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Granular hydrogels are composed of hydrogel-based microparticles, so-called microgels, that are densely
packed to form an ink that can be 3D printed, injected or cast into macroscopic structures. They are
frequently used as tissue engineering scaffolds because microgels can be made biocompatible and the
porosity of the granular hydrogels enables a fast exchange of reagents, waste products, and if properly
designed even the infiltration of cells. Most of these granular hydrogels can be shaped into appropriate
macroscopic structures, yet, these structures are mechanically rather weak. The poor mechanical
properties prevent the use of these structures as load-bearing materials and hence, limit their field of
applications. The mechanical properties of granular hydrogels depend on the composition of microgels
and the interparticle In this review, we discuss different strategies to assemble
microparticles into granular hydrogels and highlight the influence of inter-particle connections on the
stiffness and toughness of the resulting materials. Mechanically strong and tough granular hydrogels
have the potential to open up new fields of their use and thereby to contribute to fast advances in these

interactions.
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DOI: 10.1039/d1sc06231) fields. In particular, we envisage them to be well-suited as soft actuators and robots, tissue

rsc.li/chemical-science replacements, and adaptive sensors.

different compositions.® This possibility has been exploited to

1. Introduction
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Bulk hydrogels are polymeric networks that are filled with
a large quantity of water. The ability to render them biocom-
patible and the large quantity of water contained in them makes
them attractive for many biomedical applications including for
wound healing,* as drug carriers,” and in tissue engineering to
support cell culture®* or cartilage replacements.> Hydrogels are
most frequently manufactured from bulk solutions containing
molecular building blocks. These building blocks are converted
into a percolating network either by polymerizing monomer
units or by crosslinking appropriate oligomers or polymers. The
resulting bulk hydrogels typically possess a homogeneous
composition and an ill-defined microstructure, limiting possi-
bilities to control the mechanical properties and introduce
spatially confined functionalities to the hydrogels. These
shortcomings can be addressed if hydrogels are made of
hydrogel-based microparticles, so-called microgels, that are
densely packed. Microgels are most commonly fabricated from
emulsion drops that are filled with appropriate reagents, or
from the fragmentation of crosslinked bulk hydrogels, as was
extensively discussed in previous work.*” The obtained micro-
gels are then jammed into a paste-like granular hydrogel
precursor. The use of microgels as building block of macro-
scopic hydrogels bears the distinct advantage that it enables
abrupt, non-linear compositional changes if granular hydrogels
are made of multiple types of microgels possessing distinctly
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guide cell proliferation.” To strengthen inter-particle interac-
tions, and thereby increase the stiffness of the granular hydro-
gels under tension, adjacent microgels are often connected
either through their surfaces or a second percolating network,
resulting in annealed particle scaffolds, or granular hydrogels;
here, we refer to the formation of inter-particle connections as
curing.

The use of deformable particles to assemble a macroscopic
material offers an additional advantage: it enables control over
the microstructure by tuning the size, size distribution, and
packing density of the microgels. Moreover, this procedure
strongly facilitates the fabrication of macroscopic materials
possessing well-defined 3D shapes through dip-coating'® and
injection®"** because it decouples the rheological properties of
the precursor solution from those of the ink. This asset even
enables 3D printing of structures possessing intricate shapes
that cannot be fabricated with casting methods using
commercially available extrusion-based bioprinters.**

