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Abstract

Hydrogels are among the first materials expressly designed for their use in biomedicine.
However, state-of-the-art applications of hydrogels are severely limited because they are
typically either too soft or too brittle such that they cannot bear significant loads. Na-
ture, instead, assembles hydrogel-like soft biological tissues displaying unique mechanical
properties. These properties are the result of a fine interplay between structural complex-
ity and local composition. Indeed, most biological materials encompass highly ordered,
hierarchical structures with locally varying compositions. In an effort to mimic nature
complexity, several strategies to reinforce hydrogels and control their internal structure
have been thoroughly investigated. However, currently produced manmade hydrogels are
still far from reaching mechanical performances similar to that of their biological counter-

parts.

In the first part of the thesis, I introduce a novel approach to fabricate synthetic load-
bearing hydrogels with controlled structure and local varying composition. These proper-
ties are obtained through the use of a granular precursor material, referred as the jammed
microgel ink, that allows the 3D printing of complex architectures with controlled mi-
crostructure and composition. Microgels are produced from monomer-loaded drops, that
are then converted into hydrogel particles by a conventional photopolymerization reaction.
Owing to their high swelling capacity, microgels are subsequently loaded with another pre-
cursor solution. After 3D printing, the precursor solution can be crosslinked to form a
second percolating network that stabilizes the 3-dimensional hydrogel construct. This
reaction converts the soft jammed paste into a stiff and tough granular material, referred
as the double-network granular hydrogel, while maintaining a well-defined microstructure.
Furthermore, I discuss the versatility of double network granular hydrogels for the fabrica-
tion of recyclable hydrogels. This is achieved by incorporating dynamic covalent crosslinks
in the percolating network that allow the on-demand degradation and recycling of the dou-

ble network granular hydrogel down to its individual microgel components. Furthermore,
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I prove that this recycling approach can be extended to hard plastics, thus expanding the

potential applications of recyclable double network granular materials.

In the second part of the thesis, I discuss the use of metal-coordination for the local rein-
forcement of hydrogels. Initially, I show that metal-coordination can be used to selectively
reinforce bulk hydrogels by introducing competitive ligands in the crosslinking solution.
This strategy allows the fabrication of mechanical gradients within the same material,
such that core-shell structures can be obtained. Furthermore, I demonstrate the possi-
bility to combine this reinforcement approach with double network granular hydrogels.
This combination allows to independently control microstructure and local reinforcement,
thus expanding the degrees of freedom for the design of load-bearing hydrogels. There, I
demonstrate the possibility to further improve hydrogel mechanics by fabricating double
network granular hydrogels that are reinforced through metal-coordination either in the

microgels or in the percolating network.

In the last section, I introduce a novel strategy for the fabrication of synthetic materi-
als whose mechanical properties and structural complexity closely resemble those of their
natural counterparts. To achieve this goal, I propose to combine synthetic manmade ma-
terials with natural living microorganisms to produce an engineered living biocomposite.
The encapsulation of mineralizing bacteria in a granular hydrogel enables their assembly
into soft arbitrarily complex structures. Upon mineralization, the local precipitation of
biominerals reinforces the scaffold by creating mineral bridges that stabilize the structure.
The mineralized granular biocomposite is porous and lightweight, while being able to sus-
tain significant loads. The material shows a unique internal microstructure that closely
resemble that of natural bone. Furthermore, I suggest potential applications of this unique

material, such as an injectable paste for art restoration.

While drawing my conclusions, I highlight current technological limits that are hindering
hydrogel research from reaching its full potential and suggest possible solutions. I believe
that overcoming these limitations would help expanding the hydrogel application land-

scape to more advanced fields, such as that of soft robotics, and smart adaptive materials.

Keywords: soft materials, hydrogels, 3D printing, engineered living materials



Abstract (Italian)

Gli idrogeli sono tra i primi materiali espressamente progettati per essere utilizzati in
biomedicina. Tuttavia, le applicazioni all’avanguardia degli idrogeli sono fortemente limi-
tate perché in genere sono troppo morbidi o troppo fragili, tanto da non poter sopportare
carichi significativi. La natura, invece, assembla tessuti biologici morbidi simili agli idro-
geli che presentano proprieta meccaniche uniche. Queste proprieta sono il risultato di
una fine interazione tra complessita strutturale e composizione locale. Infatti, la maggior
parte dei materiali biologici comprende strutture gerarchiche altamente ordinate con com-
posizioni localmente variabili. Nel tentativo di imitare la complessita della natura, sono
state studiate a fondo diverse strategie per rinforzare gli idrogeli e controllare la loro strut-
tura interna. Tuttavia, gli idrogeli attualmente prodotti dall’'uomo sono ancora lontani

dal raggiungere prestazioni meccaniche simili a quelle delle loro controparti biologiche.

Nella prima parte della tesi, presento un approccio innovativo per fabbricare idrogeli sin-
tetici portanti con struttura controllata e composizione variabile a livello locale. Queste
proprieta sono ottenute grazie all’uso di un precursore granulare, denominato inchiostro di
microgeli pressati, che consente la stampa 3D di architetture complesse con microstruttura
e composizione controllate. I microgeli sono prodotti da gocce caricate con monomeri, che
vengono poi convertite in microparticelle di idrogel mediante una reazione di fotopolimer-
izzazione convenzionale. Grazie alla loro elevata capacita di assorbimento, i microgeli
vengono successivamente caricati con un’altra soluzione di precursore. Dopo la stampa
3D, la soluzione precursore puo essere reticolata per formare una seconda matrice per-
colante che stabilizza il costrutto idrogelico tridimensionale. Questa reazione converte la
morbida pasta di microgeli pressati in un materiale granulare rigido e resistente, definito
idrogel granulare a doppio reticolo, mantenendo una microstruttura ben definita. Dis-
cuto, inoltre, la versatilita degli idrogeli granulari a doppio reticolo per la fabbricazione
di idrogeli riciclabili. Cio e possibile grazie all’incorporazione di legami covalenti dinamici

nella matrice percolante che consentono la degradazione a livello dei singoli microgeli e
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il riciclo dell’idrogel granulare a doppio reticolo. Inoltre, dimostro che questo approccio
al riciclaggio puo essere esteso alle plastiche convenzionali, ampliando cosi le potenziali

applicazioni dei materiali granulari riciclabili a doppio reticolo.

Nella seconda parte della tesi, discuto 'uso della coordinazione metallica per il rinforzo
locale degli idrogeli. Inizialmente, mostro che la coordinazione metallica puo essere uti-
lizzata per rinforzare selettivamente gli idrogeli sfusi introducendo ligandi competitivi
nella soluzione di ioni reticolanti. Questa strategia consente di creare gradienti mecca-
nici all’interno dello stesso materiale, in modo da ottenere strutture core-shell. Inoltre,
dimostro la possibilita di combinare questo approccio di rinforzo con idrogeli granulari a
doppio reticolo. Questa combinazione permette di controllare in modo indipendente la
microstruttura e il rinforzo locale, ampliando cosi i gradi di liberta per la progettazione
di idrogeli portanti. In seguito, dimostro la possibilita di migliorare ulteriormente la mec-
canica degli idrogeli fabbricando idrogeli granulari a doppio reticolo che sono rinforzati

attraverso la coordinazione di metalli sia nei microgeli sia nella matrice percolante.

Nell’'ultima sezione, introduco una nuova strategia per la fabbricazione di materiali sin-
tetici le cui proprieta meccaniche e la cui complessita strutturale ricordano quelle delle loro
controparti naturali. Per raggiungere questo obiettivo, propongo di combinare materiali
sintetici artificiali con microrganismi viventi per produrre un biocomposito vivente ingeg-
nerizzato. L’incapsulamento dei batteri mineralizzanti in un idrogel granulare consente
il loro assemblaggio in strutture morbide e arbitrariamente complesse. Dopo la miner-
alizzazione, la precipitazione locale di biominerali rafforza I'impalcatura creando ponti
minerali che stabilizzano la struttura. Il biocomposito granulare mineralizzato ¢ poroso
e leggero, pur essendo in grado di sostenere carichi significativi. Il materiale mostra una
microstruttura interna unica che ricorda da vicino quella dell’osso naturale. Inoltre, sug-
gerisco potenziali applicazioni di questo materiale unico, come una pasta iniettabile per il

restauro artistico.

Nel trarre le mie conclusioni, sottolineo gli attuali limiti tecnologici che impediscono alla
ricerca sugli idrogeli di raggiungere il suo pieno potenziale e suggerisco possibili soluzioni.
Ritengo che il superamento di queste limitazioni contribuirebbe a espandere il panorama
delle applicazioni degli idrogeli a campi di ricerca piu avanzati, come quello della soft

robotics e dei materiali adattivi intelligenti.

Parole chiave: soft matter, idrogeli, stampa 3D, materiali viventi ingegnerizzati



Resumé

Les hydrogels sont parmi les premiers matériaux spécifiquement congus pour étre utilisés
en biomédecine. Toutefois, les applications de pointe des hydrogels sont fortement limitées
car ils sont généralement trop mous ou trop fragiles pour résister a des charges importantes.
La nature, quant a elle, assemble des tissus biologiques mous semblables a des hydrogels
qui présentent des propriétés mécaniques uniques. Ces propriétés sont le résultat d’une
interaction fine entre la complexité structurelle et la composition locale. En fait, la plupart
des matériaux biologiques comprennent des structures hiérarchiques hautement ordonnées
dont la composition varie localement. Dans le but d’imiter la complexité de la nature,
diverses stratégies visant a renforcer les hydrogels et a controler leur structure interne ont
été largement étudiées. Cependant, les hydrogels actuellement produits par ’homme sont
encore loin d’atteindre des performances mécaniques similaires a celles de leurs homologues

biologiques.

Dans la premiere partie de cette these, je présente une nouvelle approche pour fabri-
quer des hydrogels synthétiques porteurs avec une structure controlée et une composition
localement variable. Ces propriétés sont obtenues grace a l'utilisation d’un précurseur
granulaire, appelé encre microgel pressée, qui permet d’imprimer en 3D des architectures
complexes dont la microstructure et la composition sont controlées. Les microgels sont
produits a partir de gouttelettes chargées de monomeres, qui sont ensuite transformées en
microparticules d’hydrogel par une réaction de photopolymérisation classique. En raison
de leur grande capacité d’absorption, les microgels sont ensuite chargés avec une autre
solution de précurseur. Apres 'impression 3D, la solution précurseur peut étre réticulée
pour former une seconde matrice percolante qui stabilise la construction tridimension-
nelle en hydrogel. Cette réaction transforme la pate molle des microgels pressés en un
matériau granulaire rigide et résistant, appelé hydrogel granulaire a double réseau, tout
en maintenant une microstructure bien définie. Je discute également de la polyvalence des

hydrogels granulaires a double réseau pour la fabrication d’hydrogels recyclables. Cela est
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possible grace a 'incorporation de liaisons covalentes dynamiques dans la matrice per-
colante qui permettent la dégradation au niveau des microgels individuels et le recyclage
de ’hydrogel granulaire a double réseau. En outre, je démontre que cette approche de re-
cyclage peut étre étendue aux plastiques conventionnels, élargissant ainsi les applications

potentielles des matériaux granulaires recyclables & double réseau.

Dans la deuxiéme partie de la these, je discute de 'utilisation de la coordination métallique
pour le renforcement local des hydrogels. Dans un premier temps, je montre que la coor-
dination des métaux peut étre utilisée pour renforcer sélectivement les hydrogels en vrac
en introduisant des ligands compétitifs dans la solution d’ions réticulants. Cette stratégie
permet de créer des gradients mécaniques au sein d’un méme matériau afin d’obtenir
des structures core-shell. De plus, je démontre la possibilité de combiner cette approche
de renforcement avec des hydrogels granulaires & double réseau. Cette combinaison per-
met un contréle indépendant de la microstructure et du renforcement local, élargissant
ainsi les degrés de liberté pour la conception d’hydrogels porteurs. Ensuite, je démontre
la possibilité d’améliorer encore la mécanique des hydrogels en fabriquant des hydrogels
granulaires a double réseau qui sont renforcés par la coordination des métaux a la fois

dans les microgels et dans la matrice percolante.

Dans la derniére section, je présente une nouvelle stratégie pour la fabrication de matériaux
synthétiques dont les propriétés mécaniques et la complexité structurelle ressemblent a
celles de leurs homologues naturels. Pour y parvenir, je propose de combiner des matériaux
synthétiques artificiels avec des micro-organismes vivants pour produire un biocompos-
ite vivant. L’encapsulation des bactéries minéralisatrices dans un hydrogel granulaire
permet de les assembler en structures souples et arbitrairement complexes. Apres la
minéralisation, la précipitation locale de biominéraux renforce I’échafaudage en créant des
ponts minéraux qui stabilisent la structure. Le biocomposite granulaire minéralisé est
poreux et léger, mais capable de supporter des charges importantes. Le matériau présente
une microstructure interne unique qui ressemble beaucoup a celle de I’os naturel. En outre,
je suggere des applications potentielles de ce matériau unique comme pate injectable pour

la restauration d’ceuvres d’art.

En tirant mes conclusions, je souligne les limites technologiques actuelles qui empéchent
la recherche sur les hydrogels d’atteindre son plein potentiel et je suggere des solutions
possibles. Je pense que le fait de surmonter ces limites permettrait d’élargir le champ
d’application des hydrogels a des domaines de recherche plus avancés, tels que la soft

robotics et les matériaux intelligentes.

Mots clés: matiere molle, hydrogels, impression 3D, matériaux vivants intelligents



Resumen

Los hidrogeles se encuentran entre los primeros materiales diseiados especificamente para
su uso en biomedicina. Sin embargo, las aplicaciones de vanguardia de los hidrogeles
estan muy limitadas porque suelen ser demasiado blandos o demasiado fragiles como para
soportar cargas importantes. La naturaleza, por su parte, ensambla tejidos bioldgicos
blandos similares a los hidrogeles que presentan propiedades mecanicas unicas. Estas
propiedades son el resultado de una fina interaccién entre la complejidad estructural y
la composicién local. De hecho, la mayoria de los materiales biolégicos comprenden es-
tructuras jerarquicas altamente ordenadas con composiciones localmente variables. En un
intento de imitar la complejidad de la naturaleza, se han estudiado ampliamente diversas
estrategias para reforzar los hidrogeles y controlar su estructura interna. Sin embargo,
los hidrogeles producidos actualmente por el ser humano atn estan lejos de alcanzar un

rendimiento mecénico similar al de sus homélogos biolégicos.

En la primera parte de esta tesis, presento un enfoque novedoso para fabricar hidrogeles
sintéticos de carga con estructura controlada y composiciéon localmente variable. Estas
propiedades se consiguen mediante el uso de un precursor granular, llamado tinta de
microgel prensado, que permite la impresién en 3D de arquitecturas complejas con mi-
croestructura y composicién controladas. Los microgeles se producen a partir de gotas
cargadas de mondémero, que luego se convierten en microparticulas de hidrogel mediante
una reaccién de fotopolimerizacién convencional. Debido a su gran capacidad de absorcion,
los microgeles se cargan posteriormente con otra solucién precursora. Tras la impresion
3D, la solucién precursora puede reticularse para formar una segunda matriz percoladora
que estabilice la construccién tridimensional de hidrogel. Esta reaccién convierte la pasta
blanda de los microgeles prensados en un material granular rigido y resistente, denominado
hidrogel granular de doble red, manteniendo una microestructura bien definida. También
hablo de la versatilidad de los hidrogeles granulares de doble red para la fabricacién de

hidrogeles reciclables. Esto es posible gracias a la incorporacién de enlaces covalentes
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dindmicos en la matriz percoladora que permiten la degradacién a nivel de microgeles
individuales y el reciclaje del hidrogel de doble red granular. Ademaés, demuestro que este
enfoque de reciclaje puede extenderse a los plasticos convencionales, ampliando asi las

aplicaciones potenciales de los materiales granulares de doble red reciclables.

En la segunda parte de la tesis, discuto el uso de la coordinacién de metales para el
refuerzo local de los hidrogeles. Inicialmente, muestro que la coordinacién de metales
puede utilizarse para reforzar selectivamente los hidrogeles a granel mediante la intro-
duccién de ligandos competitivos en la solucién de iones de reticulacién. Esta estrategia
permite crear gradientes mecanicos dentro del mismo material para obtener estructuras
core-shell. Ademads, demuestro la posibilidad de combinar este enfoque de refuerzo con
hidrogeles granulares de doble red. Esta combinacién permite el control independiente de
la microestructura y el refuerzo local, ampliando asi los grados de libertad para el disefio
de hidrogeles de carga. A continuacién, demuestro la posibilidad de mejorar aiin mas la
mecéanica de los hidrogeles mediante la fabricacién de hidrogeles granulares de doble red
que se refuerzan mediante la coordinacién de metales tanto en los microgeles como en la

matriz percoladora.

En la ultima seccién, introduzco una nueva estrategia para la fabricacién de materiales
sintéticos cuyas propiedades mecanicas y complejidad estructural se asemejan a las de sus
homoélogos naturales. Para lograrlo, propongo combinar materiales sintéticos artificiales
con microorganismos vivos para producir un biocompuesto vivo de ingenieria. La encap-
sulacién de las bacterias mineralizadoras en un hidrogel granular permite ensamblarlas en
estructuras blandas y arbitrariamente complejas. Tras la mineralizacién, la precipitacion
local de los biominerales refuerza el andamiaje creando puentes minerales que estabilizan
la estructura. El biocompuesto granular mineralizado es poroso y ligero, pero capaz de
soportar cargas importantes. El material presenta una microestructura interna tnica que
se asemeja mucho a la del hueso natural. Ademaés, sugiero posibles aplicaciones de este

material inico como pasta inyectable para la restauraciéon de obras de arte.

Al extraer mis conclusiones, destaco las actuales limitaciones tecnoldgicas que impiden que
la investigacion con hidrogeles alcance todo su potencial y sugiero posibles soluciones. Creo
que la superacién de estas limitaciones ayudaria a ampliar el panorama de aplicaciones
de los hidrogeles a campos de investigacion més avanzados, como la robdtica flexible y los

materiales inteligentes.

