinks or both (Figure  4). 
Although multiple types of IPNs are available, they can be 

classified into two major types: (a) double network (DNs), 
where both networks are held together with covalent crosslinks, 
and (b) ionic–covalent entanglement (ICE) networks, where 
the sacrificial network is crosslinked with physical bonds. DN 
and ICE hydrogel networks are structurally similar and the 
initial energy dissipation of both is described with essentially 
the same equation (ΓD  = 2(Udc)(Ndc)(h)), although the energy 
required to de-crosslink the physical network (Udc), is generally 
less than in covalent networks (Uf).[15] Comparing DN and ICE 
networks, we see several key mechanical differences. Thanks to 
their purely covalent structure, DNs have high bond energy, can 
remain elastic under 40%–50% deformation, are nearly inde-
pendent of strain rate, and are less sensitive to environmental 
effects like temperature, ions, and pH. On the downside, their 
bond breaking is not reversible, so once sacrificial bonds are 
ruptured, the hydrogel’s mechanical properties are determined 
only by the intact extensible network. This makes DNs sus-
ceptible to fatigue over repeated stress cycles. In contrast, ICE 
networks are more sensitive to environmental effects, display 
hysteresis at lower strains, and are more strain rate dependent. 
However, physical crosslinks in ICE networks can reform over 
time, allowing the hydrogel to regain sacrificial bonds.[16,84]

3.3.1. Ionic–Covalent Entanglement Bioinks

In bioinks, the most promising IPNs are formed through 
ICE. This is because conventional DN networks form over too 
long a timescale for bioprinting applications.[7] ICE hydrogels 
are formed with an ionically crosslinked rigid polymer and 
a covalently crosslinked elastic polymer. Using two distinct 
crosslinking mechanisms greatly reduces the time required 
to form the IPN.[7] This combination also replaces the loss of 
permanent sacrificial bonds with the reversible dissociation of 
ionic network crosslinks. This can be modeled as a continuous 
pulling apart of aggregated ionically crosslinked polymers, 
which can cause velocity-dependent fracture behaviors.[85]

The potential for these ICE physical crosslinks to reform over 
time as a mechanism for creating bioinks with increased tough-
ness has led to increased interest within the bioink development 
field. For example, an ICE interpenetrating network composed of 
2.5 wt% alginate and 20 wt% PEG was printed into a crosshatch 
pattern structure capable of expanding to 300% of its initial 
length. These hydrogels were able to partially recover their frac-
ture energy after deformation when stored in a humid chamber 
for 24 h, but bioprinting was not attempted.[86] In a more recent 
study, an ICE network was used for bioprinting in combination 
with nanosilicates.[13] A 1% κCA physical network was combined 
with a 10% GelMA covalent network, causing a nearly three 
times increase in modulus (κCA: 12 kPa, κCA-GelMA: 35 kPa). 
ICE networks significantly decreased the brittleness of the κCA 
network, increasing maximum stress at 70% compression from 
16 to 141 kPa, and improved recovery from 25% to 84% during 
a five-cycle compression test. Nanosilicate reinforcement of the 
ICE network improved mechanical properties even further. ICE 
networks have good potential for creating highly deformable, 
cytocompatible bioinks with increased toughness.[13,86]

Another example of an ICE network bioink was recently 
reported using 1.5% gellan gum and 10% PEGDA.[87] Gellan 
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gum is an anionic polysaccharide popular in bioprinting for 
its shear thinning properties and viscosity, but its application 
is limited by its brittleness and poor mechanical properties 
as a physically crosslinked single network. Gellan gum was 
incorporated into an ICE by adding a 10% PEGDA polymer 
network. Crosslinking the PEGDA network alone gave the 
bioink a 60 kPa compressive modulus and 34 kPa compressive 
strength, while allowing ions in the culture media to cross-
link the gellan gum component increased these values to  
184 and 55  kPa, respectively.[87] These studies demonstrate 
that ionically crosslinkable, high molecular weight polysaccha-
rides like gellan gum and carrageenan are well suited for use 

in ICE bioinks. Their molecular weight makes them effective 
viscosity modifiers useful for simultaneously improving both 
bioink flow and mechanical properties even at small polymer 
concentrations.[13,87]

3.3.2. Double Network Bioinks

In a recent study, a covalent-dynamic-covalent double net-
work bioink was developed using two separate hyaluronic 
acid networks.[88] These dynamic-covalent interpenetrating 
networks are a promising method for combining the greater 