1.1 Applications of granular hydrogels

Granular hydrogels display properties that are distinctly
different from those of bulk hydrogels. For example, they
possess rheological properties that are ideal for bioprinting*>*®
and tissue repair.’”” Moreover, they inherently possess a perco-
lating porosity, such that they fulfill many of the numerous
requirements advanced tissue engineering applications impose
on materials, as was nicely summarized in previous work.*” In
particular, tissue engineering applications often require the
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precursors to possess multiple functionalities, be biocompat-
ible, degradable,™ and injectable.'* Moreover, their processing
into superstructures must be biocompatible.’® The resulting
superstructures must enable cells to proliferate through
percolating pores such that they can populate the entire scaffold
over time," and possess locally tunable chemistries, including
biochemical and mechanical gradients,>**** to direct cell
differentiation and growth. In addition, they should have
specific viscoelastic properties that drive proper cell fate and
activity. These time-dependent mechanical properties, in
particular stress relaxation and creep, impact cell behaviors
such as cell spreading, proliferation, and differentiation®** and
are thus imperative to control if scaffolds are used for tissue
engineering. Hydrogels used for tissue engineering are typically
soft and degradable such that cells can remodel them or grow
their own extracellular matrix (ECM) within them. These
features are especially important if hydrogels are used as scaf-
folds for the growth of functional organoids,” neural inter-
faces®® or cartilage.”” The viability and fate of cells can be further
tuned through the addition of appropriate chemical receptors,
growth factors, and nutrients.'® Granular hydrogels are partic-
ularly attractive to tune these features because of their inherent
porosity and the short diffusion lengths within the microgels
that enable their efficient functionalization. For example,
different chemicals can be infiltrated into microgels to control
the local composition of granular hydrogels on a micrometer
length scale.

The requirements imposed on hydrogels used as tissue
replacements are fundamentally different: these hydrogels
should be tough and strong™ yet resilient*® to match the tissue
mechanics of targeted natural tissues such as tendons®?° or
cartilage.’* Typically, tough and strong hydrogels are achieved
by a double network architecture.?**® Feasibility to design tough
and strong hydrogels that are also resilient has been demon-
strated by increasing the entanglement density within the
networks.** However, the potential of these hydrogels in appli-
cations remains to be shown.

To meet the demanding and versatile requirements that
advanced biomedical and material science applications impart
on hydrogels, their structure and composition must be closely
controlled and often locally varied. These needs demand for
new materials that possess well-defined, locally changing
compositions and controllable structures on the nanometer up
to the millimeter lengths scales. Granular hydrogels have the
potential to meet these requirements as they can be made from
microgels possessing well-defined sizes and distinctly different
compositions. In this review, we will explore the relationship
between the inter-microgel interactions, and the rheological
and mechanical properties of the corresponding granular
hydrogels. We will introduce the characteristics and design
principles of microgel based materials and discuss different
strategies to reinforce granular constructs by connecting
microgels. Within this framework, we will highlight emerging
possibilities to design mechanically robust materials by taking
advantage of the recently obtained insights into the influence of
the composition and inter-particle connections on the
mechanical properties of granular materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Characteristics of microgel based
materials
2.1 Microgel fabrication

Granular hydrogels are produced in two steps: a precursor
solution is initially processed into individually dispersed
microgels that are assembled into superstructures in a second
step, as was nicely summarized in recent reviews.*” Microgels
are commonly fabricated through a bottom-up method from
emulsion drops that are filled with appropriate reagents. These
drops are formed through batch emulsification,* electro-
hydrodynamic spraying,* or microfluidics®* and converted into
microgels by solidifying the reagents contained in them. The
resulting microgels are spherical and possess diameters
between a few pm and a few 100 pm. Alternatively, microgels are
fabricated through lithography,*** or using a top-down
approach: mechanical fragmentation.** These microgels are
non-spherical and have diameters between a few 100 nm and
a few 100 um.

Microgels are typically fabricated from biopolymers, mono-
mers, or oligomers.® Commonly used biopolymers include
alginate,** gelatin,** chitosan,*” and hyaluronic acid®** with
molecular weights superior to 20 kDa; these biopolymers are
often functionalized with multiple reactive groups that are
covalently connected to their chains. Monomers are most
commonly based on acrylates or methacrylates that can be
solidified through radical polymerization reactions. The most
frequently reported oligomer is end-functionalized poly(-
ethylene glycol) (PEG), often composed of multi-armed tele-
chelic chains with a molecular weight between 3 and 20 kDa.
The intra-particle mechanical properties are determined by the
degree of crosslinking of the reagents the particles are made
from and can be tuned over a wide range.** The resulting
microgels are typically washed to remove residues of oil and
surfactants before they are swollen to equilibrium in an
aqueous solution.® They are subsequently jammed using
centrifugation or vacuum filtration to form a shear thinning ink
that can be further processed into macroscopic materials.”