Palabras claves: materia blanda, hidrogeles, impresion 3D, materiales vivos inteligentes
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CHAPTER 1

Introduction

1.1 Nature: An Endless Source of Inspiration

Since the beginning of human history, nature has been the major source of inspiration in
the development and maturation of our society. Whether referred as the gift of omnipotent
gods or the serendipitous manifestation of unknown forces, natural events were always
welcomed as a unique opportunity for technological advancement. First traces of this
rudimental biomimetic approach can be found already in Greek mythology with the bird-
inspired feathered wings of Daedalus and Icarus, as represented in the fresco in Figure
1.1.

Other examples of biomimetic design can be found across the entire human history. For
instance, during the period of the Renaissance, scientists started investigating biological
organisms to understand their underlying structural arrangement and compositions, in
the attempt to derive constitutive laws that could be translated to manmade processes.
One remarkable example is found in Leonardo Da Vinci, who devoted most of his life to
the study of human body, with the most famous record being the Vitruvian Man, and
derived structure-function relations that led him to the fabrication of rudimental robots,

known as Automata, as shown in Figure 1.2.

However, the understanding of nature remained shallow and limited to direct observation
for long before major breakthroughs could be recorded. This was mainly due to the lack
of advanced technological tools, that limited the investigation of biological organisms at
various length scales and from different perspectives. It is only during the 20th century,
with the introduction of new microscopy and spectroscopy techniques, that the study of
biological systems and structures becomes more rigorous and documented. D’Arcy W.
Thompson is considered the first to look at biological systems as engineering structures

from which mathematical relationships can be derived [1]. Following the momentum,
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Figure 1.1: The Fall of Icarus (Fresco. Domus of the Sacaerdos Amandus, Regio |, Insula 11, Pompeii).

several researchers started investigating natural materials, such as bone [2, 3, 4, 5], wood
[6, 7, 8], and living organisms [9, 10, 11, 12, 13].

Since then, the field of biological-based materials science has evolved and branched into a

great variety of niches, that can be grouped into three broad interconnected areas:
Biological Materials that refers to the study of biological organism formation
Biomaterials that refers to the use of biosourced materials for manmade applications

Bioinspired Materials Design that refers to the application of biomimetic strategies

for the fabrication of synthetic materials

From a materials science perspective, the ability to understand the underlying strategies
in biological tissue formation is key for their translation to synthetic manmade materials.
As a result, I consider the field of bioinspired materials design of pivotal interest in the
advancement of human society [14, 15, 16, 17, 18, 19]. A careful observation of evolutionary
strategies, as well as a deep understanding of natural processes, will definitely help tackle
the most compelling challenges in modern society, which include the fabrication of smart

adaptive, self-healing, and sustainable materials.
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A LESSON FROM NATURE

Figure 1.2: Left, Vitruvian Man (Leonardo da Vinci. Gallerie dell’ Accademia, Venice). Right, Automata
(Leonardo da Vinci. Mensch - Erfinder - Genie, Berlin).

In the following, a discussion on the approach and evolution of bioinspired materials design

towards more bioinformed solutions will be addressed.

1.2 Building Materials with Extreme Mechanics:

A Lesson from Nature

A requirement for most structural materials is the attainment of both strength and tough-
ness. In manmade materials, however, these properties tend to be mutually exclusive
[14, 20]. In general, synthetic materials are either stiff and brittle or tough and weak,
such that they cannot bear significant loads. Nature, on the other hand, is able to fabri-
cate materials encompassing seemingly counteracting properties, such as a combination of
stiffness and toughness. This is due to the complex landscape of interconnected internal

and external factors that influence their formation [1], as summarized here:

Self-assembly biological growth is a bottom-up assembly process, where genetic signals,

cellular activity, chemo-mechanical cues, and enzymatic activity play a crucial role.

Functionality natural materials commonly possess multiple functionalities, such as struc-
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tural support, thermal regulation, and defense.

Hierarchy nature grows its materials and tissues in a controlled hierarchical arrange-

ment, across multiple length scales.
Hydration most biological material properties are dependent on the level of hydration.

Mild synthesis conditions the majority of natural constructs are fabricated under be-

nign conditions with minimal energy consumption.

Evolution, environmental constraints the limited availability of resources, and the

environmental conditions dictate the final structure and properties.

As a result, the unique combination of these factors results in biological materials with

unique design and mechanical properties, as shown in Figure 1.3.

Understanding the underlying design principles and physicochemical mechanisms that de-
termine the ultimate properties of biological systems at the molecular, cellular, tissue, and
organism level, and its relationship to function is the key for the development of bioin-
spired research [22, 23, 24]. Furthermore, deriving implementation strategies from the
observation of nature is of pivotal importance for the advancement of materials research,
as it enables the fabrication of structures encompassing unconventional properties that
closely resemble those of their natural counterparts. However, the intrinsic architectural
and compositional complexity of most natural tissues has hindered the effective transla-
tion of biomimetic strategies to synthetic manmade materials. A way to circumvent this
shortcoming is to identify simpler organisms to study, such as algae [25, 26], diatoms [27],
mollusks [28, 29, 30], and insects [31, 32].

One of the fields of research that benefitted the most from a bioinspired approach is that
of soft synthetic hydrogels. Indeed, most biological tissues can be assimilated to hydrated
polymeric networks, thus drawing a direct analogy to synthetic hydrogels. Hydrogels
are hydrophilic polymeric networks able to retain large amounts of water [33]. Owing
to their intrinsic biocompatibility, easiness of fabrication, and versatility, they have been
used in several biomedical applications, including drug delivery [34, 35, 36, 37|, scaffolds
for tissue engineering [38, 39, 40, 41, 42|, wound dressing [43, 44, 45, 46], and contact
lenses [47, 48]. Furthermore, hydrogels have been the subject of extensive research for
their use as synthetic tissue replacements. However, their homogeneous composition and
poor control over their internal structure have severely limited their translation to more
complex applications. For example, being able to combine high stiffness and toughness
would enable the use of hydrogels in a variety of fields including that of prosthetic load-

bearing implants and soft robotics.
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Figure 1.3: Design principles and resulting extreme mechanical properties of various biological tissues.
Schematics of (a) cartilage, (b) muscle, (c) heart valve, (d) various tissue interfaces and their mechanical
behavior. Reproduced with permission [21]. Copyright 2021, American Chemical Society.

Within this framework, a case in point example of stiff yet tough biological hydrogel is

the anchoring thread produced by the mussel, known as the byssus. The mussel byssus

is a soft load-bearing acellular tissue that allows the organism to strongly anchor to the

rocks and withstand high shear forces due to impacting waves. The unique mechanical

properties of the byssus are the result of a fine interplay between internal structure and

local varying composition, as detailed in Figure 1.4.

To achieve such an interesting material, the mussel assembles its byssus in the foot groove,

through a process that reminds that of injection molding. To obtain the final tissue,

precursor-containing vesicles are transported to the desired location and are assembled
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Figure 1.4: Mussel byssus structure and mechanical behavior. (a) Optical phtograph of a Mytilus californi-
anus. (b) SEM micrograph of a cross-section of the mussel byssus. (c) Schematic representation of the byssus
hierarchical assembly. (d) Schematic representation of the metal-coordination chemistry involved in the byssus
extreme mechanics. (e) Tensile curve of the byssal thread displaying extremely high stiffness and toughness,
and self-healing properties. Reproduced with permission [49]. Copyright 2019, MDPI.

to form a macroscopic load-bearing material. Interestingly, the use of vesicles provides a
unique tool to control the internal structure and local composition of the byssal tissue,
hence producing a material with well-defined hierarchical arrangement across multiple

length scales.

The ability to mimic this assembly process is of pivotal importance for the design of
more complex soft synthetic materials. However, achieving a precise control across mul-
tiple length scales in a similar way to that of the mussel is extremely challenging, if not
unattainable at the moment. While this might come as disillusioned, the realization of
our technological and scientific limits is fundamental for human evolution and it is at the
roots of a more engineered approach, known as bioinformation, that aims at studying and
abstracting natural strategies to then translate and integrate them to already existing
manmade processes [50]. Hence, it becomes clear that nature should not be mimicked
but understood to achieve unparalleled results, as it has been demonstrated in several

breakthrough innovations made in the past few decades, such as the Shinkansen train,
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the Velcro®, and the honeycomb and trabecular structures found in several contemporary

buildings.

In the following sections, I will discuss how a bioinformed strategy can be applied to the
design of hydrogels, with a particular focus on the use of granular-based assemblies for the
fabrication of 3D constructs with heterogeneous structural and compositional properties.
Prior to that, a summary of the main concepts of hydrogel design and characterization

for load-bearing applications will be discussed.

1.3 Conventional Hydrogel Design and Characterization

Throughout the past few decades, a rich library of polymers and crosslinking strategies
has been exploited for the design and fabrication of manmade hydrogels. Depending on
their source of origin, these polymers can be categorized as natural or synthetic polymers,

as shown in Figure 1.5.

a Examples of common natural polymers for hydrogels
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b Examples of common synthetic polymers for hydrogels
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Figure 1.5: Chemical structures and schematics of various (a) natural and (b) synthetic polymers. Repro-
duced with permission [21]. Copyright 2021, American Chemical Society.

In the following subsections, I will introduce the main building components of conventional
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hydrogels and their fundamental properties.

1.3.1 Natural Polymers

Naturally sourced polymers have been extensively used in hydrogel fabrication for biomed-
ical applications owing to their similarity to soft biological tissues and intrinsic biocom-
patibility. In addition, the body can degrade and absorb many natural polymers through
metabolism and tissue remodeling processes. Furthermore, the majority of natural poly-
mers displays chemical reactive groups, that render their modification and crosslinking
easier, yet less controlled, than their synthetic counterparts. As a result, natural hydro-
gels can be endowed with specific biological or mechanical functionalities based on the

intended application [21]. A list of common natural polymers is reported below:

Alginate a linear polysaccharide extracted from brown-algae, whose structure is com-
posed of repeating units of D-mannuronic and L-guluronic acid. Conventionally,
alginate hydrogels can be crosslinked by exposure to divalent (e.g. Ca?*, Zn?*,
etc.) or trivalent (e.g. Fe3™ Al*T| etc.) cationic solutions through a “zip-lock”
(or “egg box”) mechanism, where two individual chains are held together at their

guluronic residues by the intercalating ions.

Hyaluronic acid a linear polymer of disaccharides, D-glucuronic acid and N-acetyl-D-
glucosamine. It is found in all mammals, as part of the connective tissue, as space
filler, lubricant, and osmotic buffer. Hyaluronic acid can be covalently crosslinked
by various hydrazide linkers. Additionally, the abundancy of carboxyl and hydroxyl

groups provide room for chemical modifications.

Cellulose the most abundant polysaccharide and the main component of plants and nat-
ural fibers. Some bacteria can also produce cellulose. Cellulose is composed of a
linear arrangement of D-glucose units and displays a high degree of crystallinity,
thus making it difficult to dissolve in water. To improve its solubility several mod-
ifications have been developed, thus yielding more hydrophilic cellulose derivatives
such as methyl cellulose, carboxymethyl cellulose, and hydroxypropyl cellulose. Cel-
lulose and its derivatives can be crosslinked via covalent, physical crosslinks, or
a combination of them. Alternatively, cellulose can be mixed with other natural
polysaccharides, such as chitosan, to form interpenetrating polymeric networks with

high mechanical performances.

Chitosan a linear polysaccharide composed of D-glucosamine and N-acetyl-D-glucosamine.
It is produced from partial deacetylation of chitin, the building material of most crus-

taceans and insects. Chitosan can form physically crosslinked gels by hydrophobic
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interaction, hydrogen bonding, metal coordination, and electrostatic interactions
with other polysaccharides, such as cellulose. Similar to other biopolymers, chitosan

can be modified to form covalently crosslinkable hydrogels.

Collagen one of the major proteins in animal bodies. Collagen possess a well-defined
hierarchical structure, from the individual amino acids, through the triple helix, all
the way up to the fibril. In general, the primary repeating unit is always com-
posed of glycine and two amino acids other than glycine. The sequence defines the
supramolecular assembly and, hence, the resulting physicochemical properties. Col-
lagen can form physically crosslinked gels by thermal heating, as well as covalently

stabilized through chemical crosslinks, such as glutaraldehyde.

Gelatin a single strand of collagen triple-helix structures. They are produced through
either acid (type A) or alkaline (type B) hydrolysis of collagen fibers. Gelatin can
be easily gelled by cooling down the solution below 37 °C. Alternatively, gelatin
can be chemically modified to form covalently crosslinked hydrogels, for example,

by methacrylation (gelatin methacryloyl or GelMA).

Overall, natural polymer-based hydrogels are widely used for biomedical applications,
owing to their intrinsic biocompatibility, biodegradability, and easiness of fabrication.
However, their poor mechanics and lack of long-term stability limit their use for load-

bearing applications.

1.3.2 Synthetic Polymers

To overcome the intrinsic limitations of natural biopolymers and expand the set of func-
tionalities available for the fabrication of hydrogels, synthetic polymers have been in-
vestigated. As a general strategy, synthetic hydrogels are most frequently formed via
free-radical polymerization, through the use of one or more monomers, a crosslinker, and

an initiator. A non-exhaustive list of common synthetic polymer is reported below:

Poly(2-hydroxyethyl methacrylate) (PHEMA) can be prepared by free-radical poly-
merization of 2-hydroxyethyl methacrylate (HEMA), a neutrally charged monomer,
in the presence of a crosslinker and a thermal- or photo-initiator. PHEMA hydro-
gels are optically transparent, mechanically stable, and have limited swelling ability.
They are commonly used in ophthalmic applications, for example, in the fabrication

of contact lenses.

Poly(ethylene glycol) (PEG) can be end-functionalized with several reactive groups,
thus enabling several crosslinking strategies. For example, PEG can be chemically

modified at both ends with acrylates, such that it can be polymerized without the
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need of any crosslinker. However, the resulting material is rather fragile, such that
its use is limited. To overcome that limitation, PEG can also be modified with
physically reacting groups, such as host-guest pairs, or metal-coordination motives.
Furthermore, PEG can be found with linear, 4-arm, or star-shaped configurations,

thus increasing its the degree of control over its structure and intrinsic functionality.

Polyacrylamide (PAM) can be prepared by free-radical polymerization of acrylamide
(AM), a neutral monomer, in the presence of a crosslinker and a thermal- or photo-
initiator. PAM hydrogels are optically transparent and their mechanical proper-
ties and internal porosity can be tuned across a wide range. For this reason, they
have been used in applications ranging from load-bearing applications to gel elec-
trophoresis. Furthermore, they are bioinert and can be combined with several other

monomers, including acrylic acid (AA), to introduce responsiveness to the system.

Poly(acrylic acid) (PAA) can be prepared by free-radical polymerization of acrylic
acid (AA), a negatively charged monomer, in the presence of a crosslinker and
a thermal- or photo-initiator. The backbone of PAA presents a large number of
carboxylic groups, enabling its crosslinking through physical interactions (e.g. car-
boxylic groups with Ca?* or Fe?*). Furthermore, the presence of carboxylic groups
renders PAA pH responsive. Additionally, PAA is charged under physiologic condi-
tions, and hence can uptake large amounts of water, thus making it a great candidate

as superabsorbent materials, for example, in diapers.

Poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS) can be prepared by
free-radical polymerization of 2-acrylamido-2-methylpropane sulfonic acid (AMPS),
a negatively charged monomer, in the presence of a crosslinker and a thermal- or
photo-initiator. Similar to PAA, PAMS polymers are utilized as superabsorbent

materials and, in combination with ions, for load-bearing applications.

Poly(N-isopropylacrylamide) (PNIPAM) a derivative of AM monomer, hence can
be crosslinked with similar strategies as the ones reported for PAM. Its polymeric
form presents a coil-to-globule phase transition when the temperature of the envi-
ronment is raised above a critical temperature (lower critical solution temperature,
LCST, of around 34 °C). PNIPAM is a thermo-responsive hydrogel that is suitable

for the fabrication of soft actuators.

Overall, depending on the initial polymer chosen, a large variety of hydrogels with ei-
ther high stiffness or high toughness can be fabricated. This is mainly derived from the
crosslinking selection: physical bonds will produce weak yet tough gels, whereas covalent

bonds will provide stiff yet brittle materials, as summarized in Figure 1.6.
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Figure 1.6: Bond energies of various types of permanent covalent, physical, and dynamic covalent crosslinks.
Reproduced with permission [21]. Copyright 2021, American Chemical Society.

In the following section, I will discuss the mechanical properties of conventional hydrogel

networks, namely stiffness and toughness, as well as the main strategies to reinforce them.

11
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1.4 Controlling Hydrogel Composition:

Reinforcement Strategies for Load-Bearing Applications

Covalent bonds can be relatively strong, but do not reform after fracturing. In contrast,
reversible bonds are typically weak, but they may reform after breaking. As a result,
differences in network topology correlates to differences in mechanical performance [51].
In the following subsections, I will introduce various network topologies and discuss their

strengths and weaknesses for load-bearing applications.

1.4.1 Conventional Hydrogels

Conventional hydrogels are generally composed of a single network crosslinked by irre-
versible covalent crosslinks. These materials display a nearly perfect elastic behavior
before fracture, with no dissipation across multiple loading cycles. The hydrogel stiff-
ness can be controlled by varying crosslinker density and the overall polymer content.
However, a higher crosslinker density is correlated to a shorter average mesh size, thus
strongly reducing the maximum elongation of the system and hence its toughness. As a
result, covalently crosslinked hydrogel mechanics generally display a brittle ceramic-like

fracture behavior [51].

In contrast, hydrogels composed of a single network crosslinked by reversible crosslinks
display a viscoelastic behavior. In such a network, monomers are held together by cova-
lent bonds (e.g. typically a C-C backbone), while the polymer chains are crosslinked into
a network by reversible interactions (e.g. electrostatic interactions). As a result, given
that intra-chain bonds are much stronger than inter-chain ones, upon load the hydrogel is
deformed because the reversible crosslinks break. While deformations can be permanent,
physically crosslinked hydrogels might recover their internal damage upon load removal.
As opposed to covalent hydrogels, physically crosslinked hydrogels display a ductile frac-

ture behavior [51].