Figure 4.  Bioink based on interpenetrating networks. a) Schematic demonstrating various types of interpenetrating networks. Interpenetrating networks 
are composed of two separate-but-entangled networks: one brittle network of sacrificial crosslinks, and one flexible, loosely crosslinked network. In 
Semi-IPNs, one network is not fully crosslinked. Some IPNs also contain some intercrosslinks that tether between networks. IPNs are called double 
networks (DNs) when both networks are covalently crosslinked, and ionic–covalent-entanglement networks (ICEs) when the sacrificial network is ioni-
cally crosslinked. ICE hydrogels represent most of the IPNs in bioprinting literature. b) The reversible sacrificial bonds present in ICEs provide high 
mechanical strength and fracture toughness compared to single network bioinks. In addition, many ICE networks are able to regain physical crosslinks 
over time, recovering stiffness.
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bond strength of covalent bonds with the self-healing 
properties of ICEs. Hyaluronic acid was modified using two 
distinct methods to provide two independent networks via 
thiol-ene click crosslinking and hydrazone dynamic covalent 
bonds. This double network increased failure stress from  
10 to 30 kPa over hydrazone crosslinking alone, and increased 
Young’s modulus from 1 to 3  kPa. Additionally, bioprinted 
structures could be cut apart and recombined with other struc-
tures. After 10 min, the interfaces healed well enough that they 
could not be pulled apart manually. Near complete recovery 
of failure stress was attained after 30  min in 1.5 wt% hydro-
gels; however, recovery dropped to 50% upon increasing the 
composition to 3% hydrogel. This result suggests that denser 
hydrogels may require longer healing times or may not be 
completely recoverable. The authors hypothesize that restricted 
polymer mobility at higher concentrations may cause this 
effect. While the impact of double networking on the efficiency 
of the self-healing hydrazone bonds was not addressed, the use 
of dynamic covalent double networks represents an interesting 
new avenue of IPN research.[88]

In summary, IPNs improve mechanical properties by dis-
tributing mechanical energy over a broad damage zone using a 
brittle sacrificial network combined with an extensible second 
network. ICEs are being adopted for bioprinting because of their 
fast, cell-friendly formation and recoverable mechanical proper-
ties. The physically crosslinked polymer is also frequently a vis-
cosity modifier, improving printability properties simultaneously.

3.4. Nanocomposite Reinforcement

Nanomaterials have rapidly gained interest within the bio-
medical engineering community over the past few years.[4,89,90] 
Due to their high specific surface area, even small concen-
trations of nanoparticles can significantly impact the prop-
erties of a hydrogel network.[89,91] The unique properties 
of nanomaterials have been exploited for many biomed-
ical applications, including imaging, drug delivery, cancer 
therapies, and biosensor development. Incorporation of nano-
materials has been used to add new functionalities to bioinks, 
like enhanced electrical conductivity, stimuli responsiveness, 
control over cell behavior, printability improvements, and 
mechanical reinforcement.[7,89,91] A range of nanoparticles such 
as graphene, carbon nanotubes (CNTs), nanoclay, magnetic 
nanoparticles, transition metal dichalcogenides, and polymeric 
nanoparticles are extensively used to reinforce polymeric hydro-
gels and provide functionality.[4,90,92,93] The mechanism behind  
hydrogel nanomaterial reinforcement has also been a very 
active field of study.[94] The reinforcement mechanisms can vary 
depending on nanoparticle size, shape, and surface chemistry 
(Figure 5). Reinforcement of hydrogels is generally thought to 
occur through nanoparticles acting as reversible crosslinkers 
spanning multiple polymer chains. This allows stress to be 
efficiently dispersed across the network and dissipated through 
disruption of nanoparticle–polymer crosslinks. This mecha-
nism has been shown to improve stiffness, extensibility, and  
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Figure 5.  Bioink based on nanocomposite reinforcement. Nanoparticles with a range of sizes, shapes, and surface chemistries can mechanically 
reinforce bioinks through physical and covalent interactions. Nanoparticles reinforcement of hydrogel bioinks has been shown to improve printability, 
rheological properties, and mechanical properties. The use of anisotropic nanoparticles such as 1D or 2D nanomaterials in bioinks can imbue printed 
structures with anisotropic properties. Bioactive nanoparticles are able to direct cell function in 3D bioprinted structures. These bioactive effects occur 
through drug loading, direct interactions, or indirectly by affecting hydrogel viscoelastic properties.
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toughness of the nanoparticle-crosslinked hydrogels due to shorter 
polymer chains unbinding from the nanoparticle to dissipate 
stress, thus avoiding large-scale crack propagation.[14,15,94,95]

