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SEM imaging and Xavier Dutoit for taking care of the reception of chemicals.

Certainly, I want to thank my excellent collaborators. Dr. Viviane Lutz Bueno taught
me a lot on SAXS characterization and helped me design experiments. Prof. Dr. Rafaelle
Mezzenga greatly helped me in the drafting of a manuscript.

I would like to thank all my dear friends of Lausanne and beyond, that bring such happiness
to my life. I would like to particularly thank Malika for the beautiful shared years of
adventures and experiences, and for the discussion that led me to start a PhD.

Mainly, I want to thank my parents Barbara and Laurent for all the support they gave
me ever since. They managed to triggering my curiosity for science in the natural world,
that eventually led to pursue my academic studies. I warm thanks also goes to my sister,
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Abstract

Throughout nature, organisms fabricate a myriad of materials to sustain their lifestyle.
Many of the soft materials are composed of water-swollen networks of organic molecules,
so-called hydrogels. They generally contribute to the mechanical integrity of the organism,
and act as scaffolds for living cells. The ability to fabricate synthetic hydrogels that
mimic their natural counterparts would greatly benefit the biomedical field. In particular,
synthetic hydrogels have the potential to revolutionize tissue engineering and to enable
the fabrication of functional load-bearing soft implants. However, available hydrogels
suffer from poor mechanical properties, as they are either too brittle or too soft. While
great effort in the field of soft matter has been devoted to the development of hydrogels
with improved mechanical properties, they are often not compatible with state-of-the art
manufacturing techniques such as additive manufacturing.

In this thesis, I present the mechanical reinforcement of hydrogels using two distinctive
strategies, and demonstrate their potential as 3D printable materials. I first investigate
the use of high functionality crosslinks in metal-coordinated hydrogels. I show that this
crosslinking strategy greatly improves the solid-like mechanical properties of viscoelastic
gels. I then present the use of hydrogel microparticles to fabricate double network granular
hydrogels. I discovered that these materials exhibit an extraordinarily high strength and
toughness. Furthermore, the jammed microparticle precursor ink enables the extrusion
and 3D printing of this material. This allows the fabrication of hydrogels with locally
varying compositions, which can be utilized for example to design stimuli responsive ma-
terials. I leverage the granular structure to design recyclable double network granular
hydrogels. This is achieved by forming a percolating network that has reversible covalent
bonds. I show that this method can be extended to the fabrication of degradable hard
plastics. Finally, I conclude by presenting the key findings, and I present a few possible
follow-up ideas to further develop the field of load-bearing hydrogels.

In summary, I provide several solutions to combine mechanical reinforcement of hydrogels,
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Abstract

and state of the art 3D printing. I believe that soft material science will greatly benefit
the development of complex materials for novel biomedical and soft robotic applications.

Keywords: hydrogels, soft materials, double networks, 3D printing
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Zusammenfassung

In der Natur erzeugen Organismen eine Vielzahl von Materialien durch unterschiedliche
Stoffwechselprozesse, um ihre Lebensweise zu sichern. Viele dieser weichen Materialien
bestehen aus wassergesättigten Netzwerken organischer Moleküle, den sogenannten Hy-
drogelen. Sie tragen im Allgemeinen zur mechanischen Integrität des Organismus bei
und dienen als Grundgerüst für lebende Zellen. Die Fähigkeit, synthetische Hydrogele
herzustellen, die ihre natürlichen Gegenstücke nachahmen, wäre für die Biomedizin von
großem Nutzen. Insbesondere haben synthetische Hydrogele das Potenzial, die Gewe-
bezüchtung zu revolutionieren und die Herstellung funktioneller, tragfähiger weicher Im-
plantate zu ermöglichen. Die verfügbaren Hydrogele besitzen jedoch bis jetzt schlechte
mechanische Eigenschaften, d. h. sie sind entweder zu brüchig oder zu weich. Obwohl auf
dem Forschungsgebiet der weichen Materie große Fortschritte gemacht wurden, um Hy-
drogele mit verbesserten mechanischen Eigenschaften zu entwickeln, sind diese oft nicht
mit modernen Herstellungsverfahren wie der additiven Fertigung vereinbar.

In dieser Dissertation wird die mechanische Verstärkung von Hydrogelen mit Hilfe zweier
unterschiedlicher Mechanismen vorgestellt und die Eignung der Gele als 3D-druckbare
Materialien aufgezeigt.

Zunächst wurde der Einfluss von hochfunktionalen Vernetzungen auf die mechanischen
Eigenschaften metall-koordinierter Hydrogelen untersucht. Dabei konnte gezeigt werden,
dass diese Vernetzungsstrategie die festkörper-ähnlichen mechanischen Eigenschaften von
viskoelastischen Gelen erheblich verbessert. Im Weiteren wurde die Verwendung von
Mikropartikeln zur Herstellung von Hydrogele mit doppeltem Netzwerk erforscht, die
diesen Materialien zu einer außergewöhnlich hohen Festigkeit und Zähigkeit verhelfen.
Darüber hinaus ermöglicht die Vorläufer-Tinte aus gestauten Mikropartikeln die Extru-
sion und den 3D-Druck dieses Materials. Dies gewährleistet die Herstellung von Hydro-
gelen mit lokal unterschiedlichen Zusammensetzungen, die zum Beispiel für die Entwick-
lung von Materialien genutzt werden können, die auf bestimmte Anreize reagieren sollen.
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Zusammenfassung

Um wiederverwendbare granulare Hydrogele mit doppeltem Netzwerk zu erhalten wurden
eine granulare Struktur angestrebt, die durch die Bildung eines perkolierenden Netzwerks
erreicht wir, das reversible kovalente Bindungen besitzt. Dabei konnte gezeigt werden,
dass diese Methode auch auf die Herstellung abbaubarer Hartkunststoffe erweitert werden
kann.

Zusammenfassend stelle ich mehrere Lösungsansätze vor, um die mechanische Verstärkung
von Hydrogelen und den modernen 3D-Druck zu kombinieren, dabei werden die wichtig-
sten Forschungs-Ergebnisse und einige mögliche weiterführende Ideen diskutiert, um den
Bereich der tragenden Hydrogele weiterzuentwickeln. Ich bin davon überzeugt, dass die
weiche Materialwissenschaft einen entscheidenden Beitrag zur Entwicklung komplexer Ma-
terialien für neuartige biomedizinische sowie weiche Roboter-Anwendungen leisten kann.

Stichwörter: Hydrogele, weiche Materialwissenschaft, doppelte Netzwerke, 3D-Druck
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Résumé

Dans la nature, les organismes vivants fabriquent un grand nombre de matériaux pour
survivre. Parmi eux, les hydrogels, qui sont des matériaux souples composés de réseaux de
molécules organiques gorgés d’eau. Ils contribuent à l’intégrité mécanique de l’organisme et
servent d’échafaudages pour les cellules. La capacité à fabriquer des hydrogels synthétiques
qui imitent leurs homologues naturels serait très utile dans le domaine biomédical. En
particulier, les hydrogels synthétiques ont le potentiel de révolutionner l’ingénierie tissu-
laire et de permettre la fabrication d’implants souples résistants aux contraintes, utiles à
l’orthopédie. Cependant, les hydrogels ne sont actuellement que rarement utilisés faute de
propriétés mécaniques suffisantes, car ils sont soit trop fragiles, soit trop mous. Alors que
de grands efforts dans le domaine de la matière molle ont été consacrés au développement
d’hydrogels aux propriétés mécaniques améliorées, ces derniers ne sont souvent pas com-
patibles avec les techniques de fabrication de pointe telles que l’impression 3D.

Dans cette thèse, je présente les résultats de mes recherches pour renforcer la mécanique
des hydrogels à travers deux stratégies distinctes. Dans un premier temps, j’étudie
l’utilisation de complexes organométalliques à haute fonctionnalité qui réticulent le réseau
organique de l’hydrogel. Je montre que cette stratégie de réticulation améliore con-
sidérablement les propriétés mécaniques des hydrogels viscoélastiques. Par la suite, je
présente l’utilisation de microparticules pour fabriquer des hydrogels à double réseau. J’ai
découvert que ces matériaux présentent une résistance et une ténacité extraordinairement
élevées. De plus, le précurseur de ce matériau, formé de microparticules concentrées, forme
une pâte dont le comportement rhéologique permet l’extrusion et l’impression 3D. Cela
permet de fabriquer des hydrogels dont la composition varie localement, ce qui peut être
utilisé, par exemple, pour concevoir des matériaux réagissant à des stimuli. J’exploite en-
suite cette structure granulaire pour concevoir des hydrogels recyclables. Ceci est réalisé
en formant un réseau percolant les microparticules qui possède des liaisons covalentes
réversibles. Je montre que cette méthode peut être étendue à la fabrication de plastiques
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Résumé

durs dégradables.

Je conclus en présentant les principaux résultats de mes recherches, ainsi que de nouvelles
pistes pour développer plus encore la mécanique des hydrogels.

En résumé, je propose plusieurs solutions pour combiner le renforcement mécanique des
hydrogels et l’impression 3D. Je pense que le développement de matériaux complexes pour
des nouvelles applications biomédicales et robotiques souples profitera grandement de la
science des matériaux souples.

Mots-clés: hydrogels, science des matériaux souples, matière molle, doubles réseaux,
impression 3D
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CHAPTER 1

Introduction

1.1 Length scale in material science

The field of material science aims at designing new materials with novel properties, or com-
binations thereof, by understanding the underlying physical and chemical mechanisms gov-
erning the material’s response to external stimuli [1]. The invention of means to observe,
and measure, the micro and nano-structure of a material has driven our understanding
at those length scales. In materials composed of crystalline structures, the composition
and arrangement of atoms down at the Angström scale directly reflects into its macro-
scopic properties, such as the resistivity or absorption of a material. The assembly of the
crystalline domains at the micro scale into macroscopic materials is also key, in particular
for the mechanical properties [2]. For example, the engineering of the grain structure
of metals and ceramics has driven their use for load-bearing applications [3]. Similarly,
the mechanical properties of hydrogels are governed by the arrangement of the polymer
network, and how they are crosslinked and assembled into a macroscopic material [4]. In
this thesis, we aim to build on the established knowledge at the nanoscale to explore the
material’s assembly at a larger scale. We first explore a physically crosslinked hydrogel
with high functionality crosslinks that are several tens of nanometers in diameter. We
will then study granular hydrogels composed of particles that are tens of micrometer in
diameter. Finally, we will demonstrate the use of the these microparticles as building
blocks for the fabrication of macroscopic recyclable materials.

1



1. Introduction

1.2 Applications of hydrogels

1.2.1 Biomedical applications

Hydrogels are frequently used in biomedicine, for example for wound healing [5], as drug
carriers [6], and in tissue engineering to support cell culture[7, 8] or cartilage replacements
[9]. Hydrogels are intrinsically similar to many natural tissues, making them an ideal
choice for biocompatible materials [10].

Tissue engineering applications often require the precursors to possess multiple function-
alities, be biocompatible, degradable [11], and injectable [12]. Moreover, their processing
into superstructures must be biocompatible [13]. The resulting superstructures must en-
able cells to proliferate through percolating pores such that they can populate the entire
scaffold over time [14], and possess locally tunable chemistries, including biochemical and
mechanical gradients [9, 15, 16], 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 [17, 18, 19] and are
thus imperative to control if scaffolds are used for tissue engineering. Unfortunately, the
design of hydrogels that meet all these requirements is challenging. Granular hydrogels,
which we will discuss further in section 1.8, are increasingly often used as substrates for
biological applications [20, 21], because they fulfill many of the above mentioned require-
ments. 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 scaffolds for the growth of func-
tional organoids [22], neural interfaces [23] or cartilage [24]. The viability and fate of
cells can be tuned through the addition of appropriate chemical receptors, growth factors,
and nutrients [11]. This can be achieved by infiltrating these compounds into granular
hydrogels, or by chemically linking them to well-defined microgels to locally vary their
concentration.

In many biomedical applications, the mechanical properties of the material are key. Some-
times, the limited mechanics are even the main reaason that prevents a widespread use
[25, 4]. As an example, in the field of orthopaedics, hydrogels have been explored as tissue
replacement for damaged cartilage repair [26]. However, many of the reported hydrogels
do not match the extraordinary high mechanical properties of natural human cartilage.
The development of a tough, stiff, low hysteresis, low wear, yet fatigue resistant hydrogel
would tremendously contribute to the development of cartilage repair materials, which
would greatly benefit the lives of patients with articulation injuries or illnesses [27]. As

2



1.3. Common hydrogels

another example, the recent development of granular hydrogels with strong wet adhe-
sion to tissues, combined with good mechanical properties show tremendous potential as
surgery sealant glue [28]. More viable applications of this material emerge following the
development of hydrogels with good mechanical properties. As a result, hydrogels are
being envisioned beyond the biomedical field.

1.2.2 Soft robotics

Hydrogels have been effectively used in the fabrication of soft robots [29, 30, 31], for their
intrinsic resemblance to water-based materials found in the natural world. Soft robots
offer unique opportunities in areas were traditional rigid robots are not viable. They are
composed of a mixture of soft sensors [32], actuators [33, 34, 35], controls and power
systems [36]. Soft robots represent an emergent field of research aiming at bringing a
closer interaction between humans and machines [37, 38]. For example, they are capable
of mimicking the motion of organisms found in nature, unlike their rigid predecessors.
As a result, they can safely interact with humans, to be used for example in assistive
surgery [39], in prosthetics as artificials limbs [40], as wearable muscular support [41], or
even as ocean exploring machines [36]. The development of soft robots requires several
technological advances, among which material science plays a key aspect.

1.3 Common hydrogels

1.3.1 Natural polymers for hydrogels

Living organisms commonly manufacture hydrophilic polymers, often used as mechanical
reinforcement of their tissues. Naturally derived polymers, or biopolymers, are therefore
widely used in the synthesis of hydrogels, as they are highly biocompatible. In biological
applications, many of them can be degraded and absorbed by the metabolism of the host
organism. Furthermore, they generally provide plenty of reactive sites used to chemically
functionalize them as new crosslinking sites for mechanical reinforcement, or to anchor
biologically active molecules. Naturally produced structural polymers can be classified
into polypeptides, which are assembled from amino acids, and polysaccharides, which are
assembled from simple sugars.

Amid the plethora of biopolymers, hydrogels are often synthesized from polypetides such
as collagen, gelatin, fibrin, or from polysaccharides such as alginate, hyaluronic acid,
agarose, cellulose, and chitosan. However, a common limitation of biopolymers is the
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limited tunability of their properties [42], and the batch to batch reproducibility issues
arising from bio-sourced reagents [43].

1.3.2 Synthetic polymers for hydrogels

Well-defined hydrogels whose properties can be precisely tuned can be fabricated from
polymers synthesized from small reactive synthetic molecules, known as monomers, as
shown in Figure 1.1. Following the initiation of the reaction scheme, many monomers
with single reactive groups assemble linearly into polymeric chains. Interconnecting these
chains, known as crosslinking, establishes the polymeric networks. We will discuss in
detail various crosslinking strategies in section 1.6. Additionally, chain entanglement can
be used as reinforcement method to fabricate strong elastic networks [44].
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Figure 1.1: Chemical structure of common synthetic polymers used for hydrogel synthe-
sis.

Pre-polymerized chains can be either crosslinked using chemical groups intrinsically present
on the monomers, such as with poly(vinyl alcool) (PVA)[45], or by functionalizing the poly-
mer specifically for this purpose. A prominent example of the latter is poly(ethylene glycol)
(PEG), commonly used as a linear or multi-arm oligomer with molecular weights ranging
from 700 Da to 20 kDa. The PEG chain is relatively inert, making it highly biocompatible.
PEG can be end-functionalized with unsaturated groups, such as acrylates and methacry-
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1.4. Basic concepts of mechanical reinforcement of hydrogels

lates, to be used as reactive macro-crosslinker or as macro-monomer to form hydrogels
by UV-induced polymerization[46, 47]. Alternatively, the end groups can be modified
with various reactive pairs, such as N-hydroxysuccinimide/NH2[48], maleimide/thiols[49],
acetylene/azide[50]. These functional pairs have usually high reaction efficiency and fast
reaction kinetics, such that the PEG chains are rapidly assembled into relatively well-
defined network architectures[51]. PEG chains can also be functionalized with molecules to
form physically crosslinked networks, such as nucleobase pairs[52], host-guest molecules[53],
or ion-chelating molecules[54, 55].

Alternatively, monomers can be polymerized, and simultaneously crosslinked into a net-
work. A molecule with multiple reactive sites referred as crosslinker is co-polymerized
alongside the monomer, to form bridges between polymeric chains. Acrylates and meth-
acrylates are commonly used as reactive groups for this method. Resulting polymers
include poly(acrylamide) (PAM), poly(acrylic acid) (PAA)[56], poly(hydroxyethylmeth-
acrylate) (PHEMA), poly(N-isopropylacrylamide) (PNIPAM), poly((3-(methacryloylami-
no)propyl)trimethylammonium chloride) (PMPTC) or poly(sodium 2-acrylamido-2-meth-
yl-1-propanesulfonate) (PAMPS), as shown in Figure 1.1.

1.4 Basic concepts of mechanical reinforcement of hydrogels

The study of the mechanical performance of an engineered material is by far and away
most usefully done using tensile tests. The mechanical performance is defined in terms of
scalar-valued material properties extracted from the characteristic stress-strain response.
Common measures include the stiffness and strength of a material. It is here important
to point out that these properties are assumed to be time independent, and that they
are extracted from a quasi-static tensile test. While this assumption is valid for classical
engineered materials such as metals and ceramics, polymers and in particular gels are much
more prone to have rate-dependent properties. In the case where time strongly affects
properties, oscillatory tests can be done to further quantify rate-dependent mechanical
properties.

In the case of hydrogels, we distinguish two regimes that define which tool is the more
adequately fitted to measure the mechanical performance. On the one hand, covalently
crosslinked hydrogels are fully crosslinked through permanent bonds, and have therefore a
reduced tendency to have time-dependent properties. They are therefore often character-
ized as hookean solids using a quasi-static tensile test approach, as elaborated in sections
1.4.1 - 1.4.3. In particular, hydrogels with a Young’s modulus superior to 10 kPa, can
be reliably characterized. On the other hand, hydrogels with non-permanent crosslinks,
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will display rate dependent mechanical properties. We will discuss in section 1.4.4 how to
tackle the characterization of these soft materials.

1.4.1 Stiffness

The stiffness of a material is defined by the energy required to deform elastically the
volume of a material along one axis, and is characterized by the Young’s Modulus E in
units of Pascal (Pa). In practice, E quantifies the linear relationship between stress, and
the deformation of a material, according to Hooke’s law:

E =
σ

ε
(1.1)

where σ is the stress (force per unit area), and ε is the strain (proportional deformation).

1.4.2 Strength

The ultimate strength of a material is defined by the maximum stress it can withstand
prior to failure. It is the intrinsic critical stress that will enable a crack to propagate
through the material. Multiple types of strengths such as tensile strength, compressive
strength, and shear strength have been used to characterize materials. We will focus in
this thesis primarily on the tensile strength of hydrogels due to two main reasons. (1)
The various types of strengths are correlated to each other. For example, the uniaxial
compressive tension correlates to the bi-axial tensile tension of the sample [27]. (2) The
tensile strength is easier to measure than the shear strength, and it is less affected by
boundary conditions than the compressive strength [27]. The tensile strength σT is defined
as:

σT =
fT
a

(1.2)

where fT is the maximum tensile force the sample can withstand, and a is the cross section
of the sample.

1.4.3 Toughness

The energy dissipation in a material dictates its resistance to sudden failure. Classically,
the energy dissipation is described either by the fracture toughness, herein simply ”tough-
ness”, or the fracture energy. The toughness is defined as the critical energy required to
break a material, therefore in units of J·m−3.
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1.4. Basic concepts of mechanical reinforcement of hydrogels

T =
∫ εf

0
σ dε (1.3)

where T is the toughness, εf is the fracture strain, and σ is the stress.

The fracture energy, is defined as the critical energy release required to cause a pre-cut
crack to extend, in units of J·m−2. This corresponds to the energy cost of breaking bonds
at the crack tip. The Lake-Thomas theory predicts that the ideal fracture energy Gc, can
be calculated as follows:

Gc = ρ · n ·U (1.4)

where ρ is the area density of polymer chains on fractured surfaces, U is the bond dissocia-
tion energy, and n is the average number of monomer units between crosslinks. Therefore,
failure of the network scales with broken bonds at the crack tip.

1.4.4 Viscoelasticity

As mentioned in section 1.4, the mechanical properties of soft materials are often time-
dependent. Unlike stiffer materials, whose mechanics are governed by the linear-elastic
contribution of covalent bonds, many soft hydrogels have additionally a viscous contribu-
tion on the same order as the elastic contribution. So-called viscoelastic materials, are
neither linear-viscous, or newtonian fluids, nor are they linear-elastic, or hookean solids.
They represent a twilight zone, away from the ideal behavior of common engineered ma-
terials [57]. Therefore, scientists cannot rely on simple quasi static tensile tests, and have
developed more complex time-dependent tests. Two of these tests are outlined in Figure
1.2: stress relaxation, and oscillatory strain. They are typically used to test soft hydrogels
using a shear geometry on a rheometer.

In a stress relaxation experiment, a constant angular displacement is applied on a material
while a shear cell measures its torque response, from which the constant strain γ0 and the
stress σ(t) are calculated as a function of time. This data is combined to generate the
relaxation modulus G(t) of the material:

G(t) =
σ(t)

γ0
(1.5)

While a stress relaxation test provides a good analysis of the rearrangement mechanisms
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Figure 1.2: Two common mechanical tests performed on viscoelastic materials. (left) A
stress relaxation test measures the shear stress upon an initial step strain applied to the
material. (right) An oscillatory strain test measures the shear stress while an oscillatory
strain is applied to the material.

in a polymeric network at long time scales, it fails to provide meaningful information
at short time scales. Scientists have therefore developed an oscillatory test, in which
the instrument applies a sinusoidal strain γ(t) = γ0 sin(ωt) with angular frequency ω,
typically in the range of 10−2 - 102 rad·s−1. The instrument measures in the linear regime
a sinusoidal stress σ(t) = σ0 sin(ωt + δ) that has an identical frequency ω but which
may be phase-shifted by an amount δ. This data is converted into a complex modulus
G∗ = G′+ iG′′ by separating the stress into two components: a part that is in phase with
the applied strain, and an out-of-phase part:

σ(t) = σ0 sin(ωt+ δ) (1.6)

σ(t) = σ0 (sin(ωt) cos(δ) + cos(ωt) sin(δ)) (1.7)

G′ ≡ σ0
γ0

cos(δ); G′′ ≡ σ0
γ0

sin(δ) (1.8)

σ(t) = γ0 (G
′ sin(ωt) +G′′ cos(ωt)) (1.9)

The in-phase part G′, referred as storage modulus, originates from the elastic contribution
of the network at each frequency, while the out-of-phase part G′′, referred as loss modulus,
arises from inelastic dissipation. In a typical frequency sweep oscillatory strain experiment,
G′ and G′′ are reported as a function of the oscillation frequency ω. If G′(ω) > G′′(ω),
the material elastically stores more energy than it dissipates, resulting in a solid-like
behavior. On the contrary, if G′(ω) < G′′(ω), the material dissipates more energy than
it stores, resulting in a fluid-like behavior. Some viscoelastic materials might be fluid-like
at certain frequencies, but solid-like at others, such as metal-coordinated hydrogels. We
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1.5. Design principles

will discuss this further by focusing on the crosslinking mechanism in section 1.6.3. The
reciprocal of the characteristic frequency ωc, where G′(ω) = G′′(ω), is the characteristic
relaxation time τc of such materials. However, some materials cannot be naively described
by a single relaxation time. The full distribution of relation times can be described by a
relaxation spectrum H(τ ), which quantifies the amount of stored and dissipated energy
under dynamic loading at frequency ω. It can be effectively seen as an infinite parallel
series of Maxwell elements, along the time axis, as shown schematically in Figure 1.3.
Each Maxwell element may be thought as a characteristic relaxation mode in a material,
with a resonant frequency given by 1/τ [55].