Individually, both strategies offer a limited control over mechanics, thus hindering their
use for load-bearing applications. As a result, a combination of reversible and irreversible
crosslinks is needed to overcome the intrinsic limitations of the two individual components.
The following subsections will discuss unconventional hydrogel networks that have been

developed to achieve extreme mechanical properties, as summarized in Figure 1.7.
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Figure 1.7: Schematics of polymer network architectures used in the fabrication of hydrogels with extreme
mechanics. Reproduced with permission [21]. Copyright 2021, American Chemical Society.

1.4.2 Ideal Polymer Networks

Ideal polymer networks are polymer networks that have uniform chain length and func-
tionality, and no defects [52]. As an example, telechelic tetra-arm PEG macromers are
reacted to form an ideal hydrogel network. The near-ideal behavior of such gels is the
product of crosslinked macromers with uniform arm lengths, that are reacted together at
their loose ends producing a defect-free network. However, it should be noted that the
large discrepancy between theoretical calculations and experimental validations in con-
ventional hydrogel mechanics is given by the assumption of the material behaving as an
ideal network, which is far from reality where a large variability of chain lengths and a

considerable defect density negatively affect mechanics.

1.4.3 Double Network Hydrogels

Double network hydrogels, or more generally interpenetrating polymer networks, are gels
composed of two interpenetrated networks, that are individually crosslinked and only con-
nected by simple chain entanglements [53]. As a result of the physical entanglements, the
two interpenetrated networks cannot be pulled apart unless the two networks are broken.

They can be produced sequentially or simultaneously. In the sequential method, a single
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network hydrogel is fabricated and immersed in a second gel-forming precursor solution.
Then, the gel is exposed to a crosslinking reaction (e.g. UV free-radical polymerization)

to form a second percolating network, as shown in Figure 1.8.

Sy{nthesis of the Immersion in precursor solution Synthesis of the
15 network for the 2" network 2nd network

Figure 1.8: Synthesis process of a double network hydrogel. Reproduced with permission [54]. Copyright
2015, Springer-Verlag Berlin Heidelberg.

For example, double network hydrogels have been prepared by swelling PAMPS hydro-
gels in a solution containing AM monomers, crosslinker, and a photoinitiator, yielding
a material with extremely high stiffness and toughness, two seemingly counteracting at-
tributes [53, 55, 56]. In the simultaneous method, instead, two gel-forming solutions, a
precursor solution and a polymer solution, are mixed together in a one-pot synthesis and
converted into an interpenetrated network hydrogel. One remarkable example of this ap-
proach is the one-pot synthesis of PAM-alginate hydrogels with high stretchability and
fracture toughness [57, 58]. This strategy is, by far, the most exploited technique for the
fabrication of hydrogels with high mechanical performances, owing to the possibility to

decouple stiffness and toughness within the same material [54, 59].

The fundamental design requirements to fabricate a stiff and tough double network hy-

drogel are summarized here [60]:

1. the first network is composed of a rigid and brittle polymer, generally a polyelec-
trolyte, while the second network is composed of a soft and ductile polymer, generally

a neutral polymer

2. the molar concentration of the second network should be 20-30 times higher than
that of the first network

3. the first network is highly crosslinked while the second network is loosely crosslinked

The high swelling capacity of a polyelectrolyte allows the uptake of a large volume of

solvent. As a result, the first hydrogel network is able to absorb large quantities of the
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second network precursor solution. While doing so, the polymer chains of the first network
become stretched, thus making the hydrogel stiff and brittle. As a result, the crosslinked
double network hydrogel displays an increase in stiffness compared to the pristine single

network hydrogel [53, 54, 56], as shown in Figure 1.9.
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Figure 1.9: Left, Schematic representation of the swelling-induced stiffening of the first network. Repro-
duced with permission [56]. Copyright 2015, Springer-Verlag Berlin Heidelberg. Right, Stress-strain curve of
a double network hydrogel. Synthesis process of a double network hydrogel. Reproduced with permission [54].
Copyright 2015, Springer-Verlag Berlin Heidelberg.

This is attributed to the entropic elasticity of the swollen hydrogel chains that counters
the elongation of the material. A characteristic necking is also observed when the sample
is stretched above a critical point. This behavior is correlated to a yielding plateau in
the tensile curve and is attributed to the stretching of the loosely crosslinked second net-
work that prevents a catastrophic failure of the material. As a result, the double network
hydrogel displays a much higher toughness compared to its individual counterparts. Fur-
thermore, when loaded below its ultimate fracture strength, the double network hydrogel
displays a significant hysteresis, hinting at an effective stress dissipation within the dou-
ble network. However, due to the irreversible fracture of the first network, any following
cycles will result in a purely elastic behavior similar to that of a single network hydrogel,

as shown in Figure 1.10.

Owing to the intrinsic design versatility of a double network hydrogel, a great variety of

network combinations have been explored for load-bearing applications [21, 54, 59, 60, 61].

1.4.4 Coordination Complexes

Covalent crosslinks offer a high degree of mechanical stability. Under stress, covalent

crosslinks break to dissipate energy. However, the intrinsic irreversibility of covalent
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Figure 1.10: Left, Tensile curve of a double network hydrogel and pictures demonstrating the necking
process. Right, Schematic representation of the fracture mechanism of double network hydrogels. Reproduced
with permission [55]. Copyright 2010, Royal Society of Chemistry

bonds prevents any self-healing of the hydrogel network. Self-healing properties can be
implemented in a hydrogel network if dynamic reversible crosslinks, such as coordination
complexes, are used. Coordination complexes are a class of physical crosslinks based on
the interaction of a metal ion and a surrounding array of organic ligands [62, 63, 64].
Coordination bonds are one of nature’s favorite chemistries to build materials from. In
general, metal-coordination bonds are formed via the donation of two electrons from the
ligand to the metal ion. As a result, compared with traditional covalent bonds, these
physical bonds possess increased capacity to break and reform, thus more dynamics, at
the expenses of a reduced thermodynamic stability. Hydrogels crosslinked with metal-
coordination complexes are conventionally fabricated by functionalization of a polymer
backbone with chelating ligands, such as catechols, histidines, and carboxylates. When
incorporated in a load-bearing hydrogel network, these bonds enable unique dynamic me-
chanical properties, owing to their intrinsic capacity to break and reform upon repeated
loading. Furthermore, if incorporated in covalently crosslinked hydrogel networks, they
can act as sacrificial bonds, thus increasing the overall fracture energy and toughness of
the material [2, 65]. Compared to other reversible chemistries, metal-coordination bond
strength and dynamic behavior can be more easily tuned by changing the organic lig-
and, the metal ion or its oxidation state, as well as by adding competitive ligands, thus
making the system extremely versatile and useful in several applications [66, 67, 68]. Fur-

thermore, heterogenous and hierarchical mechanical responses can be implemented with
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metal-coordination complexes, owing to their high selectivity and specificity [69, 70]. How-
ever, coordination complexes are inherently weak such that they cannot bear significant

loads and be used for structural applications.

1.4.5 Dynamic Covalent Crosslinks

Similar to physical crosslinks, dynamic covalent bonds can also act as reversible crosslinks.
The energy of dynamic covalent bond is similar to that of covalent bonds but they can be
cleaved on-demand by external stimuli. As a result, hydrogels built from dynamic covalent
linkers are both mechanically robust and adaptable [71, 72]. Typical examples of dynamic
covalent crosslinks include imine, boronate ester, and disulfide bonds. For example, PAM
hydrogels containing disulfide crosslinkers have been synthesized and demonstrated similar
mechanical properties as their conventional non-reversible counterparts [73]. Furthermore,
disulfide bonds can be selectively degraded under mild conditions by exposing them to a
reducing agent, such as glutathione, and tris(2-carboxyethyl)-phosphine [74]. The com-
bination of the mechanical stability of covalent crosslinks together with their on-demand
reversibility endows the material with unique dynamics, thus enabling their use in several
applications, such as, for example, recyclable plastics, biomedical implants, or antifouling
coating [71, 75, 76, 77, 78].

1.4.6 Other Strategies

Many other types of crosslinking strategies can improve mechanical properties, such as
slide-ring crosslinks [79], electrostatic and host-guest interactions [80, 81, 82, 83, 84], or
multifunctional crosslinks [66, 85, 86, 87, 88, 89, 90]. Similarly, filler-reinforced [91, 92, 93,
94], or phase separated hydrogels [95, 96, 97, 98] can display unique mechanical properties.
All the strategies presented above have successfully expanded the toolbox available for
the fabrication of hydrogels with superior mechanical performances. Although widely
explored, these solutions have shown limited success in mimicking biological load-bearing
tissues, a reason being the poor control over the internal network arrangement. Indeed,
most synthetic hydrogels possess a rather homogeneous internal structure, while biological
materials display a highly ordered, hierarchical arrangement. As a consequence, it becomes
clear that chemistry alone is not enough to replicate nature’s complexity. Structure, as
well, overlooked for too long, must be taken into consideration. In the following section, I
will discuss the main strategies that have been developed and implemented to introduce

structural control in synthetic hydrogels.
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1.5 Controlling Hydrogel Structure:
Fabrication of Functionally Graded Materials

Mechanical and biochemical gradients are found throughout the body and provide struc-
tural integrity at transitional interfaces of tissues [99]. For example, bone displays a gradi-
ent in both radial and longitudinal directions. In the radial direction, bone is composed of
a dense outer shell, known as the cortical bone, that evolves into a softer and more porous
core, known as the trabecular bone. On the other direction, bone is composed of aligned
collagen fibers, that bear the necessary compressive and torsional loads, thus allowing
locomotion. By varying its structural properties, bone can withstand more complex load-
ing profiles, while at the same time protecting the internal distribution of nutrients and
waste [100]. Furthermore, at the interface between bone and soft connective tissues, such
as ligaments and tendons, the material exhibits spatial variations in mineral concentra-
tion and collagen fiber orientation that enables an optimal load transfer across the joints.
Similarly, articular cartilage possesses a highly graded tissue arrangement where collagen
fibers are aligned parallel to the articular surface and are increasingly perpendicular as
they approach the bone interface [101]. The design of functionally graded materials has
the potential to reproduce the structural complexity found in nature, thus expanding the
range of applications that can be achieved with synthetic manmade materials. As such,
functionally graded materials, and more specifically graded hydrogels, can open up new
frontiers for the fabrication of engineered materials with more complex architectures and
locally varying composition. In general terms, this can be achieved by introducing porosity
[102, 103, 104], precipitating biominerals [105, 106, 107, 108], or adding anisotropic fillers
such as fibers [109, 110, 111, 112, 113], thus affecting material mechanics across multiple

length scales, as shown in Figure 1.11.

The combination of these methods enables the fabrication of increasingly complex het-
erogenous materials, thus advancing the understanding of the influence of structural con-
trol in biological materials. In their simplest design, functionally graded materials are
composed of two separate phases heterogeneously distributed within the same bulk mate-
rial. For example, fiber-reinforced hydrogels represent one of the first successful example
of composite hydrogels with anisotropic mechanical properties, namely fracture strength
and elongation at break[115, 116]. While variations in chemical crosslinks will also result
in changes in the nano- and micro-structure of hydrogels, the focus of this section will be
exclusively on the design of hydrogels with structural anisotropy through the use of var-
ious processing techniques, such as photolithography, electrospinning, microfluidics, and

3D printing.
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Figure 1.11: Synthesis of graded hydrogels by using (a) shear-aligned or (b) field-aligned anisotropic parti-
cles, (c) shear-aligned fibers, (d) ion diffusion, (e) freeze-drying or porogen encapsulation, (f) photolithography,
and (g) 3D printing. Reproduced with permission [114]. Copyright 2018, Wiley-VCH.

1.5.1 Photolithography

Photolithography can be used in photosensitive materials to locally trigger a photochem-
ical reaction that forms or destroys chemical bonds. For example, gradient photomasks
have been designed with alternating UV-transparent and UV-blocking regions to modulate
light transmission in the hydrogel matrix [117]. As an alternative to a fixed photomask,
masks can be spatially moved while the material is being illuminated, thus creating spa-
tiotemporal gradients within the hydrogel network. As a result, hydrogels with mechanical
gradients can be easily formed [118]. However, such techniques are limited to rather thin
samples due to the limited penetration of UV-light inside the hydrogel. A way to circum-
vent that is to use two-photon photolithography to form gradients within the bulk of the
material at localized regions far from the surface [119, 120, 121]. This increased level of

spatial control comes at the expense of the throughput.
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1.5.2 Electrospinning

Electrospinning relies on the electrostatic repulsion between surface charges to continu-
ously draw nanofibers from a viscoelastic fluid [122]. To obtain a stable fiber production, a
high voltage is applied between a syringe loaded with a polymer solution and the collector.
Above a critical voltage, a stream of solution is expelled from the fluid surface, forming a
stable filament that initiates the drawing of the fiber. Electrospun fibers have been pro-
duced from a large variety of materials reaching sizes down to tens of nanometers. Based
on the choice of the setup, the resulting fibers can be aligned to achieve hydrogel meshes
with complex architectures. Furthermore, functionalities can be added to the spinning so-
lution or after the electropsun scaffold is formed, thus making this technique an appealing
choice for the fabrication of functionally graded materials. In a simple operation, several
solutions can be spun in a layer-by-layer fashion achieving a structural control down to the
single fiber resolution. In more advanced fabrication techniques, electrospinning has been
coupled with an interpenetrating network architecture. As a result, aligned electrospun
fibers have been embedded in a homogeneous gel matrix yielding a hydrogel fiber com-
posite with anisotropic mechanical properties. The greatest advantages of electrospinning
over other processing techniques are the rather inexpensive process and its scalability,
thus enabling the fabrication of functionally graded scaffolds at larger scales. However,
the high voltage applied to the system can damage cells or microorganisms, thus limiting

the effective use of electrospinning for biomedical applications.

1.5.3 Microfluidics

Milder encapsulation of microorganisms and higher degree of structural control can be
achieved with the use of microfluidics. Microfluidics exploits the unique dynamics gov-
erning fluids under confinement to generate concentration gradients within the same bulk
material. For example, microfluidic gradients have been generated using T- or Y-shape
junctions, flow-focusing devices, or pneumatic valves [123, 124, 125]. Despite the great
control over fluid flow, cell encapsulation, and structural arrangement, microfluidics best
performs at small operating volumes, thus making their use case limited to screening and
small prototyping. As a consequence, while microfluidics can represent an excellent plat-
form to investigate specific cell-cell or cell-environment interactions, it may not be suited

for large scale material processing.
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1.5.4 3D Printing

3D printing represents by far the most versatile technique to produce anisotropic hetero-
geneous materials. Indeed, it allows the fabrication of complex structures from a wide
selection of building components, while being able to carefully control their local compo-
sition, thus enabling the rational design of heterogenous hydrogel constructs. In the past
few decades, 3D printing of hydrogels has been largely investigated and a vast plethora of
solutions are now available for the fabrication of functionally graded hydrogels, as sum-

marized in Figure 1.12.
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Figure 1.12: Schematic representation of deposition and vat polymerization technologies used for hydrogel
3D printing. Reproduced with permission [126]. Copyright 2020, American Chemical Society.

Deposition-based printing, and especially 3D extrusion, represents the most commonly
used technique to fabricate relatively large hydrogel constructs, owing to its easiness of
implementation and the relatively mild processing conditions. Furthermore, extrusion
techniques allow multi-material printing, while maintaining a high throughput, thus in-
creasing the overall printing complexity [127]. Despite their great potential and versatility,
extrusion-based techniques suffer from a limited control over printing complexity, thus lim-
iting their use for the fabrication of convoluted structures, overhangs, and out-of-plane
features. To circumvent this, vat polymerization printing has been developed, in which
a photosensitive resin is selectively solidified in a reservoir (the vat) through the local-
ized exposure to a light source [126]. Vat polymerization can be used to obtain features
with extremely high resolution, ideally down to the size of the illuminating light source.
However, this comes at the expense of a reduced printing speed and impossibility to simul-
taneously print multiple materials, thus limiting its use to relatively small homogeneous

constructs. A trade-off is then required when selecting the appropriate printing device.

In the following, I will focus my discussion on 3D extrusion printing. Depending on the
setup chosen, this technique can be further catalogued in several different variants [128§],

as summarized in Figure 1.13 and detailed here:
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Sacrificial and freeform embedded printing a viscoelastic matrix is used to support

the 3D printing of hydrogel solutions with low viscosity. It allows the fabrication
of soft hollow structures, such as blood vessels, that are then released from the
supporting matrix by simple physical extraction. Owing to the possibility to selec-
tively engineer the ink and the matrix, several combinations of hydrogel inks and

supporting baths have been developed.

Co-axial printing based on wet-spinning, where a liquid solution is injected into a co-

agulation bath to produce fibrous structures, co-axial printing enables the extru-
sion of hollow fibers by co-extruding a hydrogel ink solution and its corresponding
crosslinker solution. Common materials used are alginate or alginate-based mixtures

due to the easiness of gelation.

Multi-material printing it generally involves the combination of multiple inks. In a

simple configuration, multiple printheads with different inks are sequentially ex-
truded to obtain heterogeneous structures. More complex configurations exploit
bundling of various inks into a single nozzle. The different inks can be fed to the
nozzle with arbitrary patterns, thus increasing the level of complexity achievable.
Microfluidic mixers can also be combined with multi-nozzle printing to increase even

more the level of structural control within the same extruded filament.

Continuous chaotic printing the printhead is made of a cylindrical housing encom-

passing a Kenics static mixer, with two or more ink inlets. As the inks pass through
the cylinder, they become increasingly mixed, thus forming a lamellar structure
that enlarge the interface between the adjacent inks. This technique enables the
formation of highly heterogeneous structures within the same filament, as opposed
to conventional extrusion techniques where only an inter-filament heterogeneity can
be obtained.
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Figure 1.13: Schematic representation of 3D extrusion technologies. (a) Embedded, (b) co-axial, (c)
multi-nozzle, (d) multi-material, (e) microfluidic, and (f) chaotic printing. Reproduced with permission [128].
Copyright 2021, Springer Nature.