3.4.1. Nanoclay as Shear-Thinning Additive and Reinforcing Agent

Nanoclays (also known as nanosilicates) are the most 
widely used nanoparticles for bioink reinforcement,[12,94] 
and have been incorporated into a range of popular bioinks 
including alginate, PEG, GelMA, hyaluronic acid, and kappa 
carrageenan.[4,7,36] Their good water solubility and biocompat-
ibility combined with their strong effects on rheological and 
mechanical properties have driven their popularity in bioink 
reinforcement.[89] Nanosilicates are disc-like 2D nanoplatelets 
less than 1  nm thick and can be synthesized from 25  nm to 
over 100 nm in diameter. Their crystal structure creates a per-
manent negative charge on both faces and permanent posi-
tive charges around the disc’s edge. Nanosilicates′ permanent 
surface charges and high specific surface area (>900 m2 g−1) 
enable them to form stable multifunctional networks of elec-
trostatic crosslinks, which exist both between nanoclay parti-
cles and as nanoclay interactions with polymer strands.[94,96] 
These nanoclays are highly biocompatible and degrade in vitro 
and in vivo over time, making them appropriate for bioprinting 
application.[97]

During deformation, both nanoclay–nanoclay and nanoclay–
polymer interactions can be reversibly disrupted to dissipate 
mechanical energy. Nanoclays can bind multiple polymer 
strands, allowing stress to be transferred between neighboring 
chains.[94] This load sharing greatly expands the damage zone 
around cracks and increases viscoelastic energy dissipation 
in nanosilicate reinforced hydrogels. Nanosilicates also cause 
substantial strain hardening by aligning during deformation, 
which blunts crack tips and makes hydrogels notch insensi-
tive. Overall, small amounts of nanoclays can be used to signifi-
cantly increase the fracture energy, stiffness, and extensibility 
of hydrogel networks.[89,94,96] In a recent publication, the com-
pressive modulus of 2.5% kappa carrageenan was increased 
from 85 to 208 kPa with the inclusion of 6% nanoclay, without 
apparent harm to encapsulated cells over 7 d.[36]

The electrostatic interactions between nanoclay and polymer 
render bioinks with a reversible network structure that col-
lapses during flow though the extruder and then rapidly 
re-forms after printing. This feature imbues bioinks with shear 
thinning and yield stress properties that are highly useful for 
bioprinting. Yield stress and shear thinning contribute to plug 
flow phenomena, where bioink is only fluid in a thin layer 
near the extruder walls while the bulk of the bioink extrudes 
as a solid. Because nanosilicates can bind multiple polymer 
chains together, their effects on flow properties are magnified 
in solutions containing polymers. This allows printability to 
be significantly improved by incorporating small amounts of 
nanosilicates and viscous polymer into the bioink. For example, 
while 10% GelMA is too fluid to print multilayer scaffolds, 
adding 2% nanosilicate and 1% κ-carrageenan as flow modi-
fiers enables bioprinting of 3  cm tall, 150 layer structures.[13] 
Similar results have also been reported for an alginate–methyl-
cellulose–nanosilicate bioink.[37]

Due to the ease of incorporating nanosilicates into aqueous 
solutions, nanosilicate reinforcement can be combined with 
other types of mechanical reinforcement techniques like supra-
molecular and ICE reinforced bioinks.[7,12,65,98] As an example, 
one co-printing study used 7% nanoclay to reinforce a 20% 
PEGDA structural ink co-printed with an osteoblast-laden 20% 
hyaluronic acid bioink for bone regeneration.[99] The inclusion 
of nanoclay increased compression modulus of printed scaf-
folds from 332 to 976 kPa. Each of these studies observed that 
the use of nanocomposite reinforcement improved both the 
mechanical properties and printability of the bioinks.[13,36,37,99] 
Interestingly, these nanoclay can also be used for prolonged  
and sustained delivery of therapeutics molecules, which is of 
significant advantage for bioprinting applications.[100]