τ ≡ η/G {Gi, τi}

lim

τ(s)

H
(τ

) (
Pa

)

N→∞G1

η1

G2

η2

GN

ηN

G

η

...

...

Figure 1.3: Relaxation spectrum of viscoelastic materials. A single Maxwell element,
a spring with normalized spring stiffness G (units Pa) in series with a dashpot with
normalized damping coefficient η (units Pa·s). The characteristic relaxation time of the
Maxwell element is given by the ratio τ = η/G; a parallel series of N Maxwell elements
can be described by a set of spring stiffnesses and relaxation times {Gi, τi}. In the limit
where N → 1, the discrete set of parallel Maxwell elements becomes a continuous function,
the relaxation spectrum H(τ ). Adapted with permission from [55].

We will discuss further in chapter 4 how we can use both the stress relaxation test and
the oscillatory strain to understand underlying relaxation mechanisms in the hydrogel
network. Furthermore, we will investigate how we can tune the crosslinking of the network
to target different relaxation spectra with contrasting rheological properties.

1.5 Design principles

The mechanical properties of a material are quite often the limiting factor when engineer-
ing an object. But what if we could create hydrogels that are strong enough to be used
as orthopedic implants for example? As discussed in section 1.2, future applications of
hydrogels are often limited by the poor mechanical properties of current solutions. And
just like in other material classes, a given application might require a specific property
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1. Introduction

to be especially high. In this section, we will present general principles for the rational
design of hydrogels with exceptional mechanical properties, focusing on high strength and
high toughness. Engineered applications might require other interesting properties such as
high resilience, adhesion, fatigue-resistant adhesion, and fatigue resistance [27], however
these are outside the scope of this thesis.

1.5.1 Hydrogels with high toughness

The requirements to achieve high toughness in hydrogels are generally the same as in
other engineered materials such as ceramics, metals, composites and polymers. That is
to both dissipate mechanical energy and deform without fracturing [58], such that a large
dissipative zone develops around the crack tip prior to crack propagation [27]. In brief, the
design principle for tough hydrogels is to build dissipation into stretchy polymer networks
[59].

Following the pioneering work on double networks [60], interpenetrating, and semi-inter-
penetrating polymer networks [61, 62] have been widely used for the development of tough
hydrogels [63, 64]. In brief, a sacrificial highly crosslinked polymer network dissipates
mechanical energy prior to the fracture strain, as shown in Figure 1.4a. We will discuss this
implementation strategy in detail in section 1.6.6. Other interpenetrating networks such
as triple networks hydrogels [65], or elastomers [66] may further enhance the toughening
mechanism, at the expense of increased complexity of their fabrication.

Alternatively, polymer networks with high functionality crosslinks are used to develop
tough hydrogels. As opposed to a simple crosslinking site, usually bound to 3-4 polymer
chains, high functionality crosslinks bind more than 10 polymers chains together [27]. As
the material gets stretched, geometrical constrains will selectively rupture some polymer
chains prior to the fracture strain, effectively dissipating mechanical energy, as shown in
Figure 1.4b. The high functionality crosslinks may be covalent crosslinks [67], dynamic
covalent crosslinks [68, 69], physical crosslinks [70, 71, 72, 73], or a combination thereof
[74].

Another approach is the use of fibrous polymer bundles as toughening mechanism. The
nano- or micro-fibers can be aligned such that a high stretchability is achieved along the
fiber axis, as shown in Figure 1.4c. Combined with a dissipative mechanism, such as the
fracture of some of the fibers and the pull-out from the rest of the matrix, fibrous hydrogels
may achieve high toughness [75, 76, 77].

More generally, the use of physical crosslinks, and dynamic covalent crosslinks have been
added into sparsely covalently crosslinked networks composed of high molecular weight
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Figure 1.4: Design principles to fabricate tough hydrogels. Schematic representation
of (a) an interpenetrating network, (b) a network with high functionality crosslinks, (c)
fibrous network, (d) a network containing sacrificial crosslinks. Adapted with permission
from [27].

polymers, as schematically represented in Figure 1.4d. The sparsely covalently crosslinked
network ensures high stretchability of the material, while the reversible crosslinks act as
sacrificial and energy dissipating crosslinking sites [78, 79, 80, 81, 82, 83, 84, 85, 86, 33].
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1.5.2 Hydrogels with high strength

High strength in hydrogels is achieved by distributing the force over a large number of
load-carrying polymer chains up until the failure of the material, at which point they
break simultaneously, as sketched in Figure 1.5a. It has been estimated theoretically that
a hydrogel with a shear modulus of 100 kPa can have an ideal strength of up to 1 GPa
[87]. This value indicates that soft materials can be made to withstand very high strength.
The strength of a conventional polymer network is less than 1 MPa [60, 79], several orders
of magnitude weaker than the theoretical limit. This discrepancy is attributed to the
presence of defects that significantly reduce the strength of the material.

Close-to ideal polymeric networks are shown to greatly increase the strength of hydrogels.
For example, two populations of end-functionalized four-armed polymers that bind to each
other and assemble into an ideal network can reach high strength [48], as shown in Figure
1.5b. We will discuss this strategy in more detail in section 1.6.5.

Alternatively, high-functionality crosslinks such as nanocrystalline domains are commonly
used to strengthen hydrogels. As the network is stretched, polymers are gradually pulled
out of the crystalline domain, effectively homogenizing the molecular weight of load-
carrying polymer chains, as seen in Figure 1.5c. Therefore, they collectively stiffen the
material until its final failure, providing a high strength [88].

The use of fibrous polymer bundles is an effective strategy to form strong hydrogels. The
fibers can be designed to stiffen up simultaneously such that they carry load close to
the ideal tensile strength [89, 90, 76, 91], as shown in Figure 1.5d. Notably, biological
hydrogels commonly make use of nano- and microfibers, often in hierarchical structures,
such as in tendons, ligaments, and muscles [92, 93, 94].

1.5.3 Bioinspired materials

The opulence presence of materials with peculiar properties in biological systems has
driven the science community to take inspiration from nature for the development of novel
materials [95]. State of the art characterization methods shed light on the composition
of the biological materials, which are translated into synthetic equivalents for engineered
applications. We will focus here on an example where bio-inspiration was used to design
hydrogels with unique mechanical properties.

The marine mussel is arguably the most renown organism from which inspiration was
taken for the development of hydrogels [96, 97, 98, 99, 100, 101, 102, 55]. Its byssal thread
combines several reinforcing strategies discussed earlier in sections 1.5.2 and 1.5.1 such as
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Figure 1.5: Design principles to fabricate strong hydrogels. Schematic representation of
(a) the general stiffening mechanism of hydrogels. Stiff hydrogels can be fabricated from
(b) ideal networks, (c) hydrogels with nanocrystalline domains, (d) fibrous networks.
Adapted with permission from [27].

aligned nanofibers and high functionality crosslinks [103]. The thread core is composed
of covalent collagen fibrous bundles, that are end-functionalized with ligands that can
crosslink through metal-coordination, such that the material is tough and strong [104].
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These sacrificial crosslinks provide a hidden length to the collagen polymer to dissipate
energy and prevent failure in case of high strain [105]. The shell of the thread contains a
large amount of ligands crosslinked into domains that act as high functionality crosslinks,
which makes it hard and strong [106, 107, 108].

While the composition of novel materials has been extensively sourced from bio-inspiration,
very little has been achieved in regards to how these materials are assembled and man-
ufactured into a well structured hierarchical organization by biological systems [109]. In
several well-studied protein-based materials, compartmentalization is used to contain pre-
fabricated reagents which are later assembled into complex materials. For example, the
structural complexity of the marine mussel thread is achieved through a supramolecular
bottom-up assembly of protein precursors which are contained in dense liquid phases [110].
The proteins and other reagents are stored in coacervates and liquid crystal phases, and
quickly assembled into the final fiber when required by the mussel.

The use of controlled microenvironment has been used to develop hydrogels, such as multi-
responsive materials, capsules, and drug-carriers [111]. In particular, droplets containing
reagents can be used as templates to fabricate hydrogel microparticles that are later
assembled into granular materials. We will discuss extensively the assembly and the
mechanics of granular hydrogels in section 1.8.

1.6 Implementation strategies

On a global scale, nature is still the largest producer of polymeric materials, and scientist
have identified how these materials are assembled using universal inter-atomic interactions.
These interactions at the atomic scale, herein referred as bonds, dictate the mechanics of
chains, networks, superstructures, and eventually of the macroscopic hydrogel. We will
discuss in this section a selection of different bonds found in soft materials, and how they
translate to mechanical properties.

1.6.1 Crosslinking strategy: covalent bonds

Covalent bonds are strong electron-sharing interactions with a bonding energy ranging
from 220 to 570 kJ·mol−1 [27, 113]. Therefore, they form some of the most stable net-
work crosslinks. The most common crosslinker used for synthetic hydrogels is based on
the carbon-carbon bonds between acrylates. For example, they can be found in small
molecules containing two acrylates such as N,N’-methylenebis(acrylamide) (MBA) [114],
or a macromolecule containing a plurality of acrylates such as multi-armed poly(ethylene
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Figure 1.6: Bond energies of various types of permanent covalent crosslinks, physical
crosslinks, and dynamic covalent crosslinks, adapted with permission from [27].

glycol)diacrylate (PEGDA) [46, 115]. The photo-activated radical polymerization of the
acrylate groups will enable to directly incorporate the crosslinker into the network. Sim-
ilarly, biopolymers are often functionalized with methacrylate groups that can react to
each other, thus promptly forming a covalently crosslinked network [78]. Alternatively,
covalent crosslinks can be based on a variety of reactions, including but not exhaustively
reactions between amines and carboxylic acids [116], click reactions [117], etc.

1.6.2 Crosslinking strategy: physical bonds

Physical bonds are unshared electron interactions with a bonding energy generally lower
than that of covalent bonds, ranging from 0.8 to 200 kJ·mol−1 [27]. Owing to this large
span of bonding energies, they are commonly used both as reversible transient crosslinks,
and collectively as strong interactions between polymeric chains. Commonly used physi-
cal bonds include hydrogen bonds, hydrophobic interactions, host-guest interactions, π-π
stacking and electrostatic interactions.

Hydrogen bonds are commonly found as crosslinking mechanism of load-bearing hydrogels
both in nature, such as in the helical structure of collagen [118], and in the supramolecular
polymerization of fibrinogen [119], or in synthetic hydrogels such as crystalline domains of
PVA [45]. However, despite the abundance of hydrogen bond groups, the hydrogen bond
interaction is difficult to harness as crosslinking mechanism because it is usually screened
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Figure 1.7: Common molecular binding interactions found in hydrogels, adapted with
permission from [112].

by water molecules. This limitation can be overcome by locally expelling water molecules,
such as in the freeze-thawing cycles used to create PVA micro-crystalline domains [120], or
using hydrophobic moieties with several complementary hydrogen bond groups [121, 122].

Host-guest interactions are a type of supramolecular interaction were two or more molecules
are held together in a unique structural assembly. As an example, a common host-guest
molecule couple is cyclodextrin and curcubit[N]uril [123]. Host-guest crosslinking in hy-
drogels is achieved by functionalizing polymers such as PEG, PAA or hyaluronic acid
with the appropriate molecule, or by copolymerizing monomers containing host / guest
molecules [124]. Upon exposure of the reactive molecule, they spontaneously bond into
reactive crosslinks [125].

π-π interactions refers specifically to the attractive interactions between π electrons in aro-
matic groups [126]. As an example, π-π crosslinked networks have been used to selectively
release drugs [127, 128].
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Hydrophobic interactions rely on the local phase separation of non-hydrophilic molecules
from the continuous aqueous phase. When such hydrophobic molecules are copolymerized
in a hydrophilic polymer, they phase-separate with other hydrophobic molecules, to reduce
the interfacial area of the hydrophobic domains. As a result, the polymers are physically
crosslinked into a network [122].

Electrostatic interactions arise from the attraction of oppositely charged molecules, which
can be harnessed to crosslink charged polymers. For example, anyonic polymers such as
alginate or PAA are crosslinked by the interaction with cations such as Ca2+ or Mg2+ [129,
130]. Alternatively, oppositely charged polymers can directly interact with each other,
such as poly(p-styrenesulfonate) and PMPTC [131]. While a single Coulombic interaction
might be relatively weak, collectively they can form a strong interactions resulting in
hydrogels with high stiffness and strength [132]. In section 1.8, we will discuss further
how these interactions may be further utilized to bind hydrogel microparticles together.

1.6.3 Crosslinking strategy: metal-coordination bonds

Metal-coordination bonds are shared electron interactions were several ligands and a single
ion form a coordination complex. The ligands act as electron donors and the ion as
electron acceptor. Polymers that have been functionalized with ligand molecules can be
effectively crosslinked by forming a coordination complex with transition metal ions. As
a result, the metal-coordination bonds form reversible crosslinks that have a bonding
energy close to the one of covalent bonds, as shown in Figure 1.10. As mentioned in
section 1.5.3, metal-coordination bonds provide structural support in the marine mussel
byssal thread, but also in several other living tissues, such as sea-worm jaws [133, 134,
135] and insect mandibles [136]. In synthetic hydrogels, a variety of polymers have been
functionalized with ligands either grafted along the polymer chains, such as hyaluronic
acid [137] or polyallylamine [138], or grafted at the end of polymers such as multi-armed
PEG [54, 98]. Catechol [101, 139], histidine [102, 55], bisphophonate [140], thiolate [141],
carboxylate [142], pyridine [143], bipyridine [144], nitrocatechol [99], 2-hydroxypyridine-
N-oxide [100, 145], and iminodiacetate [146] have been used as ligand molecules. They
have been combined with a variety of metal ions, such as Cu2+, Zn2+, Fe3+, Co2+, and
Ni2+. The mechanical properties of hydrogels crosslinked by metal-coordination bonds
can be tuned by varying the ligand and ion combinations, as extensively studied with
functionalized multi-arm PEGs [55, 112].
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1.6.4 Crosslinking strategy: dynamic covalent bonds

Unlike permanent covalent bonds, dynamic covalent bonds are cleavable under mild con-
ditions upon exposure to an external stimulus. In the past few decades, they have at-
tracted extensive attention for their use as responsive crosslinks for hydrogel networks
[147, 148, 149, 150]. The dynamic nature of dynamic covalent bonds arises from a shift in
equilibrium states under mild conditions, that drive the reactive groups either to bond or
to break appart. In the bonded state, an equilibrium is reached such that a certain number
of covalent bonds are formed to maintain a stable crosslinked network. However, under
a mild stimulus a new equilibrium state is reached where most of the bonds are broken,
resulting in the destruction of the network [150]. The bonding energy of dynamic covalent
bonds is similar or lower than permanent covalent bonds, but higher than weak physical
bonds, as shown in Figure 1.10. Common water-compatible dynamic covalent bonds that
have been used for the synthesis of hydrogels include imine bonds [151, 152], boronate
ester bonds [153], Diels Alder bonds [154, 155, 156], and disulfide bonds [157, 158, 159],
as shown in Figure 1.8.
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Figure 1.8: Reversible covalent bonds. Chemical crosslinking reactions of commonly
used reversible covalent bonds in hydrogels.

In chapter 6, we will incorporate disulfide bonds as a dynamic covalent crosslinks. Disulfide
bonds are commonly found in many natural polymers, such as fibrinogen [160] and col-
lagen [161]. Synthetically, disulfide bonds can be introduced in hydrogels using disulfide
containing crosslinkers such as 3,3’dithiobis(propanoic dihydrazide) [157, 159] or N’N’-
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1.6. Implementation strategies

bis(acryloyl)cystamine (BAC) [158]. They have been used to encapsulate cells [162], or
to form strong hydrogels with reversible adhesion [163]. Disulfide bonds can be cleaved
under mild conditions by reducing agents such as tris(2-carboxyethyl)phosphine [164],
1,4-dithiothreitol [165], and glutathione [166].

1.6.5 Network architecture: ideal networks

Ideal networks are composed of polymer chains that all have the same molecular weight,
the same crosslinking density, and no defects. Close to ideal networks have been fabri-
cated using multi-armed polymers, that are end-functionalized with high efficiency reac-
tive groups. Thanks to the defect-free network, such hydrogels reach extraordinary high
stretchability, as was first demonstrated using 4-armed PEG amine and 4-armed PEG
NHS-glutarate [48, 51]. The very homogeneous network prevents nucleation of cracks in-
side the hydrogels, thus explaining the high stretchability. However, more recent work
have shown that even in ideal networks, the presence of heterogeneity in the molecular
weight of the polymers introduces the presence of sacrificial bonds that delay the final
rupture of the hydrogel [167]. We will present in the following section how this strategy
can be harnessed to develop strong yet stretchable hydrogels.

1.6.6 Network architecture: double networks

The discovery of the double network (DN) effect [60], is arguably the most important
discovery in the field of hydrogel mechanics of the past decades. It enabled the design of
hydrogels that are stiff enough for load-bearing applications, yet overcoming the brittle-
ness intrinsically associated with highly crosslinked polymeric networks. Double network
hydrogels have a toughness that vastly outperforms any other hydrogels, as shown in
Figure 1.9.

In essence, double network hydrogels are composed of a sacrificial highly crosslinked net-
work that is combined with another loosely crosslinked network. The short chains of the
highly crosslinked network account for a high stiffness, and break when overloaded. The
long chains of the loosely crosslinked network bridge ruptured domains of the first net-
work and help distribute the load, preventing catastrophic failure. Collectively, they form
a very tough material, by avoiding local high stress concentrations.

The rigid and brittle polymer network, herein referred as first network, is commonly com-
posed of a polyelectrolyte such as poly(sodium 2-acrylamido-2-methyl-1-propanesulfonate)
(PAMPS), and is polymerized first. The network is soaked in a solution of monomers and
crosslinkers that will constitute the second network. The use of a super absorbent as the
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Figure 1.9: Mechanical tests of a double network (green), of the first network alone
(blue), and of the second network alone (red), adapted with permission from [63].

PAMPS 

PAM

Figure 1.10: Illustration of the double network before (a) and after (b) necking, adapted
with permission from [63].

first network favours the uptake of the monomer solution. The polymerization of the soak-
ing monomer solution constitutes the second network. The swelling of the first network
stretches the crosslinked chains, helping to increase its stiffness and brittleness.

In order to understand why the swelling of a network increases the stiffness of the mate-
rial, we should consider the thermodynamic state of the system before and after swelling.
Before swelling, the chains are free to move between crosslinking points. However, as a
result of the water uptake during swelling, the individual polymer chains are stretched
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which reduces their accessible conformation landscape. The loss of entropy due to chain
stretching is balanced by the gain in entropy of mixing with the solvent molecules [168].
When mechanically stretched, the stored entropic elasticity in the chains of the network
contributes to the initial elastic properties, resulting in an increased stiffness of the mate-
rial.

The soft and ductile network, herein referred as second network, is commonly composed of
a neutral polymer such as poly(acrylamide) (PAM). It has been established that maximum
tensile strength is achieved when the molar concentration of the second network is 20-30
times the first network [63]. The stark contrast between the structures of the two networks
enables strong energy dissipation which hinders crack propagation.

When applying cyclic uniaxial tensile and compression tests on DN hydrogels, researchers
have observed significant hysteresis, unlike with similar single network hydrogels [169].
When load is applied on a single network, all of the work is stored as elastic energy, which
is therefore not dissipated prior to network failure. On the contrary, DNs dissipate energy
prior to total network failure, which is attributed to the fracture of covalent bonds in the
first network. This internal fracture of bonds explains the difference in loading-unloading
cycles, resulting in a hysteresis. In the case of PAMPS-PAM networks, the irreversible
breaking of bonds in the covalent networks explains why the hysteresis is only observed
during the first cycle. Increasing the strain in subsequent cycles reveals a behavior similar
to the Mullins effect, where the (n+1 ) loading cycle initially follows the (n) unloading
stress. At strains higher than the (n) cycle, the (n+1 ) stress follows the curve of the
(n) loading, as schematically represented in Figure 1.11. These observations confirm an
irreversible energy dissipation caused by the breaking of covalent bonds. Additionally, it
was nicely shown that the heterogeneous structure of the PAMPS/PAM networks leads
to very short polymeric strands, that break in significant amounts under load [169].

Single Network

Strain

St
re

ss

(n)

(n+1)

Double Network

Strain

St
re

ss

(n)

(n+1)

dissipated energy 
by the first network

in cycle (N+1)

Figure 1.11: Schematic representation of uniaxial cyclic tensile tests of a single network
versus a double network.
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To better understand the toughening mechanism of DNs, researchers have prepared DNs
with boundary ratios of first/second network concentrations. With a dense first network,
the DN effect vanishes and is replaced by a brittle fracture. However, with a sparse first
network, researchers have observed a necking behavior with a high fracture energy, which
differs from the sudden failure of an equivalent single network. The fracture energy of
single network hydrogels is relatively low, namely 10−1 J·m−2 for a PAMPS network,
or 100 J·m−2 for a PAM network. On the contrary, PAMPS-PAM DN hydrogels have
a 100-1000 times larger fracture energy, ranging from 102 to 103 J·m−2. The necking
behavior of a DN can be explained by the failure of the first network, which is broken into
small clusters, that act as crosslinking anchors of the PAM network. In single networks,
the fracture energy is given by the energy cost of breaking bonds along the crack plane.
Assuming that the fragmentation of the first network follows the Lake-Thomas model, the
fracture of the DN dissipates energy not only along a single plane, but along every small
cluster surface. Therefore the fracture energy of DNs scales with bonds broken within a
volume, rather than along a single crack plane.

The breaking of bonds within a given volume is regarded as the damage zone. Based on
characteristic phenomena observed in DNs mentioned above, researchers have proposed
a fracture model based on localized necking at the crack tip. In this damage zone, the
first network is already fractured into smaller clusters, and the crack tip passes through a
softened loosely crosslinked region. Numerical simulations have shown the damaged zone
to be in the order of 100 µm, which has been later confirmed experimentally.

It has been established that the widespread fracture of the first network is the key to tough
DN hydrogels. Small Angle Neutron Scattering (SANS) has revealed that a widespread
periodic feature of 1.5 µm is present in the stretched network [170]. Such a compositional
fluctuation on a periodic micrometer length scale is only possible if the deformation process
is self-regulating [63]. These observations reveal that the second network is effectively
distributing the load over a widespread region of 100 µm in which the first network is
broken down into much smaller 1.5 µm domains.

A limitation of the toughening mechanism of double networks composed of covalently
crosslinked polymers, is that energy is dissipated irreversibly. Therefore these hydrogels
exhibit a high strength and toughness only the first time they are strained, below their
fracture strength. Thereafter, the first network is irreversibly broken and the mechani-
cal properties do not match those of the pristine material. To overcome this limitation,
researchers have introduced double networks whose first network is crosslinked using re-
versible bonds. This concept has been nicely demonstrated using alginate crosslinked by
Ca2+ ions as first network. Combined with a PAM second network, the resulting double
network effectively recovers parts of its original mechanical properties over time. This

22



1.7. Mechanical reinforcement of metal-coordinated hydrogels

is attributed to the reversible regeneration of the first network by the dynamic Ca2+

crosslinks. As a result, the double network recovers 50 % of its original toughness within
a day of storage time after an initial tensile stress [79]. A faster regeneration of the first
network would greatly benefit a prompt recovery of the pristine mechanical properties.
We will briefly address this limitation in chapter 8.