Printability of an ink is closely related to multiple rheological and non-rheological parame-
ters, such as extrudability, printing uniformity, and shape fidelity. As a whole, printability
defines how well a printed object matches the original digital design. Despite the lack of

consensus as to how to properly evaluate the printability of an ink, multiple quantitative

23



CHAPTER 1. INTRODUCTION

24

approaches have been developed and formally adopted in an attempt to univocally assess

the quality of a print, as summarized in Figure 1.14.
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Figure 1.14: Printability design parameters. (a) Rheological and (b,c) non-rheological parameters. Repro-
duced with permission [127]. Copyright 2020, American Chemical Society.

Among all the possible printability parameters, we differentiate between rheological and
physicochemical parameters. Rheological parameters discuss the deformation and flow
behavior of materials under the influence of external applied forces. Physicochemical pa-
rameters, instead, determine the stability and resolution of the final printed construct.
Overall, inks suitable for 3D extrusion should display both flow and shape-retention prop-
erties. The most important parameters that quantify an ink performance are discussed
below and are divided into rheological parameters (RH), and physicochemical parameters

(PC):

Viscoelasticity (RH) the property of displaying a viscous flow under shear and an
elastic shape retention at rest. This property can be determined by oscillatory
rheology and it is represented by two parameters: the storage modulus G’ and the
loss modulus G” [129].

Shear-thinning (RH) property of a non-Newtonian fluid, where increasing shear rates
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correlate with a decrease in viscosity.

Yield stress (RH) the stress that has to be exceeded for a viscoelastic material to de-
form. A material yield stress is correlated to the number of crosslinks or entangle-

ments within the ink.

Flow point (RH) the stress that has to be exceeded for a viscoelastic material to flow.

Shear-recovery (RH) property of a viscoelastic material that describes the transition

kinetics from a fluid-like (sol) to a solid-like (gel) state upon removal of shear.

Extrudability and filament formation (PC) can be assessed by direct observation
of the ink morphology at the nozzle tip. Extrusion force, filament diameter, and

extrusion continuity are generally considered to evaluate the quality of an ink.

Printing and shape fidelity (PC) can be assessed by direct observation of the printed
construct. Filament shape, pore geometry, and macroscopic shape are generally

considered to evaluate the quality of a print.

For proper assessment of an ink performance, all the parameters that influence the extru-
sion, deposition, and assembly of a printed construct must be carefully evaluated, thus
making the design of hydrogel inks for 3D extrusion printing a challenging task. For exam-
ple, conventional inks based on high molecular weight polymers display a shear-thinning
behavior and a relatively low yield stress but poor shape fidelity. A reason behind this is
the slow shear-recovery of the ink that causes an overflow of the already extruded material,
thus affecting the final printing resolution. To overcome this intrinsic limitation, several
strategies have been implemented to improve printability of hydrogel inks, such as the use
of a supporting matrix, the simultaneous UV-crosslinking, the addition of inorganic rhe-
ological modifiers, the use of host-guest chemistries, or the use of a jammed or entangled

precursor solution, as detailed in Figure 1.15.
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Figure 1.15: Common strategies to achieve good extrusion printability. Reproduced with permission [126].
Copyright 2020, American Chemical Society.

In the following section, I will discuss how the implementation of a jammed granular
solution can achieve both structural control and local varying composition without com-

promising printing fidelity and overall physicochemical properties of the final construct.

1.6 Combining Structure and Composition:

Granular Hydrogel Design

Key to finally bridging the gap between synthetic and natural materials is the ability
to synergistically combine structural control and local varying composition. Inspired by
nature, especially by the unique formation mechanism of the mussel byssus, scientists have

developed a new approach to produce heterogeneous hydrogels with precise control over
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their internal structure and local composition down to the tens of ym. This technique
utilizes micrometer-sized hydrogel particles, known as microgels, that are assembled into

macroscopic materials, referred as granular hydrogels [130].

Microgels may be produced into a range of shapes and sizes utilizing methods that can be
compatible with the encapsulation of various biological moieties, including cells and drugs
[131]. Furthermore, they can be created from both natural and synthetic polymers, thus
extending the range of possible applications. Their most competitive advantage resides in
their physical behavior: compared to polymers in solution, where the dynamic is controlled
by thermal fluctuations, microgel behavior is dominated by gravity and frictional forces,
thus facilitating their handling and increasing their versatility. As a result, they can be
utilized as individual components in suspension, embedded in a second matrix as fillers,
or jammed together to form a granular macroscopic material. Hydrogel microparticles
possess a set of unique properties compared to bulk hydrogels that renders them appealing
for their use in biomedical and materials science applications. On one hand, their small
size and interparticle interaction lead to a shear-thinning behavior, that enables extrusion
and injection without any chemical modification [132]. On the other hand, microgels are
inherently modular, such that particles with different sizes, shapes, and compositions can
be mixed together to form highly heterogeneous materials. In the following, I will introduce
the methods used to fabricate microgels, with a particular focus on size, distribution, and
throughput. Then I will discuss the requirements and emerging properties of jammed
granular hydrogels, with a particular focus on rheology, and mechanics. Finally, I will
focus on the use of microgels for 3D printing applications, highlighting the unique potential

of such materials to attain a better control over both structure and composition.

1.6.1 Microgel Fabrication Techniques

Microgels can be produced from several fabrication techniques, including batch emulsifi-
cation, microfluidics, lithography, spraying, and mechanical fragmentation, as shown in
Figure 1.16. As a general concept, hydrogel particles are produced from precursor-loaded
droplets, that are converted into microgels through various crosslinking mechanisms, in-
cluding UV- or T-induced free-radical polymerization, enzymatic crosslinking, and click-

chemistry.

Each fabrication technique imposes constraints on the precursor formulation, the through-
put, and the final microgel properties. For instance, batch emulsion and mechanical frag-
mentation offer the simplest yet fastest way of producing polydisperse microgels from a
greater variety of precursors. By contrast, microfluidics and lithography trade in the pro-

duction speed in exchange for a more controlled particle size and shape. As a result, the
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Figure 1.16: Microgel fabrication techniques. Microgels can be fabricated through (a) batch or (b)
microfluidic emulsification, (c) lithography, (d) spraying, or (e) mechanical fragmentation. Reproduced with
permission [131].Copyright 2019, Springer Nature.

appropriate production technique should be chosen based on the microgel final attributes

and intended applications.

Batch-Emulsion Techniques

Emulsion-based microgel production utilizes precursor-loaded water-in-oil emulsions that
are converted into particles. In a batch process, the hydrogel precursor solution (i.e.
monomers, crosslinker, and initiator) is added in a container together with oil and sur-
factant and mixed to obtain a kinetically stable emulsion. The energy required to break
down the aqueous solution in individual droplets can be provided to the system by several
means, including shaking, vortexing, stirring, and sonication. The duration and extent of
mixing, as well as the precursor viscosity and surfactant concentration, can influence the
size and polydispersity of the resulting droplets. Once the stable emulsion is produced,
the individual droplets are converted into particles, and the oil phase is discarded. In
general, several cycles of washing, centrifugation, and filtration are required to obtain a

solution containing microgels.
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The main advantages of batch emulsification techniques are their easiness of implemen-
tation, the high throughput, and the wide material and crosslinking chemistry selection.
On the other hand, their main limitations are the intrinsic polydispersity, batch-to-batch

variations, and the rather cumbersome purification process.

Microfluidic Emulsion Techniques

Controlled droplet formation can be achieved through the use of microfluidic setups, such
as flow-focusing [133, 134, 135], step-emulsification [136, 137], and millipede devices [138,
139]. In these systems, the aqueous phase is injected in a channel that intersects with a
continuous flow of the oil phase. A combination of hydrophobic interactions and shear
forces at the intersection of the two flows is responsible for the break down of the water
phase in individual droplets. Furthermore, the geometry of the microfluidic channels and
the flow rate can be controlled to obtain various droplet sizes, while maintaining a narrow
size distribution. In addition, different crosslinking profiles allow for the fabrication of
hexagonal prismatic [140] or anisotropic rod-shape particles [134, 141], thus expanding

the range of properties attainable with particles produced in such devices.

The main advantages of microfluidics are the precise control over the final droplet size
and the extremely low dispersity index. On the other hand, the requirements for the
precursor solution are more stringent to ensure a continuous production of monodisperse
droplets. As a result, low viscosity solutions with rather fast gelation mechanisms are
preferred to ensure good quality of the final product. Furthermore, compared to conven-
tional batch emulsification techniques, microfluidics production rates are relatively low,
with few remarkable exceptions [136, 137, 138].

Lithography

Lithographic techniques are less commonly used than the techniques previously discussed.
To achieve more complex microgel shapes, various lithographic techniques can be applied.
For instance, with imprint lithography, a hydrogel precursor is casted on a templated
mold and crosslinked to obtain the negative of the design. In photolithography, instead,

a photomask is used to transfer a pattern to the hydrogel precursor.

The main advantage of lithographic techniques is the ability to precisely control the ge-
ometrical features of the masks, thus resulting in superior control over the shape and
monodispersity of the microgels. The great advancements in microfabrication techniques

have increased the level of particle complexity that can be obtained with such processes.
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The main drawbacks of such techniques are the relatively low throughput and the initial

cost of mask fabrication.

Spraying Techniques

Spraying techniques are a set of processes where the hydrogel precursor is sprayed or
nebulized in air and then crosslinked on the flight or by exposure to a gelling bath. For
instance, electrohydrodynamic spraying consists of a syringe with a voltage applied, where
the precursor is extruded from a metal needle and broke into small emulsions [142, 143].
The resulting droplet size is a function of the applied voltage, needle diameter, and polymer
flow rate. Surface acoustic wave spraying, instead, exploits a piezoelectric nebulizer that
breaks down the precursor solution thanks to the formation of in-plane surface acoustic

waves [144]. There, the droplet size is a function of the frequency applied to the device.

The main advantage of spraying techniques is the high production rate of relatively small
droplets and the possibility to obtain a stable gelation in air, thus avoiding the need of a

continuous oil phase. However, tight constraints are posed in terms of precursor viscosity.

Mechanical Fragmentation Techniques

The easiest way to produce large quantities of micrometer-sized hydrogel particles is
through the use of mechanical fragmentation methods. In this approach, a preformed
bulk hydrogel is broken into particles by various routes, such as sieving, milling, and
blending [145, 146]. For example, hydrogels have been sieved through a nylon mesh to ob-
tain hydrogel microstrands [147]. In another example, bulk hydrogels have been reduced
into small particles by cryogrinding [148].

The main advantages of mechanical fragmentation are the unparalleled throughput, the
solvent-less production method, and the wide material selection. The major limitations
are the poor control over the shape and size of the produced particles, as well as the rather

harmful process if cells are encapsulated in the gel.

1.6.2 Properties of Jammed Microgels

Regardless of their fabrication route, microgels can be used as building blocks for the
fabrication of macroscopic granular materials. Under certain stress and temperature con-
ditions, individual microgels can be concentrated above a certain particle-volume fraction

(p) to achieve a jamming transition [130]. The easiest way to obtain a jammed particle
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state is by removing the excess continuous phase that surrounds the microgels [132, 149].
The resulting paste behaves as a collective macroporous solid-like material possessing a

shear-thinning behavior, as summarized in Figure 1.17.
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Figure 1.17: Properties of microgel-based materials. (a) Properties of granular materials, (b) properties
of jammed microgels, and (c) properties of granular scaffolds. Reproduced with permission [130]. Copyright
2019, Elsevier.

Conventionally, jamming of hard spheres can be categorized into: random loose packing
(¢ > 0.58), random close packing (0.58 < ¢ < 0.64), and perfect packing (¢ ~ 0.74).
Jammed microgels would lie in a random close packing configuration. However, owing
to their intrinsic deformability, interparticle friction, polydispersity, and shape, microgels
could concentrate to ¢ > 0.74, up to an ultraclose packing configuration (¢ ~ 1) [150], a

shown in Figure 1.18.

The collective behavior of jammed microgels gives rise to unconventional properties that
cannot be found in traditional synthetic hydrogels, namely injectability, macroporosity,

and heterogeneity.

Injectability the shear-thinning behavior and the relatively small microgel size allow
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Figure 1.18: Granular hydrogels. (a) Length scales in granular hydrogels. (b) Packing of jammed microgels.
Reproduced with permission [131]. Copyright 2019, Springer Nature.

particle flow at low pressures, followed by an almost instantaneous recovery of the
solid-like behavior upon release. This enables their extrusion through syringe needles
or catheters, thus making them suitable for minimally invasive injections, cavity

filling, and 3D printing.

Macroporosity the interstitial space among microgels endows the granular hydrogel
with porosity proportional to the particle size, thus producing micrometer-sized
pores compared to the nanometer-sized one found in conventional bulk hydrogels.
This additional porosity allows a faster mass transport across the scaffold, as well

as an easier cell invasion in a biological environment.

Heterogeneity microgels of different species (e.g. chemistry, shape, and cargo) can be
mixed together, until uniformly distributed, or extruded to achieve controlled local

varying composition in a macroscopic construct.

All these properties contribute to the additional degrees of freedom that granular mate-
rials possess compared to more homogeneous conventional hydrogels. Furthermore, such

physicochemical properties are key for the application of granular hydrogels to various
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fields, including drug delivery [151], tissue engineering [152, 153, 154], load-bearing ap-
plications [155, 149], and 3D printing [147, 156, 157, 158, 159, 160]. While all worth
mentioning, the following paragraphs of this section will be devoted to the discussion
of their use in additive manufacturing, as well as on their application as load-bearing

materials.

1.6.3 Additive Manufacturing of Granular Hydrogels

Microgels display a shear-thinning behavior if concentrated above their jamming threshold.
Solely given by the granular nature of the precursor, this property has attracted great
interest in the field of additive manufacturing due to its material versatility and easiness
of implementation. Whether used as supporting bath [161, 162, 163, 164] or as inks [165,
154, 166, 167], granular hydrogels represent a powerful tool that allows to decouple physical
and chemical requirements of the final product, thus enabling the processing of a larger
variety of precursors, including those with a low viscosity. For instance, commercially
available microgels (Carbopol ETD 2020) were used as supporting bath for the fabrication
of complex structures made from a variety of materials, including silicones, hydrogels,

colloids, and cells [161], as shown in Figure 1.19.

Figure 1.19: Examples of 3D embedded printing. Reproduced with permission [161]. Copyright 2015,
Science.

The success of granular hydrogels has been even greater with their application as building
materials (i.e. inks). Indeed, upon jamming, microgels can be extruded with relatively low
pressure and under mild conditions (e.g. temperature) through conventional 3D printing
machines, thus making them suitable for the fabrication of soft scaffolds for tissue engi-
neering. Furthermore, microgels can be used as vectors for the encapsulation and local

delivery of biologics, including therapeutics and living cells, thus making them much more
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versatile and appealing compared to conventional hydrogel inks [168, 169]. For example,
jammed microgel inks, referred as granular bioinks, have been used for the fabrication
of granular scaffolds with high cell viability [170, 154, 166, 171]. Remarkably, this strat-
egy allows the fabrication of heterogeneous scaffolds across different length scales, thus

increasing the structural complexity of the final printed construct.

1.6.4 Reinforcement Techniques for Granular Hydrogels

Despite the favorable properties demonstrated by the use of a granular precursor, granular
hydrogels fail to meet the minimum mechanical requirements, namely high stiffness and
toughness, needed for their application as load-bearing materials. This failure is due to
the fact that microgels are held together by weak interparticle adhesion, such that mini-
mal forces cause their relative displacement, with subsequent loss of mechanical integrity.
Current hydrogel applications demand for more advanced physicochemical properties, in-
cluding high mechanical performances. To achieve a synergistic combination of structural
control, local varying composition, and load-bearing properties, novel strategies to rein-
force granular hydrogels have been derived, such as the use of interparticle crosslinking,

back-filling, and secondary interpenetrating networks [172], as summarized in Figure 1.20.

Based on the type of reaction involved, we can classify them as interfacial, embedded, or

interpenetrated networks.

Interfacial Crosslinked Networks

Microgels can be synthesized or functionalized such that they present reactive species
on their surface. Upon extrusion, granular hydrogels can be mechanically reinforced by
crosslinking adjacent particles either by chemical reactions or supramolecular interac-
tions, such as free-radical polymerization, click chemistry, enzymatic reaction, metal-
coordination, and electrostatic interactions. In free-radical polymerization, acrylated
monomers or polymers are used to form the initial hydrogel particles. Once the construct
has been assembled, the unreacted moieties left in the microgel network are exploited
to form interparticle crosslinks. However, their poor control and intrinsic toxicity limit
their application to non-biological systems. Alternatively, click chemistry reactions can
be implemented in a granular hydrogel to covalently crosslink adjacent particles with high
specificity and under mild conditions. For example, thiol-ene click chemistries and Michael
addition have been used to stabilize 3D printed constructs, thus making them free-standing
and insoluble in water. Yet, their mechanics is far from sufficient for load-bearing applica-

tions. A similar behavior is observed if interparticle crosslinks are introduced with the help
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of enzymes. For instance, peptide-based microgels have been enzymatically crosslinked
in a mechanically stable granular hydrogel through the interfacial reaction of lysine- and
glutamine-rich domains. Microgels can also be reversibly linked through non-covalent
interactions, such as metal-coordination or electrostatic coupling, thus forming tougher,
self-healing constructs. This is achieved, for example, through the surface functionaliza-
tion of hydrogel particles with chemical moieties that are responsive to certain metal ions
(i.e. Fe3*, AI3* etc.) and can direct the formation of physical crosslinks among individual
particles. Another alternative consists in fabricating zwitterionic microgels or combining
hydrogel particles with opposing electrostatic charges to increase their degree of interac-
tion, thus enhancing the overall mechanical integrity of the granular hydrogel. However,
all the proposed solutions provide minor improvements to the mechanical performances of
granular hydrogels, most likely due to the relatively short interparticle crosslinks compared

to the actual microgel size.

Embedded Networks

To further improve mechanics of granular hydrogels, microgels can be embedded in a
gel-forming precursor solution, such that they can be reinforced with more conventional
bulk techniques. Whether they constitute the majority of the ink or they act as rheo-
logical modifiers, microgels can be premixed and extruded with various polymers, such
as alginate, gelatin metacryloyl (GelMA), or poly(vinyl alcohol) (PVA). As a result, the
final construct will benefit from the favorable shear-thinning behavior of microgels, as
well as the reinforcement effect of bulk hydrogels. However, this comes at the expenses
of a reduced porosity. For example, a granular hydrogel composed of gelatin microgels
and a gelatin matrix has been produced displaying an 8-fold increase in Young’s modulus
compared to their homogeneous counterpart. While these solutions offer a better control
over mechanics, their range of tunability remains relatively limited, such that they cannot

be used for load-bearing applications.