2.2 Jammed microgels as inks

Jammed microgels form a soft viscoelastic material that
displays peculiar rheological properties, which are similar to
other jammed media such as jammed colloidal poly(methyl-
methacrylate), silica or LAPONITE®.**¢ Unlike microgels that
are dispersed in water, jammed microgels are physically con-
strained by their neighbors limiting their mobility. In the jam-
med state, individual microgels are held together by weak
interparticle forces that impart elasticity to the media. The weak
adhesive forces between soft microgels are associated with
interstitial liquid bridges that form between adjacent microgels
or frictional forces.*** Jammed microgels collectively behave as
a Bingham plastic* - they are shear thinning, have a low yield
stress, and promptly recover their solid-like behavior after high
shear stresses are released. These properties are closely corre-
lated to the packing degree, which is higher for soft deformable
particles than for hard counterparts.*

Chem. Sci., 2022, 13, 3082-3093 | 3083
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Jammed microgels are ideal for injection, extrusion, casting
and 3D printing applications.®” The shear thinning behavior
and low yield stress enable extrusion through a nozzle under
ambient conditions with low pressures (1-100 kPa).** The fast
recovery of the solid properties enables extrusion of shape-
retaining stable filaments, as sketched in Fig. 1a, and contrib-
utes to the good shape fidelity of 3D printed granular objects.

3. Reinforcement techniques of
granular hydrogels

Jammed microgels typically interact through non-specific
physical inter-particle forces, such that they display a low
yield stress and easily deform when subjected to mechanical
strain. These properties are desirable if used for tissue engi-
neering applications. However, they prevent the use of these
materials for load-bearing applications. The mechanical prop-
erties of granular hydrogels can be improved by strengthening
inter-particle interactions, for example by crosslinking adjacent
particles through strong physical or chemical links, herein
referred as curing. This curing step imparts elasticity to the
granular hydrogels beyond the yield stress of the original jam-
med microgels, as sketched in Fig. 1a. More generally, the
mechanical properties of granular hydrogels can be tuned with
the inter-particle crosslinking strategy, as exemplified in Fig. 1b

a Microgel Ink
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and c. Indeed, by exploiting the vast range of bond types in
organic polymeric networks, the viscoelastic properties of
granular hydrogels can be tuned over a considerable range. In
this review, we will classify the strategies used to connect
adjacent microgels into binding mechanism groups, namely
covalent interactions, the use of binders and additives, coordi-
nation interactions, electrostatic interactions, other supramo-
lecular interactions, and interpenetrating networks, as
summarized in Fig. 2d-i and demonstrated in Fig. 3. We will
discuss the impact of the inter-particle binding strategy on the
elastic properties of granular hydrogels, such as the oscillatory
storage modulus, the compressive modulus, and the tensile
Young's modulus. We conclude the review by demonstrating
that granular hydrogels cured with a well-designed inter-
particle binding strategy open up completely new fields of
their use that include the manufacturing of load-bearing recy-
clable materials.

3.1 Covalent interactions

3.1.1 Radical polymerization of methacrylates. Microgels
can be synthesized to present chemically active sites at their
surfaces such that they can form covalent inter-particle bonds. A
common chain-growth mechanism used to form microgels and
to covalently link them is the free-radical polymerization of
acrylates and methacrylates. This solidification and connection

Granular Hydrogel

Curing

Fig. 1

4r

(a) Microgels are assembled and cured to form granular hydrogels. (b) W-shaped stripe of granular hydrogel composed of microgels with

two different Young's moduli. The microgels are cured through electrostatic interactions. Adapted with permission.* (c) Stripe of double network

granular hydrogel holding a 1 kg weight. Adapted with permission.**
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Fig. 2 Elastic mechanical properties of granular hydrogels cured through various interparticle binding strategies. Ashby plots of the storage (a),
compressive (b), and tensile (c) modulus as a function of polymer content. Schematic representation of the interparticle interaction mechanisms:
covalent interaction (d), binder and additives (e), coordination interactions (f), charge interactions (g), interpenetrating percolating network (h)

and other supramolecular interactions (i).

strategy is attractive because of the large range of commercially
available monomers, their ease of use, and the good mechanical
properties of the resulting polymerized materials. Methacry-
lates are particularly suited for biomedical applications because
they are compatible with many biological systems®” and react
under ambient wet conditions.”