The double network effect has been observed in various hydrogels compositions, but also
in hydrophobic polymer networks, such as elastomers. Nonetheless, among all studied
double network hydrogels, the combination of PAMPS as first network, and PAM as
second network stands out with exceptional mechanical properties due to the good swelling
properties of PAMPS and the good stretchability of the PAM network [63].

1.6.7 Mesoscale structure: granular hydrogels

As mentioned in section 1.1, good mechanical properties of materials are generally achieved
if well designed not only at the nanoscale, but also at the microscale. The latter is often
overlooked in synthetic hydrogels, which are fabricated from homogeneous solutions. In
section 1.5.3, we have seen that well structured biological protein-based materials are
sometimes assembled from micro-compartments, such as vesicles. Inspired by this strategy,
researchers have used drops as micro-compartments to fabricate the building blocks of
larger hydrogel structures, so-called granular hydrogels. They offer a unique strategy to
control the structure of hydrogels at the microscale. We will discuss in section 1.8 how
granular hydrogels have been used to develop soft materials with peculiar mechanical
properties.

1.7 Mechanical reinforcement of metal-coordinated hydro-
gels

The metal-coordinated hydrogels that were introduced in section 1.6.3 have frequency-
dependent mechanical properties that be tuned with unprecedented control. The mechan-
ical properties of these hydrogels is generally reported using oscillatory strain or stress
relaxation tests due to the prominence of their viscoelastic behavior. Using oscillatory
strain tests, scientists have shown that at a given frequency a metal-coordinated net-
work can be highly dissipative, whereas the same system can be elastically active at the
same frequency if another ion is used [101]. Moreover, most reported hydrogels that
are entirely crosslinked by metal-coordination bonds have both an elastic regime and a
dissipative regime depending on the frequency of the applied strain, or even several dis-
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sipative/elastic regimes if a combination of various ions are used [55]. Similarly, stress
relaxation measurements demonstrate that metal-coordination hydrogels dissipate stress
through network rearrangement over time as a result of the high loss modulus at low
frequencies. Effectively, metal-coordination bonds break and reform . As a result, metal-
coordinated hydrogels tend to flow, limiting their range of applications.

Figure 1.12: Nanoparticles are used as high functionality crosslinks using metal-
coordination bonds to interact with the polymer chains, adapted with permission from
[171].

Moreover, PEG decorated with ligands have been crosslinked using inorganic nanoparticles
instead of single ions. As a result, the nanoparticle which crosslinks several polymers
chains acts as a high functionality crosslink [171, 172]. The kinetics of the such crosslinks
are slower, resulting in an increased relaxation time. In chapter 4, we will investigate
the mechanical properties of pyrogallol decorated PEG that is crosslinked using in-situ
precipitated nanoparticles.

1.8 Mechanical reinforcement of granular hydrogels

To meet the demanding and versatile requirements that advanced biomedical and material
science applications impart on hydrogels, their structure and local composition must be
closely controlled. This requires new processes that offer a superior control over the local
composition of hydrogels and their structures on the nanometer up to the millimeter
lengths scales. A possible route to obtain this superior compositional and structural
control is the use of granular hydrogels.

Granular hydrogels are composed of hydrogel-based microparticles, so-called microgels,
that are densely packed to form an ink that can be 3D printed or cast into macroscopic
structures. They are frequently used as tissue engineering scaffolds because microgels can
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1.8. Mechanical reinforcement of granular hydrogels

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 such that they cannot bear significant loads.

The use of particles to assemble a material offers an additional advantage: It enables
control over the microstructure by tuning the size, size distribution, and packing density
of the microgels. Moreover, it eases the manufacturing of macroscopic materials possessing
well-defined 3D shapes through dip-coating [173] and injection [174, 12, 175, 176]. The
use of particles decouples the rheological properties of the precursor solution from those of
the ink, unlike commonly used inks for 3D printable hydrogels that are based on a viscous
shear thinning behavior [13]. This asset even enables 3D printing of structures possessing
intricate shapes that cannot be fabricated with casting methods [177, 178].

1.8.1 Characteristics of microgels based materials

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 [20, 21]. Microgels are commonly fab-
ricated from emulsion drops that are filled with appropriate reagents. These drops are
formed through batch emulsification procedures, electrohydrodynamic spraying, or mi-
crofluidics and converted into microgels by solidifying the reagents contained in them, as
sketched in Figure 1.13. Alternatively, microgels are fabricated through lithography, or
mechanical fragmentation, as shown in Figure 1.13. Typically, microgels are fabricated
from biopolymers, monomers, or oligomers. Commonly used biopolymers include alginate,
gelatin and hyaluronic acid with molecular weights superior to 20 kDa; these biopolymers
are often functionalized with multiple reactive groups for crosslinking, that are covalently
connected to their chains. Monomers are most commonly based on acrylates or methacry-
lates that can be solidified through radical polymerization reactions. The most frequently
reported oligomer is PEG, often composed of multi-armed telechelic chains. 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 centrifuga-
tion or vacuum filtration to form a shear thinning ink that can be further processed into
macroscopic materials [179].
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Figure 1.13: Examples of microgel fabrication techniques. (a) Batch emulsions are
prepared from immiscible liquids, here oil and an aqueous solution, to generate drops that
are crosslinked to form microgels. (b) Microfluidic emulsions are prepared in a microfluidic
device, enabling the formation of monodisperse drops which are crosslinked into microgels.
(c) Lithography, here sketched as photolithography, can be used as templates for microgel
fabrication with precise shapes. (d) Electrohydrodynamic sprayed drops are generated
by applying electrical forces, and are then crosslinked into microgels. (e) Mechanical
fragmentation can be used to fragment bulk hydrogels into smaller microgels. Blue shading
refers to hydrogel precursor solutions, green shading refers to crosslinked hydrogel or
microgels. Adapted with permission from [20]

Jammed microgels as inks

Jammed microgels form a soft viscoelastic material that displays peculiar rheological prop-
erties [180]. Unlike microgels that are dispersed in water, jammed microgels are physically
constrained by their neighbors limiting their mobility. In the jammed state, individual
microgels are held together by weak interparticle forces, that impart elasticity to the me-
dia. The weak adhesive forces between soft microgels are associated with interstitial liquid
bridges that form between adjacent microgels or frictional forces [181, 182]. Jammed mi-
crogels 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,
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in stark contrast to hard spheres [183]. These properties are closely correlated to the pack-
ing degree, which is higher for soft deformable particles than for hard counterparts.

Microgel ink
Curing

Granular Hydrogel

F

Figure 1.14: Jammed microgels are 3D printed to form complex structures. The micro-
gels are then cured to yield the final solid granular hydrogel.

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 Figure
1.14, and contributes to the good shape fidelity of 3D printed granular objects.

1.8.2 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 engineering applications. However,
they prevent the use of these materials for load-bearing applications. The mechanical
properties of granular hydrogels can be improved by strengthening inter-particle interac-
tions, for example by crosslinking adjacent particles through strong physical or chemical
links, herein referred as curing. This curing step imparts elasticity to the granular hydro-
gels beyond the yield stress of the original jammed microgels, as sketched in Figure 1.14.
More generally, the mechanical properties of granular hydrogels can be tuned with the
inter-particle crosslinking strategy. 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. Here, we will classify the strategies used to connect adjacent
microgels into binding mechanism groups, namely covalent crosslinking of adjacent micro-
gels, the use of binders and additives, supramolecular interactions, and interpenetrating
networks, as summarized in Figure 1.15d-i. We will discuss the impact of the inter-particle
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binding strategy on the elastic properties of granular hydrogels, such as the oscillatory
storage modulus, the compressive modulus, and the tensile Young’s modulus.
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Figure 1.15: 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).
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Radical methacrylate polymerization

Microgels can by 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 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. Methacrylates are particularly suited
for biomedical applications because they are biocompatible [184] and react under ambient
wet conditions [185].

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 [178, 186, 187]. For example, micro-
gels composed of thermally gelled gelatin, or ionically crosslinked alginate, expose dan-
gling 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 [178, 187, 188, 189] to 10 kPa [190]. Within
60 s of moderate UV exposure (10 mW·cm−2), jammed microgels are converted into gran-
ular hydrogels with a compressive modulus of 100 kPa and a tensile modulus of 30 kPa
[190]; these mechanical properties are similar to those of a human muscle. However, rad-
ical polymerization is prone to oxygen quenching, which can compromise the crosslinking
efficiency and lead to inferior mechanical properties of granular hydrogels [185]. Further-
more, despite the increased biocompatibility of methacrylate radical reactions compared
to those of acrylates, free-radical reactions are incompatible with certain biologically ac-
tive tissues. Residual free radicals can induce oxidative stress on human tissues, which is
associated to serious chronic diseases such as cancer and osteoporosis [191].
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Table 1.1: List of reported granular hydrogels as a function of their interaction type.

Interaction Microgel Microgel Polymer G’ Ec Et ref
type composition size content

(µm) (wt%) (kPa) (kPa) (kPa)
Ox. Alg-MA 300 2.5 1 - - [178]

Gel-MA 140 20 1 100 30 [187]Biop.
Gel-MA 90 20 10 50 - [190]

Rad.
Pol.

PEG 4-PEG-MAL-
MA (20 kDa) 75 6.6 2.4 - - [188]

Biop. HA-Acryl.+di-
SH 74 3.5 - 1.0 - [189]

Click
PEG

4-PEG-Azide
(10 kDa)+8-
PEG-Alkyne

(20 kDa)
10-
100 10 -

2.1-
3.3 - [192]

HA-Acryl.+di-
SH 74 3.5 - 0.9 - [189]Biop. HA-Acryl.+di-
SH 45 3.5 - 1.5 - [193]

4-PEG-VS (20
kDa) + di-SH

30-
150 5 0.3 - - [194]

4-PEG-VS (20
kDa) + di-SH 100 4-12

0.5-
2.6 - - [195]

8-PEG-VS (20
kDa) + di-SH

100-
107 3-12

0.5-
13.5 - - [196]

4-PEG-VS (20
kDa) + di-SH 100 5 0.65 - - [6]
4-PEG-VS (20
kDa) + di-SH 100 5 0.5 - - [197]

Covalent

Enzym.

PEG

4-PEG-MAL
(10kDa)+4-
PEG-SH(10

kDa) 38 1.8-2 - 9-18 - [198]
HA-AdNB+di-

SH. Binder:
HA-CD/AdNB 45 3 6 - - [12]

HA-NB+di-
SH. Binder: 4-
PEG-tetrazine

(20 kDa) 86 2.5 0.2 - - [199]
HA-NB+di-

SH. Binder: 4-
PEG-tetrazine

(20 kDa) 86 3.5 1.0 - - [200]
HA-NB+di-

SH. Binder: 4-
PEG-tetrazine

(20 kDa) 126 9.7-15.0
0.3-
2.0

1.6-
4.5 - [201]

Binder /
Additives Click Biop.

HA-NB+di-
SH. Binder: di-

SH 100 2 - 5 - [177]
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Table 1.1: List of reported granular hydrogels as a function of their interaction type
(continued).

Interaction Microgel Microgel Polymer G’ Ec Et ref
type composition size content

(µm) (wt%) (kPa) (kPa) (kPa)
2-PEG-NB(5-

20kDa)+2-
PEG-SH(3.4

kDa).Binder:2-
PEG-SH(3.4

kDa) 200 11.3-15.1
0.2-
1.5 - - [202]

Click PEG 2-PEG-NB(5-
20kDa)+2-

PEG-SH(3.4
kDa).Binder:2-
PEG-SH(3.4

kDa)
200-
500 10-15 1 - - [203]

NHS
coupling Biop.

Gel-NB+2-
PEG-SH(2

kDa).Binder:4-
PEG-NHS(20

kDa) 600 4 2 1.5 - [204]

Binder

Matrix Biop. Gel-TG.Binder:
Gel-TG

120-
300 5-15 - -

14.4-
56.8 [205]

Carboxy-Cellul.
Nanofibrils 10 1

0.7-
1.0 - - [206]Coord.

bonds - Biop. HA-MA-gallol.
Binder:Gallol

+Ag+ - - 0.13 - - [176]

Biop.
Gel-MA+
Chito-MA 170 10 3.1 - - [186]Electro.

inter. -

Mon.
PNaSS +
MPTC - 58 - - 4’000 [131]
PAMPS
+PAM

10-
200 - - - 250 [173]Inter.

network - Mon.
PAMPS
+PAM 65 13.6-45.7 - -

20-
570 [207]

Click chemistry reactions

Click chemistry reactions occur between two well-defined chemical moieties that covalently
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 [208, 209]. In particular,
two types of thiol-ene reactions have gained attraction. The first is a photo-mediated
radical crosslinking method between molecules containing thiols and those containing -
enes. This method is particularly widely used by the biomaterial community owing to
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the vast range of available starting materials [210]. The second heavily used reaction, is
a base-catalyzed Michael-type conjugate addition of thiols to electron deficient alkenes
such as acrylates, vinyl sulfones and maleimides [211, 212, 213]. 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 [214, 215]. While both these
crosslinking strategies have been used to synthesize microgels [6, 12, 177, 188, 189, 194,
193, 202, 199, 195, 196, 200, 201, 197, 216, 198, 203], they are much more rarely used
to cure 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 [217]. This approach requires
a very high control over stoichiometric ratios of the reagents, and is synthetically more
involved than radical polymerization reactions, 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 surface. 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 [217].

Enzymatic coupling reactions

Enzymes drive reactions with product selectivity and yields beyond what is achieved
by engineered catalysts. One of the most prominent examples of enzymatically driven
mechano-morphing events is the formation of blood clots during hemostasis [192, 218].
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 enzyme XIIIa.
This fast and selective process inspired the use of enzyme XIIIa as the curing agent of
synthetic granular hydrogels [6, 174, 189, 193, 195, 196, 197, 216, 198]. 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 macroscopic 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
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hydrogels by inducing the mineralization of amorphous calcium phosphate [219]. Taking
advantage of these insights, the vast range of available enzymatically driven reactions
could be harnessed to crosslink microgels. However, to take full advantage of the insights
gained in bulk hydrogels, 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 ensure an efficient load transfer between adjacent
microgels, which would translate into an increased stiffness of the granular hydrogels.

Binder and additives

An alternative approach to firmly connect microgels is to embed them in a matrix. 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 binders are used to connect adjacent particles 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 reaction, here norbornene-thiol. The molar ratio of the reagents
contained 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 solution containing
linear PEG that was end-functionalized with thiol groups [202]. Another study reports the
use of a curing solution containing a short di-thiol molecule and norbornene-functionalized
hyaluronic acid, which efficiently 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 very short. As a result, these granular hydrogels displayed a compressive
modulus of 5 kPa [177]. 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.

Binders can be composed of low molecular weight polymers that possess a high mobility.
Even if 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 – 1.5 kPa [202, 203]. This result demonstrates that even low molecular weight
crosslinkers 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
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maximizing the contact area between adjacent microgels. Alternatively, microgels 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 – 2 kDa and compressive moduli in the range of 1 – 5 kPa [199, 200, 201,
204]. The storage modulus can be increased up to 6 kPa if higher molecular weight
multi-functionalized biopolymers are used, such as hyaluronic acid (HA) [12]. 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 local binding 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 composite has a Young’s
modulus under tension of 40 kPa, 8-times that of the matrix alone, because gelatin chains
physically interact with the microgels [205]. However, the control over the microstructure
of the resulting composites is very limited because the microgels are not jammed and
randomly distributed within the matrix material.

Physical and coordination bonds

Previously discussed granular hydrogels are mostly composed of microgels that are ir-
reversibly bonded to each other through covalent bonds. Irreversible inter-particle con-
nections typically result in rather brittle granular hydrogel, because microgels cannot
re-arrange if subjected to stress, and the mechanisms that dissipate energy and thereby
prevent a catastrophic failure are very limited. This shortcoming can be overcome if
microgels are reversibly crosslinked through physical interactions, coordination bonds or
dynamic covalent bonds. For example, microgels composed of carboxylated cellulose have
been cured by exposing them to a Ca2+-containing solution. The resulting granular hy-
drogels whose microgels are physically connected to each other possess storage moduli
between 0.5 – 1 kPa, similar to those of microgels that have been connected with covalent
binders [206]. Stronger inter-particle bonds can be formed if metal-ligand coordination
chemistry is used, whose binding strength is close to the one of covalent bonds [220].
Extensive research has been done on harnessing coordination chemistries to design dy-
namic, viscoelastic, self-healing bulk hydrogels whose mechanical properties can be tuned
with the choice of the type of chelator and metal ion [112]. A similar strategy has been
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employed to link adjacent microgels that have been functionalized with pyrogallols. Py-
rogallols possess a high affinity to certain metal ions, such as Fe3+. Moreover, they can
catalyze the reduction of certain ions, such as Ag+, resulting in the formation of silver
nanoparticles. The latter strategy was used to fabricate granular hydrogels whose grain
boundaries 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 [176]. 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.

Electrostatic interactions

The marine sandcastle worm uses a variety of supramolecular interactions to form strong
granular media. These fascinating mechanical properties 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 perco-
lating polyelectrolyte network was swollen with oppositely charged monomers to form a
secondary network. Importantly, the second network was formed in a saline solution to
speed up the swelling of the first network that ensures a homogeneous distribution of the
second type of monomers also within the microgels [131]. The resulting swollen micro-
gels 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 electrostatic interactions between microgels resulting from a high density of
charges 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 [131]. Interestingly, the use of saline solution to screen
ionic bonding, as a reversible on/off switch of electrostatic 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 [186]. 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
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charged microgel surfaces, and the limited contact areas between adjacent microgels.

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 cohesion of
the percolating network. Microgels dispersed in a hydrogel matrix can act as reinforcing
fillers [221] because they contribute sacrificial bonds to the microgels. 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 [173]. We
will further investigate this strategy in chapters 5 and 6 to fabricate strong and tough
granular hydrogels.
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CHAPTER 2

Scope of the thesis

Hydrogels have the potential to revolutionize how we think about soft materials in various
applications such as the biomedical field or soft robotics. A key limitation is often related
to the inadequate mechanical properties of hydrogels, which lack a combination of high
strength and toughness. As a result of intensive research in the field, various strategies have
emerged to mechanically reinforce hydrogels. However, an important challenge remains to
combine these reinforcing strategies with a good manufacturability. In this thesis, I aim
at investigating reinforcement strategies, such as metal-coordination and double networks,
and combine them with state of the art manufacturing techniques, such as 3D printing.
With this work, I hope to contribute to the field of soft materials, by presenting novel
methods for processable load-bearing hydrogels.

Structure of thesis

This thesis is organized in five following chapters. First, we will present the materials and
methods in chapter 3, used to establish our discoveries. The following chapters 4, 5 and 6,
are based on published work, in which I personally contributed as first author or co-first
author. In each of these chapters, we investigate a strategy to reinforce hydrogels, and
in the last two chapters we present a combination of reinforced hydrogels and improved
manufacturability. Finally, chapter 8 contains the conclusions and an outlook towards the
open problems along the different directions explored in the thesis.
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CHAPTER 3

Materials and methods

3.1 Materials

All reagents are used as received: Acrylamido-2-methylpropane sulfonic acid (AMPS)
(Sigma-Aldrich, 282731), acrylamide (AM) (Sigma-Aldrich, A4058), N,N’-methylene bis-
acrylamide (MBA) (Carl Roth, 7867.1), 2-hydroxy-2-methylpropiophenone (PI) (Sigma-
Aldrich, 405655), mineral oil light (Sigma-Aldrich, 330779), Span80 (TCI Chemicals,
S0060), sulforhodamine B sodium salt (Sigma-Aldrich, S1402), fluorescein disodium salt
(Carl Roth, 5283.1), ethanol (Sigma-Aldrich, 459844). We used deionized water with a
resistivity of 18.2 MOhm·cm−1.

3.2 Metal-coordinated hydrogels

3.2.1 Synthesis of PEG-COOH

PEG-OH is functionalized with carboxylic groups, using protocols previously established
[55] and shown in Figure 3.1. In short, we add 30 g of OH-terminated linear PEG (6 kDa)
and 600 mL H2O to a 1 L round bottom flask and stir the solution. Once the PEG has
dissolved, 200 mg (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and 200 mg sodium
bromide (NaBr) are added. After a homogeneous solution is formed, 110 mL of aqueous
sodium hypochlorite (NaClO) (10 - 20 % available chlorine) is added. The solution is
stirred for 30 min while continuously monitoring the pH. The pH is maintained between
10 and 11 with 1 M NaOH. To halt the reaction, 50 mL of ethanol is added, and the
pH is decreased to 2 by adding 12.1 M HCl. The aqueous mixture is extracted with
four portions of 150 – 200 mL dichloromethane (DCM). The combined organic layers are
extracted with 700 mL Milli-Q H2O and dried with MgSO4. After filtering, the DCM is
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3. Materials and methods

removed by rotary evaporation. The crude PEG-COOH is purified by precipitating in -20
◦C methanol and freeze dried for 24 h. Any PEG-COOH not immediately used is stored
at -20 ◦C.

HO
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Figure 3.1: Conversion of poly(ethylene glycol) (PEG) (a) to poly(ethylene glycol) di-
carboxy (PEG-COOH) (b). Primary alcohol endgroups are converted to aldehyde and
then carboxy groups following a selective oxidation reaction using oxoammonium salt as
catalyst [222].

3.2.2 Synthesis of 2gPEG

PEG-COOH is converted to 2gPEG, using protocols previously established [55] and shown
in Figure 3.2. In brief, 1.39 g PEG-COOH, 50 mL DMF, and 25 mL CH2Cl2 are added
to a 250 mL round bottom flask and mixed until the PEG-COOH is completely dissolved.
5-hydroxydopamine hydrochloride (1.05x mol eq. relative to -COOH) and (benzotriazol-
1-yloxytripyrrolidinophosphonium hexafluorophosphate) (PyBOP) (1.05x mol eq. rel-
ative to -COOH) are sequentially added and mixed until completely dissolved. N,N-
Diisopropylethylamine (DIPEA) (1.05x mol eq. relative to -COOH) is added to start the
reaction, which proceeds at room temperature for 2 h. The reaction solution is reduced via
rotary evaporation to remove the DCM. The crude 2gPEG (di-hydroxydopamine PEG)
is purified by precipitation in acidified diethyl ether, and dried using rotary evaporation.
The product is dissolved in Milli-Q water (pH = 5) in a falcon tube (50 mL). The tube
is centrifuged for 10 min at 4000 rpm, and filtered using filter paper. The clear solution
is extracted in DCM and dried with MgSO4. The organic phase is dried using rotary
evaporation. The crude 2gPEG is purified by precipitation in diethyl ether.
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Figure 3.2: Conversion of di-carboxy (PEG-COOH) (a) to poly(ethylene glycol) di-
pyrogallol (2gPEG) (b) by coupling the amine group of 5-hydroxydopamine to the carboxy
group of PEG-COOH.

3.2.3 Synthesis of 2cPEG

2cPEG is prepared similarly to 2gPEG, by replacing 5-hydroxydopamine chloride with
dopamine hydrochloride, as shown in Figure 3.3.
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Figure 3.3: Conversion of di-carboxy (PEG-COOH) (a) to poly(ethylene glycol) di-
catechol (2cPEG) (b) by coupling the amine group of dopamine to the carboxy group of
PEG-COOH.