Interpenetrated Networks

A more recent strategy to reinforce granular hydrogels utilizes the high swelling property
of microgels to load a second gel-forming precursor solution inside preformed hydrogel
particles. Once assembled, a secondary crosslinking locks the structure in shape, thus en-
abling the formation of an interpenetrated hydrogel network. This solution is reminiscent
of the well-known process for the fabrication of double-network hydrogels, where a second

precursor solution is loaded in a pre-existing hydrogel network and then crosslinked to
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reinforce it. As a result, a granular hydrogel with high mechanical integrity can be easily
fabricated, expanding its use to more structural applications. Furthermore, the ability
to trigger the on-demand formation of the second network provides a better control over
printing and stabilization compared to conventional 3D printed materials. Remarkably,
the secondary crosslinking is independent of the assembly process, allowing the fabri-
cation of structures with isotropic mechanical performances, an attribute impossible to
obtain with most conventional 3D printing inks. The strong improvement in mechanical
properties is attributed to the efficient load transfer from the secondary network to the
primary microgel network. As a result, the use of an interpenetrated network overcomes
the limitations of previously discussed strategies, namely the poor interfacial adhesion of

neighboring hydrogel particles.
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Figure 1.20: Reinforcement techniques for granular hydrogels. Ashby plots of (a) G’, (b) compressive
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1.7 Beyond Bioinspired Materials:

The Next-Generation of Engineered Living Materials

Despite the great improvement in hydrogel design and mechanical performances discussed
in the previous sections, the last step to finally bridging the gap between natural and
synthetic soft materials has yet to be made. The fundamental mismatch that still exists
pertains to the last, almost unexplored dimension: time. Indeed, manmade materials, and
especially hydrogels, show an intrinsic lack of self-regulation and adaptation that strongly
hinders their real-life applications. Most synthetic constructs are immanent by definition:
the scientist designs the material with certain properties, manufactures it, and deploys it
for operation. However, there is little to no room for the introduction of adaptive or self-
growing features, that would allow the material to self-regulate to sustain environmental
changes. This is in stark contrast with biological materials, where nature is able to grow,

renew, and adapt in response to external stimuli.

A strategy that would render synthetic hydrogels responsive to changes in the external
environment, thus introducing a certain degree of compliance to the material, could push
the boundaries of hydrogel design and could finally enable more complex applications
in the field of soft robotics and tissue engineering. In this regard, a new approach for
the fabrication of smart responsive hydrogels has emerged, where synthetic materials are
combined with living microorganisms that are able to transform their environment with
unprecedented control [173, 174, 175]. This combination constitutes a paradigm shift as
nature is no longer a source of inspiration but it is the actual maker. As a result, engineered
living hydrogels possess the ability to grow and adapt to a dynamic environment with

greater complexity than ever reported before.

Engineered living hydrogels are a new class of living systems comprising a microorganism
and a scaffold [173]. This combination increases the degrees of freedom for the design of
synthetic materials. In general, the microorganism can be engineered to display certain
properties, such as sensing, chemical production, and resource transformation, while the
hydrogel matrix can be designed to exert mechanical or chemical gradients, or to serve
as barrier to spatially separate different microbial populations. Based on the processing
technique and microbial cell chosen, an almost limitless selection of engineered living

materials can be fabricated, with many applications, as exemplified in Figure 1.21.

The main goals of engineered living material research include encoding for a wide variety
of functional materials, drawing on many environmental sources of energy and matter,
directing the assembly of complex structures across multiple length scales, and spatial

and temporal environment adaptation [175]. In the following paragraphs, I will discuss
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Figure 1.21: Engineered living materials. Reproduced with permission [176]. Copyright 2021, Springer
Nature.

matrix-cell interactions and restrict my discussion to technologies where living cells (i.e.
bacteria) partially fabricate or direct the assembly of the bulk material. I will focus the
discussion on engineered living hydrogels based on bacteria that are not directly related

to tissue engineering or regenerative medicine.

1.7.1 The Living in the Material: Bacteria for Engineering Living Hy-
drogels

The core concept of engineered living materials is the idea that microorganisms are the
main character in play and are responsible for the material synthesis, self-organization,
and adaptation of the structure in response to external stimuli. A straightforward transla-
tion of this statement can be made if bacteria are selected as the powerhouse for material
fabrication. Indeed, most bacteria proliferate at high rates, can be easily genetically engi-
neered, and can secrete several extracellular matrix components, such as polysaccharides,

and proteins [177]. Polysaccharides are produced by most species of bacteria in a wide
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variety of compositions and structural organizations. In general, they serve as an adhe-
sive interface, as well as a physical barrier to protect the microorganism from the external
environment. Modification of their chemical configuration and production remains a chal-
lenge, due to their poorly defined structure. Extracellular proteins are also a common
component in the extra cellular matrix in the form of amyloid fibers, pili, and flagella.
As opposed to polysaccharides, proteins can be easily engineered to impart different func-
tionalities to the material. As a result, specific structures and amino acids sequences can
be encoded in the bacteria genome for the production of engineered proteins, either by

metabolic or genetic engineering, as shown in Figure 1.22.
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Figure 1.22: Engineering pathways. Bacteria can be modified by (a) metabolic or (b) genetic engineering.
Reproduced with permission [173]. Copyright 2022, Wiley-VCH.

Among the various polysaccharides produced by bacteria, the most attractive for materi-
als engineering is cellulose. Bacterial cellulose possess several unique properties compared
to other naturally occurring polymers, such has high crystallinity and hence extremely
high stiffness [178, 179]. Without any modifications, bacterial cellulose produced by the
Gluconacetobacter xylinus is commonly used in medical and food applications. To enhance
biopolymer production or alter its chemical composition, metabolic engineering strategies
have been established in the past decades. In parallel to more traditional engineering
approaches discussed so far, novel strategies involving directed evolution have also been
investigated [180, 181]. Besides bacterial cellulose, protein-based amyloid fibers are pro-
duced by microorganisms, such as Escherichia coli [182]. All these biologically produced
materials contribute to the formation of stable 3D biological composites, as schematically

shown in Figure 1.23.

Another fundamental property of microorganism-produced materials is their ability to self-
repair in response to structural damages. For example, microbial cells have been mixed in

concrete or soil to heal cracks and prevent structural failure by inducing carbonate pre-
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Alternatively, bacteria can be embedded in a hydrogel to endow the engineered material with (b) self-healing,
(c) local reinforcement, or (d) degradation abilities. Reproduced with permission [173]. Copyright 2022, Wiley-
VCH.

cipitation as part of their metabolic activity [183, 184]. In addition to regeneration and
self-repair, materials can be reinforced by living microorganisms. For instance, microbial
cells can secrete chemical compounds, such as monomers, that can react and form an
interpenetrated polymer network within the already existing matrix, thus mechanically
strengthening the composite material [185]. Lastly, microorganisms can induce the degra-
dation of their scaffold material. The degradation can be triggered either by mechanical
instabilities, such as the growth-induced network deformation [186, 187], or by chemical
cues, such as the naturally occurring decomposition of biopolymers [188] or the enzymatic

degradation of synthetic petroleum-based polymers [189].

Besides the reciprocal influences between living microbial cells and hydrogel matrices
discussed above, the engineered living material can also interact with the external en-
vironment, thus enabling their use in several applications [190, 191], as summarized in
Figure 1.24.

41



CHAPTER 1. INTRODUCTION

42

a b Living sensors c Living therapeutics d Living electronics e Energy conversions f Living building materials
NG . -
< .= A i y o
Living cells Analytes ¢ \\L,,/Analytes\'w/ o\ 7 Chemicals HCO,  =&S ¥
(pathogen) Germination (haem) €O,
Engineered Engineered Engineered CO,-reducing MICP-capable
sensing yeast therapeutical spores sensing bacteria autotrophs cyanobacteria
=) Sunlight
Artificial C-:E// 9 P f@
: e ea” | %
materials (o ~ 3 X
: ) 1 4
l Filter paper Polymer hydrogels Ingestible eletronics
\ AR ) Analytes °; °
Fabrication - f:,,i €] g
process e
Coating 3D printing
Application

scenario

Pathogens detection Antibacterial patch Health monitoring Artificial photosynthesis Self-replicated buildings

Figure 1.24: Applications of engineered living materials. Engineered living materials have been developed
for their application as (b) sensors, (c) therapeutics, (d) electronics, (e) energy conversion, and (f) building
materials. Reproduced with permission [190]. Copyright 2021, Springer Nature

In the following section, I will discuss the combination of engineered living materials with

3D printing technologies for the fabrication of responsive living scaffolds.

1.7.2 3D Printing of Engineering Living Materials

3D printing technologies are relatively well-established for printing mammalian cells for
tissue engineering, thus being referred to bioprinting. Recently, novel applications that use
microbial cells as living components in combination with a gel scaffold have been reported.
Extrusion-based bioprinting has become the preferred technique due to its simplicity, high
cell viability, and compatibility with several ink formulations [192]. Furthermore, the
microbial-loaded ink, known as the bioink, should possess sufficient viscosity to allow
a good printing resolution, as well as a rapid gelation to retain the intended geometry
[176]. For example, a solution of alginate and Escherichia coli was extruded in a printing
bath loaded with calcium chloride to trigger alginate gelation upon contact [193]. In
another example, a bioink composed of hyaluronic acid, k-carrageenan, fumed silica, and
a photoinitiator was employed to 3D print Pseudomonas putida and Acetobacter zylinum
[194]. Similarly, a pluronic-based bioink has been used to fabricate catalytically active

living materials [195], as shown in Figure 1.25.
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Figure 1.25: Design and 3D printing of large-scale, high-resolution living responsive materials. Reproduced
with permission [195]. Copyright 2017, Wiley-CH.

This field of engineered living materials has bloomed in the past couple years owing to
the wide range of bioinks and microbial cells available [176, 196, 197, 198]. Further-
more, the competitive economical advantage of rapid prototyping makes 3D bioprinting
extremely appealing for the design of engineered living materials. However, none of the
reported examples so far have fully leveraged the living contribution of bacteria to ratio-
nally control the mechanical properties of the final construct. This breakthrough would
be advantageous for the fabrication of more sustainable load-bearing materials, especially
in resource-poor environments. This would push the emerging field of engineered living

materials to uncharted territories.
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CHAPTER 2

Scope of the Thesis

Hydrogels are among the first biomaterials expressly designed for their use in biomedicine.
However, state-of-the-art applications of hydrogels are severely limited because of their
mechanical properties. Most hydrogels are rather soft such that the range of mechanical
properties that is attainable with them is limited. To overcome this shortcoming, several
techniques to reinforce hydrogels have been introduced in the past decade. Despite this
great improvement in mechanics, composition and structural complexity found in soft
natural tissues remain yet to be matched. Indeed, soft natural materials possess locally
varying compositions and structures that are well-defined over many length scales. By
contrast, synthetic hydrogels typically have an ill-defined microstructure and their com-
position is most often homogeneous. In this thesis, I discuss a novel approach to control
the microstructure and composition of synthetic hydrogels through the use of 3D granular
printing. I believe that the findings reported in my work can effectively contribute to the
narrowing of the gap between synthetic and natural soft materials in terms of mechanical

properties and I hope it will help shaping future research in the field.

Thesis Structure

This thesis is organized in eight chapters. In Chapter 3, I will introduce the materi-
als and methods used to establish the following discoveries. Chapter 4 will discuss the
implementation of a double-network granular hydrogel for the fabrication of 3D printed
load-bearing hydrogels. In Chapter 5, I will propose a way to introduce recyclability
into a granular material, to achieve repeated regeneration cycles without major losses in
mechanical performance. Chapter 6 will provide a preliminary investigation of metal-
coordination as a reinforcement strategy for bulk hydrogels. Chapter 7 will combine the

structural control of granular hydrogel printing together with the selective reinforcement of

45



CHAPTER 2. SCOPE OF THE THESIS

metal-coordination to achieve heterogeneous shape-morphing and load-bearing hydrogels.
An additional chapter (Chapter 8) discusses the possibility to attain even more complex
structures and compositions if engineered living materials are used. Finally, in Chapters
9 and 10, I will draw the conclusions along with some outlooks on the problems that are
yet to be tackled in the field.
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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), N,N’-Bis(acryloyl)cystamine
(BAC) (Alfa Aesar, J66893), Tris(2-carboxyethyl)phosphine HC1 (TCEP) (Combi-Blocks,
OR-5119), Methylene blue hydrate (Acros Organics, 229801000), Carboxymethyl cel-
lulose sodium salt (CMC) (90’000 Da, Sigma-Aldrich, 419273), Glycidyl methacrylate
(GMA) (Sigma-Aldrich, 779342), Acrylic acid (AA) (Sigma-Aldrich, 147230), n-Hexane
(Sigma-Aldrich, 32293), Ammonium peroxydisulfate (APS) (Sigma-Aldrich, 248614), 2-
Ketoglutaric acid (KGA) (Sigma-Aldrich, 75890), Citric acid (CA) (Sigma-Aldrich, 251275),
Iron(III) chloride (Sigma-Aldrich, 157740), Aluminum chloride (Sigma-Aldrich, 206911),
Sporosarcina pasteurii (strain designation ATCC 11859, CCOS), Gelatin Type-A from
porcine skin (gel strength 300, Sigma-Aldrich, G2500), Alginic acid sodium salt (low vis-
cosity, Sigma-Aldrich, A1112), Phosphate buffered saline (PBS) (Gibco), Calcium chloride
98% (Roth, CN93.1), Yeast extract (PanReac, A1552), Urea (Sigma-Aldrich, 51456), Cal-
cium carbonate 99% (Sigma-Aldrich, 239216), and Deionized water (Direct-Q®) with a
resistivity of 18.2 MOhm-cm™!.
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3.2 Double Network Granular Hydrogels

3.2.1 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 for 5 min while being illuminated with UV light (OmniCure
S1000, Lumen Dynamics, 320-390 nm, 60 mW-cm~2) to convert drops into microgels. 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.

3.2.2 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 pm, Millipore) to yield a jammed microgel
ink.

3.2.3 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 mm?) 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-cm~2).

3.2.4 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-cm~2). PAMPS hydrogels are immersed overnight in an aqueous solution
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containing 20 wt% AM, 0.2 mol% MBA, and 1.5 mol% PI. Soaked samples are exposed to

UV illumination for 5 minutes to trigger the polymerization of the PAM second network.

3.2.5 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+T™, Cellink).
The granular ink is extruded from a conical nozzle (410 pm) through a pressure driven
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-cm~2) for 5 min.

3.2.6 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 pm gap. Frequency
dependent viscosity measurements are made at 0.5% strain. Amplitude sweep is per-
formed 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.

3.2.7 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/m?). 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.
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3.2.8 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 (Wz/Wg,-100).

The equilibrium water content (EWC) is calculated as the ratio of dry sample weight over
fully swollen sample weight (W;/W,-100).

3.3 Recyclable Double Network Granular Hydrogels

3.3.1 Preparation of PAMPS Microgels

PAMPS microgels were prepared following the protocol described in section 3.2.1. 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-cm~2) 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.

3.3.2 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-cm~2) for 5 min.

3.3.3 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 XM, Cellink). The granular
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ink is extruded from a conical nozzle (410 pm) through a pressure driven piston (30 kPa).

Microgels are dyed with 0.001 mg-mL~! methylene blue for visualization.

3.3.4 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. Re-
covered particles are washed in excess water and centrifuged. The process is repeated
three times. The 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.

3.3.5 Printing Resolution Characterization

The granular ink was extruded in a grid structure (10 x 10 x 1 mm?) with a grid spacing

of 1.05 mm. The spreading coeflicient and the filament resolution were calculated as:

Ap— A
Spreading Factor (%) = % -100 (3.1)
T
where Ap is the actual measured area, and A is the theoretical area of a printed cell.

The filament resolution is calculated as:

Dp—D
Filament Resolution (%) = % -100 (3.2)
T

where Dp is the actual measured filament diameter, and D7 the nominal needle diameter

(20 G, DT = 603 pm). Results are representative of at least 50 independent replicates.

3.3.6 Resonance Raman Characterization

Samples are characterized using a Renishaw Raman spectrometer, equipped with a confo-
cal microscope, a 785 nm laser line, a 1200 - mm~! grating and a Renishaw camera. Each

spectrum is taken as the average of 500 exposures of 1 s at 125 mW laser power.
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3.3.7 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 pm gap. Amplitude

sweeps are performed at 1.0 rad-s~! oscillation.

3.3.8 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
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).

3.4 Hydrogel Reinforced Through Metal-Coordination

3.4.1 Preparation of CellMA Polymer

2 g of CMC were dissolved in 200 mL of deionized water and the pH was adjusted to 5.5.
Subsequently, the solution was heated to 40 °C and 2.5 mL of GMA were added to the
solution. The mixture was allowed to react for 8 h at 40 °C. Then, the product (CellMA)
was purified with excess hexane to remove unreacted GMA. Finally, the CellMA solution
was frozen at -20 °C, lyophilized, and stored at -20 °C until further use. 'H-NMR was
performed to evaluate the successful outcome of the synthesis reaction, as shown in Figure
3.1.

3.4.2 Preparation of One-Pot CellMA-PAA-Fe Hydrogels

An aqueous solution containing 18 wt% AA, 2 wt% CellMA, 1 wt% APS, and 0.5, 1, 2,
or 4 mol% of FeCls was prepared and casted into cylindrical Teflon molds (r = 4 mm, h

= 2 mm). The samples were allowed to react at 40 °C for 1 hour.



3.4. HYDROGEL REINFORCED THROUGH METAL-COORDINATION

(@)

Ao
R
S

l I

—

—
™

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
8 (ppm)

Figure 3.1: 'H-NMR measurement of CellMA in D2O. 'H-NMR (400 MHz, Deuterium Oxide) & 6.09 (s,
1H), 5.66 (s, 1H), 1.86 (s, 3H). The successful grafting of methacrylate groups onto cellulose is shown by the
appearance of the peaks at 6.09, 5.66, and 1.86 ppm. Reproduced with permission [69]. Copyright 2021, Royal
Society of Chemistry.