Covalent crosslinking of microgels composed of physically
crosslinked networks requires a chemical modification of the
polymers prior to their conversion into microgels. This is
commonly done for naturally occurring biopolymers, such as
gelatin or alginate that are functionalized with acrylates or
methacrylates.**>** For example, microgels composed of

© 2022 The Author(s). Published by the Royal Society of Chemistry

thermally gelled gelatin, or ionically crosslinked alginate,
expose dangling methacrylate groups. A simple UV-triggered
polymerization enables the formation of strong permanent
bonds between adjacent microgels. The resulting granular
hydrogels possess storage moduli ranging from a few kPa*"**>
to 10 kPa.*® Within 60 s of moderate UV exposure (10 mW cm™>),
jammed microgels are converted into granular hydrogels with
a compressive modulus of 100 kPa and a tensile modulus of 30
kPa;*® these mechanical properties are similar to those of
a human muscle. However, radical polymerization is prone to
oxygen quenching, which can compromise the crosslinking
efficiency and lead to inferior mechanical properties of granular

Chem. Sci., 2022, 13, 3082-3093 | 3085
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Fig. 3 Granular hydrogels are cured through different inter-particle interactions. (a) Micrograph of an injected, and covalently cured granular
hydrogel.? (b) Micrograph of an extruded filament of jammed microgels cured into a granular hydrogel using a binder.** (c) Image and micrograph
of a granular hydrogel cured using coordination chemistry.** (d) Images of a granular hydrogel cured by charged interactions.*? (e) Micrographs
and image of a double network granular hydrogel.** Scale bars are (a) 100 pm, (b) 500 pm, (c) 100 um, (d) 2 mm and 10 mm, (e) 500 pm, 1 mm and

5 mm. Adapted with permission.

hydrogels.*® Furthermore, despite the increased biocompati-
bility of methacrylate radical reactions compared to those of
acrylates, free-radical reactions are incompatible with certain
biologically active tissues. Residual free radicals can induce
oxidative stress on human tissues, which is associated to
serious chronic diseases such as cancer and osteoporosis.®
3.1.2 Click chemistry reactions. Click chemistry reactions
occur between two well-defined chemical moieties that cova-
lently bind to each other when they approach each other. These
reactions overcome some of the limitations of free-radical
acrylate-based reactions because they are efficient, selective,
less sensitive to the presence of oxygen, have high yields and
can be performed under ambient conditions without producing
biologically harmful byproducts.®®*® In particular, two types of
thiol-ene reactions have gained attraction. The first is a photo-
mediated radical crosslinking method between molecules con-
taining thiols and those containing -enes. This method is
particularly widely used by the biomaterial community owing to
the vast range of available starting materials.®® The second
heavily used reaction, is a base-catalyzed Michael-type conju-
gate addition of thiols to electron deficient alkenes such as
acrylates, vinyl sulfones and maleimides.®*-** This reaction can
be performed under mild conditions in the absence of free-
radicals, which makes it ideal for in situ gelation of hydrogels
intended for in vivo applications.®**> While both these cross-
linking strategies have been used to synthesize micro-
gels,>1143,43,4455,6677 they are much more rarely used to cure

3086 | Chem. Sci., 2022, 13, 3082-3093

granular hydrogels. This shortcoming is most probably related
to the limited availability and mobility of reactive groups at the
surfaces of microgels. An azide alkyne click reaction has been
reported to cure granular hydrogels by mixing two populations
of microgels, one containing excess azides, and the other excess
alkyne groups. The resulting granular hydrogels displayed
compressive moduli of 2-3 kPa.” This approach requires a very
high control over stoichiometric ratios of the reagents, and is
synthetically more involved than radical polymerization reac-
tions, due to the limited commercial availability of reactants.
Furthermore, microgels composed of end-functionalized
crosslinked polymers tend to have limited numbers of reactive
groups on their surfaces. The limited number of reactive groups
available at the microgel surface inhibits the formation of
a sufficient number of load-transferring inter-particle bonds. As
a result, granular hydrogels that were cured through this
approach typically display poor mechanical properties, they are
much weaker than the constituting microgels.”®