3.2.4 Spectroscopy of synthesis products

To investigate the coupling of 5-hydroxydopamine and PEG, we perform FTIR spec-
troscopy on dry PEG, PEG-di-COOH and 2gPEG using a 6700 Nicolet (Thermo Fischer
Scientific) spectrometer. We confirm the successful 2-step synthesis by the observation
of the vibrational stretch of the carboxylic C=O bond at 1750 cm−1 in PEG-di-COOH
and the observation of the amide I and II stretches at 1650 and 1550 cm−1 respectively of
2gPEG, as shown in Figure 3.4. To further confirm the presence of catechol and pyrogallol
coupled onto PEG, we dissolve 2cPEG and 2gPEG in D2O, and 1H spectra are taken on a
Bruker AVANCE III 400 MHz spectrometer and processed using the MestReNova software
(www.mestrelab.com). Chemical shifts are reported in ppm relative to tetramethylsilane.
The presence of the catechol and pyrogallol are confirmed with NMR spectra for 2cPEG
and 2gPEG respectively, as shown in Figure 3.5. Spectrum of 2cPEG: 1H NMR (400
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MHz, Deuterium Oxide) δ 6.78 (d, J = 8.1 Hz, 1H), 6.72 (s, 1H), 6.64 (dd, J = 8.1, 2.1
Hz, 1H). Spectrum of 2gPEG: 1H NMR (400 MHz, Deuterium Oxide) δ 6.32 (s, 2H).

a b

c

d

Figure 3.4: (a,b) FTIR spectra of 2gPEG (top, blue), PEG-di-COOH (middle, or-
ange), and PEG (bottom, grey). The carboxylic end-group functionalization of PEG
is validated by the C=O stretch at 1760 cm−1. The further coupling of the carboxylic
group with the amine of 5-hydroxydopamine is validated by the presence of the amide I
and II stretches at 1650 and 1550 cm−1 respectively. (c) Chemical structure of the 2gPEG
molecule. (d) Chemical structure of the 2cPEG molecule.

3.2.5 Preparation of 2gPEG hydrogels

For a 100 µL hydrogel sample, 10 mg of 2gPEG is dissolved in milli-Q water, in Vwater

= 100 µL - Vion - Vbase. A solution containing 1 M of the appropriate ion chloride
solution is prepared separately, and diluted in the water solution. The resulting solution
is deposited on a piece of parafilm. The adequate volume of 1 M NaOH is added, and
manually mixed with the solution by folding the parafilm onto itself until the hydrogel
appears homogeneous.
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3.2. Metal-coordinated hydrogels

a

b

Figure 3.5: 1H NMR spectra of 2gPEG (top) and 2cPEG (bottom) in D2O. Spectrum
of 2gPEG: 1H NMR (400 MHz, Deuterium Oxide) δ 6.32 (s, 2H). Spectrum of 2cPEG: 1H
NMR (400 MHz, Deuterium Oxide) δ 6.78 (d, J = 8.1 Hz, 1H), 6.72 (s, 1H), 6.64 (dd, J
= 8.1, 2.1 Hz, 1H).

3.2.6 Rheological characterization

Rheometry is performed using a DHR-3 TA Instruments rheometer, with an 8 mm diame-
ter plate-plate steel geometry. The gap is set to 1000 µm. Stress relaxation measurements
are made using an initial 10% step strain, followed by a continued monitoring of the mod-
ulus as a function of time over 1000 s. The sample is allowed to relax for 600 s at the set
temperature before starting a measurement. Frequency sweeps are made at 25◦C, using
a 1% strain; the sample is allowed to initially relax for 600 s.

3.2.7 Stress relaxation model

The recorded modulus (G(t)) is fitted using a Kohlrausch stretched exponential relaxation
model, G(t)=G0 exp[−(t/τ )α] where 0 < α < 1 and τ(T)= τ0 exp[Ea/kT ]; here G0 is the
plateau modulus, τ the characteristic relaxation time, α the Kohlrausch exponent, and
Ea the dissociation energy of the metal-ion complex. The characteristic relaxation time
is temperature-dependent (Figure 3b for Ca2+). We use this dependence to extract the
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dissociation energy by fitting the data to the model. The final Kohlrausch exponent is
averaged over the measured temperature.

3.2.8 Rheometric data analysis

Data is exported using the TA Instrument TRIOS software
(www.tainstruments.com), and extracted using a python script into DAT files
(www.python.org). The fitting is done using the Anaconda library (docs.anaconda.com),
using the curve fit function.

3.2.9 SAXS method and data analysis

The following SAXS data analysis was performed by our collaborator Viviane Lutz-Bueno.
The particle size is estimated from transmission electron microscopy (TEM) images that
were taken by Lucas Güniat, shown in Figure 4.5b. The correlation lengths are deducted
from small-angle scattering (SAXS) of the hydrogels in capillaries. We use a Kratky
system (Bruker). The low pH 2gPEG solution is used as the background for the solutions
at low pH. Only the empty sample holder is used as the background correction for the gels.
All curves are corrected by sample transmission and exposure time. All measurements are
performed at room temperature. The intensity I is radially integrated as a function of the
scattering vector q. The scattering intensity I(q) is fitted non-linearly by [223]:

I(q) = IL(0)
(
1 + q2ξ2

)−1
+ IG(0)exp

(
−q

2ψ2

2

)
(3.1)

Where IL (0) is the linear coefficient of the Lorentzian and IG (0) of the Gaussian. ξ

and ϕ are varied iteratively to minimize the variance between the data and Equation
1. The first term arises from the solution-like, “free” polymer chains. The second term
arises from the polymer chains fixed at the junction points. At the measured q-range,
no contribution from the ions/particles are observed. For the fitting, we use the SasView
software (www.sasview.org) and the gel lorenz gaussian model [224].

3.2.10 Resonance Raman characterization

A Renishaw Raman spectrometer, equipped with a confocal microscope, a 785 nm laser
line, a 1200 l/mm grating and a Renishaw camera is used. For each spectrum the average
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3.3. Double network granular hydrogels

of 60 exposures of 1 s each is taken. The peaks at 806 and 1140 cm−1 can be assigned
to PEG [225]. The peaks at 1251-1270, 1312-1322, 1416-1423, 1468-1476 cm−1 can be
assigned to the catechol ring vibration [107]. The Raman spectrum of synthesized dry
2gPEG is shown in Figure 3.6.

Figure 3.6: Raman shift spectrum of 2gPEG in the dry state.

3.2.11 XRD characterization

Measurements are made on an Empyrean system (Theta-Theta, 240 mm) equipped with a
PIXcel-1D detector, Bragg-Brentano beam optics (including hybrid monochromator) and
parallel beam optics. A reflection transmission spinner is used.

3.3 Double network granular hydrogels

3.3.1 Preparation of PAMPS microgels

An aqueous solution containing 30 wt% AMPS, 3.5 mol% MBA, and 3.5 mol% PI is
prepared, unless specified differently. The aqueous phase is emulsified with a mineral oil
solution containing 2 wt% Span80. The volume fraction of water is set to 25%. The
water-in-oil emulsion is stirred while being illuminated with UV light (OmniCure S1000,
Lumen Dynamics, 320-390 nm, 60 mW/cm2) for 5 min to convert drops into microgels.

45



3. Materials and methods

The resulting PAMPS microgels are transferred into ethanol and centrifuged at 4700 rpm
for 15 minutes (Mega Star 1.6R, VWR) to remove the oil. The supernatant is discarded,
and the process is repeated three times with ethanol and three times with water. Clean
PAMPS microgels are resuspended in water for storage. To render microgels fluorescent,
we add 0.05 mg of sulforhodamine B sodium salt or fluorescein disodium salt per mL of
microgel solution.

3.3.2 Preparation of jammed PAMPS microgel ink

The solution containing dispersed PAMPS microgels is centrifuged and the supernatant
is exchanged with excess aqueous solution containing 20 wt% AM, 0.2 mol% MBA, and
1.5 mol% PI. Microgels are soaked overnight. The solution containing PAMPS microgels
is vacuum filtrated (Steriflip 50 mL tube, 0.22 µm, Millipore) to yield a jammed microgel
ink.

3.3.3 Preparation of molded DNGHs

The granular ink is casted into Teflon molds of cylindrical (d = 8 mm, h = 2 mm) or
rectangular (15 x 5 x 2 mm3) shape, for compression and tensile measurements respectively.
The samples are crosslinked for 5 min under UV light (UVP CL-1000, Analytik Jena, 365
nm, 2 mW/cm2).

3.3.4 Preparation of bulk double network hydrogels

An aqueous solution containing 30 wt% AMPS, 3.5 mol% MBA, and 3.5 mol% PI is
prepared. The AMPS solution is casted into Teflon molds for tensile measurements. The
samples are crosslinked for 5 min under UV light (UVP CL-1000, Analytik Jena, 365 nm,
2 mW/cm2). PAMPS hydrogels are immersed overnight in an aqueous solution containing
20 wt% AM, 0.2 mol% MBA, and 1.5 mol% PI. Soaked samples are then exposed to UV
illumination for 5 minutes to trigger the PAM second network percolation.

3.3.5 3D printing of DNGHs

The jammed microgel ink is loaded in a 3 mL Luer lock syringe. To remove trapped air,
the syringe is sealed and centrifuged at 4700 rpm for 1 min. Additive manufacturing of
jammed microgels is performed with a commercial 3D bioprinter (Inkredible+, Cellink).
The granular ink is extruded from a conical nozzle (410 µm) through a pressure driven

46



3.3. Double network granular hydrogels

piston (30 kPa). Printing is controlled through G-code commands that are generated by a
built-in machine software (Cellink HeartWare). Printing is performed on a glass substrate
with a starting gap of 0.1 mm. Printed structures are crosslinked by exposing them to
UV light (UVP CL-1000, Analytik Jena, 365 nm, 2 mW/cm2) for 5 min.

3.3.6 Rheology of jammed PAMPS microgels

Rheology is performed on a DHR-3 TA Instrument with an 8 mm diameter parallel plate
steel geometry. All measurements are performed at 25◦C, with an 800 µm gap. Frequency
dependent viscosity measurements are made at 0.5% strain. Amplitude sweep is performed
at 1.0 rad/s oscillation. Self-healing measurements are performed at 1.0 rad/s, alternating
200 s at 1% strain, with 200 s at 30% strain. Samples are allowed to relax for 200 s at
the set temperature before a measurement starts. Stress relaxation measurements are
made for crosslinked and uncrosslinked microgels with an initial step strain of 10% and
measured for 10 s. The gelation measurement is done at 1% strain and 10 rad/s frequency
for 250 s. The liquid sample is loaded on the rheometer, and the UV lamp is switched on
at t = 25 s to initiate the polymerization reaction.

3.3.7 Mechanical characterization of DNGHs

Tensile measurements are performed with a commercial machine (zwickiLine 5 kN, 100
N load cell, Zwick Roell). Rectangular DNGH are mounted and stretched at a constant
velocity of 100 mm/min. The Young’s modulus is calculated as the slope of the initial
linear region (from 5% to 15% strain). The toughness is calculated as the area below the
stress-strain curve of an un-notched sample until fracture. The quantity is expressed as
the energy absorbed until fracture per unit volume (J/m3). Compression measurements
are performed on a rheometer equipped with a parallel plate geometry (DHR-3, 50 N load
cell, TA Instrument). Cylindrical DNGH are compressed at a constant velocity of 1.2
mm/min until 60% strain is reached.

3.3.8 Dry polymer content and EWC

Dry Polymer Content and EWC. The dry polymer content of AMPS microgels and DNGHs
is calculated as the ratio of dry sample weight over as-prepared weight (Wd/Wap·100).
The equilibrium water content (EWC) is calculated as the ratio of dry sample weight over
fully swollen sample weight (Wd/Ws·100).
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3.4 Recyclable double network granular hydrogels

3.4.1 Materials

Acrylamido-2-methylpropane sulfonic acid (AMPS) (Sigma-Aldrich, 282731), N,N’-methylene
bisacrylamide (MBA) (Carl Roth, 7867.1), 2-hydroxy-2-methylpropiophenone (PI) (Sigma-
Aldrich, 405655), mineral oil light (Sigma-Aldrich, 330779), Span80 (TCI Chemicals,
S0060), ethanol (Sigma-Aldrich, 459844), acrylamide (AM) (Sigma-Aldrich, A4058), N,N’-
Bis(acryloyl)cystamine (BAC) (Alfa Aesar, J66893), Tris(2-carboxyethyl)phosphine HCl
(TCEP) (Combi-Blocks, OR-5119), methylene blue hydrate (Acros Organics, 229801000)
are all used as received.

3.4.2 Preparation of PAMPS microgels

PAMPS microgels were prepared following the protocol described in section 3.3.1. Briefly,
an aqueous solution containing 25 wt% AMPS, 3.5 mol% MBA, and 3.5 mol% PI is
prepared, unless specified differently. The aqueous phase is emulsified with a mineral oil
solution containing 2 wt% Span80. The volume fraction of water is set to 25%. The
water-in-oil emulsion is stirred while being illuminated with UV light (OmniCure S1000,
Lumen Dynamics, 320-390 nm, 60 mW/cm2) for 5 min to convert drops into microgels.
The resulting PAMPS microgels are transferred into ethanol and centrifuged at 4700 rpm
for 15 min (Mega Star 1.6R, VWR) to remove the oil. The supernatant is discarded,
and the process is repeated three times with ethanol and three times with water. Clean
PAMPS microgels are resuspended in water for storage.

3.4.3 Preparation of rDNGHs

The solution containing dispersed PAMPS microgels is centrifuged at 4500 rpm for 10 min
and the supernatant is exchanged with excess aqueous solution containing 30 wt% AM,
0.1 mol% BAC, and 1.5 mol% PI. The solution containing PAMPS microgels is centrifuged
at 4700 rpm for 15 minutes and further jammed over filter paper. The granular paste is
casted into dog-bone shaped Teflon molds and crosslinked under UV irradiation (UVP
CL-1000, Analytik Jena, 365 nm, 2 mW/cm2) for 5 min.
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3.4.4 3D printing of rDNGHs

The jammed microgel ink is loaded in a 3 mL Luer lock syringe. To remove trapped
air, the syringe is sealed and centrifuged at 4700 rpm for 1 min. 3D printing of jammed
microgels is performed with a commercial 3D bioprinter (BIO X, Cellink). The granular
ink is extruded from a conical nozzle (410 µm) through a pressure driven piston (30 kPa).
Microgels are dyed with 0.001 mg/mL methylene blue for visualization.

3.4.5 Degradation and recycling of rDNGHs

Crosslinked rDNGH samples are immersed in 50 mM TCEP aqueous solution at pH 9,
unless specified differently. The solution is left to stir at 300 rpm until complete rDNGH
dissolution is observed. Degradation kinetics is monitored through gravimetric analysis.
Dispersed microgels are recovered through centrifugation at 4700 rpm for 15 min. Recov-
ered particles are washed in excess water and centrifuged. The process is repeated three
times. Recovery yield is calculated as the weight of recovered microgels with respect to the
initial microgel weight. Cleaned microgels are reused as pristine ones for the preparation
of new rDNGH samples.

3.4.6 Resonance Raman characterization

Samples are characterized using a Renishaw Raman spectrometer, equipped with a con-
focal microscope, a 785 nm laser line, a 1200 l/mm grating and a Renishaw camera. Each
spectrum is taken as the average of 500 exposures of 1 s at 125 mW laser power.

3.4.7 Rheology of pristine and recycled PAMPS microgels

Rheology is performed on a DHR-3 TA Instrument with an 8 mm diameter parallel plate
steel geometry. All measurements are performed at 25 ◦C, with an 800 µm gap. Amplitude
sweeps are performed at 1.0 rad·s−1 oscillation.

3.4.8 Mechanical characterization of rDNGHs

Tensile measurements are performed with a commercial machine (AllroundLine Z005, 50
N load cell, Zwick Roell). Dog-bone shaped rDNGHs are mounted and stretched at a
constant velocity of 100 mm/min. The Young’s modulus is calculated as the slope of
the initial linear region (from 5% to 15% strain). Three-point bending measurements are
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performed on rectangular beams (20.0 x 10.2 x 1.4 mm3). The load is applied by a central
roller (d = 3 mm) at a displacement rate of 1 mm/min. The sample is placed on two
cylindrical rollers (d = 3 mm) spaced 16 mm apart. The flexural modulus is calculated
as the slope of the initial linear region (from 0.1% to 0.3% strain).
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CHAPTER 4

Shape retaining self-healing
metal-coordinated hydrogels

In this chapter, I present a metal-coordinated hydrogel based on pyrogallol functionalized
PEG. I observe that the ionically crosslinked network has shape retaining yet self-healing
properties. I investigate the use of precipiated inorganic nanoparticles, that act as high
functionality crosslinks. As a result, this hydrogel displays exceptional solid-like mechan-
ical properties as compared to other metal-coordinated hydrogels.

This chapter is adapted from the paper entitled “Shape retaining self-healing metal-
coordinated hydrogels” authored by Alvaro Charlet, Viviane Lutz-Bueno, Raffaele Mezzen-
ga and Esther Amstad. A. Charlet and E. Amstad designed the experiments. V. Lutz-
Bueno and A. Charlet performed the SAXS measurements. V. Lutz-Bueno analyzed the
SAXS data. A. Charlet performed all other experiments. A. Charlet and E. Amstad
analyzed the data and wrote the manuscript.
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4.1 Abstract

Metal-coordinated hydrogels are physical hydrogels entirely crosslinked by complexes be-
tween ligand decorated polymers and metal ions. The mechanical properties of these
hydrogels strongly depend on the density and dynamics of the metal-coordinated interac-
tions. Most commonly, telechelic metal-coordinated hydrogels contain catechol or histi-
dine ligands although hydrogels containing a stronger complexation agent, nitrocatechol,
have been reported. Here, we introduce a pyrogallol end-functionalized polymer that
can be crosslinked with di- and trivalent ions, in contrast to previously reported metal-
coordinated hydrogels. We can tune the mechanical properties of the hydrogels with the
type of ions and the density of crosslinking sites. Ions form nm-sized precipitates that
bind to pyrogallols and impart distinct properties to the hydrogels: Strong ion-pyrogallol
interactions, that form in the presence of Al3+, V3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+,
result in long relaxation times. The resulting hydrogels display solid-like yet reversible
mechanical properties such that they can be processed into macroscopic 3D structures
that retain their shapes. Weak ion-pyrogallol interactions, that form in the presence of
Ca2+ or Zn2+ result in short relaxation times. The resulting hydrogels display a fast self-
healing behavior, suited for underwater glues, for example. The flexibility of tuning the
mechanical properties of hydrogels simply by selecting the adequate ion-pyrogallol pair
broadens the mechanical properties of metal-coordinated hydrogels to suit a wide range of
applications that require them to retain their shape for a given time yet to act as dampers.
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4.2 Introduction

Inspired by nature, metal-coordinated telechelic hydrogels, composed of polymer chains
end-functionalized by ligands and crosslinked by metal complexes, have potential to gen-
erate mechanically active, reversible networks [96, 54, 98, 99, 100, 101, 102, 55, 226]. The
dynamic properties of these hydrogels can be conveniently tuned with the choice of the
cationic crosslinker, its relative concentration, and the solution pH [55, 138, 227]. The
reversible nature of their constituting crosslinks gives them self-healing properties, such
that a damaged network can heal defects. To obtain this self-healing behavior, the ions
must complex the ligand sufficiently strongly to result in an integral hydrogel. Unfortu-
nately, the selection of ions that fulfil this criterion is very limited, narrowing the range
of mechanical properties of metal-coordinated hydrogels.

Hydrogels with long relaxation times have solid-like behaviors and are capable of retaining
their shape, yet are able to self-heal [171]. As mentioned in section 1.6.3, the relaxation
time of metal-ion coordination sites increases if ions are replaced by their corresponding
nanoparticles [171], which must have adequate surface chemistry to interact with the sur-
rounding ligands. Polysaccharides functionalized with a high density of ligands can also
increase the relaxation time [228, 229, 230]. These ligands improve the adhesion of the
polysaccharides towards surfaces [231], which reinforce the mechanical strength [228, 231],
and impart self-healing properties to the hydrogels [232, 233]. However, these systems can
often only be used in a very limited pH range mainly because the most commonly used
ligands, catechols, and some of its derivatives have a high propensity to oxidize. The
oxidation of catechols can lead to inter-catechol covalent bonds, which may result in hy-
drogels possessing a mixture of covalent and ionic bonds [98]. The combination of transient
ion-ligand interactions and the oxidation of the ligand complicates their characterization,
limiting their applications to non-oxidizing environments.

Several natural organisms, some of which live in quite harsh environments, employ metal
complexes for mechanical reinforcement, hard coatings or energy dissipation [107, 234,
108, 235]. A prominent example is a class of marine water-filtering invertebrates, ascidi-
ans, which employ pyrogallol groups complexed by vanadium ions to heal their cellulosic
tunic [236, 237, 238]. Pyrogallols are catechol derivatives possessing an additional alcohol
group on the carbon ring. This electronegative group reduces their propensity to oxi-
dize when compared to catechols. They are known to complex a broad range of ions of
d-block elements [239]. This feature has been exploited, for example, by using tannic
acid, which contains several pyrogallols, to form coatings [240, 241, 242, 243], metallogels
[227, 244, 245], and capsules [240, 246]. Pyrogallols have also been employed in synthetic
hydrogels, however in the absence of ionic crosslinks: they were oxidized to crosslink
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polysaccharides [228, 229, 176, 247]. The contribution of pyrogallols to the dynamic and
reversible mechanical properties of polysaccharide-based hydrogels remains unclear [229].
The formulation of ionically crosslinked hydrogels whose mechanical properties can be
tuned over a much wider range than what is currently possible requires a better under-
standing of the influence of chelators, such as pyrogallols that can bind to a wide range of
ions, on the mechanical properties of the resulting hydrogels.

Here, we introduce shape retaining self-healing metal-coordinated telechelic hydrogels with
well-defined, solid-like and tunable mechanical properties. To achieve this goal, we end-
functionalize linear PEG with pyrogallols (2gPEG). We investigate the influence of the
type and concentration of ions used as crosslinkers on the macroscopic properties and
structure of the hydrogel. The mechanical properties of these metal-coordinated hydrogels,
such as their storage modulus at low frequencies, vary over an order of magnitude if
adequate ions are selected. Remarkably, these telechelic PEGs can be crosslinked with
di- and trivalent ions, thereby broadening the selection of ions and the range of accessible
mechanical properties. During the ion-2gPEG interaction, the ions preferentially form
small particles that act as high functionality crosslinks, thereby facilitating the formation
of a percolating network and increasing the effective crosslink density. We demonstrate the
formation of viscoelastic macroscopic freestanding 3D structures, which can be applied as
underwater adhesives that can bear load even under tension. Additionally, these hydrogels
can be functionalized with inorganic particles to respond to external stimuli, such as
external magnetic fields.

4.3 Experimental section

Details about the experimental procedure are presented in chapter 3 from section 3.2.1 on
page 39 to section 3.2.11 on page 45.