3.4.3 Preparation of Two-Step CellMA-PAA-Fe Hydrogels

An aqueous solution containing 18 wt% AA, 2 wt% CellMA, 1 wt% KGA was prepared and
casted into cylindrical Teflon molds (r = 4 mm, h = 2 mm). The samples were crosslinked
for 5 min under UV light (UVP CL-1000, Analytik Jena, 365 nm, 2 mW-cm~2). Subse-
quently, CellMA-PAA hydrogels were immersed in DI water until swelling equilibrium was
reached. Then, the samples were transferred into an aqueous solution containing varying
mol% of FeClg and CA.

3.4.4 Rheology of CellMA-PAA Hydrogels

Rheology was performed on a DHR-3 TA Instrument with a 8 mm diameter parallel plate
steel geometry. All measurements were performed at 25 °C, with a 2 mm gap. Frequency
sweep measurements were made at 1% strain. Amplitude sweeps were performed at 1.0
rad-s~! oscillation frequency. Stress relaxation measurements were carried out with an

initial step strain of 10% and measured for 100 s.
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3.4.5 Mechanical Characterization of CelMA-PA A Hydrogels

Compression measurements were performed on a commercial machine (zwickiLine 5 kN,
100 N load cell, Zwick Roell). Molded cylindrical samples (r = 5 mm, h = 10 mm)
were compressed at a constant velocity of 1.2 mm-min~'. The compressive modulus was

calculated as the slope of the initial linear region (from 5% to 15% strain).

3.4.6 EDX Mapping of CellMA-PAA-Al/Fe Hydrogels

Images for characterization were acquired using a Zeiss Merlin FE-SEM equipped with
an Oxford Inst. EDX detector and operated at 7 kV and 180 pA. To prevent EDX
artifacts, the sample was polished and left uncoated. EDX signals were averaged over the
entire measurement area and extracted for a quantitative comparison. The horizontal axis

represents the distance from the sample edge.

3.4.7 Nanoindentation of CellMA-PAA-Al/Fe Hydrogels

Nanoindentation measurements were conducted on an Anton Paar NHT? tester mounted

with a Berkovich indenter. The experiment was performed in a displacement control mode

with a maximum indentation depth of 20 pm and a displacement rate of 10 nm-s".

3.4.8 Statistical Analysis

All data are expressed as the mean + standard deviation (SD). For all the experiments,

each test was repeated five times to determine reproducibility.

3.5 Metal-Coordinated Double Network Granular Hydro-
gels

3.5.1 Preparation of PAA and PAM Hydrogels

An aqueous solution containing 30 wt% of monomer (AA or AM), 1 wt% MBA crosslinker
and 5 mg-mL~! of PI is prepared. The solution is poured in a Petri dish (d = 20 cm)
and it is polymerized at room temperature for 5 min in a UV oven (UVChamber-365-100,
UWave, 25mW-cm~?2) yielding a bulk hydrogel.
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3.5.2 Preparation of Microfragments

The bulk hydrogel is crushed and dispersed in water to reach swelling equilibrium. Next,
hydrogel fragments are further milled in LN2 with an oscillatory cryomill (Cryomill,
Retsch) using 12 stainless steel balls (d = 10 mm). The cryomilling protocol is as follows:
3 min of pre-cooling; 5 milling cycles of 3 min at 30 Hz; 30 s at 5 Hz between each cycle,
unless stated differently. The resulting microfragments are suspended in water and filtered
with a nylon filter of 100 pm mesh size to remove bigger fragments. The microfragments

are freeze-dried and stored in powder form until further use.

3.5.3 Preparation of Microgels

An aqueous solution containing 30 wt% AA, 1 wt% MBA, and 5 mg-mL~! PI is prepared.
The aqueous phase is emulsified with a mineral oil solution containing 2 wt% Span80. The
water-in-oil emulsion is stirred while being illuminated with UV light (OmniCure S1000,
Lumen Dynamics, 320-390 nm, 60 mW-cm~2) for 5 min to convert drops into microgels.
The resulting PAA microgels are transferred into ethanol and centrifuged at 4500 rpm for
10 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 PAA

microgels are resuspended in water for storage.

3.5.4 Rheology of Microfragments

Rheology measurements are 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
pm gap. The samples are allowed to relax for 200 s before each measurement starts.
Frequency dependent viscosity measurements are performed 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 100% strain.

3.5.5 3D Printing of Microfragments

The jammed microfragment paste is loaded in a 3 mL Luer lock syringe. The syringe is
sealed and centrifuged at 4500 rpm for 5 min, to remove trapped air bubbles that would
affect the printing quality. 3D printing is performed with a commercial 3D bioprinter
(BIO X, Cellink). The granular ink is extruded from a conical nozzle (22 G) through a

pressure driven piston.

95



CHAPTER 3. MATERIALS AND METHODS

56

3.5.6 Preparation of mfDNGH

PAA microfragments are suspended in an aqueous solution containing 30% AM, 0.5 wt%
MBA and 5 mg-mL~! of PI. After centrifuging at 4500 rpm for 10 min and removing the
supernatant, a jammed paste is obtained. The paste is casted into dog-bone shaped molds
(cross-section 5 x 2 mm?) or cylindrical molds (d = 5 mm, t = 5 mm), and it is crosslinked
for 5 min under UV irradiation (UVChamber-365-100, UWave, 25mW-cm~2).

3.5.7 Preparation of mxDNGH

PAM microfragments are suspended in an aqueous solution containing 30% AA, 0.5 wt%

MBA and 5 mg-mL~" of PI. The same procedure used to prepare mfDNGH is applied.

3.5.8 Mechanical characterization of mfDNGH and mxDNGH

Mechanical measurements are performed with a commercial machine (zwickiLine 5 kN,
50 N load cell, Zwick Roell). Compression tests are performed on cylindrical samples,
compressed at a constant velocity of 3 mm-min~! until fracture or 80% strain is reached.
The compressive modulus is calculated as the slope of the region from 0% to 5% strain.
Tensile tests are performed on dog-bone shaped samples, stretched at a constant velocity

of 100 mm-min~—!.

The Young’s modulus is calculated as the slope of the initial linear
region, from 0% to 5% strain. The work of fracture (WOF) is calculated as the area below

the stress-strain curve.

3.6 Biomineralization of Bacteria-Loaded Microgels

3.6.1 Preparation of Bacteria-Loaded Microgels

To prepare bacteria-loaded gelatin microgels, a PBS solution containing 25 wt% gelatin is
prepared and maintained at 37 °C to prevent gelation. 1 wt% of freeze-dried S. pasteurii
is added to the gelatin solution. The gelatin-S. pasteurii solution is emulsified by adding
mineral oil with 2 wt% Span80 in a 3:1 volume ratio. The emulsion is gelled at 4 °C for 30
min and then centrifuged at 3000 rpm for 15 minutes at 20 °C (Mega Star 1.6R, VWR) to
remove the majority of the oil. To remove the remaining oil and surfactant, the obtained
microgels are resuspended in PBS, centrifuged, and the supernatant is discarded. The

process is repeated five times. The microgels are stored at -20 °C prior to further use.
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3.6.2 Preparation of BactoIlnk

To prepare the Bactolnk, a PBS solution containing 5 wt% alginate is prepared and mixed
with the bacteria-loaded microgels at a 4:1 weight ratio. The suspension is centrifuged
at 3000 rpm for 15 minutes at 20 °C and the supernatant is discarded. The obtained
Bactolnk is stored at -20 °C prior to further use.

3.6.3 3D Printing of Bactolnk

The Bactolnk is loaded in a 3 mL Luer-Lock syringe and trapped air is removed by
centrifugation at 3800 rpm for 1 min at 20 °C. 3D printing of Bactolnk is performed with
a commercial 3D bioprinter (BIO X, Cellink). The Bactolnk is extruded through a 21
G needle, through a pressure driven piston at 70 kPa with 10 mm-s~! printing speed.

Printed samples are gelled in a 1 M CaCly solution for 30 min.

3.6.4 Preparation of Molded BactoInk

To mold-cast the Bactolnk, a negative mold is prepared using Quickform mold making
material (Glorex) and a 3D-printed master mold (Prusa MK3S). The Bactolnk is casted

in the mold using a syringe and subsequently gelled in a 1 M CaCly solution for 30 min.

3.6.5 Rheology of Bactolnk

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 pm gap. Fre-
quency dependent viscosity measurements were made at 0.5% strain. Amplitude sweep
is performed at 1.0 rad-s~! oscillation. Samples are allowed to relax for 200 s at the set
temperature before a measurement starts. Rheology is performed on samples with and

without bacteria.

3.6.6 Biomineralization of Bactolnk

Prior to biomineralization, two stock solutions of 1 M CaCly and 1.5 M urea with 0.8 wt%
yeast extract are prepared respectively. The two solutions are mixed in 1:1 volume ratio
before use. The gelled Bactolnk sample is added to initiate the biomineralization. The
solution is exchanged every 24 h for four days. After the fourth day, samples are removed
from the biomineralization solution, soaked in ethanol for 30 min, and dried in vacuum at

room temperature for 48 h.
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3.6.7 Preparation of Pre-mixed CaCO3-Hydrogel Composite

To obtain a mixed CaCQOj3-hydrogel composite, a PBS solution containing 25% w/w gelatin
and 75% w/w of CaCO3 powder is prepared at 37 °C. The obtained solution is mixed with
a PBS solution containing 5 wt% alginate. The mixture is centrifuged at 3800 rpm for
15 minutes at 20 °C and the supernatant is discarded. The obtained paste is molded and

gelled in a 1 M CaCly containing aqueous solution for 30 min.

3.6.8 TGA Measurement of Biomineralized Samples

Biomineralized samples are finely grinded in a mortar before testing with TGA (TGA 4000,
PerkinElmer). The measurement is performed from 30 °C to 950 °C at a heating rate of

1

10 °C-min~! with a nitrogen flow rate of 20 mL-min~!. The CaCOs weight percentage

(wt%CaCOs3) is computed via the following formula:

Awt%
wt%cacos = (mo)mwcacoz (3.3)

wCO2

Where Awt% is the weight percentage loss calculated between 600 °C and 900 °C, m,co2
is the molecular weight of CO (44.102 g-mol~!) and mycqeco3 is the molecular weight of
CaCOs (100.1 g-mol~!). Measured data are representative of at least three independent

samples and are reported as mean £+ SD.

3.6.9 XRD Measurement of Biomineralized Samples

XRD analysis (Malvern Panalytical, Empyrean) is performed on biomineralized powdered
samples with 26 ranging from 10° to 60°, with a scan rate 0.03° 20-min~'. The radiation
source is Cu Ka with wavelength 1.5405 A and the generator is operated at 40 keV, 40
mA. Baseline removal and peak search is performed using the Peak Analyzer function in
OriginPro2021. To evaluate the Ic/Iv ratio, the intensity of the main peak is measured
for calcite and vaterite at 29.7° and 33°, respectively. Measured data are representative

of at least three independent samples and are reported as mean 4+ SD.

3.6.10 SEM Imaging of Biomineralized Samples

SEM imaging is performed on a Zeiss Gemini 300, with a working distance of 6 mm, using

a secondary electron detector. Samples are coated with 5 nm of gold.
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3.6.11 Optical density measurement of bacteria-loaded microgels

The viability of bacteria after the encapsulation process is assessed by incubating 0.5 g
of bacteria-loaded microgels in 50 mL of a 0.4 wt% yeast and 0.75 M urea solution at 30
°C for 4 days. The optical density is measured with a UV-Vis spectrophotometer at a
wavelength of 600 nm.

3.6.12 Mechanical Characterization of Biomineralized Samples

Compressive measurements are performed with a commercial machine (AllroundLine Z005,
5 kN load cell, Zwick Roell). Cylindrical samples are prepared in a silicone mold (d = 8
mm, t = 8 mm) and compressed at a constant velocity of 1.2 mm-min~! until 40% strain
is reached. The compressive modulus is calculated as the slope of the initial linear region
(from 0% to 1% strain).

3.6.13 pCT Imaging and 3D Reconstruction of Biomineralized Samples

X-Ray nCT is performed with an Ultratom micro tomography system (RX-SOLUTIONS).
The sample is scanned at a voxel resolution of 1.05 ym, with a voltage of 45 kV and a
current of 166 pA. Amira-Avizo v.2019.4 software is used for reconstruction, segmentation,

and visualization.
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CHAPTER 4

3D Printing of Strong and Tough Double
Network Granular Hydrogels

In this chapter, I introduce a novel microgel-based ink for the 3D printing of strong and
tough load-bearing structures. The ink is composed of jammed polydispersed microgels
that are loaded with a second hydrogel-forming solution. After printing, the construct is
exposed to an UV source to trigger the formation of a percolating network, thus solidifying
the structure. The resulting material, referred as DNGH, is able to withstand significant
loads without major damage. This approach demonstrates the possibility to combine the
optimal rheological behavior of jammed granular inks with the unparalleled mechanical
performances of double network hydrogels, thus enabling the 3D printing of complex load-

bearing structures.

This chapter is adapted from the paper entitled “3D Printing of Strong and Tough Double
Network Granular Hydrogels” authored by Matteo Hirsch, Alvaro Charlet, and Esther
Amstad. M. Hirsch, and A. Charlet are equally contributing co-first authors and both
included this chapter in their thesis. M. Hirsch, A. Charlet, and E. Amstad designed the
experiments. M.Hirsch performed the tensile tests and 3D printing studies. A. Charlet
performed the rheological experiments. M. Hirsch, A. Charlet, and E. Amstad analyzed

the data and wrote the manuscript.
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4.1 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 partially address this shortcoming, we introduce a novel 3D printing
approach to fabricate strong and tough soft materials, namely double network granu-
lar 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. Moreover, 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 possi-
bilities to design adaptive strong and tough hydrogels that have the potential to advance,

for example, soft robotic applications.

4.2 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 1.4.4,

their toughness can be strongly increased, if reversible crosslinks that rely on non-covalent
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interactions [67, 199], slide-ring structures [79], host-guest interactions [200], nanoparticle
fillers [86], or a combination of them [201] are introduced. Indeed, this strategy enables
the design of extremely tough hydrogels that can be stretched up to 50 times [92, 202,
203]. 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.
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 [53]. This advance enabled engineering the mechanical properties of DN

hydrogels to be similar to those of certain natural tissues such as cartilage [204, 205].

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 compo-
sition is most often homogeneous. Variations in the composition can be introduced using
magnetic nanoparticle gradients [206], UV patterning [207], micro-molding [208], photo-
triggered chemical crosslinkers [203], or micro-phase separation [96]. However, these meth-
ods are often labor intense such that they cannot fabricate macroscopic 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 [28, 209]. 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 [210] or jammed microgels for example using additive manufacturing techniques
[132, 154, 170, 211]. However, monodisperse spherical microgels have a small contact
area such that the resulting superstructures are weak [147]. The mechanical properties
of these granular materials can be improved if the surfaces of the microgels are modified
with thiols [166] or metal-coordinating groups [212], through covalent crosslinking of ad-
jacent microgels [213], or by means of a percolating second network [214, 215]. However,
the increased adhesion between microgels compromises the stretchability of the materials,

thereby reducing their toughness. Methods to fabricate strong and tough complex 3D
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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.

4.3 Experimental Section

Experimental details are reported in Chapter 3 from Section 3.2.1 on page 48 to Section

3.2.8 on page 50.

4.4 Results and Discussion

4.4.1 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,
as sketched in Figure 4.2a and detailed in section 3.2.1. 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
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size, as shown in Figure 4.1. After having been crosslinked, microgels are washed several
times in ethanol and deionized water to remove unreacted molecules, as sketched in Figure
4.2b. 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 4.2c.
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 pm whereas

those containing 3.5 mol% crosslinker have a diameter of 120 pm, as shown in Figure 4.1.

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 4.2d. The resulting ink is 3D printed into complex structures, as
schematically presented in Figure 4.2e. 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 4.2f.

4.4.2 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 [216, 217] and jammed
microgels [218]. To ensure a reproducible jamming of the microgels, we measure the solid
polymer content of samples swollen in deionized water, as reported in Table 4.1. 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 4.3a. 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
by our jammed PAMPS microgels, as shown in Figure 4.3b. 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 4.4.
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microgels

Figure 4.1: Influence of crosslinker concentration on the swelling of microgels. Optical 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 average diameter of emulsion drops is 20 pm, that of swollen microgels containing 3.5
mol% crosslinker 120 pm, those containing 7 mol% crosslinker have an average diameter of 65 pm, and those
containing 14 mol% crosslinker have a diameter of 40 pm. Scale bars are 100 pm. Reproduced with permission
[149]. Copyright 2022, Wiley-VCH.
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Figure 4.2: 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. Reproduced with permission [149]. Copyright
2022, Wiley-VCH.

Table 4.1: 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 repro-
ducible.

30wt% PAMPS microgel sample Solid Content (wt%)

#1 4.45
#2 4.78
#3 4.49
#4 4.78
#5H 4.85
#6 5.02
#7 4.97
#8 5.04
#9 5.06
Average 4.83
+/-SD 0.22

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
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Figure 4.3: 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 material transitions from a solid-like to a liquid-like state when subjected to high shear
(y =30%). The jammed solution recovers rapidly to its initial condition at low shear (y = 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. Reproduced with permission [149]. Copyright 2022, Wiley-VCH.
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Figure 4.4: 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. Reproduced with permission
[149]. Copyright 2022, Wiley-VCH.

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 4.3c. 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 4.5a, indicating
that these microgels can be easily processed within this temperature range. This be-
havior is inherent to jammed microgels that behave as solid-like materials because their
linear elasticity is governed by the microgel composition [218]. Hence, our results indicate
that the jammed microgels possess rheological properties that are well-suited for additive

manufacturing.

Jammed microgels can form macroscopic, porous materials that retain their structure
[154, 170, 213]. 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
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 4.5b. 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 4.3d.
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Figure 4.5: 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 within the measured temperature range. 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). Reproduced with permission [149].
Copyright 2022, Wiley-VCH.

4.4.3 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 DNGHSs 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 4.6a. 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 the DNGH composition,

as summarized in Figure 4.6b.