3.1.3 Enzymatic coupling reactions. Enzymes drive reac-
tions with product selectivity and yields beyond what is ach-
ieved by engineered catalysts. One of the most prominent
examples of enzymatically driven mechano-morphing events is
the formation of blood clots during hemostasis.”*® This fast
sol-gel transition is triggered by the covalent crosslinking of the
supramolecular assembly of fibrin chains into macroscopic
fibers. The covalent crosslinking occurs between amine groups
present in glutamines and lysine peptides and is initiated by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enzyme XIIIa. This fast and selective process inspired the use of
enzyme XIIIa as the curing agent of synthetic granular hydro-
gels >*06:6870717475,77 These granular hydrogels were composed of
microgels with dangling lysine- and glutamine-containing
peptides; these sites were used to cure the granular hydrogels
after the microgels have been shaped into the desired macro-
scopic granular materials. The resulting materials have
a compressive modulus of 1-20 kPa and a storage modulus of
0.5-15 kPa, which are in the order of soft biological tissues such
as the skin or muscles. Their softness can be attributed to the
low density of binding sites at the microgel interfaces that
results in a low inter-particle crosslink density and hampers the
use of such granular hydrogels for load-bearing applications.
Enzymes have also been used to increase the stiffness and
toughness of bulk hydrogels by inducing the mineralization of
amorphous calcium phosphate.®* Taking advantage of these
insights, the vast range of available enzymatically driven reac-
tions could be harnessed to crosslink microgels. However, to
take full advantage of this strategy, the microgel formation and
curing mechanism would have to be tailored to ensure a high
density of reactive groups present at the microgel surface and
that their mobility is sufficiently high. These assets would
enable the formation of a high density of inter-particle links
that ensures an efficient load transfer between adjacent
microgels, which would translate into an increased stiffness of
the granular hydrogels.

3.2 Binder and additives

A recurrent limitation of the previously described cases is the
low mobility of reactive groups on the microgel's surface, that
prevents an efficient formation of inter-particle connections.
This limitation can be overcome if adjacent particles are con-
nected through binders because they are typically dissolved in
a liquid surrounding the microgels, such that they possess
a high mobility. This feature has been demonstrated on
microgels that were synthesized using a click chemistry reac-
tion, norbornene-thiol. The molar ratio of the reagents con-
tained within the drop template was not stoichiometric such
that some norbornene groups remained active even after the
microgels have been formed. These reactive sites could be used
to form inter-particle connections by exposing them to a solu-
tion containing linear polyethylene glycol (PEG) that was end-
functionalized with thiol groups.** Another study reports the
use of a curing solution containing a short di-thiol molecule
and norbornene-functionalized hyaluronic acid, which effi-
ciently cured microgels presenting the same reactive groups at
their surfaces to covalently crosslink them at a high density. The
high crosslinking density can be assigned to the deformation of
soft microgels that increases the contact area between adjacent
microgels and hence, the density of inter-particle crosslinks,
when the bridging molecule is of low molecular weight. As
a result, these granular hydrogels displayed a compressive
modulus of 5 kPa.*® This result hints at the importance of the
inter-particle contact area and the associated inter-particle
crosslink density for the mechanical properties of granular
materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Binders can be composed of low molecular weight polymers
that possess a high mobility. Even if the di-functional binders
with a molecular weight as low as 3400 Da are used to connect
adjacent microgels, the storage moduli of the resulting granular
hydrogels can reach values between 0.2 to 1.5 kPa.**”® This
result demonstrates that even low molecular weight cross-
linkers can efficiently form covalent bonds between adjacent
microgels. We again attribute this feature to the softness of the
microgels that allows them to deform, thereby maximizing the
contact area between adjacent microgels. Alternatively, micro-
gels can be connected through higher molecular weight binders
that possess multiple functionalities, such as 4-armed PEG (20
kDa). The resulting granular hydrogels display storage moduli
between 0.2 to 2 kDa and compressive moduli in the range of 1-
5 kPa.*»”>73%2 The storage modulus can be increased up to 6 kPa
if higher molecular weight multi-functionalized biopolymers
are used, such as hyaluronic acid (HA)." This result indicates
that the inter-particle crosslinking efficiency increases with
increasing molecular weight of the crosslinker, most likely
because of the higher flexibility of these molecules. A general
limitation of this approach is the poor control over the exact
concentration of binding polymers at the microgel interfaces.
This parameter is directly related to the packing degree of
jammed microgels, and the affinity of binders to the microgel
surface and is hence difficult to systematically vary. As a result
of this limitation, the mechanical properties of the resulting
granular hydrogels cannot be deliberately tuned over a wide
range.