4.4 Results and discussion

To ensure scalability, we end-functionalize commercially available hydroxy-terminated lin-
ear PEGs, analogous to nitrocatechol-functionalized linear PEGs [248]. We produce the
hydrogels by dissolving 10 wt% 2gPEG in water and adding iron chloride (FeCl3), selected
because of the high affinity between pyrogallol and iron(ΙΙΙ) (Fe3+). For each pyrogallol
end-group, we add twice the molar concentration of Fe3+ to achieve gelation, a ratio higher
than the stoichiometric ratio of 3 ligands per ion, known for catechol hydrogels [98, 101],
resulting in a solution pH of 1.5. The complex formation is triggered by increasing the pH
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Figure 4.1: Gelation mechanism of 2gPEG hydrogels. (a) Schematic illustration of the
hydrogel formation. The blue line terminated by blue hexagons represents the 2gPEG
polymer, end-functionalized by the pyrogallol molecule. The ions are sketched as red
circles. The increase in pH causes the precipitation of the ions into nanoparticles and the
deprotonation of the pyrogallol groups that bind to the precipitates. The nanoparticles act
as multivalent crosslinking sites of the hydrogel network. (b) Photographs of the solution
of 2gPEG and iron ions before (top) and after gelation (bottom) induced through the
addition of NaOH. The coordination bond between pyrogallols and iron ions has strong
absorption in the visible range, which results in a dark purple hydrogel. After adding HCl,
the hydrogel liquefies to a light-yellow solution, indicating that some pyrogallol groups
oxidized. The scale bar is 1 cm. (c) Schematic illustration of the selection of bivalent and
trivalent ions that can crosslink 2gPEG, the nano- particles, and the 2gPEG molecule.
Adapted with permission from [249].

to deprotonate pyrogallols. When the pH is increased to 4.8 by adding sodium hydroxide
(NaOH), the system instantaneously gels, as shown in Figure 4.1a and 4.1b. Importantly,
the system remains gelled even if the pH is increased to physiological values, such that
these hydrogels can be used for biomedical applications, in stark contrast to catechol-
functionalized counterparts. The hydrogel remains stable in deionized water for 24 h,
before it starts to dissociate.

4.4.1 Impact of ion valency

To expand the selection of ions that can be used to crosslink telechelic molecules, we
crosslink 2gPEG with a divalent ion, calcium(ΙΙ) (Ca2+). If the same stoichiometry is
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maintained as for Fe3+, no gelation is observed. However, if we increase the Ca2+ concen-
tration 5-fold and increase the pH to 12, we observe the gelation of the hydrogel. A similar
behavior occurs if 2gPEG is crosslinked with other divalent d-block elements such as man-
ganese(ΙΙ) (Mn2+), cobalt(ΙΙ) (Co2+), nickel(ΙΙ) (Ni2+), copper(ΙΙ) (Cu2+), and zinc(ΙΙ)
(Zn2+). This is a remarkable property of these hydrogels, because metal-coordinated
telechelic hydrogels have not been shown to crosslink with both trivalent and divalent
ions. Typically, 4-armed catechol-functionalized PEG molecules are crosslinked only by
trivalent ions such as Fe3+, vanadium(ΙΙΙ) (V3+), and aluminum(ΙΙΙ) (Al3+) [98, 101]. In
contrast, histidine-functionalized PEG molecules can only be crosslinked with divalent
ions [102, 55], but not with trivalent ones. The fact that 2gPEG gels in the presence of
divalent and trivalent ions opens up new possibilities to tune the mechanical properties of
such metal-coordinated hydrogels over a much wider range.

Our results suggest that the ion-pyrogallol interactions are key in the hydrogel formation.
To investigate the implications of these ionic interactions on the mechanical properties of
the hydrogels, we systematically measure their rheological behaviors following the method
in section 3.2.6 and the tests presented in section 1.4.4. The dynamic mechanical properties
of ionically crosslinked telechelic hydrogels depend on the average lifetime of the crosslinks,
and hence, the ion-ligand affinity. We use frequency sweeps to quantify the lifetime of
these crosslinks by determining the frequency where the storage modulus (G′) equals
the loss modulus (G′′) [98]. 2gPEG hydrogels crosslinked with Fe3+ display a solid-like
behavior: their G′ is higher than G′′ over the entire measured frequency range, as shown
in Figure 4.2a. As a reference, we end-functionalize linear PEG molecules possessing
the same molecular weight as the 2gPEGs with catechols (2cPEG). 2cPEG hydrogels
crosslinked with Fe3+ that have been prepared with the same protocol as the 2gPEG
counterparts, only display a solid-like behavior for frequencies higher than 10 rad·s−1,
as shown in Figure 4.2a. Hence, 2cPEG hydrogels are unable to retain their shape over
time. This behavior reveals that 2gPEG hydrogels have much longer relaxation times
than their 2cPEG analogues at a given pH. Furthermore, the observed G′ of 2gPEG is an
order of magnitude above the one of 2cPEG, confirming that pyrogallol-Fe3+ crosslinks
are significantly stronger or more numerous than their catechol-Fe3+ counterparts.

We explore the range of accessible mechanical properties by crosslinking 2gPEG with other
trivalent and divalent ions. Al3+-, V3+-, and Fe3+-functionalized hydrogels have similar
mechanical properties, as shown in Figure 4.2b. In contrast, the mechanical properties at
low frequencies of 2gPEG hydrogels crosslinked with divalent ions vary over an order of
magnitude, as shown in Figure 4.2c. Note that this trend does not significantly affect the
plateau modulus, since it is a static network property, unaffected by crosslink kinetics.
We decided to report here the value of the modulus at an arbitrarily low frequency of
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Figure 4.2: Rheology of 2gPEG hydrogels. (a) Frequency sweep of 2cPEG and 2gPEG
crosslinked with Fe3+, where we keep the molar ratio of pyrogallols to Fe3+ constant at
2. Both hydrogels contain the same concentration of ligand-functionalized polymer, the
same concentration of ions, and pH. The different mechanical properties are attributed to
different ion-ligand binding affinities. (b,c) The storage and loss moduli at 10−2 rad/s of
2gPEG crosslinked with different (b) trivalent and (c) divalent ions. (d) Stress relaxation
measurements of 2gPEG hydrogels at 25 ◦C. The modulus is normalized to the initial
modulus measured at 0.1 s. The different binding affinities lead to different relaxation
behaviors. Filled symbols represent G’ and empty symbols represent G”. Adapted with
permission from [249].
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10 rad·s−1 to represent the relaxation of the network over long time scales. In rubber
elasticity theory, the modulus is defined by G=nRT, where n is the concentration of load-
bearing network chains. This theory predicts that the modulus is not a function of the
bonding energy. As a result, the plateau modulus is not affected by the kinetics of the
metal coordination complex. Using the same reasoning, we do not observe significant
differences for the trivalent ions, as the reported value at a frequency of 10−2 rad/s is
already close to the plateau modulus, as seen in Figure 4.2a for 2gPEG crosslinked by
Fe3+. In order to better elucidate the role of the crosslink kinetics on the relaxation
behavior of the network, we continue with stress relaxation measurements.

The solid-like mechanical properties displayed by 2gPEG hydrogels, combined with a
decaying G′ at low frequencies, suggest that ion-pyrogallol crosslinks have longer relaxation
times than ion-catechols. Despite these longer lifetimes, the ion-2gPEG crosslinks remain
dynamic, and the network can rearrange to dissipate stresses. The rate of relaxation can
be described based on the relaxation time, which for divalent ions is longest for pyrogallols
complexed with Ni2+ and shortest for those complexed with Ca2+, as measured by stress
relaxation and summarized in Figure 4.2d. We assign this decrease in relaxation times to
the decreasing electronegativity (χ) of the complexing ions, from Ni2+ (χ = 1.91) to Ca2+

(χ = 1.00), suggesting a decreased binding affinity of the cations to pyrogallols.

Why do we need so much more divalent ions than trivalent ones to gel the 2gPEG net-
work? This significant difference in stoichiometry hints towards a particle based crosslink-
ing mechanism. To explore this hint, we measure the energy barrier of bond dissocia-
tion and the spread in relaxation times; both these parameters are significantly larger
if nanoparticles act as crosslinkers [171]. We select two divalent ions, of a low (Ca2+)
and high (Zn2+) atomic number, and Fe3+ to represent the trivalent ions. We perform
temperature-dependent strain relaxation measurements with a step strain of 10% [171],
as exemplified in Figure 4.3a for Ca2+ and extrapolate the dissociation energy of the
crosslink, as shown in Figure 4.3b for Ca2+. The dissociation energy for 2gPEG-Fe3+ hy-
drogels is similar to that of 2cPEG-Fe3+ hydrogels (Figure 4.3c), and in good agreement
with literature [171], confirming that our hydrogels are mainly ionically crosslinked. Note
that the dissociation energy is related to the dynamics of the hydrogel and not its elastic
behavior. The comparison molecule, 2cPEG, cannot be crosslinked by divalent ions such
as Ca2+ and Zn2+, such that the dissociation energies are considered to be below kBT.
For the crosslinked samples, we extrapolate the Kohlrausch exponent of our model that
can be understood as the spreading of relaxation times [250], as shown in Figure 4.3d and
e and described in the method in section 3.2.7. At Kohlrausch exponent values close to
1, the stress relaxation is fitted to a single relaxation time that is typical for ion-catechol
tris complexes. At low Kohlrausch exponent values, the relaxation time spectrum H(τ )
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Figure 4.3: Ionic bond relaxation. (a) Temperature-dependent stress relaxation of
2gPEG crosslinked with Ca2+. Higher temperatures lead to faster stress relaxation. (b)
The curves in (a) are fitted using a stretched exponential decay function, and the natural
logarithm of the average relaxation time coefficient is plotted against the inverse tempera-
ture. The Arrhenius plot is fitted using a linear function to extract the dissociation energy
of the network. (c) Calculated dissociation energies of 2gPEG crosslinked with Ca2+, Fe3+

and Zn2+ ions and 2cPEG crosslinked with Fe3+. 2cPEG does not gel with Ca2+ and Zn2+,
indicating that their dissociation energy is below kBT at room temperature. (d) The cal-
culated average Kohlrausch exponent of the stretched exponential decay. (e) Schematic
illustration of the relaxation spectrum as a function of the Kohlrausch exponent α. Larger
Kohlrausch values lead to a narrower distribution of relaxation times, corresponding to a
narrower distribution of relaxation mechanisms in the hydrogel network. Adapted with
permission from [249].
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(introduced in section 1.4.4) broadens, as observed in the 2gPEG hydrogels. A broaden-
ing of the relaxation time spectrum hints at different relaxation mechanisms, which are
present in these hydrogels. A single ion in a tris complex leads to a single relaxation time.
By contrast, nanoparticles result in different binding affinities with ligands, and hence,
different relaxation times, because their size distribution varies. The observed lower val-
ues for the Kohlrausch exponents therefore suggest that divalent ions precipitate at the
crosslinking sites to form nanoparticles. Following the same argument, we postulate that
nanoparticles also form in the case of trivalent ions. Note that even though our hydrogels
are primarily crosslinked by nanoparticles, we call them metal-coordinated hydrogels as
the chelator-nanoparticle interactions are based on coordination chemistries. The smaller
concentration of trivalent ions and the lower pH required to form the hydrogel are likely
related to their stronger affinity to pyrogallols, their poorer solubility that results in the
formation of precipitates at lower pH values, or a combination of the two aspects.

4.4.2 Structure of ion - 2gPEG hydrogels

To assess the effect of crosslinking chemistry on the network structure, we perform small-
angle X-ray scattering (SAXS) on selected samples and analyze the data following the
method described in section 3.2.9. The scattering of the network of telechelic crosslinked
polymers, such as 2gPEG, reveals structures within 1 - 33 nm. To determine the contri-
bution of ions and polymers to the scattering signal, we measure a solution of ions and
2gPEG under acidic conditions. To determine the scattering signal of the ions in solution,
we subtract the signal of pure 2gPEG in solution. There is no structuring for ions under
acidic conditions even in the presence of 2gPEG, indicating that they remain in solution
and do not form precipitates or structures in the size range of 1 - 33 nm that can be de-
tected by SAXS (Figure 4.4a). With increasing pH, the ion-2gPEG systems start to gel,
and clear differences appear in the plot of the scattering intensity (I) as a function of the
scattering vector (q) (Figure 4.4 and 4.5a). The strong increase in the scattering intensity
measured at low q-values indicates that larger scattering objects are formed within the
network’s structure. At the length scale covered by SAXS, two characteristic dimensions
are observed in the crosslinked hydrogel networks: (i) a short correlation length (ξ) de-
scribes rapid fluctuations of the position of the polymer chains in solution, represented by
a single Lorentzian curve at high q-values; and (ii) a long correlation length (ϕ) describes
the static distance between the crosslinking points, and is estimated by a Gaussian that
shows the formation of a network with stationary crosslinking points at low q-values [223].

With increasing volume fraction of the polymer, ξ and ϕ tend to decrease because the poly-
mer network becomes denser such that the crosslinking density increases, thereby reducing
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Figure 4.4: SAXS measurements of ions and 2gPEG molecules in solution and in the
crosslinked state. (a) Scattering of the 2gPEG solutions containing Ca2+, Fe3+ and Zn2+

ions at low pH. (b-d) Scattering of the low pH solutions of 2gPEG containing (b) Ca2+,
(c) Fe3+, and (d) Zn2+ respectively (light grey fill); and of the high pH Ca2+, Fe3+,
and Zn2+ hydrogels (black fill). Adapted with permission from [249].

the mobility of the polymer chains [223]. The type of ions used to crosslink 2gPEG gels
does not significantly influence the short correlation length ξ. This result indicates that
the mobility of the individual polymer segments is independent of the ionic crosslinker,
as can be expected for linear telechelic polymers. By contrast, the type of ions used to
crosslink 2gPEG influences the long correlation length ϕ attributed to the crosslinking
sites: Fe3+ ions result in the smallest values of ϕ, indicating that these ions result in the
highest crosslinking density. This finding is in good agreement with our rheology results.
It hints at the fact that Fe3+ crosslinked samples have the least dangling bonds, which
could be a result of the long dissipation times of Fe3+-2gPEG hydrogels. This finding
could also indicate that the valency of Fe3+-containing crosslinking sites is the highest,
which could be the case if ions are transformed into nanoparticles at the crosslinking sites
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Figure 4.5: Characterization of the crosslinking mechanism in 2gPEG networks. (a)
SAXS measurements of 2gPEG hydrogels crosslinked with Ca2+, Fe3+, and Zn2+. The
spectra are fitted using a Lorentzian-Gaussian model (black line). TEM of freeze-dried
2gPEG hydrogels crosslinked with Zn2+ is shown in inset (i). Polydisperse nanoparticles
are observed; the scale bar is 100 nm. The fitting parameters of the short-length scale and
long-length scale scattering are shown in inset (ii). All samples have a similar short-length
scale parameter ξ because they are composed of the same polymer. In contrast, the long-
length scale parameter ϕ, which is attributed to the average distance between crosslinks,
differs significantly. (b) Schematic illustration of the formation of macroscopic inorganic
precipitates upon pH increase in the absence of ligands on the polymer chains. The ions
precipitate and agglomerate, without interacting with the polymer such that the solution
remains liquid. (c) Schematic illustration of the hydrogel gelation when the polymer
chains are functionalized with pyrogallol groups that act as nanoparticle stabilizers and
metal coordinating sites. Adapted with permission from [249].

and the density of pyrogallols that bind to each nanoparticle is comparably high. The
lack of structure and form factor peaks in these SAXS curves suggest that nanoparticles,
if present, are polydisperse. We confirm the presence of polydisperse nanoparticles in the
size range of 20 nm by TEM, as shown in the inset of Figure 4.5a. To test if smaller or
crystalline nanoparticles form at the crosslinking sites, we perform XRD on dried samples.
We only obtain diffraction peaks from PEG and NaCl, both formed during the drying pro-
cess of the XRD samples, as shown in Figure 4.6. The lack of additional peaks indicates
that the nanoparticles formed at the cross-link sites do not possess crystalline domains or
that they are not sufficiently large or numerous to be detected by XRD.
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Figure 4.6: XRD diffraction spectra of dried 2gPEG hydrogels that have been crosslinked
with (a) Ca2+, (b) Zn2+, and (c) Fe3+ are compared to the bare dry 2gPEG and the
diffraction pattern of NaCl (RRUFF database). A comparison between the spectra reveals
that the observed diffraction peaks are due to the crystalline domains of PEG and NaCl
crystals. No other diffractions can be identified. Adapted with permission from [249].

4.4.3 Crosslinking mechanism

To understand the mechanism of formation of these nanoparticles, we prepare a solution
containing unfunctionalized PEG and ions and increase the pH, as we did to gel 2gPEG
samples. If unfunctionalized PEG is used, we observe the precipitation of macroscopic
particles (Figure 4.5a and 4.7). This result suggests that the pyrogallol groups strongly
bind to the surfaces of the forming particles, thereby slowing down or even arresting their
growth, as schematically shown in Figure 4.5c. This observation is well in agreement with
previous reports on pyrogallol-functionalized individually dispersed particles [176, 251,
252]. We measure resonance Raman spectroscopy on Fe3+ crosslinked 2gPEG hydrogels
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to assess the ligand-ion interactions, as shown in Figure 4.8. Three signature peaks are
known for catechols if excited with a 785 nm laser source [107, 98, 253]. They are assigned
to the charge transfer (533 cm−1) and the bidentate chelation of Fe3+ by oxygens on the
catechol ring (590, 633 cm−1). Due to the chemical similarity of pyrogallols and catechols,
we observe similar resonance peaks in our 2gPEG hydrogels. The Fe3+ complexed 2gPEG
hydrogel displays a strong charge transfer peak at 537 cm−1 and the bidentate chelation
peaks at 588 and 620 cm−1 (Figure 4.8). Remarkably, the two latter resonance peaks are
broader than those of catechol-functionalized hydrogels, suggesting that pyrogallol-iron
complexes possess a range of different binding affinities [98, 171]. This result is in good
agreement with the observed small values of the Kohlrausch exponent. The Raman peaks
are weaker and broader if 2gPEG is crosslinked with V3+, in stark contrast to catechol-
functionalized hydrogels crosslinked with V3+ that result in stronger Raman signals [101].
We cannot excite any phonon resonance in the 500-680 cm−1 region with a 785 nm laser
if 2gPEG is crosslinked with Zn2+ and Ca2+, as shown in Figure 4.9. This result hints
at clear differences in the metal-pyrogallol interactions that are likely responsible for the
observed differences in mechanical properties.

4.4.4 Application as underwater adhesives

Ligands present in functionalized hydrogels can bind to the surface ions of bulk materials,
making them interesting candidates for underwater adhesives. Catechols, commonly found
in the marine mussel foot plaque, which holds onto rocks under harsh conditions, are the
text book example of underwater adhesion. Synthetic catechol-functionalized telechelic
PEGs have already been applied as medical sealing for the amniotic sac after fetal surgery
[254]. The adhesion of catechols and pyrogallols to wet surfaces is increasingly reversible
if ions are added [229, 255, 256]. Here we demonstrate that our 2gPEG hydrogels can
be employed as self-healing underwater adhesives. We crosslink 2gPEG with a weak
crosslinker, Ca2+, such that it displays a fast relaxation and can adapt its shape quickly
to the roughness of the solid surface. We deposit the hydrogel onto an inox steel surface,
immerse it in water, and place it in contact with the surface of a 500 g brass weight. After
the two metal surfaces are hand-pressed against each other for 10 s, the weight can be lifted
out of the water, as shown in Figure 4.10a. This result demonstrates that the thin hydrogel
layer sustains a pressure of 50 kPa. Note that the tested hydrogel is one of the weaker ones
we introduced such that it shows a fast self-healing behavior. Nevertheless, its mechanical
properties are similar to recently reported underwater adhesives and superior to the state-
of-the-art cyanoacrylates [257]. This is only possible if the adhesion between the hydrogel
and the solid surfaces is strong such that the load can efficiently be transferred, and the
cohesion within this rather dynamic hydrogel is still sufficiently high.
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Figure 4.7: Photographs of PEG solutions, containing Ca2+, Fe3+, and Zn2+ ions. (a)
The concentrations of PEG and the ions are the same as in the solutions used to prepare
2gPEG hydrogels (scale bar is 5 mm). (b) The pH shift induced through the addition of
NaOH triggers the precipitation of microparticles, visible to the naked eye (scale bar in 5
mm). (c) Micrographs of the microparticles in suspension (scale bar is 200 µm). Adapted
with permission from [249].
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Figure 4.8: Raman characterization of 2gPEG hydrogels. Resonance Raman spectra of
2gPEG crosslinked with V3+ and Fe3+, and 2cPEG crosslinked with Fe3+. The peaks
between 500 and 680 cm−1 are attributed to the catechol-Fe3+ coordination or pyrogallol-
Fe3+ coordination, while the peaks between 1230 and 1500 cm−1 are due to the carbon
ring vibration. Adapted with permission from [249].

Figure S4. XRD of dried crosslinked 2gPEG hydrogels  

a. 
b.  
c.

Figure 4.9: Raman shift spectrum of 2gPEG crosslinked with Ca2+ and Zn2+. No peaks
are observed in the range of 500 - 680 cm−1. Adapted with permission from [249].
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4.4.5 Self-healing properties

A key feature of our ion-2gPEG hydrogels is the possibility to tune the relaxation times
and hence the time scales over which they self-heal and start to flow over a much wider
range than currently known. To demonstrate this feature, we cut the hydrogels that have
been crosslinked with different ions, and monitor their self-healing as a function of time.
Hydrogels that are crosslinked with the most commonly employed metal coordination
motif, catechol-Fe3+, start to lose their shape within seconds. By contrast, 2gPEG that
is crosslinked with the same ion, Fe3+, retains its shape for at least 20 min, which is the
duration of our experiment, as shown in Figure 4.10b. We attribute the much higher
shape stability of 2gPEG-Fe3+ hydrogels to the longer dissipation times of pyrogallol-
Fe3+ complexes compared to their catechol-Fe3+ counterparts. However, the good shape
stability comes at the expense of the self-healing properties: these hydrogels only self-
heal within an hour when placed in contact. If faster self-healing is required, 2gPEG can
be crosslinked with weaker complexation agents, such as divalent ions. For example, if
2gPEG is crosslinked with Zn2+, the hydrogel self-heals within 15 minutes, whereas those
crosslinked with Ca2+ self-heal within a minute, as shown in Figure 4.10b. Note that,
despite the relatively weak interactions of pyrogallol and Ca2+, the time scale over which
this sample loses its shape is much longer than that of the much more commonly used
catechol-Fe3+ crosslinked counterpart. These results illustrate the potential of 2gPEG-
based hydrogels to adjust their dynamic mechanical properties to the needs of the specific
application.