Granular hydrogels inherently possess locally varying compositions. In our case, grains are
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 the DNGHs
to the chain entanglements that are topologically constrained between PAM chains and the

microgel network, such that they cannot be easily displaced [155]. However, our DNGHs
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Figure 4.6: 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. Reproduced with permission [149]. Copyright 2022, Wiley-VCH.

are two-fold softer than unstructured DN counterparts, as summarized in Figure 4.8a. 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 1.4.3.

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
4.8a. We attribute the corresponding increase in toughness to a stress concentration at the
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 [219]. 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 [220]. 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 4.7a. 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
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Figure 4.7: 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 DNGHs with different
primary network crosslinker densities. The material shows an increase in elasticity with no significant change in
toughness. Reproduced with permission [149]. Copyright 2022, Wiley-VCH.

Figure 4.8b. 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 [53]. 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 4.8c. The lower mechanical performance
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 4.7b. 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
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Figure 4.8: Mechanical characterization of DNGHs. a, Tensile tests of DNGHs 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 x 2 mm? 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 4.8: 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. Reproduced with permission [149]. Copyright 2022, Wiley-VCH.

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
4.8e. This finding is in agreement with unstructured DN where the elasticity is mainly
determined by the first network [205, 221]. 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 [205, 221]. 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 sam-
ples. Indeed, the toughness of our DNGHs increases with increasing AM concentration,
as summarized in Figure 4.8d. The one clear exception to this trend presents the stiffest
DNGHs that we formed, that also displays a high toughness of 0.53 MJ-m™3. The max-
imum toughness of 0.66 MJ-m~3 is achieved for DNGHs prepared with 25% AMPS and
30% AM, as summarized in the color map in Figure 4.8f. 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 4.9a. 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
Figure 4.9b. 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-
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Figure 4.9: 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
micrograph of a fractured sample containing 0.02 mol% crosslinker. The loosely crosslinked secondary network
hinders good interparticle adhesion such that individual PAMPS microgels are bridged by fibrous PAM filaments,
as highlighted in the inset. Reproduced with permission [149]. Copyright 2022, Wiley-VCH.

lating network, by analogy to DN materials that contain individually dispersed microgels
in them [155]. 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

0.2 mol% crosslinker for the following experiments.

4.4.4 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 pm 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 4.10a. Importantly, the extruded filament maintains
the characteristic granularity of the ink, as evidenced form the fluorescent micrograph in
Figure 4.10b.

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
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Figure 4.10: Printing of jammed microgels. a, Photograph of the jammed microgel filament while it is
extruded from a 410 pm 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
pm. 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. Reproduced with permission [149]. Copyright 2022, Wiley-VCH.

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 4.10c. After the second percolating network is formed,
the grid retains its shape and integrity even if removed from the substrate, as shown in
Figure 4.10d.

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 4.11a. Remarkably, we do not observe any significant influence of the printing
direction on the mechanical properties of these stripes, as shown in Figure 4.11b. This is
in stark contrast to polymers that are 3D printed using conventional, homogeneous inks
[222]. 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 4.11: 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.
Reproduced with permission [149]. Copyright 2022, Wiley-VCH.

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 DNGHSs 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 4.12 [166, 223, 224, 225, 226, 227, 228, 229, 230]. We assign this difference
to the processing: our DNGHs are fabricated from jammed microgels such that we can
independently 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 pa-
rameters are closely coupled. Taking advantage of this important aspect, we can combine
the extraordinary mechanical properties of DN hydrogels with an additive manufacturing

process, without compromising the printability and resolution of the ink.

4.4.5 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 [231, 232, 233]. To exploit this
new feature, we 3D print our jammed microgels into high aspect ratio hollow cylinders,

as shown in Figure 4.13a. Indeed, the additive manufactured DNGH structure can be
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Figure 4.12: 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. Reproduced
with permission [149]. Copyright 2022, Wiley-VCH.

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 4.13b. 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 4.13c. 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
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structure into an aqueous solution. We obtain an integral material possessing well-defined

cm-sized structures, as illustrated in Figure 4.13d.

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 [234, 235,
236]. 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
in Figure 4.13e. 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.
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Figure 4.13: 3D printing of DNGHs. a, Photograph of a hollow cylinder with an aspect 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 DNGHs allows the cylinder to return to its initial
shape when the stress is released. c, Fluorescent micrograph of two filaments labeled with different 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. Reproduced with permission [149]. Copyright
2022, Wiley-VCH.
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4.5 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 5

3D Printing of Recyclable Double
Network Granular Hydrogels

In this chapter, I introduce a modification from the protocol reported in Chapter 4 that
enables the fabrication of recyclable double network granular hydrogel. In this work,
non-degradable microgels are held together by a degradable percolating second network,
that enables the on-demand recycling of the constructs. The system is based on covalent
reversible crosslinks that can be degraded under benign conditions. This approach com-
bines the optimal printability of jammed granular inks with the controlled degradation of
disulfide linkages, allowing the fabrication of recyclable load-bearing granular hydrogels
with mechanical properties compared to their non-degradable counterparts. Furthermore,
the process can be translated to similar hard plastics and is shown to be reversible over

several cycles, thus holding great potential for the field of sustainable materials.

This chapter is adapted from the paper entitled ”3D printing of Recyclable Double Network
Granular Hydrogels” authored by Alvaro Charlet, Matteo Hirsch, Sanjay Schreiber, and
Esther Amstad. M. Hirsch, and A. Charlet are equally contributing co-first authors and
both included this chapter in their thesis. M. Hirsch, A. Charlet, and E. Amstad designed
the experiments. A. Charlet performed the Raman spectroscopy. M. Hirsch carried out the
3D printing of the material. All remaining experiments, including degradation, rheology,
and mechanics are performed by M. Hirsch and A. Charlet jointly. S. Schreiber performed
preliminary experiments that were essential to establish the final protocol used in this

work. M. Hirsch, A. Charlet, and E. Amstad analyzed the data and wrote the manuscript.
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5.1 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.

5.2 Introduction

Plastic pollution represents one of the largest sources of environmental threat [237]. Every

year, more than 40 million tons of plastic waste is released into the environment [238].
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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 [239, 240, 241, 242]. For example, the increased awareness of
the environmental impact of plastic waste motivated excellent work devoted to degradable
and recyclable elastomers [243, 244], and hydrogels [72, 78, 245]. 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 [246, 247, 248, 249].
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 [250]. 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 [251]. Among various manufacturing
techniques, extrusion printing has been widely adopted thanks to its easy implementation

and low material waste [168, 252, 253, 254].

As was presented in chapter 4, the use of jammed microgels enables the 3D printing
of strong and tough double network granular hydrogels. Here, we introduce a double net-
work 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 1.4.5. 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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5.3 Experimental Section

Experimental details are reported in Chapter 3 from Section 3.3.1 on page 50 to Section

3.3.8 on page 52.

5.4 Results and Discussion

5.4.1 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 4. Briefly, microgels are produced from aqueous emulsion drop templates that
contain AMPS precursors and a photoinitiator. They are converted into microparticles
by initiating the polymerization 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 mi-

crogels and simultaneously crosslinks them, as schematically illustrated in Figure 5.1a.

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 5.1b. The microgels can be purified from the de-crosslinked PAM chains,
loaded with new AM, BAC, and PI and jammed such that they can be used as a new ink,
as shown in Figure 5.1c. This process can be iterated several times without major microgel

deterioration thus making this material suitable for recycling, as detailed in Figure 5.1d.

5.4.2 Dynamic Covalent Bonds as Degradable Crosslinks

For recyclable materials to be truly useful, they must degrade upon exposure to an exter-
nally controllable trigger [256]. 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 5.1: 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
environment. ¢, 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).
Reproduced with permission [255]. Copyright 2022, Wiley-VCH.

immersing the material in a TCEP containing aqueous solution, as schematically shown
in Figure 5.2a. Hence, we expect that rtDNGHs 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 5.2b. 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 5.3. We verify that the decomposition of the rDNGH is

caused by the hydrolysis of disulfide bonds by monitoring their conversion into individual
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Figure 5.2: 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 ™! in the degraded sample (red), that is absent in the pristine rDNGH (blue). d, Degradation
kinetics of rDNGHSs 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 rDNGHSs in 50 mM TCEP as a function of pH. Increasing pH results
in faster degradation. Reproduced with permission [255]. Copyright 2022, Wiley-VCH.

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
em ™! which is attributed to the vibration of thiol groups [257], as shown in Figure 5.2c.

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
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Figure 5.3: 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. Reproduced with permission [255]. Copyright 2022, Wiley-
VCH.

containing only 10 mM TCEP, they still degrade within the experimental observation time
of 120 min, as shown in Figure 5.2d. 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
5.2e. 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 [258].

5.4.3 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 5.4a. We assign this
very high recovery yield to the size of our microgels: they have diameters of order 10-100
pm 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 [239]. 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 5.4b. The decrease in max-
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Figure 5.4: Mechanical performance of rDNGHs. a, The Young's modulus of the rDNGHSs (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. ¢, Optical 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 microgels display better
shape fidelity and reduced damage over multiple recycling iterations. Scale bars are 100 pm. Reproduced with
permission [255]. Copyright 2022, Wiley-VCH.

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 [155, 219, 259, 260]. We observe an increase in stiffness
of the rDNGHs with increasing number of recycles, as shown in Figure 5.4a. 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
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Figure 5.5: Mechanical performance of rDNGHs. Tensile curves of rDNGHs as a function of microgel
polymer content.

a
0.8
20 wt% Cycles
[ -1
© 0.6 -2
o -3
\2./ —4 Cycles
n 0.4 + —5 =1
3 -2
=02} =3
n —4
-5
00 PR I T ST T T SN S T . N N 1 N
0 400 800 1200 0 100 200 300

Strain (%) Strain (%)

Figure 5.6: Mechanical performance of rDNGHs. a, Tensile curves of rDNGHs containing 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. Reproduced with permission [255]. Copyright 2022, Wiley-VCH.

those containing microgels made from an aqueous solution containing 25 wt% AMPS, as
already established in chapter 4. The stiffness is further increased if we fabricate rDNGHs
containing microgels produced from a 30% AMPS containing solution, as shown in Figure
5.5. 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 5.6a.
By contrast, rDNGHs containing microgels made from 30 wt% AMPS solutions show no
appreciable stiffness change throughout cycles, as shown in Figure 5.6b. 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
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images in Figure 5.4c. 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 5.6b. 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.

5.4.4 3D Printing of rDNGHs

As investigated in Chapter 4, jammed microgels are well-suited for 3D printing because
they are shear thinning and display a low yield stress [130, 146]. 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 5.7a, 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 [132, 149, 261]. 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 5.7b, 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
5.7c. We subsequently degrade the Moai head, recover the microgels, and re-print another
rDNGH construct representing a boat that displays a similar printing resolution, as seen
in Figure 5.7d.

Key to the performance of 3D printable inks is the printing resolution they offer. To assess

this parameter, we 3D print square lattices (10 x 10 x 1 mm3) with a grid spacing of 1.05
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Figure 5.7: Printing and recycling of rDNGHSs. 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 boat is chosen as the new
print. Scale bar is 10 mm. Reproduced with permission [255]. Copyright 2022, Wiley-VCH.

mm, as shown in Figure 5.8a. The spreading factor, defined as the relative difference
between the practical area (Ap) and the theoretical area (A7) of a single grid cell [159],
does not significantly increase throughout the recycles, as shown in Figure 5.8b. Similarly,
the filament resolution, defined as the normalized difference between the filament and
nozzle diameters, does not significantly change with the number of recycles, as detailed in
Figure 5.8c. These results demonstrate that the printing fidelity remains unchanged even
if the ink is recycled up to 5 times. As a result, continuous filaments can be printed into

a grid with well-defined internal structure, as summarized in Figure 5.9.
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Figure 5.8: Printing resolution as a function of rDNGH recycles. a, 3D printed rDNGH grid. Light blue
bands represent the nominal nozzle printing lines. Ap refers to the theoretical area of an ideal print, Ap to the
measured area. b, Spreading factor as a function of recycles. We do not observe any significant increase in the
spreading factor throughout the recycles. ¢, Filament resolution as a function of recycles. We do not observe
significant changes of the filament resolution with recycles, indicating that the printing resolution remains

unchanged even if the ink has been recycled up to five times. Reproduced with permission [255]. Copyright
2022, Wiley-VCH.

5.4.5 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 demonstrate the versatility of our material
and extend the range of mechanical properties that can be accessed with our rDNGHs, we
3D print a light yet mechanically strong honeycomb structure that we subsequently dehy-
drate in a vacuum chamber, as shown in Figure 5.10. The obtained hard integral plastic
is much stiffer than its hydrated counterparts, such that it can lift a 1 kg weight without
noticeable deformation, as shown in Figure 5.11a. This result is well in agreement with
existing literature on dehydrated polyelectrolyte gels [262]. The mechanical 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) [263].
To recycle the material at the end of its life, we immerse it in an aqueous solution contain-
ing 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 rtDNGH sample. After drying, the bending modulus increases by 10% whereas
the flexural strain decreases by 50%, as shown in Figure 5.11b. 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 5.11c. Thanks
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Figure 5.9: Printing resolution of rDNGHSs as a function of their recycles. a, Pictures of extruded stable
filaments. Scale bars are 1 cm. b, Micrographs of cross-points when printing a grid structure. Scale bars are
500 pm. c, Pictures of free-standing grids after curing. Scale bars are 1 cm. Reproduced with permission [255].
Copyright 2022, Wiley-VCH.
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Figure 5.10: 3D printing of a honeycomb structure. Photograph of (a) a cured rDNGH honeycomb
structure that is freestanding and (b) a bent rDNGH honeycomb demonstrating its high ultimate tensile strain
that enables the fabrication of flexible yet strong 3D printed structures. Scale bars are 2 cm. Reproduced with
permission [255]. Copyright 2022, Wiley-VCH.
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Figure 5.11: The new paradigm of rDNGH-based plastics. a, Picture of a 3D printed dried rDNGH
honeycomb structure. Scale bar is 5 cm. 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 rDNGHSs. 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. Reproduced with permission [255]. Copyright 2022, Wiley-VCH.
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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 5.11d. As a
result, the final tool can easily tighten the nut to the bolt.

5.5 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
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 rDNGHSs 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 6

Load-Bearing Hydrogels Ionically
Reinforced Through Competitive Ligand

Exchanges

As discussed in Chapter 4 and Chapter 5, DNGHs display remarkable improvements
in terms of structural control and mechanics. However, their mechanical performances
remain too low compared to their natural counterparts, thus limiting their use for load-
bearing applications. A possibility to increase stiffness and toughness of such materials

would be to reinforce them with metal ions.

To enable this, I first introduce a metal-coordination technique to reinforce hydrogels in
bulk to gain a fundamental understanding of the influence of metal ions, distribution,
and concentration on the hydrogel mechanics. In this chapter, I discuss the metal-
reinforcement of single network hydrogels through a competitive ligand exchange ap-
proach. Once crosslinked, the hydrogel is immersed in a solution containing free metal
ions and a ligand with affinity similar to that of the hydrogel network. As a result, I
can control the homogeneous distribution of metal-coordination within the network, thus
achieving a controlled reinforcement effect. Additionally, I can exploit the dynamic nature
of competitive ligand exchanges to selectively remove metal ions from the network surface
to obtain heterogeneous core-shell structures. This novel approach offers a new degree
of control over the local composition of soft materials, and shows great potential for the

fabrication of synthetic materials that closely resemble natural ones.

This chapter is adapted from the paper entitled “Load-Bearing Hydrogels Ionically Re-
inforced Through Competitive Ligand Exchanges” authored by Matteo Hirsch, Mathias
Steinacher, Ran Zhao, and Esther Amstad. M. Hirsch, and E. Amstad designed the ex-
periments. M. Steinacher performed all the SEM and EDX analysis. R. Zhao performed

the nanoindentation measurements. M. Hirsch performed all the remaining experiments.
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6.1 Abstract

Fast advances in soft robotics and tissue engineering demand for new soft materials whose
mechanical properties can be interchangeably and locally varied, thereby enabling, for
example, the design of soft joints within an integral material. Inspired by nature, we
introduce a competitive ligand-mediated approach to selectively and interchangeably rein-
force metal-coordinated hydrogels. This is achieved by reinforcing carboxylate-containing
hydrogels with Fe3" ions. Key to achieving a homogeneous, predictable reinforcement
of the hydrogels is the presence of weak complexation agents that delay the formation
of metal-complexes within the hydrogels, thereby allowing a homogeneous distribution of
the metal ions. The resulting metal-reinforced hydrogels show a compressive modulus
of up to 2.5 MPa, while being able to withstand pressures as high as 0.6 MPa without
appreciable damage. Competitive ligand exchanges offer an additional advantage: They
enable non-linear compositional changes that, for example, allow the formation of joints
within these hydrogels. These features open up new possibilities to extend the field of
use of metal reinforced hydrogels to load-bearing applications that are omnipresent for

example in soft robots and actuators.



6.2. INTRODUCTION

6.2 Introduction

Hydrogels are networks composed of synthetic or nature-derived polymers that are in-
filtrated with large quantities of water. They are often used for moistening purposes,
for example in wound healing [43], food packaging [264], soil moisturizing [265], and
drug delivery [35], owing to their ability to absorb up to 98 wt% of water. The proper-
ties and functionalities of synthetic hydrogels can be tuned over a wide range with the
choice of monomers and oligomers they are made from. It is much more difficult to tune
the properties and functionalities of natural hydrogels because they are fabricated from
nature-derived hydrophilic high molecular weight polymers whose structure and composi-
tion cannot easily be adjusted. However, their intrinsic biocompatibility, bioactivity, and
biodegradability renders them attractive scaffolds for soft biological tissues and sustainable

soft materials.