Microgels can also be dispersed in a matrix without being
covalently linked to it. For example, a gelatin matrix has been
reinforced with microgels composed of gelatin with a higher
concentration than the matrix. The Young's modulus of the
composite under tension is 40 kPa, 8-times that of the matrix
alone. This microgel-induced stiffening is attributed to the
physical interactions between gelatin chains.®® However, the
control over the microstructure of the resulting composites is
limited because the microgels are not jammed and randomly
distributed within the matrix material.

3.3 Supramolecular interactions

3.3.1 Physical and coordination bonds. Previously dis-
cussed granular hydrogels are mostly composed of microgels
that are irreversibly connected to each other through covalent
bonds. Irreversible inter-particle connections typically result in
rather brittle granular hydrogel, because microgels cannot re-
arrange if subjected to stress, and the mechanisms that dissi-
pate energy and thereby prevent a catastrophic failure are
limited. This shortcoming can be overcome if microgels are
reversibly crosslinked through supramolecular interactions. For
example, microgels composed of carboxylated cellulose have
been cured by exposing them to a Ca**-containing solution. The
resulting granular hydrogels whose microgels are physically
connected to each other possess storage moduli between 0.5 to
1 kPa, similar to those of microgels that have been connected
through covalent binders.** Stronger inter-particle bonds can be
formed if metal-ligand coordination chemistry is used, whose
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binding strength is close to the one of covalent bonds.*
Extensive research has been done on harnessing coordination
chemistries to design dynamic, viscoelastic, self-healing bulk
hydrogels whose mechanical properties can be tuned with the
choice of the type of chelator and metal ion.*® A similar strategy
has been employed to link adjacent microgels that have been
functionalized with pyrogallols. Pyrogallols possess a high
affinity to certain metal ions, such as Fe**.*” Moreover, they can
catalyze the reduction of certain ions, such as Ag”, resulting in
the formation of silver nanoparticles. The latter strategy has
been used to fabricate granular hydrogels whose grain bound-
aries were reinforced with silver nanoparticles. However, the
mechanical properties of the resulting granular hydrogel were
poor, with a storage modulus reaching only 0.13 kPa.*® The poor
contribution of the pyrogallol nanoparticle complexes to the
elasticity of the granular hydrogels suggests that the pyrogallols
have limited mobility and cannot significantly contribute to
interparticle bonding. Hence, while metal-ligand coordination
chemistries have been successfully used to design advanced
bulk hydrogels, their use as efficient inter-particle crosslinkers
remains to be shown.