4.4.6 Functionalization with nanoparticles

The wide range of ions that can be used to crosslink 2gPEG hydrogels opens up new
possibilities to functionalize them with nanoparticles. To demonstrate this feature, we
crosslink 2gPEG hydrogels with iron oxide nanoparticles. To achieve this goal, we mix
2gPEG with an aqueous solution of Fe3+ and Fe2+ ions where we fix the molar ratio
of Fe3+:Fe2+ to 2:1. Upon exposure to ammonia, the cations precipitate to form iron
oxide nanoparticles. The resulting hydrogel is brittle and forms pieces when mechanically
mixed. If densely packed using centrifugation, these pieces can be casted, resulting in an
integral part within a minute that retains its shape upon demolding for more than 24 h.
Furthermore, the resulting nanoparticles impart the hydrogels with magnetic properties,
as illustrated by the movement of the hydrogel towards the externally applied magnetic
field, shown in Figure 4.10c, 4.10d. This result demonstrates the possibility to introduce
functionalities into these hydrogels without sacrificing their mechanical properties.
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Figure 4.10: Applications of 2gPEG hydrogels. (a) Photographs of 2gPEG crosslinked
with Ca2+, acting as an underwater glue. The hydrogel glue is able to lift a 500 g cop-
per weight outside of the water, corresponding to a 50 kPa pressure. (b) Time-lapse
photographs of the self-healing behavior of hydrogels possessing various relaxation times.
The left image is taken 10 s after cutting through the hydrogels, and the right image 20
min thereafter. (c) Photograph of 2gPEG crosslinked by iron oxide precipitates formed
by exposing the 2gPEG solution containing an excess of Fe2+ and Fe3+ ions to ammonia.
The hydrogel forms macroscopic particles when mechanically mixed on Parafilm. The
particles are casted in an Eppendorf tube using centrifugation (left) and merged to yield
a single integral solid hydrogel piece. Upon removal from the mold, the hydrogel retains
its shape (right). (d) The iron oxide precipitates impart magnetic properties to this
hydrogel: if immersed in water (left), it can be displaced by an external magnetic field
(right). Adapted with permission from [249].
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4.5 Conclusion

We introduce a metal-coordinated hydrogel whose mechanical properties can be tuned
over a wide range by selecting appropriate ions. The broadening in the dynamic me-
chanical properties of the hydrogel is achieved using telechelic linear PEGs that are end-
functionalized with pyrogallols. Pyrogallol-ion complexes have longer dissipation times
than the more commonly used catechol-ion or histidine-ion counterparts, and consequently
they can retain their shapes much longer. This asset opens up new possibilities to con-
struct truly 3D self-healing materials from metal-coordinated hydrogels. We attribute
the long dissipation times of the metal-coordination sites to the precipitation of nanopar-
ticles at the crosslinking sites. The pyrogallols slow down or even prevent the growth
of precipitates, resulting in multivalent crosslinking sites that impart excellent mechani-
cal properties to the dynamic networks. Importantly, the mechanical properties of these
networks can be tuned with the choice of divalent and trivalent ions used to create the
crosslinking sites. The tunable mechanical properties promise to advance the design of
multifunctional mechanically robust dynamic hydrogels and might find applications in
biomedicine, for example if antibacterial nanoparticles are included, or in optics, if high
refractive index nanoparticles are employed. Finally, the inherent adhesion of pyrogallols
to wet surfaces allows the creation of medical seals with well-defined mesh structures,
which offer a tight control over the diffusion of essential small molecules.
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CHAPTER 5

3D printing of strong and tough double
network granular hydrogels

In this chapter, I present a double network granular hydrogel, made from hydrogel mi-
croparticles that are connected by a second percolating network. The rheological behavior
of the precursor loaded jammed microparticles imparts them optimal extrusion proper-
ties for additive manufacturing. The subsequent polymerization of the secondary network
forms a percolating phase, effectively solidifying the printed hydrogel. This approach is in
stark contrast with standard homogeneous double network hydrogels, enabling 3D printing
while maintaining good mechanical properties.

This chapter is adapted from the paper entitled “3D Printing of Strong and Tough Dou-
ble Network Granular Hydrogels” authored by Matteo Hirsch, Alvaro Charlet and Esther
Amstad. M. Hirsch and A. Charlet are equally contributing co-first authors. M. Hirsch,
A. Charlet and E. Amstad designed the experiments. M.Hirsch designed the tensile test
studies and A.Charlet designed the rheological test studies. M. Hirsch, A. Charlet per-
formed all experiments collectively. M. Hirsch, A. Charlet and E. Amstad analyzed the
data and wrote the manuscript.
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5.1 Abstract

Many soft natural tissues display a fascinating set of mechanical properties that remains
unmatched by manmade counterparts. These unprecedented mechanical properties are
achieved through an intricate interplay between the structure and locally varying com-
position of these natural tissues. This level of control cannot be achieved in soft syn-
thetic materials. To address this shortcoming, we introduce a novel 3D printing approach
to fabricate strong and tough soft materials, namely double network granular hydrogels
(DNGHs) from compartmentalized reagents. This is achieved with an ink composed of
microgels that are swollen in a monomer-containing solution; after the ink is 3D printed,
these monomers are converted into a percolating network, resulting in a DNGH. These
DNGHs are sufficiently stiff to repetitively support tensile loads up to 1.3 MPa. More-
over, they are more than an order of magnitude tougher than each of the pure polymeric
networks they are made from. We demonstrate that this ink enables printing macroscopic
strong and tough objects that can optionally be rendered responsive with a high shape
fidelity. The modular and robust fabrication of DNGHs opens up new possibilities to de-
sign adaptive strong and tough hydrogels that have the potential to advance, for example,
soft robotic applications.

5.2 Introduction

Most hydrogels that must retain their 3D structure and bear some load are covalently
crosslinked and hence, if swollen, they are inherently brittle. As discussed in section
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1.5.1, their toughness can be strongly increased, if reversible crosslinks that rely on non-
covalent interactions [258, 102], slide-ring structures [259], host-guest interactions [124],
nanoparticle fillers [252], or a combination of them [171] are introduced. Indeed, this
strategy enables the design of extremely tough hydrogels that can be stretched up to 50
times [260, 261, 262]. However, these tough hydrogels are typically rather soft such that
they cannot bear significant loads under tension. To overcome this shortcoming, double
network (DN) hydrogels composed of two interpenetrating polymeric networks have been
introduced, as introduced in section 1.6.6. These DN hydrogels are composed of a highly
crosslinked network, the filler, that imparts stiffness to the hydrogel and a second loosely
crosslinked one, the matrix, that imparts toughness to it [60]. This advance enabled
engineering the mechanical properties of DN hydrogels to be similar to those of certain
natural tissues such as cartilage [263, 58].

Despite the great improvement in mechanics, manmade hydrogels are typically inert and
hence, cannot adapt their properties in response to external stimuli, in stark contrast
to many natural counterparts. An important difference between these two types of ma-
terials is their structure and local composition. Soft natural materials possess locally
varying compositions and structures that are well-defined over many length scales. By
contrast, synthetic hydrogels typically have ill-defined microstructures and their com-
position is most often homogeneous. Variations in the composition can be introduced
using magnetic nanoparticle gradients [264], UV patterning [265], micro-molding [266],
photo-triggered chemical crosslinkers [262], or micro-phase separation [267]. However,
these methods are often labor intense such that they cannot fabricate soft materials with
structures that are similar to those of natural models. A contributing reason for the dis-
crepancy in the structure and local composition of soft natural versus synthetic materials
is the difference in their processing. Nature produces many of its strong and tough mate-
rials from compartmentalized reagents. For example, most marine mussels fabricate their
byssus from precursor-containing vesicles that are released on demand and self-assemble
into well-defined structures [103, 105]. By contrast, synthetic hydrogels are typically fab-
ricated by mixing reagents in bulk. This technique offers an excellent control over the
overall composition of the hydrogels. However, it lacks control over the local composition
and microstructure. Complex 3D structures can be achieved through patterned droplet
networks [111] or jammed microgels for example using additive manufacturing techniques
[12, 177, 187, 196]. However, as mentioned in section 1.8, monodisperse spherical micro-
gels have a small contact area such that the resulting superstructures are weak [268]. The
mechanical properties of these granular materials can be improved if the surfaces of the
microgels are modified with thiols [203] or metal-coordinating groups [176], through cova-
lent crosslinking of adjacent microgels [269], or by means of a percolating second network
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[270, 173]. However, the increased adhesion between microgels compromises the stretch-
ability of the materials, thereby reducing their toughness. Methods to fabricate strong
and tough complex 3D hydrogels that have the potential to be used, for example, as load
bearing parts of soft robots, remain to be established.

Here, we introduce a new ink that can be additive manufactured into strong and tough
DNGHs with locally varying compositions. The ink is composed of polyelectrolyte-based
microgels that are swollen in a monomer-loaded solution. This monomer-loaded solution
can be converted into a percolating network after the ink has been processed into macro-
scopic materials. The new two-step approach separates the fabrication of microgels and
their annealing. Thereby, it combines the advantages of jammed granular solutions such
as injectability and printability with the excellent mechanical properties of DN hydrogels.
Importantly, the mechanical properties of the additive manufactured materials can be
tuned with the composition of the ink and are independent of the printing parameters
such as the printing direction. Because this new technology employs a microgel-based ink,
it significantly extends the choice of materials that can be additive manufactured such
that the range of mechanical properties that can be accessed with 3D printed hydrogels is
much wider. Our new DNGH promise to bridge the gap between structural complexity and
mechanical performance that is key in the advancement of soft materials for load-bearing
applications. These features will likely enable the design of new, functional, responsive
hydrogels that can be used for soft robots and actuators, and membranes for wastewater
treatment.

5.3 Experimental section

Details about the experimental procedure are presented in chapter 3 from section 3.3.1 on
page 45 to section 3.3.8 on page 47.

5.4 Results and discussion

5.4.1 Microgel ink design and fabrication

To maximize the contact area between adjacent microgels and minimize interstitial spaces,
we synthesize microgels possessing a high swelling capacity. Polyelectrolyte-based micro-
gels have been shown to fulfil these requirements. Hence, we select AMPS as a model
system and fabricate PAMPS microgels from reagent-loaded water in oil emulsion drops,
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as sketched in Figure 5.2a and detailed in section 3.3.1. To test if the size of the mi-
crogels we produce scales with that of the emulsion drops, we quantify this parameter
from optical microscopy images. Drops and crosslinked microgels are nearly identical in
size, as shown in Figure 5.1. After having been crosslinked, microgels are washed several
times in ethanol and deionized water to remove unreacted molecules, as sketched in Figure
5.2b. To ensure good inter-particle adhesion, which is key for obtaining good mechanical
properties, we swell the microgels in a solution containing reagents that can be converted
into a percolating network after the microgels have been 3D printed. Here, we swell the
microgels in an aqueous solution containing AM monomers, as sketched in Figure 5.2c.
To avoid any dilution effects from the water exchange, we soak microgels in the monomer
solution for 24h in large excess of the second network precursor solution. The degree of
swelling of the microgels strongly depends on the crosslinker concentration of the micro-
gels: microgels containing 14 mol% crosslinker have an average diameter of 40 µm whereas
those containing 3.5 mol% crosslinker have a diameter of 120 µm, as shown in Figure 5.1.

An important feature of our technique is the processing of individually dispersed microgels
into macroscopic materials with structures that are well-defined over the millimeter up
to the centimeter-length scales. This structural control is achieved through 3D printing.
To enable 3D printing of the dispersed microgels, we jam them using vacuum filtration,
as shown in Figure 5.2d. The resulting ink is 3D printed into complex structures, as
schematically presented in Figure 5.2e. The printed construct is post-cured by exposing
it to UV light to allow the formation of a percolating second network, as exemplified on
Figure 5.2f.

5.4.2 Rheological characterization of microgel inks

A prerequisite for inks to be 3D printed into macroscopic complex structures is their
shear thinning behavior, which is a common property of bioinks [272, 273] and jammed
microgels [181]. To ensure a reproducible jamming of the microgels, we measure the solid
polymer content of samples swollen in deionized water, as reported in Table 5.1. The
results suggest a good reproducibility of our jamming process, where the AMPS polymer
content accounts for 4.83 wt% of the resulting ink. The standard deviation of the solid
fraction is as low as 0.22 wt%.

As expected, our jammed microgels are shear thinning, as demonstrated by oscillatory
rheology in Figure 5.3a. The viscosity of the jammed PAMPS microgels can be tailored
with the crosslinker concentration; it increases from 100 to 1000 Pa·s at a shear rate of 10
s−1, if the crosslinker concentration is increased from 3.5 to 14 mol%. To enable precise
dosing, the solid granular ink should possess a low flow point. This requirement is fulfilled
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Emulsions

3.5 mol% 7 mol% 14 mol%

Microgels

Swollen 
microgels

Figure 5.1: Influence of crosslinker concentration on the swelling of microgels. Opti-
cal micrographs of (top) emulsions (middle) after the reagents have been crosslinked to
form microgels, and (bottom) microgels swollen in an AM-containing solution. Microgels
contain (left) 3.5 mol%, (middle) 7 mol%, and (right) 14 mol% crosslinker. The aver-
age diameter of emulsion drops is 20 µm, that of swollen microgels containing 3.5 mol%
crosslinker 120 µm, those containing 7 mol% crosslinker have an average diameter of 65
µm, and those containing 14 mol% crosslinker have a diameter of 40 µm. Scale bars are
100 µm. Adapted with permission from [271].
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Figure 5.2: Additive manufacturing of DNGHs. Schematic representation of microgel
fabrication. (a) A monomer-containing aqueous solution is processed into a water-in-
oil emulsion. (b) AMPS-loaded drops are converted to PAMPS microgels through an
UV-induced polymerization. (c) Microgels are soaked in an AM monomer-containing
solution. (d) Monomer-loaded microgels are jammed to yield a printable ink. (e) Jammed
microgels are extruded as a continuous filament that displays fast shear recovery, enabling
the printing of granular hydrogels possessing high aspect ratios with a high shape fidelity.
(f) The 3D printed objects are post-cured through an exposure to UV light that initiates
the polymerization of the AM monomers to form a percolating network, as exemplified by
the 3D printed cylinder. Adapted with permission from [271].

by our jammed PAMPS microgels, as shown in Figure 5.3b. Indeed, the flow point is in
the range of 10% for all the different formulations. Furthermore, we observe no influence
of the monomer loading on the flow point of our granular ink, as shown in Figure 5.4.

To obtain a good printing resolution, the ink must rapidly solidify after it has been ex-
truded, which is the case if it displays fast stress healing properties. Indeed, our jammed
PAMPS solution recovers almost immediately and repetitively, from a liquid-like state at
high strains, to a solid-like state at low strains, as shown in Figure 5.3c. To test if this
behavior is temperature-dependent, we perform step strain relaxation measurements at
temperatures varying between 5◦C and 45◦C. The relaxation time of our jammed microgels
remains the same between 5◦C and 45◦C, as shown in Figure 5.5a, indicating that these
microgels can be easily processed within this temperature range. This behavior is inherent
to jammed microgels that behave as solid-like materials because their linear elasticity is
governed by the microgel composition [181]. Hence, our results indicate that the jammed
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Figure 5.3: Rheology of jammed microgels. (a,b) Frequency dependent viscosity (a) and
amplitude sweep (b) of jammed microgels containing different cross-linker concentrations.
All three samples display a characteristic shear-thinning behavior and a low yield strain.
(c) Self-healing behavior of jammed microgels containing 3.5 mol% cross-linker. The ma-
terial transitions from a solid-like to a liquid-like state when subjected to high shear (γ =
30%). The jammed solution recovers rapidly to its initial condition at low shear (γ = 1%).
The process can be repeated cyclically without deterioration of the ink performance. (d)
Step strain relaxation of a DNGH and jammed microgel ink. The difference in relaxation
time is due to the presence of the second percolating network in DNGH. Adapted with
permission from [271].
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Table 5.1: Dry polymer content of jammed microgels. Solid polymer content of water
swollen and jammed microgels prepared from a 30 wt% AMPS solution. The standard
deviation of the weight fraction of jammed microgels calculated from nine independent
measurements is 0.22 wt%, indicating that this procedure is reproducible.

30wt% PAMPS microgel sample Solid Content (wt%)
#1 4.45
#2 4.78
#3 4.49
#4 4.78
#5 4.85
#6 5.02
#7 4.97
#8 5.04
#9 5.06

Average 4.83
+/- SD 0.22

a b

Figure 5.4: Rheological behavior of jammed microgels. Amplitude sweep of microgels
swollen (a) directly in a monomer containing solution and (b) in water before they were
swollen again in a monomer containing solution. The flow point, represented by an arrow,
is within experimental error the same for the two samples. Therefore, the two samples
can be extruded with similar printing parameters. Adapted with permission from [271].

microgels possess rheological properties that are well-suited for additive manufacturing.

Jammed microgels can form macroscopic, porous materials that retain their structure
[12, 196, 269]. However, the lack of covalent adhesion between particles makes them
mechanically weak such that they cannot bear significant loads. To overcome this short-
coming, we transform jammed microgels into a mechanically robust material by forming
a second percolating network within the jammed microgels. This is achieved by exposing
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Figure 5.5: Temperature-dependent rheology of jammed microgel ink and its gelation
kinetics. (a) Step strain relaxation of the jammed microgel ink at 5, 15, 25, 35, and 45
◦C. The relaxation time of all measurements is almost independent of temperature. (b)
Gelation kinetics of the DNGH. The jammed microgel ink is subjected to an oscillatory
strain of 1% at constant frequency of 10 rad/s. Starting from t = 25 s, the sample is
continuously illuminated with UV light. The increase in storage modulus is attributed to
the polymerization of the percolating second network (PAM). Adapted with permission
from [271].

the granular construct to UV light to initiate the polymerization of the AM monomers. To
follow the gelation kinetics of the percolating second network, we perform time-dependent
oscillatory rheology measurements. Results suggest that gelation plateaus around 150 s,
as shown in Figure 5.5b. As a result of the formed percolating PAM network, the DNGH
retains its integrity, in stark contrast to jammed microgels that relax stress over time, as
shown in Figure 5.3d.

5.4.3 Mechanical characterization of DNGHs

The mechanical properties of hydrogels are strongly influenced by the weight fraction
of the polymers. To characterize the polymer fraction of our DNGHs, we compare the
weight of DNGHs as prepared and that of dried DNGHs as a function of their composition.
Depending on the composition of our DNGHs, their dry polymer content ranges from 13.6
wt% to 45.7 wt%, as summarized in Figure 5.6a. To predict their swelling behavior,
we compare the dry polymer content with the equilibrium water content (EWC) of our
DNGHs. EWCs range from 81.5 wt% to 98.0 wt% depending on DNGH composition, as
summarized in Figure 5.6b.

Granular hydrogels inherently possess locally varying compositions. In our case, grains are
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a b

Figure 5.6: Dry polymer content and EWC measurements. (a) Dry polymer content
of DNGHs with varying network concentrations. The values are calculated as the dried
sample weight divided by the as prepared sample. The dry polymer content increases with
increasing secondary network concentration. (b) EWC of the same DNGHs concentration
combinations. Adapted with permission from [271].

composed of PAMPS that are reinforced by PAM and hence, they constitute DN hydrogels.
By contrast, the grain boundaries are composed of PAM only. To test the influence of the
composition of our hydrogels on their mechanical properties under tension, we perform
tensile tests on as-prepared DNGHs composed of PAMPS microgels fabricated from a 30
wt% monomer solution and a second network made from a solution containing 20 wt% AM.
The granular hydrogel is significantly stiffer and tougher than bulk hydrogels composed of
either PAMPS or PAM. The Young’s modulus of the DNGH is 5-fold higher than that of
PAMPS and 3-fold higher than that of PAM. We attribute the high stiffness of DNGH to
the chain entanglements that are topologically constrained between PAM chains and the
microgel network, such that they cannot be easily displaced [221]. However, our DNGHs
are two-fold softer than unstructured DN counterparts, as summarized in Figure 5.8a. We
assign this difference to the PAMPS network that is not percolating the entire DNGHs
but is only present within the microgels, in stark contrast to the bulk unstructured DNs
presented in section 1.6.6.

A key requirement for the use of hydrogels for load bearing applications is that they are
tough such that they do not fail catastrophically if deformed within a well-defined range.
To assess the toughness of our DNGHs, we quantify their fracture strength. The fracture
strength of the DNGH is more than 10-fold higher than that of bulk PAMPS and PAM.
Remarkably, the fracture strength of DNGHs is even three-fold higher than that of the
unstructured DN counterparts, despite of its lower Young’s modulus, as shown in Figure
5.8a. We attribute the corresponding increase in toughness to a stress concentration at the
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a b

Figure 5.7: Mechanical characterization of DNGHs. (a) Compression measurements
of DNGH and those of bulk corresponding PAM and PAMPS single network hydrogels.
The compressive strength of the DNGH is at least 3-fold higher than that of both bulk
hydrogels. (b) Tensile measurements of DNGH with different primary network crosslinker
densities. The material shows an increase in elasticity with no significant change in tough-
ness. Adapted with permission from [271].

poles of the microgels due to a substantial mismatch in elasticity of the two interpenetrat-
ing networks, as has been described for microgel reinforced hydrogels [274]. These results
demonstrate the potential of granular hydrogels possessing locally varying compositions
for load-bearing applications and as dampers.

Most soft natural materials are subjected to complex loading profiles [275]. To test if
our DNGH is sufficiently robust to sustain more demanding loading profiles, we perform
compression measurements on DNGH, PAMPS, and PAM samples. The compressive
modulus of the DNGH is 2-fold higher than that of PAM, as shown in Figure 5.7a. The
compressive stress increases even more: it reaches 0.8 MPa at 60% strain which is 3 times
higher than that of the PAM network. Furthermore, we test its ability to lift a 1 kg weight
through a folded rectangular stripe with a cross section of 10 mm x 2 mm, as shown in
Figure 5.8b. Remarkably, the stripe is able to support the applied load for at least 5
loading cycles with no appreciable weakening. These results demonstrate the potential of
our DNGHs to be used for load bearing applications.

The elasticity of DN hydrogels depends on the initial polymer content and crosslinker
concentration of the first network [60]. To test if this is also the case for our DNGH where
the first network is not percolating, we fabricate microgels containing different polymer
contents and perform tensile tests on them. Indeed, the Young’s modulus of the DNGH
increases from 0.10 MPa to 0.48 MPa with increasing polymer content until it reaches a
plateau at 25 wt% AMPS, as shown in Figure 5.8c. The lower mechanical performance
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of the DNGH at 30 wt% AMPS is related to the poor swelling of the microgels in the
second AM solution. A similar behavior is observed if we fix the polymer content of the
AMPS microgels and vary the crosslinker concentrations. For example, DNGHs prepared
with 14 mol% MBA crosslinker possess a Young’s modulus four-fold higher than the
corresponding sample containing only 3.5 mol% MBA, as shown in Figure 5.7b. However,
the increase in the microgel crosslinker density decreases the fracture strain of the DNGH
from 150% to 65%. To ensure good elasticity of the printed construct while maintaining
good mechanical integrity, we keep the crosslink density of the microgels constant at 3.5
mol% in the following experiments.

Our results indicate that the mechanical properties of DNGHs strongly depend on the
polymer content of the microgels and the second percolating network. To determine the
best combination of the polymer contents of the microgels and the percolating network,
we systematically and independently vary these two parameters and quantify the Young’s
modulus and toughness of the resulting materials from tensile tests. The Young’s modulus
of our DNGHs increases with increasing AMPS concentration, independent of the AM
concentration used to form the second percolating network, as summarized in Figure
5.8e. This finding is in agreement with unstructured DN where the elasticity is mainly
determined by the first network [58, 66]. The Young’s modulus of our DNGHs can reach
values up to 0.57 MPa if they are composed of 30 wt% AMPS and 20 wt% AM.

The toughness of unstructured DNs is mainly determined by the loosely crosslinked sec-
ondary network [58, 66]. To test if this is also the case for our DNGHs, we quantify the
toughness, calculated as the area under the stress-strain curve, for all the tested samples.
Indeed, the toughness of our DNGHs increases with increasing AM concentration, as sum-
marized in Figure 5.8d. The one clear exception to this trend presents the stiffest DNGHs
that we formed, that also displays a high toughness of 0.53 MJ/m3. The maximum tough-
ness of 0.66 MJ/m3 is achieved for DNGHs prepared with 25% AMPS and 30% AM, as
summarized in the color map in Figure 5.8f. The color maps of the Young’s moduli and
toughnesses of DNGHs nicely show that their mechanical properties can be tuned over a
wide range by adjusting the concentrations of monomers used to form the microgels and
the secondary network respectively.