3.4.2. Bioinks Reinforced with Nanofibers

Electrically conductive nanoparticles have also been investi-
gated as bioink reinforcement. For example, carboxyl-function-
alized multiwalled CNTs were covalently bonded to alginate to 
improve mechanical properties and electrical conductance of 
a methacrylated collagen scaffold for myocardial tissue engi-
neering.[101] CNT nanocomposite scaffolds maintained physi-
ological stability (43–54 kPa elastic modulus) over a 20 d culture 
period, while significantly reducing impedance at 5  Hz.[101] 
These CNT-reinforced bioprinted scaffolds improved cell 
proliferation and differentiation, suggesting that electrically 
conductive nanoreinforcement may be particularly suitable for 
myocardial tissue regeneration.[101] Graphene and its deriva-
tives, graphene oxide (GO) and reduced graphene oxide (rGO), 
are noted for their use in reinforcing hydrogels and enhancing 
electrical conductivity, and are being widely adapted for biomed-
ical applications including tissue engineering, drug delivery, and 
biosensing.[89] GO in particular is popular for its ease of func-
tionalization and water solubility, and has been used to increase 
the compressive modulus of gelatin, chitosan, and alginate 
scaffolds. GO was recently used to reinforce a GelMA-PEGDA 
hydrogel (105 vs 135 kPa compressive modulus at 1 mg mL−1) 
and induce chondrogenic differentiation of seeded human 
mesenchymal stem cells (hMSCs). rGO has also been used to 
reinforce GelMA from 2 to 23 kPa at 3 mg mL−1 in a scaffold 
for cardiac tissue engineering, while also improving cardiac 
beating and contractility among seeded cardiomyocytes.[89,102] 
GO has also been shown to improve printability of alginate by 
reducing layer sagging in printed structures.[103]

Other nanomaterials like cellulose nanofibers are also being 
investigated for bioink reinforcement. Cellulose nanofibers 
have high specific surface area and can form sacrificial 
hydrogen bonds that can be disrupted to dissipate stress.[7,104,105] 
Cellulose nanofiber reinforcement has been shown to increase 
the compressive modulus of a 5% GelMA bioink from <1 to 
8  kPa by adding 2% cellulose nanofibers.[106] Their inclusion 
also improved bioink printability by increasing shear-thinning 
and zero shear viscosity. Similar success has also been reported 
using cellulose nanofibers to improve printability and mechan-
ical properties in an alginate bioink.[107] More recently, prom-
ising results have also been reported using methylcellulose 
to nanoreinforce alginate and hyaluronic acid bioinks and 
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improve printability.[108] Interestingly, a recent paper on 
nanocellulose fiber-polyethylene glycol dimethacrylate nano
composites reports that cyclic preloading can cause nanocellu-
lose fibers to rearrange and relax residual stresses, increasing 
fracture strength and crack initiation energy by over 20%, while 
decreasing modulus and fracture energy.[109]

3.4.3. Hydroxyapatite-Reinforced Bioinks

Hydroxyapatite nanoparticles are an attractive additive for 
tissue engineering because of their bone-like mineral content 
and osteogenic potential, which has led to increased popularity 
in nanocomposite bioinks.[5] In a recent study, incorporating 
20  mg mL−1 nanohydroxyapatite increased elastic modulus 
in both 3% w/v alginate (3.5–18.8  kPa) and 2% w/v chitosan 
(4.6–15.0  kPa) nanocomposite bioinks.[110] Interestingly, the 
addition of hydroxyapatite nanoparticles to bioink formulation 
resulted in an increase low shear viscosity and shear thinning 
behavior. Hydroxyapatite nanoparticles also recover sufficient 
viscosity after extrusion to maintain printed shape fidelity, 
which was quantified using shear recovery tests. Overall, 
hydroxyapatite nanoparticles are popular in bone tissue engi-
neering due to their bioactivity, but they also demonstrate sig-
nificant mechanical and printability effects.[30,93,111]

3.4.4. Silica Nanoparticles as Reinforcing Agent

There has also been developing interest in synthesizing custom 
nanoparticles in order to better control the properties of bioinks. 
Silica nanoparticles were recently modified with aminopropyl 
groups to create cationic silica nanoparticles (AmNPs), cre-
ating strong electrostatic interactions between anionic polymers 
and the AmNPs.[112] This enhanced the zero-shear viscosity, 
shear-thinning properties, and yield stress of an alginate-
gellan gum (3% and 3.5% w/v) bioink while maintaining rapid 
shear recovery. The 6% AmNP nanoreinforcement increased 
compressive modulus (≈50–85  kPa) and storage modulus 
(252–2390  kPa) over unreinforced bioink. This is a promising 
development because unmodified silica nanoparticles have very 
limited effect on mechanical properties, but cationic function-
alization significantly improved interactions with the anionic 
bioink, demonstrating that the nanoreinforcement mechanism 
was due to electrostatic interactions. Interestingly, nanorein-
forcement was improved by decreasing nanoparticle size and 
polymer chain length. This is likely because shorter polymer 
chains aggregate less and thus form more polymer–nanoparticle 
interactions, while smaller nanoparticle diameters have higher 
specific surface area so polymer chains are more likely to form 
interparticle, rather than intraparticle, bonds.[112,113]