3.3.2 Electrostatic interactions. The marine sandcastle
worm uses a variety of supramolecular interactions to form
strong granular media. These fascinating mechanical proper-
ties are a result of strong adhesive coacervates that link adjacent
grains. Inspired by the marine sandcastle worm, hydrogels have
been reinforced with oppositely charged polymers. For example,
a single percolating polyelectrolyte network was swollen with
oppositely charged monomers to form a secondary network.
Importantly, the second network was formed in a saline solu-
tion to speed up the swelling of the first network that ensures
a homogeneous distribution of the second type of monomers
also within the microgels.®* The resulting swollen microgels
were subsequently dialyzed to cancel ion screening, resulting in
a poly-ion complex between positively and negatively charged
strands located within and between microgels. The strong ion
interactions between microgels resulted in fracture strengths of
the resulting granular hydrogels that are as high as 1.5 MPa,
and a Young's modulus of 4 MPa, orders of magnitude superior
to the same sample under saline conditions.** Interestingly, the
use of saline solutions to screen ionic bonding, as a reversible
on/off switch of ionic interactions yields promising use for
additive manufacturing applications under mild conditions.

Positive and negative charges can also be separated in space
by using a mixture of cationic and anionic polyelectrolyte
microgels to form granular hydrogels.>* This concept was nicely
demonstrated on granular hydrogels composed of a mixture of
chitosan-based and gelatin-based microgels. At neutral pH,
chitosan is a cationic polyelectrolyte, whereas gelatin is an
anionic one. The resulting granular hydrogel has a storage
modulus of 3 kPa. This value is significantly lower than that of
granular hydrogels whose microgels are connected through
polyionic complexes, due to a lower coulombic attraction
between charged microgel surfaces, and the limited contact
areas between adjacent microgels.

3088 | Chem. Sci, 2022, 13, 3082-3093
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3.4 Secondary percolating network

The vast majority of granular hydrogels are cured by linking
adjacent microgels through their interfaces. This crosslinking
strategy requires a high degree of control over the availability
and mobility of chemical groups to ensure an efficient load
transfer between microgels, a requirement that is synthetically
demanding. An alternative approach is to embed the microgels
within a percolating network that transfers load from microgel
to microgel over a larger volume, reducing locally high strains
that typically lead to catastrophic failure of the material. Using
this approach, the curing of the granular hydrogel is not only
based on local adhesion between microgels, but on the cohe-
sion of the percolating network. Microgels dispersed in
a hydrogel matrix can act as reinforcing fillers*® because they
contribute sacrificial bonds. Hence, their effect on the
mechanical properties of the composite hydrogels is similar to
that of the sacrificial network in double network hydrogels. To
increase the density of microgels within the hydrogel matrix
and thereby the control over the microstructure of the material,
dried grinded microgels can be directly soaked in solution
containing monomers that are used for the assembly of the
secondary network. Upon polymerization of the secondary
percolating network, a granular hydrogel with a 250 kPa
Young's modulus can be achieved. However, this granular
hydrogel has only been reported as a thin hydrogel coating.
Much larger granular structures can be produced from emul-
sion templated microgels that are soaked in a monomer-
containing solution. Jamming of the monomer-loaded micro-
gels allows their 3D printing into macroscopic structure. This
structure is cured by polymerizing the reactive monomers
contained in the microgels. By controlling the ratio between the
two polymeric networks, the Young's moduli of the resulting
double network granular hydrogels can be tuned from 20 kPa
up to 570 kPa,** a value close to the elasticity of human cartilage
and exceeding Young's moduli of any of the previously reported
3D printed hydrogels. The extraordinarily high mechanical
properties are attributed to the efficient load transfer from the
secondary network by distributing the load transfer onto the
primary microgel network in space, beyond the microgel
interfaces. This reinforcing strategy offers an additional
advantage: through the introduction of reversible covalent
crosslinks in the percolating network, double network granular
hydrogels can be selectively degraded into dispersed microgels.
The washing of the microgels and subsequent swelling with
a pristine solution of monomers enables the recycling of the
microgels into a novel granular hydrogel that is even stiffer than
the pristine once such that this material is well-suited for load-
bearing applications even after having been recycled five times.
If the recyclable double network granular hydrogel is dried, it
has a similar stiffness to that of commercial plastics such as
acrylonitrile butadiene styrene (ABS), polyethylene (PE), and
polyethylene terephthalate (PET), yet it can be recycled under
benign conditions within 2 hours.** This proof-of-concept
strategy emphasizes that granular hydrogels cured with well-
design interparticle interactions have promising applications
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far beyond tissue engineering, for example as synthetic load-
bearing materials (Table 1).