An additional parameter that strongly influences the mechanical properties of unstruc-
tured DNs is the crosslinker density of the second network. To test if this is also the
case for our DNGHs, we fabricate DNGHs with two different AM crosslinker densities and
test them under tension. At 0.02 mol% crosslinker concentration, the material displays
the yielding behavior that is characteristic for conventional DN hydrogels, as shown in
Figure 5.9a. However, because of the low crosslink density, the bonds between microgels
are weak such that the material easily ruptures along the grain boundaries, as shown in
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Figure 5.8: Mechanical characterization of DNGHs. (a) Tensile tests of DNGH are
compared to those of bulk PAMPS-PAM DN, single PAM and PAMPS hydrogels. The
granular material displays a toughening behavior typical of DN hydrogels that is threefold
higher than the bulk DN counterpart. (b) Photograph of a hydrogel stripe with a cross
section of 10 × 2 mm2 that has been loaded with a 1 kg weight. (c) Tensile measurements
of DNGHs prepared with 30 wt% AMPS microgels and a PAM second network made from
varying AM concentrations. The toughness of the samples increases
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Figure 5.8: with increasing AM concentration until it peaks at 25 wt% AM. (d) Tensile
measurements of DNGHs made of PAMPS microgels synthesized with varying AMPS
concentrations that are embedded in a percolating network made from 30 wt% AM. The
elasticity of the DNGHs increases with increasing AMPS concentration. (e,f) Color maps
of the Young’s moduli (e) and toughness (f) calculated as the area under the stress–strain
curve of DNGHs as a function of the concentration of AMPS contained in the microgels
and that of AM that forms the second percolating network. Reported values represent
the mean of five repeated measurements. Adapted with permission from [271].

a b

Figure 5.9: Influence of the crosslink density of the percolating second network on
the mechanical properties of DNGH. (a) Tensile measurements performed on DNGH
with a crosslink density of the secondary network of 0.02 mol% (orange) and 0.2 mol%
(blue). The Young’s modulus of both samples is 0.28 MPa. DNGHs containing 0.02 mol%
crosslinker display a typical yielding behavior, as illustrated in the inset. (b) Optical mi-
crograph of a fractured sample containing 0.02 mol% crosslinker. The loosely crosslinked
secondary network hinders good interparticle adhesion such that individual PAMPS mi-
crogels are bridged by fibrous PAM filaments, as highlighted in the inset. Adapted with
permission from [271].

Figure 5.9b. These results suggest a weak interparticle adhesion. The toughness strongly
increases, if we increase the AM crosslink density: by increasing it ten-fold, the fracture
strength increases from 50 kPa to 600 kPa. Importantly, the increase in toughness does
not compromise the stiffness of the DNGH: the Young’s modulus remains unchanged at
0.28 MPa. As a consequence, the fracture toughness of the DNGH increases more than
10-fold if we increase the AM concentration to 0.2 mol%. These results demonstrate that
the mechanical properties of DNGH can be tuned with the crosslink density of the perco-
lating network, by analogy to DN materials that contain individually dispersed microgels
in them [221]. However, by contrast to the DN materials, our DNGH can be 3D printed
into complex shapes. To ensure good shape-retaining properties of the ink and a good
stability of the additive manufactured materials, we employ the formulation containing
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0.2 mol% crosslinker for the following experiments.

5.4.4 Printability and post-curing stability of DNGHs

An important asset of our DNGHs is their fabrication from jammed microgels that shear
thin and rapidly recover when stress is relieved. We expect this rheological behavior to
render our jammed microgels well-suited inks for 3D printing. When the ink is extruded
through a 410 µm diameter nozzle, it is subjected to significant shear stresses that lower
the viscosity of the ink locally. The fast recovery of the elastic properties upon relaxation of
the stress allows extruding a stable filament whose diameter is similar to that of the nozzle,
as shown in the photograph in Figure 5.10a. Importantly, the extruded filament maintains
the characteristic granularity of the ink, as evidenced form the fluorescent micrograph in
Figure 5.10b.

Macroscopic 3D structures are typically printed by depositing multiple layers on top of
each other. To ensure good integrity of the 3D printed structures, subsequent layers must
partially merge. Our ink is fundamentally different in that it is composed of jammed
microgels that can re-arrange before a second percolating network is formed such that we
expect it to enable printing junctions with good interconnections. To test our expectation,
we print two perpendicular filaments in a grid-like geometry. Indeed, the junctions display
good interconnectivity between adjacent layers already before the second percolating net-
work is formed, as shown in Figure 5.10c. After the second percolating network is formed,
the grid retains its shape and integrity even if removed from the substrate, as shown in
Figure 5.10d.

The mechanical properties of additive manufactured materials are typically inferior to
those of the corresponding bulk materials. This discrepancy is often related to a weak
adhesion between sequentially deposited layers. Our ink offers an elegant possibility to
overcome this limitation as the second, percolating network is formed after the ink is 3D
printed. Therefore, we expect the interfaces between sequentially deposited layers to be
equally strong as the grain boundaries within the printing plane. To test this hypothesis,
we print a solid DNGH rectangular stripe where the printing direction is along its length
and one where the printing direction is perpendicular to it, as schematically shown in
Figure 5.11a. Remarkably, we do not observe any significant influence of the printing
direction on the mechanical properties of these stripes, as shown in Figure 5.11b. This is
in stark contrast to polymers that are 3D printed using conventional, homogeneous inks
[276]. Indeed, the Young’s modulus is the same as the one measured for molded samples,
0.28 MPa. Interestingly, the additive manufactured samples possess a higher toughness
than the corresponding molded ones: DNGH printed stripes reach a fracture strength of
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Figure 5.10: Printing of jammed microgels. (a) Photograph of the jammed microgel
filament while it is extruded from a 410 µm conical nozzle. The material can be printed
continuously without rupture yielding a filament with high shape fidelity. (b) Fluorescent
micrograph of the extruded granular filament. Microgels are labeled with sulforhodamine
B sodium salt. The resulting granular filament has an average diameter of 500 µm. (c)
Optical micrograph of a printed grid demonstrating the high shape-retaining properties of
the extruded layers. The curvature between crossing filaments suggests partial merging of
subsequent layers. (d) Photograph of a free-standing DNGH grid. Upon UV curing, the
printed object can be removed from the substrate while retaining its shape, demonstrating
the good interconnectivity between layers that is caused by the percolating second PAM
network. Adapted with permission from [271].

more than 0.8 MPa, and a maximum elongation of around 290%, compared to the molded
samples whose fracture strength is 0.6 MPa and the maximum elongation is 150%. The
superior mechanical properties are likely related to the more homogeneous distribution of
microgels in printed samples and the lower density of defects such as air inclusions.

To put the mechanical performance of our 3D printed DNGHs in perspective with pre-
viously reported 3D printed hydrogel, we compare the Young’s moduli of these systems.
Our DNGHs are stiffer than any of the previously reported formulation, as summarized
in Figure 5.12 [203, 26, 277, 278, 279, 280, 64, 281, 282]. We assign this difference to the
processing: our DNGHs are fabricated from jammed microgels such that we can indepen-
dently optimize the rheological properties of the ink and the composition of the microgels.
This is in stark contrast to most 3D printed hydrogels where these two parameters are
closely coupled. Taking advantage of this important aspect, we can combine the extraor-
dinary mechanical properties of DN hydrogels with an additive manufacturing process,
without compromising the printability and resolution of the ink.
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Figure 5.11: Effect of printing direction on mechanical properties. (a) Photograph of
DNGH stripes printed with perpendicular (top) or parallel (bottom) filament orientation.
Microgels are labeled with sulforhodamine B sodium salt for visualization. (b) Tensile
measurements of DNGH stripes printed parallel and perpendicular to the long axis of
the stripe. We cannot observe any influence of the printing direction on the mechanical
properties. The toughness of additive manufactured DNGHs is significantly higher than
that of molded samples. Adapted with permission from [271].

Figure 5.12: Ashby plot. Young’s moduli of various hydrogel inks plotted as a function
of the total polymer content. DNGHs reported here are stiffer than any other previously
reported 3D printed hydrogel. Adapted with permission from [271].
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5.4.5 Potential applications of DNGHs

Our results suggest that jammed microgels soaked in a monomer solution are well-suited
inks to 3D print strong and tough hydrogels. This is an asset that has been difficult to
achieve with previously reported 3D printed hydrogels [283, 284, 285]. To exploit this
new feature, we 3D print our jammed microgels into high aspect ratio hollow cylinders,
as shown in Figure 5.13a. Indeed, the additive manufactured DNGH structure can be
repetitively compressed up to 80%, where it buckles, and retains its initial shape when
the stress is released. Importantly, we do not observe any signs of damage, even after
samples have been unloaded, as shown in Figure 5.13b. The exceptional shape fidelity
and mechanical stability of the construct hints at the potential of the jammed microgel-
based ink to design mechanically robust granular materials possessing complex geometries.

A key feature of the ink introduced here is its ability to vary the composition of 3D
printed objects locally without risking the introduction of weak interfaces that would
sacrifice their mechanical properties. This feature can be achieved if materials are 3D
printed from multiple inks, each one composed of jammed microgels possessing a well-
defined composition that varies between the different inks and all microgels are soaked in
the same type of monomer solution. This ink formulation allows covalent crosslinking of
adjacent microgels even if these microgels originate from different types of inks and hence
possess different compositions after they have been processed into complex 3D structures.
To demonstrate feasibility, we print an ink containing red microgels and one containing
green microgels into a grid where the two types of hydrogels remain spatially separated,
as illustrated in Figure 5.13c. To demonstrate the importance of the second percolating
network for the mechanical stability of the DNGHs, we print the EPFL logo from a
structural ink composed of microgels that are soaked in a monomer-containing solution
and fill the interstices with a sacrificial ink, namely one composed of jammed microgels that
do not contain any monomers. After the second percolating network is formed through
exposure to UV-light, we selectively remove the sacrificial ink by immersing the 3D printed
structure into an aqueous solution. We obtain an integral material possessing well-defined
cm-sized structures, as illustrated in Figure 5.13d.

To demonstrate the advantage of co-printing inks composed of microgels possessing differ-
ent properties we 3D print shape-morphing DNGHs. Shape-morphing properties can be
imparted to complex structures if they display anisotropic swelling behaviors [286, 287,
288]. To obtain this property, we employ microgels with different crosslink densities such
that their swelling behavior varies. Indeed, if we print a flower whose first layer is com-
posed of microgels possessing a lower crosslink density than those contained in the second
layer, the flower folds into opposite directions upon drying and soaking, as exemplified
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Figure 5.13: 3D printing of DNGHs. (a) Photograph of a hollow cylinder with an as-
pect ratio of 2 that can be printed with high shape fidelity. Microgels are labeled with
sulforhodamine B for better visualization. (b) Photographs of the hollow DNGH cylinder
under compression. While compressed, the cylinder experiences strong deformation and
buckling. The good elasticity of DNGH allows the cylinder to return to its initial shape
when the stress is released. (c) Fluorescent micrograph of two filaments labeled with dif-
ferent dyes, demonstrating the ability to control the composition locally. (d) Photographs
of an object that has been 3D printed with a structural and sacrificial ink. The sacrificial
ink can be removed after the secondary network of the structural ink has been formed by
immersing the material into an aqueous solution. (e) Photographs of dual-ink printing of
a shape-morphing flower. The object is fabricated from two layers with different swelling
behaviors. The first layer is composed of microgels containing 3.5 mol% cross-linker, the
microgels contained in the second layer contain 14 mol% cross-linker. As a result of the
different swelling behaviors of the microgels and the secondary network, that ensures a
good integrity of the overall structure, the DNGH flower can repetitively fold in opposite
directions upon drying and immersion in water. Adapted with permission from [271].
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in Figure 5.13e. This example demonstrates the power and versatility of the presented
method to fabricate responsive, smart soft materials that are sufficiently strong and stiff
to bear significant loads.

5.5 Conclusion

We introduce a modular, versatile method to 3D print strong and tough complex hydrogels.
The hydrogels are composed of jammed microgels that are connected through a second
covalently crosslinked percolating network. Our approach combines the advantageous
rheological properties of jammed microgels with the excellent mechanical properties of
double network hydrogels to additive manufacture strong and tough granular hydrogels
that can optionally be rendered adaptive. Because adjacent microgels are embedded in
a percolating 3D network, the mechanical properties of the 3D printed materials are
isotropic and independent of the printing direction. Importantly, the two-step approach to
fabricate DNGH is not limited to hydrogel particles but can be extended to a broad range
of materials that can be processed into porous particles. Thereby, it significantly enlarges
the range of materials that can be 3D printed into complex mechanically robust materials.
The flexibility in the granular ink design and excellent control over the micrometer length
scale structure opens up new possibilities to design the next generation of strong and tough
soft robots and implants that can adapt their properties locally in response to external
stimuli.
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CHAPTER 6

3D printing of recyclable double network
granular hydrogels

In this chapter, I present a recyclable double network granular hydrogel, composed of non-
degradable microparticles that are contained in a degradable percolating second network.
The microparticles constituting the first network can be recovered, and re-used for the
fabrication of new recycled double network granular hydrogel.

This chapter is adapted from a manuscript in preparation entitled ”3D printing of Recy-
clable Double Network Granular Hydrogels” authored by Alvaro Charlet, Matteo Hirsch,
Sanjay Schreiber and Esther Amstad. A. Charlet and M. Hirsch are equally contribut-
ing co-first authors. A. Charlet, M. Hirsch and E. Amstad designed the experiments. A.
Charlet performed the degradation experiments, the Raman spectroscopy, and the rheolog-
ical study. M. Hirsch performed the 3D printing of the material. S. Schreiber performed
preliminary experiments that were essential to establish the final protocol used in this
work. All remaining experiments are performed by A. Charlet and M. Hirsch collectively.
A. Charlet, M. Hirsch and E. Amstad analyzed the data and wrote the manuscript.
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6.1 Abstract

Sustainable materials, such as degradable and recyclable polymers, become increasingly
important as they are often environmentally more friendly than their one-time-use coun-
terparts. In parallel, the trend towards more customized products demands for fast pro-
totyping methods that allow processing materials into well-defined 3D objects that are
mechanically sufficiently robust to bear significant loads. Soft materials that satisfy the
two rather contradictory needs remain to be shown. Here, we introduce a material that
simultaneously fulfills both requirements, a 3D printable and recyclable double network
granular hydrogel (rDNGH). This hydrogel is composed of PAMPS microparticles that are
covalently crosslinked through a disulfide-based percolating network after they have been
3D printed. The possibility to independently degrade the percolating network, with no
harm to the primary network contained within the microgels, renders the recovery of the
microgel paste efficient. As a result, the recycled material pertains mechanical properties
that are similar to those of the pristine material. Importantly, this process can be ex-
tended to the fabrication of recyclable hard plastics made of, for example, dried rDNGHs.
We envision this approach to not only benefit the field of soft materials but also serve as
foundation for a paradigm shift in the design of new sustainable plastics.

6.2 Introduction

Plastic pollution represents one of the largest sources of environmental threat [289]. Every
year, more than 40 million tons of plastic waste is released into the environment [290].
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Because the majority of these materials cannot be degraded, the plastic rapidly accumu-
lates. To address the urgent need to reduce plastic waste, a lot of work has been devoted
towards recyclable plastics [291, 292, 293, 294]. For example, the increased awareness of
the environmental impact of plastic waste motivated excellent work devoted to degradable
and recyclable elastomers [295, 296], and hydrogels [297, 298, 299]. The ability to degrade
hydrogels also offers new possibilities to use them as adhesive layers between other hy-
drogels and biological tissues or synthetic substrates where the adhesive layer selectively
degrades over time, thereby enabling a safe removal of the coating [163, 300, 301, 5].
Unfortunately, these degradable hydrogels cannot be used for load-bearing applications
because they are mechanically too weak. Another approach to reduce the ecological im-
pact of plastic and hydrogel waste is the use of novel processing technologies that enable
shorter and more localized value chains [302]. In this context, additive manufacturing has
gained tremendous interest in the field of hydrogel for its efficient use of resources, fast
prototyping capability, and on-demand production [303]. Among various manufacturing
techniques, extrusion printing has been widely adopted thanks to its easy implementation
and low material waste [304, 13, 305, 306].

As was presented in chapter 5, the use of jammed microgels enables the 3D printing of
strong and tough double network granular hydrogels. Here, we introduce a double network
granular hydrogel, which can be selectively degraded and recycled several times. This is
achieved by synergistically combining the favorable 3D printing properties of jammed
microgels, the high mechanical performance of double-network hydrogels, and the degrad-
ability of covalent reversible bonds. Our material is composed of microgels loaded with
a second precursor that contains cleavable crosslinks. Once printed, the granular struc-
ture is stabilized by initiating the polymerization reaction of the second precursor to form
a percolating network that interpenetrates the microgels and simultaneously crosslinks
them. The resulting rDNGH can bear loads up to 0.7 MPa. At the end of its life, it
can be disassembled into its microgel components upon exposure to an aqueous solution
containing an agent that degrades the dynamic covalent bonds of the second percolat-
ing network, TCEP, as described in section 1.6.4. The ability to recover the microgels,
that can then be reused for the preparation of a new rDNGH ink, renders this process
thrifty and sustainable. Our new rDNGHs demonstrate the possibility to combine good
mechanical properties and recyclability. We envision this material to serve as a source of
inspiration for the fabrication of the next generation of additive manufactured sustainable
hydrogel materials and maybe even for more sustainable plastic replacements.
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6.3 Experimental section

Details about the experimental procedure are presented in chapter 3 from section 3.4.1 on
page 48 to section 3.4.8 on page 49.

6.4 Results and discussion

6.4.1 Microgel ink design and rDNGH fabrication

To decouple the rheological properties of the hydrogel precursor solution from that of the
3D printable ink, we produce microgels in a similar way to what was presented in chapter
5. Briefly, microgels are produced from aqueous emulsion drop templates that contain
AMPS precursors. They are converted into microparticles by initiating the polymeriza-
tion reaction of the precursors using UV illumination. The microgels are washed and
transferred into an aqueous solution containing AM, N,N′-bis(acryloyl)cystamine (BAC),
and 2-hydroxy-2-methylpropiophenone that serves as a photoinitiator (PI) before they
are jammed to obtain the rheological properties required for 3D printing. The 3D printed
structure is solidified by initiating the polymerization reaction of AM and BAC which form
a percolating network that interpenetrates the microgels and simultaneously crosslinks
them, as schematically illustrated in Figure 6.1a.

The key novelty of our system is its ability to be recycled at the end of its life. Importantly,
the disassembly of 3D printed materials can be done under benign conditions in an aqueous
solution: the intrinsic reversibility of disulfide linkages enables selective de-crosslinking of
the secondary network, while the microgel primary structure is preserved, as schematically
shown in Figure 6.1b. The microgels can be purified from the de-crosslinked PAM chains,
loaded with new AM, BAC, and PI and jammed such that it can be used as a new ink, as
shown in Figure 6.1c. This process can be iterated several times without major microgel
deterioration thus making this material suitable for recycling, as detailed in Figure 6.1d.

6.4.2 Dynamic covalent bonds as degradable crosslinks

For recyclable materials to be truly useful, they must degrade upon exposure to an exter-
nally controllable trigger [307]. Furthermore, the degradation process should occur under
benign conditions. To satisfy these requirements, we introduce a degradation protocol that
bases on a naturally occurring hydrolysis. We employ a covalently crosslinked percolating
network that entails disulfide bonds, each of which is hydrolyzed into two thiol moieties by
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Figure 6.1: Life cycle of rDNGHs. (a) Schematic representation of the manufacturing
process of rDNGHs. Jammed microgels loaded with AM monomers and the degradable
crosslinker BAC are 3D printed or molded into an arbitrary shape, and stabilized through
UV exposure. (b) Upon object failure or wear, the structure can be disassembled into
its microgel components by a green degradation reaction, performed in an aqueous en-
vironment. (c) The recovered microgels are washed to remove the former percolating
network. The purified microgels are recycled into a fully functional ink by re-soaking
them in a monomer-containing solution. (d) The inset shows a schematic representation
of the degradable and recyclable crosslink mechanism. Microgels (blue) are held together
by a percolating PAM network (brown) crosslinked by a cleavable disulfide linkage (red).
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Figure 6.2: Degradability of rDNGHs. (a) Schematic representation of the degradation
reaction. Upon rDNGH immersion in a TCEP solution, the disulfide bonds are reduced
into individual thiols, thus breaking the percolating network. (b) Time lapse of a rDNGH
thread holding a 100 g weight in a solution containing 50 mM TCEP. After 10 min
incubation, the hydrogel thread breaks, releasing the weight. Scale bars are 20 mm. (c)
The degradation mechanism is confirmed with Raman spectroscopy, by the appearance
of the characteristic -SH peak at 2460 cm−1 in the degraded sample (red), that is absent
in the pristine rDNGH (blue). (d) Degradation kinetics of rDNGHs as a function of
the TCEP concentration. Samples immersed in solutions containing increasing TCEP
concentrations are monitored through gravimetric analysis over time. In the absence
of TCEP, swelling is observed resulting in an increased weight. With increasing TCEP
concentrations the degradation rate increases. e, Degradation kinetics of rDNGHs in 50
mM TCEP as a function of pH. Increasing pH results in faster degradation.
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Figure 6.3: Stability in aqueous environment of rDNGH. Time lapse of a rDNGH thread
holding a 100 g weight in deionized water. Scale bars are 20 mm.

immersing the material in a TCEP containing aqueous solution, as schematically shown
in Figure 6.2a. Hence, we expect that rDNGHs decompose into individual microgels if
immersed in such a solution. To test this expectation, we attach a 100 g weight to one
of the ends of a rDNGH thread and immerse it in an aqueous solution containing 50 mM
of TCEP. Indeed, within 10 min, the weight is released because the rDNGH starts to
degrade, as shown in Figure 6.2b. To demonstrate that the degradation of the rDNGH is
caused by the hydrolysis of the disulfide bonds, we immerse a rDNGH that is again loaded
with a 100 g weight into deionized water. We do not observe any sign of degradation, even
after 3 hours, as shown in Figure 6.3. We verify that the decomposition of the rDNGH is
caused by the hydrolysis of disulfide bonds by monitoring their conversion into individual
thiol groups using resonance Raman spectroscopy. Indeed, upon 30 min incubation of the
rDNGH in the TCEP containing solution, we observe the appearance of a peak at 2460
cm−1 which is attributed to the vibration of thiol groups [308], as shown in Figure 6.2c.

An important factor that determines the potential of recyclable materials to be broadly
used is the time needed for recycling: this time should be similar or shorter than currently
used commercial recycling processes. To assess this parameter, we measure the recycling
time of our material as a function of the TCEP concentration. If rDNGHs are immersed
in an aqueous solution containing 100 mM TCEP, they degrade within 90 min. A two-fold
reduction in the TCEP concentration prolongs the degradation by 30 min. The material
can be decomposed under even more benign conditions: if immersed in aqueous solutions
containing only 10 mM TCEP, they still degrade within the experimental observation time
of 120 min, as shown in Figure 6.2d. Note that the degradation kinetics also depends on
the solution pH: if we keep the TCEP concentration constant at 50 mM and increase the
pH from 3 to 9, we reduce the degradation time from 120 to 45 min, as shown in Figure
6.2e. This degradation time is much faster than the time needed to degrade biodegradable
plastic, which can take up to 6 months, illustrating the potential of our material [309].
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6.4.3 Mechanical characterization of rDNGHs

Another key parameter for the quality of a recyclable material is its recovery yield. To
evaluate this property, we quantify the microgel amount that is recovered as a function
of the number or recycles the microgels have been subjected to. After each recycle, the
process is monitored by weighing the purified microgels and evaluated by normalizing
this value with the original microgel weight. We recover close to 100% of the microgels
such that we obtain a recovery yield close to 1, as shown in Figure 6.4a. We assign this
very high recovery yield to the size of our microgels: they have diameters of order 10-100
µm such that they readily sediment if centrifuged at 4500 rpm and thus, can easily be
extracted from the solution.

Recyclable materials are only truly useful if their mechanical properties do not deteriorate
upon recycling [291]. In a first approximation, we expect the mechanical properties of our
rDNGH to be independent of the number of recycles the microgels have been subjected
to. To test this expectation, we quantify the mechanical properties of pristine rDNGHs
and compare them to recycled counterparts using tensile tests. The stiffness of rDNGHs
containing microgels made from a 25% AMPS solution remains unchanged. By contrast,
their maximum elongation decreases after the first recycle by approximately 30% and after
the following four recycles by another 30%, as shown in Figure 6.4b. The decrease in max-
imum elongation with increasing recycles hints at a non-perfect removal of the degraded
PAM chains. We assign the hindered removal to the physical entanglement of PAM chains
within the microgels such that part of these degraded chains remain trapped in the micro-
gel network, thus increasing the overall crosslink density. As a result, subsequent cycles
suffer from reduced diffusion of the secondary precursor solution which yields rDNGHs
with lower maximum elongation.