3.4.5. Biocompatibility of Nanoengineered Bioinks

While improved printability and mechanical strength make 
nanocomposites popular for bioinks, the complexities of 
nanoparticle interactions pose difficult questions about how to 
evaluate their long-term biocompatibility. One major difficulty 

is that at the nanoscale, material properties can change fun-
damentally with particle size, morphology, and functionaliza-
tion, as well as chemical composition.[89,114] Differences in 
these properties can drastically affect nanomaterial interactions 
with biological systems at the subcellular level by altering cell 
uptake, degradability, and immunogenicity. This means that 
biocompatibility cannot be inferred from studies on bulk mate-
rials nor studies on nanoparticles of the same composition but 
different morphology. Consequently, there are contradictory 
studies on the biocompatibility of many nanomaterials, and a 
systematic understanding of their biological effects remains 
elusive. When evaluating nanomaterials for biocompatibility, 
it is important to match their morphology, functionaliza-
tion, and composition, and to evaluate whether nanoparticles  
are behaving as expected during toxicity tests. Because 
nanoparticles can aggregate, form sediments, or remain dis-
aggregated depending on environmental conditions, it is 
important to evaluate toxicity under conditions that match 
expected use. Finally, the novelty of nanomedicine has 
resulted in significant regulatory uncertainty as regulators 
have not yet established clear rules on evaluating nanomate-
rial safety, although this gap has been acknowledged and is 
being addressed by regulators. Overall, significant progress has 
been made in understanding in vitro and in vivo responses to 
various nanoparticles, but our understanding of nanomaterial 
biological interactions remains incomplete. Further research 
addressing this is necessary for translating this research into 
clinical applications.

3.5. Co-Printing and Thermoplastic Reinforcement

3.5.1. Thermoplastic Co-Printing

Thermoplastic 3D printed structures have been adopted for 
tissue engineering, typically as a macroporous structural sup-
port for cells. However, their inability to directly print cells has 
led to co-printing thermoplastics along with hydrogels. For 
example, thermoplastic can be printed first as the structural 
component to provide a mechanically stable scaffold, followed 
by printing cell-containing bioink.[115] Polycaprolactone (PCL) is 
the most common thermoplastic for co-printing because of its 
biocompatibility and relatively low melting temperature (60 °C), 
which allows co-extrusion with less risk of thermal injury to 
cells. In one recent work, a strong thermoplastic scaffold of 
PCL and tricalcium phosphate (compression modulus ≈40 kPa) 
was used for bone and cartilage regeneration, although it con-
tained relatively small amounts of bioink.[115,116]

3.5.2. Hydrogel Co-Printing

One key limitation of thermoplastic co-printing is the inability 
to extrude fine thermoplastic filaments that interface effectively 
with hydrogels.[105] An interesting nonthermoplastic approach 
used for co-printing includes the use of a high-strength meth-
acrylated poloxamer hydrogel alongside a 5% GelMA bioink 
(2.7  kPa).[25] This composite structure reached an overall stiff-
ness of ≈200  kPa using 50 vol% of reinforcing gel.[25] This 
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approach mitigates some of the disadvantages of thermoplastic 
reinforcement, including reduced diffusion and bioink-rein-
forcement interface issues, and potentially enables co-printing 
to be used for soft tissue implants as well.[25]

In a more recent study, a hydrogel support material was nano
reinforced to make a stiff scaffold for bone tissue regeneration. 
The bioink and support hydrogels were 20% hyaluronic acid solu-
tion and 20 wt% PEGDA + 7 wt% nanoclay (Laponite) (Laponite 
is a trademark of the company BYK Additives Ltd.) with a water 
content of only 74%, resulting in a water-stable and printable 
ink. Adding nanoclay increased the compressive modulus from  
22 to 90  kPa, and increased compressive strength at 90% com-
pression from 332 to 976 kPa. Hydrogel reinforcements like these 
provide advantages of thermoplastic co-printing while allowing 
better control over nutrient diffusion and degradation.[99]

3.5.3. Thermoplastic Microreinforcement

Micrometer-scale thermoplastics have also recently been 
explored as a bioink reinforcement. In this study, microfluidic 
fabrication was used to create sub-micrometer diameter PLA 
fibers that were suspended in an alginate bioink. This system 
was used to increase the Young’s modulus of an alginate 
bioink by three to fourfold.[30] Microfiber reinforced bioinks 
also altered flow properties by increasing zero-shear viscosity. 
Interestingly, alginate present in the bioink dominates viscosity 
at higher shear rates.[30] Micrometer-scale thermoplastic fibers 
are finely integrated throughout the bioink, directly combining 
the load-bearing properties of thermoplastic reinforcement 
directly into the bioink, as opposed to an external support. This 
approach allows thermoplastic reinforcement to be applied to 

soft tissues as well as bone, and improves bioink flow proper-
ties as well, although more research is needed to evaluate the 
generalizability of this promising technique.