4. Conclusion

Granular hydrogels are a promising class of materials, for their
ease of processing, the possibility to abruptly change their
composition, and the ability to tune their mechanical properties
over a wide range. These assets render granular hydrogels
especially attractive for applications in bioengineering and soft
robotics. The size of microgels, and hence the microstructure of
granular hydrogels, can be closely controlled with the size of the
emulsion drops they are made from. The composition and
mechanical properties of microgels can be closely controlled by
taking advantage of the vast knowhow on the composition-
structure-mechanical property relationship of bulk hydrogels.
However, the potential of granular hydrogels has not been fully
exploited yet because little attention has been given to the inter-
particle linking strategy that is decisive in the mechanical
properties of granular hydrogels. As a result, currently employed
granular hydrogels are mechanically weak such that they are
primarily used for tissue engineering. To extend the field of use
of granular hydrogels to load-bearing applications, a better
understanding of the influence of inter-particle interactions on
the mechanical properties of granular hydrogels is key. This
advanced understanding would allow the fabrication of inject-
able and 3D printable hydrogels with tuneable load-bearing
mechanical properties that have the potential to strongly
advance fields where hydrogels are rarely used today including
soft robotics and tissue replacements.

5. Future perspective

Despite the growing interest in granular hydrogels, a detailed
understanding of the influence of microstructure and local
composition on their mechanical properties, including stiffness
and toughness remains to be established. For example, in many
systems, it is not clear how load is transferred between the
different microparticles, and hence, how stress is distributed
within them. This question becomes especially pertinent in
systems that are composed of highly jammed microgels: highly
jammed microgels tend to trap air that forms voids. These voids
present defects within granular hydrogels that most likely cause
stress concentrations, thereby significantly reducing their
stretchability. However, systematic studies on the effect of voids
on the stretchability of granular hydrogels and how such voids
can be avoided remain to be done. A better understanding when
and where stress concentrations occur would likely enable the
design of granular hydrogels that are much tougher than the
currently available counterparts as stress could be distributed
over much larger areas. We demonstrated the potential of this
strategy on double network granular hydrogels that displayed
a 4-fold higher stiffness than any of the previously reported 3D
printed hydrogels. This enhanced stiffness can be assigned to
a more efficient load transfer across microgels that avoids stress
concentrations at the interparticle interface.
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Microgels are often synthesized from soft hydrogels. Upon
jamming, these microgels deform to increase their packing frac-
tion. While the packing of hard spheres has been studied in detail,
much less is known on the packing of soft deformable counter-
parts. For example, it is still unclear how the size and poly-
dispersity of soft microgels influence their packing and propensity
to form air inclusions that serve as defects. Importantly, the
deformation of microgels is accompanied with an increase in their
contact area. This increased contact area offers new possibilities to
increase the density of surface localized inter-microgel connec-
tions, and hence, the efficiency to transfer load between adjacent
microgels. However, the influence of the stiffness of microgels on
their degree of deformation upon jamming and hence, the inter-
microgel contact area remains to be determined. As a result,
very little is known on the influence of the density of surface-
localized inter-microgel connections on the overall stiffness and
toughness of the resulting granular hydrogels. Understanding this
parameter would enable the engineering of granular hydrogels
possessing a reduced brittleness and expanding their application
potential as engineered soft materials.

A key advantage of granular hydrogels is the possibility to
abruptly change their composition by forming them from
microgels possessing different compositions. This possibility
bears enormous potential as it allows introducing different
functionalities into these materials. However, up to now, this
potential has not been fully explored. As a result, we do not
know how local composition of these materials influence their
mechanical properties and response to external stimuli. We
expect fundamental research on the influence of structure and
local composition of granular hydrogels on their mechanical
properties and functionality to enable their widespread adop-
tion as load-bearing support matrix for tissue engineering, and
to open up new fields of their use, for example, as load-bearing
soft hydrated actuators and sensors in soft robotics.
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