The stiffness of double network granular hydrogels is dictated by the polymer content and
crosslink density of the microgels [221, 274, 310, 311]. We observe an increase in stiffness
of the rDNGHs with increasing number of recycles, as shown in Figure 6.4a. To test if
this increase is indeed caused by the increase in microgel stiffness, we fabricate microgels
from solutions containing different concentrations of AMPS and assess the mechanical
properties of rDNGHs made from them. Indeed, rDNGHs containing microgels produced
from an aqueous solution containing 20 wt% AMPS possess a lower stiffness compared to
those containing microgels made from an aqueous solution containing 25 wt% AMPS, as
already established in chapter 5. The stiffness is further increased if we fabricate rDNGHs
containing microgels produced from a 30% AMPS containing solution, as shown in Figure
6.5. Upon recycling, we observe a decrease in stiffness for rDNGHs made from a solution
containing 20 wt% AMPS with increasing number of recycles, as shown in Figure 6.6a.
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Figure 6.4: Mechanical performance of rDNGHs. (a) The Young’s modulus of the rD-
NGHs (red) and recovery yield of the microgels (blue) as a function of the number of
recycles microgels have been subjected to. The small increase in Young’s modulus is
attributed to AM residues that are crosslinked during recycling. The resulting recycled
microgels have a higher polymer content that results in a higher stiffness of the double
network. The recovery yield of the degraded microgels, measured by gravimetry, is close
to 100 % even after 5 cycles. (b) Tensile curves of rDNGHs containing microgels prepared
from an aqueous solution containing 25 wt% AMPS as a function of recycling. (c) Opti-
cal micrographs of PAMPS microgels with varying polymer contents as a function of the
degradation cycle. Microgels prepared from solutions containing 20 wt% monomers are
damaged as they are recycled multiple times. With increasing polymer content, the micro-
gels display better shape fidelity and reduced damage over multiple recycling iterations.
Scale bars are 100 µm.
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Figure 6.5: Mechanical performance of rDNGHs. Tensile curves of rDNGHs as a function
of microgel polymer content.

ba

Figure 6.6: Mechanical performance of rDNGHs. (a) Tensile curves of rDNGHs contain-
ing microgels prepared from an aqueous solution containing 20 wt% AMPS as a function of
recycling. (b) Tensile curves of rDNGHs containing microgels prepared from an aqueous
solution containing 30 wt% AMPS as a function of recycling.
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By contrast, rDNGHs containing microgels made from 30 wt% AMPS solutions show no
appreciable stiffness change throughout cycles, as shown in Figure 6.6b. This difference
in stiffness of rDNGHs composed of microgels made from a 20 wt% AMPS solution is
attributed to an ever-increasing internal damage of these microgels, that influences the
mechanical performance of rDNGHs throughout the cycles, as observed from the optical
images in Figure 6.4c. The internal damage is much lower for recycled microgels that
have been prepared from a 25 wt% AMPS solution, and almost no damage is observed for
recycled microgels prepared from a 30 wt% AMPS solution. While rDNGHs prepared from
a 30 wt% AMPS solution appear to be the least damaged throughout the recycles, the
high polymer content within the microgels limits their swelling capability and therefore
their capacity to load AM precursor. As a result, the density of PAM within 30 wt%
AMPS rDNGHs is lower, resulting in lower maximum elongation in the pristine sample,
as shown in Figure 6.6b. Hence, the maximum elongation must be traded off with the
structural integrity. For this reason, we fix the AMPS concentration in the solution used
to make microgels to 25 wt% for the following experiments.

6.4.4 3D printing of rDNGHs

As investigated in chapter 5, jammed microgels are well-suited for 3D printing because
they are shear thinning and display a low yield stress [21, 312]. To test, if this is also the
case for our ink based on AM and BAC precursors, we assess its rheological properties.
As expected, our jammed microgels are shear thinning and have a yield stress as low as 5
kPa. Note that the rheological properties are independent of the number of recycles the
microgels have been subjected to, as shown in Figure 6.7a, suggesting that the recycling
does not affect the 3D printability of the ink.

The ease to 3D print depends on the pressure required to extrude the ink through the
nozzle. This parameter is determined by the characteristic rheological flow point, defined
as the crossover between storage modulus (G’) and loss modulus (G”), beyond which the
material will flow through the nozzle. Furthermore, the quality of the 3D printed object
depends on its shape fidelity, a parameter that is determined by the amplitude of the
plateau G’ at low strain [177, 207, 313]. To assess whether the recycling affects the ease of
printing and the quality of the resulting object, we monitor the characteristic rheological
flow point and the plateau storage modulus at 0.1% as a function of the recycles. We
observe no appreciable change in these two parameters even if microgels are recycled up
to 5 times, as shown in Figure 6.7b, indicating that the ease and precision of the 3D
printing remains unchanged even if microgels are recycled several times. To highlight this
feature, we print a 3D rDNGH construct representing a Moai head, as displayed in Figure
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Figure 6.7: Printing and recycling of rDNGHs. (a) Rheological characterization of
pristine and recovered jammed microgels. The amplitude sweep shows good printability of
the jammed microgels even after 5 cycles. (b) Storage modulus (plateau G’) and flow point
(crossover G’ with G”) demonstrate no appreciable decrease in rheological performance
over several recycling iterations. (c) Pristine jammed microgels are printed into a Moai
figure, and polymerized into a rDNGH. Microgels are colored with methylene blue for
visualization. Scale bar is 10 mm. (d) After degradation of the Moai figure, the recovered
microgels can be regenerated into a fully functional ink and 3D printed again. To better
elucidate the recycling process, a sphinx is chosen as the new print. Scale bar is 10 mm.
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6.7c. We subsequently degrade the Moai head, recover the microgels, and re-print another
rDNGH construct representing a sphinx that displays a similar printing resolution, as seen
in Figure 6.7d.

6.4.5 Dried rDNGHs as recyclable plastics

Hydrogels are well-suited for biomedical applications. However, their mechanical proper-
ties can only be tuned over a limited range. To broaden the range of mechanical properties
that can be accessed with our rDNGHs, we dehydrate 3D printed rDNGHs in a vacuum
chamber to obtain a hard integral plastic material, as shown in Figure 6.8a and well in
agreement with existing literature on dehydrated polyelectrolyte gels [314]. The mechan-
ical properties of the resulting material are assessed using three-point bending. Dried
rDNGHs display a bending modulus as high as 1.92 GPa with a maximum flexural stress
of 130 MPa at 6% strain. These values are similar to those of commercial plastics, such as
acrylonitrile butadiene styrene (ABS), polyethylene (PE), and polyethylene terephthalate
(PET) [315]. To recycle the material at the end of its life, we immerse it in an aqueous
solution containing TCEP until it is fully degraded, which takes approximately 2 hours.
The recovered material is swollen in an aqueous solution containing acrylamide before it
is processed into a new rDNGH sample. After drying, the bending modulus increases by
10% whereas the flexural strain decreases by 50%, as shown in Figure 6.8b. We assign the
changes in mechanical properties to the increase in the PAM density within the microgel
that stiffens them.

To demonstrate the potential of the dried rDNGHs to act as load-bearing materials, we
fabricate a wrench to screw in a stainless-steel nut. Like in conventional manufacturing
processes, poor design can result in an unfunctional tool, as shown in Figure 6.8c. Thanks
to the intrinsic recyclability of our material, it is possible to reprocess our plastic within
the same day and adapt the design to better fit the nut, as shown in Figure 6.8d. As a
result, the final tool can easily tighten the nut to the bolt.
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Figure 6.8: The new paradigm of rDNGH-based plastics. (a) Picture of 3-point bending
test of a dried rDNGH slab (20.0 x 10.2 x 1.4 mm3). Scale bar is 10 mm. (b) Flexural
stress-strain curves of dried pristine and recycled rDNGH. The solid material behaves as
a hard plastic with a flexural modulus of 1.92 GPa. The recycled material displays an
increase in modulus of 10 % with respect to the pristine sample, while the flexural strain
decreases by 50 %. (c,d), Proof of concept of fast prototyping of dried rDNGHs. As an
example, a M5 molded wrench cannot tighten a M4 bolt (c). The wrench is therefore
recycled and casted into a new M4 wrench, enabling us to tighten the bolt (d). Scale bars
are 5 mm.

6.5 Conclusion

We introduce a 3D printable, recyclable double network granular hydrogel that can bear
loads up to 0.7 MPa. The material is composed of microgels that are connected through
a degradable covalently crosslinked network that interpenetrates the microgels and co-
valently crosslinks them. The ability to selectively degrade the percolating secondary
network enables a fast, benign material disassembly. The microgels can be recovered at a
yield close to 1, purified and loaded with new reagents, before they are again processed
into a rDNGH whose mechanical properties closely resemble those of the pristine counter-
part. Importantly, the degradation procedure is not limited to hydrogels or disulfide-based
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linkers but can be extended to a broader range of materials and reversible chemistries,
thus making this process generalizable. Finally, we showcase a proof of concept for the
translation of rDNGHs to the fabrication of recyclable hard plastics. We envisage this
approach to have the potential to shift the paradigm of recyclable polymeric materials
and serve the bigger purpose of fighting global environmental pollution.
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CHAPTER 7

Conclusion

At the beginning of this thesis, I identified two major challenges in the development of
strategies to mechanically reinforce hydrogels:

• Bio-inspired metal-coordination hydrogels lack solid-like mechanical properties, due
to the relatively short lifetime of the crosslinking bonds.

• Double network hydrogels lack good manufacturability beyond simple casting meth-
ods, due to the liquid state of the precursor solutions.

Throughout the remainder of this work, I presented solutions to address these problems.
In this chapter, I summarize the findings collected across the thesis. I conclude by giving
general directions for future research.

In chapter 4, I introduced a metal-coordinated hydrogel based on high functionality
crosslinks. The simple one-step gelation is achieved by a simultaneous precipitation of
inorganic ions, and the attractive interaction between the precipitates and the polymers
functionalized with pyrogallol ligands. The advantage of using pyrogallols is their strong
chelation of trivalent ions at neutral pH, due to the low pKa of the molecule. The com-
petition between nucleation and growth of inorganic precipitates, and the chelation of the
ligands to available ions, leads to an arrested growth of the precipitates. As a result, poly-
disperse nanoparticles act as high functionality crosslinks for a mechanically reinforced
metal-coordinated hydrogel based on linear end-functionalized PEG.

In chapters 5 and 6, I introduced microgel-based inks as 3D printable precursors to fabri-
cate strong and tough double network granular hydrogels. The advantage of using micro-
gels to fabricate hydrogels is two-fold:

1. Jammed microgel-based inks have ideal viscoelastic properties that are compatible
with precision manufacturing techniques, such as injection and 3D printing.
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2. microgels with varying compositions can be embedded into a single granular hydro-
gel.

These keys aspects enable the precise fabrication of hydrogels with locally varying com-
positions. However, a limitation of our method presented in chapter 5 is the permanent
nature of the percolating network. I demonstrate in chapter 6 that this limitation can be
overcome using a degradable second network.

In conclusion, in this thesis I have introduced two distinctive strategies to mechanically
reinforce hydrogels for load-bearing applications. First, I have demonstrated that metal-
coordinated hydrogels can have solid-like properties, through a simple one-step precipita-
tion of high functionality crosslinks. Second, I introduced the use of granular hydrogels
to fabricate 3D printable double network hydrogels, that have high strength and tough-
ness. As a result, I can locally vary the composition of the material, and induce stimuli
responsiveness. Finally, I showed that the latter approach can be used with a degrad-
able second network, thereby achieving the recycling of the microgels, without significant
loss in mechanical properties of the granular hydrogel. I have demonstrated that this
technique can be extended to form rigid plastics, that are recyclable under mild aqueous
conditions. I conceptualized that granular hydrogels yield many promising applications,
for their versatility, robust production, and easy cutomization. Furthermore, I believe
that the presented methods provide a significant contribution to the field of load-bearing
hydrogels, to expand the range of possible future applications beyond the biomedical field.
While significant progress is being made in this field of research, I warn that substantial le-
gal approval remains to be overcome before I can effectively foresee a use of these materials
within the human body as soft load-bearing implants.
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CHAPTER 8

Outlook

In this chapter, I propose an outlook on promissing future work that could greatly con-
tribute to the field of load-bearing hydrogels. I present some preliminary results, for each
of the explored directions.

8.0.1 Metal-coordinated hydrogels

In chapter 4, I presented a method to fabricate a metal-coordinated hydrogel based on the
precipitation of high functionality crosslinks. While the resulting mechanical properties
are increased as compared to a classical metal-coordinated hydrogels based on single ion
crosslinks, the material lacks good stretchability. I attribute this behavior to the high
number of defects, resulting in a far from ideal network. This leads to a poor cohesion
within the hydrogel at large scale. I postulate that a highly stretchable percolating network
would greatly improve the cohesion of the material. Furthermore the metal-coordinated
network could act as a reversible first network in a double network architecture, rendering
it self-healing.

In chapter 1, I introduced the concepts behind the remarkable mechanical properties of
double networks. In chapters 5 and 6, I demonstrated the use of the double network archi-
tecture to enable the 3D printing of strong and tough hydrogels. However, the impressive
mechanical properties are partially owed to the irreversible breaking of covalent bonds in
the first network. As a result, the material is irreversibly damaged beyond the critical
elastic regime, leading to a decay in mechanical properties over several large strain cycles.

This limitation can be overcome if the first network contains reversible bonds that break
during loading, yet re-bond thereafter, such as metal-coordination bonds used in chapter
4. The rupture of these bonds enables to dissipate energy, effectively contributing as
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sacrificial crosslinks in the first network. It is worth mentioning that the requirements for
this are two fold:

1. the crosslinking degree of the first network is substantially higher than that of the
second network, such that the elongation of the material is limited by the first
network.

2. the bonding energy of the sacrificial reversible bonds is smaller than that of the
second network.

As mentioned in section 1.6.6, this strategy has been first demonstrated using alginate
ionically crosslinked by Ca2+ ions as first network, and AM covalently crosslinked by MBA
[79]. However, the slow re-crosslinking of the trapped alginate network leads to a recovery
of only 50% of its original toughness within a day. To overcome this limitation, reversible
bonds with faster relaxation, yet high bonding energy are required. Coordination bonds
fulfill these requirements, and have effectively been used in dually crosslinked single net-
works, as sacrificial bonds [256, 55]. For example, the use of catechols and Fe3+ ions
as secondary crosslinks in elastomers greatly improved the mechanics of the covalently
crosslinked network [253]. Additionally, the material recovers 50% of its original tough-
ness within 10 min. However, true metal coordinated double networks, where the primary
network is entirely crosslinked by coodination bonds remain to be shown.

In an attempt to achieve this, I fabricate a double network based on a 2cPEG 1 kDa
crosslinked by Fe3+ as first network, and covalently crosslinked PAM second network.
All reactants are mixed under acidic conditions, and the solution is exposed to UV in a
mold. The crosslinking of metal-coordinated network is triggered by exposure of the solid
samples to ammonia.

To investigate whether the presence of the metal-coordinated network is affected by the
second network, I perform frequency sweep rheological measurements on the double net-
work, on the covalent single network, and on the metal-coordinated single network, as
shown in Figure 8.1a,b. I substract the storage and loss modulus of the covalent net-
work, to those of the double network, to obtain the rheological contribution of the metal-
coordinated network within the double network. Remarkably, the obtained artificial stor-
age and loss moduli resemble those of the measured metal-coordinated single network,
as shown in Figure 8.1c. I attribute this finding to the fast reversible bonding of the
metal-coordination bonds, which remains nearly unchanged by the presence of the cova-
lent second network. However, the material did not reach a high stretchability, strength
or toughness. I attribute this to the non-ideal second network, that does not meet the
requirements stated above. In conclusion, from the remarkable rheological observation,
I postulate that metal-coordination bonds yield promising use as sacrifical crosslinks in
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a b c

Figure 8.1: Rheological tests of metal-coordinated double network. (a) Frequency sweep
of a metal-coordinated double network and of a covalent single network. The arrow shows
the resonance frequency of the metal-coordination bond. At frequencies higher than the
resonance, the metal-coordination bonds strongly contribute elastically to the network, as
observed by an increased storage modulus. (b) Frequency sweep of a metal-coordinated
single network of 2cPEG - Fe3+, depicting a classical Maxwell model. (c) Artificial fre-
quency sweep from the metal-coordination contribution in the double network. Remark-
ably, this frequency sweep ressembles that of a metal-coordinated single network. Squares
represent storage moduli, triangles represent loss moduli.

healable double networks. Part of this work was performed by Paolo Pedrazzini, as part
of his semester project, and subsequent internship.

8.0.2 Granular hydrogels

In chapter 6, I presented a method to selectively trigger the dissolution of the percolating
network in double network granular hydrogels. While the triggerable breaking of the
bonds is ideal to fabricate degradable materials, recovered microgels need to be re-soaked
in a pristine AM + MBA precursor solution, thereby not achieving ”full” recyclability.

An alternative to this is the use of coordination bonds as dynamic reversible bonds to link
microgels together. I attempt to fabricate simple self-healable microgels, by decorating
them with ligands. To do so, I synthesized dopamine acrylamide, a short molecule con-
taining both an acrylate group and a catechol group. I validated the covalent decoration of
PMPTC microgels with catechols by performing hyperspectral Raman imaging, as shown
in Figure 8.2a. PMPTC microgels were selected for their lack of interaction with Fe3+ ions.
I exposed the microgels to Fe3+ ions and an increase in pH in an attempt to create bridg-
ing coordination bonds across microgels. While the resulting jammed microgels, shown in
Figure 8.2b had an increased viscosity, the material did not solidify. I attribute this to a
limited amount of metal coordination bonds, leading to a poor inter-microgel adhesion. I
believe that a hybrid approach between a percolating covalent network, and interparticle
metal coordination bonds yields promissing avenues for the future. Part of this work was
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20 μm 500 μm

a b

Figure 8.2: Imaging of catechol decorated microgels that are exposed to Fe3+. (a)
Hyperspectral Raman image of microgels. The resonance peak of the coordination bond
is chosen as color gradient. Individual microgels can be observed, revealing the presence
of catechol - Fe3+ coordination bonds on the microgels. (b) Picture of jammed microgels.
The catechol - Fe3+ coordination bonds lead to a purple color.

performed by Stella Laperrousaz and Joëlle Piot during their semester projects, and by
Francesca Bono, as part of her master thesis. Francesca Bono will pursue these ideas as
part of her PhD.
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APPENDIX A

Abbreviations

2cPEG di-catechol functionalised poly (ethylene glycol)
2gPEG di-pyrogallol functionalised poly (ethylene glycol)
3D three dimensional
α Kohlraush exponent
AM acrylamide
AMPS 2-acrylamido-2-methylpropane sulfonic acid
d diameter
D2O deuterium oxide
DAT data file extension
DCM dichloromethane
DIPEA N,N-diisopropylethylamine
DMF dimethylformaldehyde
DN double network
DNGH double network granular hydrogel
Ea activation energy
ECM extracellular matrix
EWC equilibrium water content
FeCl3 iron III chloride
FTIR fourier-transform infrared spectroscopy
γ shear
G stress relaxation modulus
Gi initial stress relaxation modulus
G0 plateau stress relaxation modulus
G′ viscoelastic storage modulus
G′′ viscoelastic loss modulus
h height
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A. Abbreviations

H relaxation spectrum
H2O water
HCl hydrogen chloride
I scattering intensity
kB Boltzmann constant
mol% molar percentage
MBA N,N′-methylene bisacrylamide
MgSO4 magnesium sulfate
NaBr sodium bromide
NaCl sodium chloride
NaClO sodium hypochlorite
NaOH sodium hydroxide
NMR nuclear magnetic resonance
ξ short correlation length
PAA poly(acrylic acid)
PAM poly(acrylamide)
PAMPS poly(sodium 2-acrylamido-2-methyl-1-propanesulfonate)
PEG poly(ethylene glycol)
PEG−COOH carboxylic functionalised poly(ethylene glycol)
PHEMA poly(hydroxyethylmethacrylate)
PI photoinitiator
PMPTC poly((3-(methacryloylamino)propyl)trimethylammonium chloride)
PNIPAM poly(N-isopropylacrylamide)
PyBOP benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophos-

phate
PV A poly(vinyl alcool)
q scattering vector
rpm rotation per minute
SAXS small-angle X-ray scattering
τ relaxation time
t time
T temperature
TEM transmission electron microscopy
TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl, 2,2,6,6-tetramethyl-1-

piperidinyloxy
UV ultraviolet
V volume
Wap as-prepared sample weight
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Wd dry sample weight
wt% weight percentage
χ electronegativity
XRD X-ray diffraction
ψ long correlation length
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APPENDIX B

Units

cm centimeter
Da dalton
g gram
h hour
J joule
kDa kilodalton
kg kilogram
kPa kilopascal
L litter
µg microgram
µL microlitter
µm micrometer
mg milligram
min minute
mL milliliter
mm millimeter
M molar
MHz megahertz
MPa megapascal
mmol millimollar
mW milliwatt
N newton
nm nanometer
Pa pascal
rad radian
s second
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B. Units

t time
W watt
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Hybrid Materials and Their Applications: A Review. Molecules, 25(21):4910, Jan-
uary 2020.

[244] Md Arifur Rahim, Mattias Björnmalm, Tomoya Suma, Matthew Faria, Yi Ju, Kris-
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Menin, Daniel Ortiz, Luc Patiny, Sreenath Bolisetty, Raffaele Mezzenga, Sebas-
tian J. Maerkl, and Francesco Stellacci. Nature-inspired Circular-economy Recycling
(NaCRe) for Proteins: Proof of Concept, September 2020.

151



Bibliography

[294] Weina Liu, Simone Giaveri, Daniel Ortiz, and Francesco Stellacci. DNA as a Recy-
clable Natural Polymer, September 2021.

[295] Alan M. Wemyss, Chris Bowen, Cédric Plesse, Cédric Vancaeyzeele, Giao T. M.
Nguyen, Frédéric Vidal, and Chaoying Wan. Dynamic crosslinked rubbers for a green
future: A material perspective. Materials Science and Engineering: R: Reports,
141:100561, July 2020.

[296] Lucie Imbernon and Sophie Norvez. From landfilling to vitrimer chemistry in rubber
life cycle. European Polymer Journal, 82:347–376, September 2016.

[297] Lijing Teng, Yunhua Chen, Yong-Guang Jia, and Li Ren. Supramolecular and dy-
namic covalent hydrogel scaffolds: From gelation chemistry to enhanced cell reten-
tion and cartilage regeneration. Journal of Materials Chemistry B, 7(43):6705–6736,
November 2019.

[298] Yi Li, Hong Yu Yang, and Doo Sung Lee. Advances in biodegradable and injectable
hydrogels for biomedical applications. Journal of Controlled Release, 330:151–160,
February 2021.

[299] M. Mario Perera and Neil Ayres. Dynamic covalent bonds in self-healing, shape
memory, and controllable stiffness hydrogels. Polymer Chemistry, 11(8):1410–1423,
February 2020.

[300] Benjamin R. Freedman, Oktay Uzun, Nadja M. Maldonado Luna, Anna Rock,
Charles Clifford, Emily Stoler, Gabrielle Östlund-Sholars, Christopher Johnson, and
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