The use of co-printed reinforcement remains an option for 
allowing the use of otherwise unprintable bioinks by extruding 
them onto a plastic support structure. While this technique can 
be applied to any bioink and can resemble the mechanical prop-
erties of hard tissues, challenges remain, particularly reduced 
nutrient diffusion, stress shielding, and separate degradation 
kinetics that may influence tissue regrowth. Alternatives are 
being developed to circumvent these problems. The develop-
ment of smaller scale, more efficient reinforcement techniques 
can make co-printing more attractive for bioinks.

4. Emerging Trends and Future Directions

4.1. Combinatorial Bioinks (Multicomponent Bioinks)

One of the most promising future trends in mechanical bioink 
reinforcement is the combination of individual reinforcement 
techniques to make composite bioinks with interesting new 
properties. While individual reinforcement techniques laid out 
in this paper use very different strategies to improve the under-
lying mechanical properties of bioinks, many of the mecha-
nisms behind these reinforcement strategies are not mutually 
exclusive and can be combined with other techniques, effec-
tively creating new strategies that can compensate for weak-
nesses and integrate the strengths of different reinforcement 
mechanisms (Figure 6). Most combinatorial approaches are still 
in the beginning stages of development, but some interesting 
developments are already being published.
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Figure 6.  Emerging approaches for mechanical reinforcement. Combining reinforcement mechanisms together can provide bioinks with superior 
properties. Functionalized nanocomposites enable covalent nanoparticle interactions, which can improve strength and elasticity. Supramolecular IPNs 
can combine rapid supramolecular healing with the stability and strength of IPN networks. Nanoreinforcement of IPN networks results in very efficient 
bioink reinforcement with mechanical properties superior to either technique alone. Sliding crosslinks improve hydrogel extensibility by preventing 
stress concentrations, and could eventually be incorporated into bioinks. Crosslinked microgels are densely packed, or jammed, slurry of micrometer-
scale hydrogel microspheres whose surfaces are crosslinked together after printing.
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For example, supramolecularly functionalized HA was mixed 
with a covalently crosslinked methacrylated HA (Me-HA) to 
form an interpenetrating network.[80] While supramolecular 
networks are typically vulnerable to permanent deformation, 
the supramolecular polymers in this case were lightly tethered 
to the Me-HA network with covalent bonds. The cell-containing 
Me-HA single network’s compressive modulus (2  kPa) was 
increased to 6 kPa as a supramolecular IPN network, and fur-
ther increased to 11 kPa when the supramolecular network was 
covalently tethered to the covalent network. This design notably 
combines the mechanical properties of IPN reinforcement 
alongside the rapid self-healing of supramolecular polymers.[80]

Advancements in hydrogel reinforcement are also leading 
to interest in incorporating weaker materials efficiently into 
hydrogels. For example, a weak silk sericin hydrogel was 
recently incorporated into an interpenetrating network with 
GelMA for wound dressing applications.[117] In addition, incor-
poration of thermoresponsive components as polymer network 
or micro/nanoparticles can also incorporate stimuli-responsive 
characteristics along with mechanical reinforcement within 
bioink design.[118]

Nanocomposite reinforcement in particular is being com-
bined with a number of other bioink reinforcement technolo-
gies because some materials like nanosilicates can be easily 
incorporated into aqueous solutions and affect both mechanical 
and flow properties of the bioink.[13] In this work, ionic–covalent-
entanglement (10% GelMA and 1% kappa carrageenan) bioink 
was combined with nanosilicates (2%) to obtain a mechanically 
reinforced and highly printable nanoengineered-ICE bioink.[13] 
Interestingly, this study showed that reinforcement of GelMA 
(16.5 kPa) with either ICE or nSi reinforcement alone led to a 
roughly twofold increase in compressive modulus (≈35  kPa), 
while combining both together synergistically increased com-
pressive modulus by fourfold to 71 kPa.[13]

Nanocomposite reinforcement has also been combined with 
supramolecular polymers to obtain elastomeric bioinks. For 
example, a poly(N-acryloyl glycinamide) (PNAGA)–nanoclay 
supramolecular hydrogel was developed for 3D printing scaf-
folds for bone tissue regeneration. The bioink was composed of 
20 wt% PNAGA + 7 wt% nanoclay (Laponite), with a water con-
tent of only 74%, resulting in a water-stable, printable ink. The 
printed structure was mechanically stiff (compressive modulus 
228  ±  10  kPa) and ductile, able to elongate to 1042  ±  97% of 
its relaxed length before breaking. The inclusion of nanoclay 
rendered the precursor printable and reinforced the hydrogels 
(228  vs 160  kPa without clay at 20% PNAGA). By relying on 
nanoclays for printability, the issue of poor printability of supra-
molecular precursors was overcome.[98]

4.2. Bioinks Based on Sliding Ring Crosslinks

One of the weaknesses of single network hydrogels is their het-
erogeneous network architecture. The random nature of their 
crosslinks causes stress concentration on the shortest chains, 
causing failure at lower strains than expected. In response, 
many efforts have been made to increase hydrogel homogeneity, 
notably through the use of mechanically interlocked molecules 
including sliding ring crosslink systems like polyrotaxanes. 

These rings dynamically slide across chains to redistribute 
forces evenly among crosslinks to avoid stress concentrations 
throughout the network, resulting in hydrogels with superior 
extensibility and rupture strength (Figure  6). Most of these 
systems require noncytocompatible steps like high tempera-
tures or dimethyl sulfoxide (DMSO) use because polyrotaxane 
is insoluble in water, and so this approach has not yet gained 
much traction for biomedical applications. However, recently 
a new sliding crosslinker has been developed that incorporates 
succinic functional groups onto the polyrotaxane, rendering it 
water soluble.[119] This allowed a cytocompatible 3D culture of 
hMSCs in the sliding hydrogel with a compressive modulus of 
10 kPa. This technology could be adapted for bioprinting as it 
continues to develop more simple and cytocompatible methods, 
especially as more research is done on the effect of sliding 
crosslink hydrogels on encapsulated cell behavior.[14,119,120]

4.3. Bioink Based on Hydrogel Microspheres

Another upcoming trend worth discussing is the emergence 
of hydrogel microsphere bioinks. These bioinks are a densely 
packed, or jammed, slurry of micrometer-scale hydrogel 
microspheres whose surfaces can be crosslinked together after 
extrusion. This approach allows porosity to be controlled inde-
pendently of bioink composition, enabling highly interconnected, 
microporous scaffolds to be created while also providing a stiff 
microenvironment for cells.[121–123] Microsphere printing can also 
be used to build heterogeneous scaffolds using microspheres with 
different compositions and encapsulated cells.[122,124,125] Recent 
publications have reported using microspheres with different 
stiffnesses to affect fibroblast proliferation and spreading,[122] 
and creating mixtures of microspheres containing either osteo 
or chondrogenically differentiated mesenchymal stem cells.[124] 
Microspheres used in this way may enable micrometer-scale het-
erogeneity to be incorporated into bioprinted scaffolds without 
requiring micrometer-scale resolution.[125]

Some recent publications have demonstrated encouraging 
printability results using microsphere bioinks, including cen-
timeter-scale freestanding scaffolds.[124–126] Shear thinning, yield 
stress, and shear recovery properties have also been reported; 
however, the factors behind microsphere printability remain 
poorly understood. Variables including microsphere size, poly-
dispersity, packing density, surface interactions, and suspension 
medium may affect printability, but more research is necessary 
to evaluate these factors.[127,128] The increased porosity of micro-
sphere scaffolds also reduces their mechanical properties, with 
one study reporting a reduction in compressive modulus from 
15 to 5 kPa when comparing conventional hydrogel scaffolds to 
crosslinked microspheres.[128] However, there has been very little 
investigation into the mechanical properties of microsphere scaf-
folds. The dependence of a scaffold’s bulk mechanical proper-
ties on factors like particle packing, void fraction, microparticle 
mechanical properties, size distribution, particle–particle contact 
area, and crosslinking will require systematic investigation to 
better understand their application to bioprinting. Bioprinting 
hydrogel microspheres represents an interesting new approach 
to incorporate micrometer-scale porosity and heterogeneity into 
bioinks, and early in vivo tests on injected microspheres report 
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improved vascularization and wound healing in skin lesions com-
pared to conventional hydrogel.[123,129] These encouraging results 
are likely to facilitate more research into microsphere bioprinting.

4.4. Micrometer-Scale Thermoplastic Reinforcement

In contrast to the macroscale thermoplastic reinforcement dis-
cussed earlier, which acts as structures containing hydrogel, 
smaller nano and microscale fibers can be incorporated into 
hydrogel bioinks to alter the hydrogel’s mechanical properties. 
For example, melt electrospinning writing (MEW) can form 
highly porous and fibrous scaffolds of nanofibers to mimic native 
tissue microstructure using melted polymer instead of con-
ventional volatile solvent solutions.[130–132] In one recent study, 
MEW was used to deposit a micrometer-scale thermoplastic net-
work that increased Young’s modulus by 18-fold over the PEG + 
heparin hydrogel network alone, while taking up only 5.6% of 
the scaffold volume. This reinforcement was caused by the ther-
moplastic network restricting hydrogel swelling, thereby ena-
bling compressive forces to be transferred to the thermoplastic 
network as tensile stress. This design is reminiscent of cartilage’s 
architecture, and the dynamic mechanical properties of the scaf-
folds showed similar responses to loading over time to cartilage, 
suggesting that mimicking the structural architecture of cartilage 
tissue may help us replicate its physical properties.[131,133]

However, it should be noted that these scaffolds were 
molded and not bioprinted. Despite its attractive proper-
ties, MEW is not compatible with bioprinting in its current 
form because printing speed is too slow, where even a small 
volume can take many hours,[25] and the presence of hydrogel 
on the build plate could interfere with the MEW process. 
MEW has not been combined with bioprinting for these rea-
sons, but its incorporation into the bioprinting toolkit could 
be very beneficial for obtaining high strength bioprints in the 
future.[131,133]

Nevertheless, biocompatible incorporation of small-scale 
fibers into bioinks can significantly affect mechanical proper-
ties, as demonstrated by the recent reinforcement of an alginate 
bioink with sub-micrometer PLA fibers.[30] Similar techniques 
may be more easily adopted to co-bioprinting than electro-
spinning, like Solution Blow Spinning (SBS), which does not 
require an electric field and deposits much more quickly. SBS 
has been used to deposit poly(lactic-co-glycolic acid) nanofibers 
in situ during surgery and is gaining popularity in tissue 
engineering for its ease of use and biocompatibility; however, 
the literature surrounding SBS is still light.[134] It remains to 
be seen whether MEW, SBS, or other technologies will suc-
cessfully incorporate micrometer-scale thermoplastics into 
bioprinting, but the potential advantages of finer interfacing 
between bioprinting and thermoplastics remain a compelling 
avenue for new reinforcement techniques.[130,135]
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5. Conclusion

Bioinks are specialized hydrogels used to dispense suspended 
cells into 3D support scaffolds. The specific environmental 
needs of living cells pull bioinks toward dilute networks, 
while mechanical and flow requirements improve with higher 
polymer concentrations. These contradicting requirements 
are driving research into more advanced hydrogel designs and 
have raised exciting questions about efficient bioink reinforce-
ment. Conventional single network hydrogels have neither 
the intrinsic fracture energy (Γ0) nor the mechanical energy 
dissipation (ΓD) capabilities of other polymer networks and 
are further weakened by stress concentrations arising from 
their random network structure. Techniques that incorporate 
mechanical energy dissipation mechanisms into the hydrogel 
structure can dramatically improve fracture energy with only 
modest changes in composition. Nearly all bioink reinforce-
ment to date uses this strategy in some form (Figure  7). For 
example, polymer functionalization increases intrinsic fracture 
energy (Γ0) by strengthening crosslinks, while interpenetrating 
networks, nanocomposites, and supramolecular approaches 
increase mechanical energy dissipation (ΓD) capabilities by ena-
bling applied stress to be mechanically dissipated without dam-
aging the main network. Many of these techniques also allow 
ruptured bonds to heal over time, whether through reconstitu-
tion of physical bonds in ionic–covalent entanglement networks, 
reversible electrostatic interactions among nanoparticles and 
polymer chains, or by reestablishing the dynamic equilibrium 
of supramolecular bonds. Each of these reinforcement tech-
niques has their own impacts on bioink viscoelastic properties, 
which was discussed in detail. However, exact properties are 
controlled by specific network architecture (polymer concentra-
tions, identities, crosslink mechanisms, chain lengths, isotropy) 
and environmental properties (temperature, ion concentrations, 
pH), as well as strain rate, direction, and processing history. 
Looking forward, interest in bioink reinforcement approaches  
is expanding as its interactions with cell behavior and flow 
properties become clear. Combinations of multiple reinforce-
ment techniques are expanding, and early reports indicate 
that combined reinforcement may have synergistic effects. 
New approaches like microsphere bioprinting and sliding ring 
crosslinks are on the horizon as well. As bioink performance 
improves, the promise of creating custom 3D reconstructions  
of patient tissue will continue to push bioprinting from the 
bench to the clinical bedside. From a regulatory perspective, 
bioprinted scaffolds will be complex to regulate, since they can 
be simultaneously biologics, drugs, and medical devices. Fortu-
nately, regulatory agencies have been generally proactive at pro-
viding guidelines, since it is recognized that overcoming these 
obstacles will be necessary for bringing 3D bioprinting toward 
the eventual goal of clinical use to improve patient lives.
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