The stiffness of synthetic covalently crosslinked hydrogels depends on their crosslink den-
sity. Unfortunately, highly crosslinked, stiff hydrogels that can bear significant loads are
typically rather brittle. Their toughness can be improved with the introduction of sac-
rificial bonds, leading to multi-network designs [53, 266]. Sacrificial bonds can consist
of hydrophobic interactions [267], reversible covalent crosslinks [78], metal coordination
[63, 268], host-guest interactions [200], nanoparticle-based crosslinkers [86], or a combi-
nation of them [201]. However, the increase in toughness of these reinforced hydrogels
typically comes at the expense of their stiffness such that they cannot be used for load-
bearing applications. Reinforcing carboxylic acid-based covalently crosslinked hydrogels
with trivalent cations (e.g. Fe3*, AI3T) promises great potential to obtain hydrogels that
combine mechanical stiffness and high toughness [68, 266, 269, 270, 271, 272]. How-
ever, infiltration of these hydrogels with metal ions typically results in non-homogeneous
structures that are difficult to control and hence, the mechanical properties of the re-
sulting materials are poor. Hydrogels have recently been homogeneously reinforced with
ligand-mediated ion infiltration [273, 274]. However, this strategy was not exploited to

deliberately and non-linearly change the hydrogel composition.

Nature produces soft materials possessing fascinating mechanical properties that are achieved
through well-defined non-linearly changing compositions [28, 275]. The composition of soft
synthetic materials can be controllably locally varied [99] for example if they are formed
from solutions that undergo phase separations [96], through mineral infiltration [204], or
magnetic actuation [206]. However, the ability to selectively and non-linearly remove or
modify the graded composition is still lacking. The introduction of nature-derived hydro-
gels possessing adjustable non-linear composition gradients that render them sufficiently

stiff and tough to bear significant loads without catastrophically failing, by repeatedly
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modifying their internal structure and composition would open up new possibilities to use
them, for example, as cartilage replacements [223, 276, 277], artificial muscles [278, 279],
and soft actuators [280].

We introduce strong hybrid hydrogels composed of the nature-derived methacrylate-functionalized
carboxymethyl cellulose (CellMA) and synthetic acrylic acid (AA). In its dormant state,
the network is covalently crosslinked and can be reversibly stiffened and hardened in situ
through the addition of ions that form reversible bonds. We introduce competitive lig-
and exchanges to obtain controlled non-linear compositional gradients that harden and
toughen the material. This approach integrates conventional synthetic design principles
into biologically relevant materials, thereby enabling the design of non-linear composi-
tional changes that result in an unprecedented control over the mechanical properties of
hybrid hydrogels. The ability of this hybrid material to bear pressures of up to 0.6 MPa
in compression opens up new possibilities to build the next generation of implants in or-
thopedics if made from biocompatible materials. Similarly, they have the potential to be

used as soft robots that can change their mechanical properties in situ.

6.3 Experimental Section

Experimental details are reported in Chapter 3 from Section 3.4.1 on page 52 to Section

3.4.8 on page H4.

6.4 Results and Discussion

6.4.1 CellMA-PAA Hydrogel Synthesis Process

Carboxymethyl cellulose (CMC)-based hydrogels are typically used for drug delivery [281,
282] and tissue engineering [40] owing to their intrinsic biocompatibility, biodegradability,
and low cost. However, pure CMC hydrogels are rarely used for load-bearing applications
because they are soft and possess a limited stretchability such that they catastrophically
fail if excessively stretched [283]. To increase the toughness of CMC, we chemically modify
it with methacrylate groups to form CellMA. Unfortunately, when gelled alone, CellMA
hydrogels are rather fragile because the crosslinks between individual cellulose chains are
relatively short, as shown in Figure 6.1. This result is well in agreement with other
reports on covalently crosslinked cellulose [284]. However, this chemical modification

allows to exploit the biopolymer as macromolecular multifunctional crosslinker for the
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Figure 6.1: Compressive curves of CellMA and CellMA-PAA hydrogels. a, The curves show a clear
toughening of the sample when CellMA is crosslinked with acrylic acid. b, Cyclic tensile loading reveals a
Mullin’s behavior of the hydrogel. Upon a first cycle, a hysteresis loop is present due to the irreversible
deformation of the network. The following cycles that are performed to the same maximum elongation display
a purely elastic behavior. Reproduced with permission [69]. Copyright 2021, Royal Society of Chemistry.

free radical polymerization of a synthetic monomer, AA, as schematically shown in Figure
6.2a [282, 285].

6.4.2 One-pot CellMA-PAA-Fe Hydrogel Fabrication

The toughness of hydrogels usually increases if reversible bonds are introduced [57, 202,
286, 287]. We leverage this behavior to increase the toughness of CellMA-based hydrogels
by adding Fe3* ions to form ionic crosslinks between carboxylic groups that are presented
by adjacent CellMA molecules. The intensity of the red color within the hydrogels in-
creases with increasing Fe3' concentration present in the initial solution, as shown in
Figure 6.3a, hinting at an increasing concentration of Fe3" ions within the hydrogels. If
these ions are added during the thermal radical polymerization reaction of the CellMA,
as is typically done [286, 288], the toughness of the hydrogels only modestly increases
from 20 kJ-m™3 to 40 kJ-m™3. We assign the small increase in hydrogel toughness to
the reduced density of covalent crosslinks. Such an effect is caused by the competitive
formation of redox reactions between Fe3T ions and the radical initiator, that strongly
affects the polymerization efficiency of CellMA [289, 290]. Indeed, if we add as much as 4
mol% FeCls, the resulting hydrogels cannot retain their shape, indicating that the density

of covalent crosslinks is very low, as shown in Figure 6.3a.

To minimize the effect of Fe3* on the density of covalent bonds that form, we limit its
concentration to 1 mol%. Cyclic compression tests performed on the resulting hydro-

gels reveal that they soften after the first cycle, as shown in Figure 6.3b. We observe a
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Figure 6.2: Preparation of CelMA-PAA-Fe hydrogels. a, Schematic representation of the grafting process

used to produce CellMA polymers.

b, Schematic representation of the one-pot (left) and two-step (right)

synthesis routes for the preparation of CellMA-PAA-Fe hydrogels. In the one-pot approach, AA is added to
a solution containing 2 wt% CellMA, FeCls, and APS prior to crosslinking. In the two-step process, AA and
CellMA are mixed with KGA and the polymerization is carried out under UV exposure. After crosslinking, the
hydrogels are immersed in a FeCl3 containing solution to form the secondary ionic crosslinks. Samples exposed
to a combination of FeCls and CA are more homogeneous and stronger. Reproduced with permission [69].

Copyright 2021, Royal Society of Chemistry.
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similar behavior for CellMA-PAA hydrogels that are not ionically crosslinked, indicating
that part of the covalent network is irreversibly damaged when compressed. As expected,
the ionic crosslinks increase the hysteresis of the stress-strain curve, as summarized in
Figure 6.4. Note that this hysteresis remains high for ionically crosslinked hydrogels
also during all the subsequent cycles, in stark contrast to purely covalently crosslinked
CellMA-PAA hydrogels. These results demonstrate that Fe3" ions significantly increase
the toughness of CellMA-PAA hydrogels. Indeed, ions increase the energy dissipated dur-
ing a cyclic compression test two-fold from 19 kJ-m~2 for pure CellMA-PAA hydrogels to
39 kJ-m~3 for CellMA-PAA counterparts that are ionically crosslinked with 1 mol% Fe3*
(CellMA-PAA-Fe). These results are in good agreement with findings in metal-reinforced
carboxylic-containing purely synthetic and hybrid hydrogels [57, 291, 292]. Despite the
clear influence of metal coordination on the toughness of our material, no additional infor-
mation can be derived from cyclic tensile measurements of CellMA-PAA samples. Hence,
we limit the characterization of the mechanical properties of our hydrogels to the static

compression tests.

Our results indicate that the Fe3t concentration influences the mechanics of the CellMA-
PAA-Fe hydrogels. To investigate the reason for this behavior, we perform frequency
sweeps on CellMA-PAA-Fe hydrogels as a function of the Fe3t concentration. In the
absence of any crosslinking ions, CelIMA-PAA displays a purely elastic behavior, as shown
in Figure 6.3c. Upon addition of 1 mol% Fe3*, the mechanics of the hydrogel includes
a viscoelastic component, as indicated by the change in slope of the loss modulus, G”.
We attribute the viscoelastic component to the reversible bonds that form between the
carboxyl groups of the CellMA-PAA hydrogel and the Fe3" ions. Note that the storage
modulus, G’, of samples produced from solutions containing 4 mol% Fe®* is significantly
lower than that of samples produced from solutions containing lower ion concentrations,
supporting our hypothesis that the presence of Fe** ions decreases the density of covalent
crosslinks. Nevertheless, G’ is still higher than G” confirming the presence of a weak

percolating network that renders the material solid.

The mechanical properties of ionically crosslinked hydrogels strongly depend on the dissi-
pation times of the ionic crosslinks [63, 199]. To estimate the dissipation times of the ionic
bonds involved in our hydrogels, we perform stress relaxation tests and compare them to
a pure CellMA-PAA hydrogel. The slope of the normalized shear modulus, G(t)/Gy,
increases with increasing Fe3T concentration suggesting an increase in dissipation times,
as shown in Figure 6.3d. The increase in dissipation times is accompanied by a moder-
ate increase in strength and toughness of the ionically crosslinked CellMA-PAA hydrogels.
Hence, it would be highly advantageous to increase the Fe?* concentration within CellMA-

PAA hydrogels without compromising their covalent network. Unfortunately, Fe3* ions
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Figure 6.3: Mechanical and rheological characterization of one-pot CellMA-PAA-Fe hydrogels. a, Pho-
tograph of the as-prepared CellMA-PAA hydrogels reinforced with 0, 1, and 4 mol% Fe3T. At high iron
concentrations, the polymerization is hindered and the sample cannot retain its shape after demolding. b,
Cyclic compression tests of CellMA-PAA containing 0 and 1 mol% Fe3*. The Fe>*-reinforced sample shows
a higher modulus and hysteresis throughout all the cycles. ¢, Frequency sweep measurement of CellMA-PAA
hydrogels reinforced with 0, 1, and 4 mol% Fe>*. The sample produced with 4 mol% Fe3* displays a lower
storage modulus (G') than Fe3t-free samples, and those reinforced with 1 mol% Fe3*. Moreover, it displays
a crossover point at 0.2 rad/s suggesting a more viscoelastic behavior. d, Stress-relaxation measurements per-
formed on CellMA-PAA hydrogels reinforced with 0, 0.5, 1, 2, and 4 mol% Fe3T reveal a decrease in relaxation
times with increasing iron content. Reproduced with permission [69]. Copyright 2021, Royal Society of Chem-
istry.

interfere with the radical polymerization reaction, thereby limiting the range of mechan-
ical properties that can be achieved with CellMA-PAA-Fe hydrogels produced through a

one-pot approach.

6.4.3 Two-Step CellMA-PAA Hydrogel Fabrication

To extend the range of mechanical properties CellMA-PAA-Fe hydrogels can display, we
must temporally decouple the formation of the covalent network from the formation of

ionic crosslinks. To do so, we initially form the covalent network through an UV-light
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Figure 6.4: Hysteresis energies for CellMA-PAA and CellMA-PAA-Fe. Extracted hysteresis energy of
CellMA-PAA hydrogels prepared in a one-pot approach crosslinked with 0 and 1 mol% Fe3". Values are
calculated from 5 repeated compressive cycles. The sample reinforced with 1 mol% Fe3t displays a 2-fold
higher hysteresis energy than the non-reinforced counterpart.

initiated radical polymerization reaction between the CellMA and AA to form CellMA-
PAA hydrogels in the absence of any Fe3T ions. We subsequently expose the covalently
crosslinked hydrogels to an aqueous solution containing FeCls to form the second, ionic
network. This procedure offers the distinct advantage that the covalent and ionic net-
works can be independently tuned. We expect the stiffness of our CellMA-PAA hydrogels
to be mainly determined by the rather rigid CellMA polymers such that it should increase
with increasing CellMA concentration. To test our expectation, we vary the CellMA con-
centration from 1 to 5 wt% while keeping the total polymer content constant at 20 wt%
and assess the mechanical properties of the resulting CellMA-PAA hydrogels with com-
pression tests. As expected, the compressive modulus increases with increasing CellMA
concentration from 30 kPa for 1 wt% to 100 kPa for 5 wt%, as shown in Figure 6.5a,
and summarized in Figure 6.5b. We assign the stiffening to an increase in the physical
crosslink density that is caused by the higher CellMA concentration, a shortening of the
PAA crosslinking chains, that is caused by the reduction in PAA concentration, or a com-
bination of the two parameters. However, the increase in stiffness is accompanied with
an increase in viscosity of the precursor solution, which makes the sample preparation
more difficult. To trade-off the stiffness of the hydrogels with the viscosity of the hydrogel
solution and hence its processability, we fix the CellMA concentration to 2 wt% for the

following experiments.

Cellulose chains contained in cellulose-reinforced hydrogels gradually fracture such that
these hydrogels display a stress dissipation behavior [109]. To test if cellulose chains
contained in our hybrid hydrogels also gradually fracture, we subject the CellMA-PAA
hydrogels to cyclic tensile tests. Indeed, our hydrogels display a strong hysteresis during
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Figure 6.5: Mechanical characterization of CelMA-PAA hydrogels. a, Compression curves of CellMA-PAA
hydrogels whose total polymer content was fixed to 20 wt%. The stiffness and toughness of these hydrogels
increase with increasing CellMA concentration. b, Compressive moduli of CellMA-PAA hydrogels measured in
a. The compressive modulus increases with increasing CellMA content. Data points are presented as mean +
standard deviation. Each data point is the result of 5 independent measurements. Reproduced with permission
[69]. Copyright 2021, Royal Society of Chemistry.

the first cycle, as shown in Figure 6.1. These results indicate that our hydrogels dissipate a
significant amount of energy during the first cycle most likely because part of the cellulose
polymers break. Remarkably, the hydrogel exhibits a nearly elastic behavior during the
next 10 cycles. We obtain a similar result if we increase the stretch magnitude from 100%
to 300%, as shown in Figure 6.1. This phenomenon is usually referred as the Mullins
effect, and has been reported for interpenetrating network hydrogels [57, 109, 293] and
filled elastomers [221, 294, 295].

6.4.4 Hydrogel Reinforcement Through Dynamic Ligand Exchanges

To test the influence of Fe?* on the mechanical properties of CellMA-PAA hydrogels that
are produced in a two-step process, we soak our covalently crosslinked sample in a Fe3*
containing solution. The resulting CelMA-PAA-Fe hydrogels display an uneven ion dis-
tribution: the Fe3* concentration is high in proximity to the surface of the hydrogel and
gradually decreases towards its center. We attribute this heterogeneous distribution of
Fe3* ions to their strong interaction with carboxylic groups that captures a high concen-
tration of Fe3T ions at the hydrogel surface. As a result, free Fe3T jons that attempt to
infiltrate the hydrogel after this first layer has been formed encounter a hydrogel that has
a significantly higher crosslink density and hence, is less permeable to them. In addition,
arriving Fe3" ions are electrostatically repelled by the Fe3t ions that are already com-

plexed by the carboxylic groups. Both effects reduce the ion diffusion into the hydrogel
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core.

The ion gradient present within the hydrogel that displays a core-shell structure imparts a
strong osmotic pressure to it such that it collapses, as shown in Figure 6.6a. To overcome
this limitation, we complex Fe3™ with a weak ligand, citric acid (CA). The binding affinity
of CA towards Fe?' is similar to that of the carboxylic groups contained in CellMA-
PAA [248]. As a result, we expect the two systems to compete for Fe? ions to form
coordination complexes, thereby slowing down the interaction between ions and chelators,
as has been shown for Ca®" crosslinked alginate [296, 297]. We expect this delay in
ion-chelator interactions to result in a more homogeneous Fe3* distribution. To test our
expectation, we soak CellMA-PAA hydrogels in a solution containing 1 mol% Fe3* and
vary the concentration of CA. Remarkably, hydrogels immersed in an aqueous solution
containing 1 mol% Fe?* and 1.5 mol% CA are 10-fold stiffer than counterparts that are
immersed in a Fe3*-containing but CA-free aqueous solution: hydrogels that are soaked in
a solution containing Fe?* and CA display a compressive modulus of 0.87 MPa, compared
to those soaked in an Fe?*-containing, CA-free solution, whose modulus is 0.08 MPa.
An increase of CA to 3 mol% moderately decreases the stiffness of the hydrogel while
improving the homogeneity of Fe3t ions contained within it, as shown in Figure 6.7.
Note that a further increase in the CA concentration strongly decreases the compressive
modulus, as shown in Figure 6.6b. The decrease in Young’s Modulus is attributed to
an excess of carboxylic groups in solution that compete with those contained within the
hydrogel and hence, reduce the number of Fe?t jons complexed within the hydrogel.
Hence, there is an optimum CA concentration that is sufficiently high to complex the
majority of free Fe3* ions, thereby preventing a fast formation of a rather stiff skin at the

hydrogel surface, and sufficiently low to avoid scavenging Fe?* ions from the hydrogel.

Our results demonstrate that the stiffness of CellMA-PA A hydrogels increases up to 10-fold
if they are infiltrated with Fe3* that is initially complexed with CA. These results are in
good agreement with our previous observation and confirm that the CA present in solution
competes with the Fe?™ complexation of the carboxy groups contained in the hydrogels.
Indeed, the benefit of competitive ligand exchange is lost if the molar ratio of carboxylic
groups in solution ([FCOOH(CA)]) to that attached to the hydrogel ([COOH(AA)]) ex-
ceeds 1, suggesting that in this case, the majority of Fe* ions is complexed by CA and

remains in solution, as shown in Figure 6.6c.

We expect the distribution of Fe?* ions and hence, the local differences in mechanical
properties within the hydrogels to depend on the CA : Fe3* ratio. To test this expectation,
we vary the CA : Fe3" ratio from 1.5 to 6 by independently varying the CA and Fe3*
concentrations. The compressive modulus of all tested hydrogels reaches a maximum if

the CA : Fe?* molar ratio is 1.5, as shown in Figure 6.6d. For instance, the compressive
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Figure 6.6: Mechanical characterization of two-step CellMA-PAA-Fe hydrogels. a, Photograph of CellMA-
PAA-Fe prepared with 1 mol% Fe3" and various amounts of CA. In the absence of CA, hydrogels display a hard
and brittle surface and a soft core. With increasing CA concentration, the homogeneity of hydrogels increases
until a critical threshold is reached. Above this threshold, the chelation is hindered and the hydrogel remains
soft. b, Compression curves of CellMA-PAA-Fe reinforced with 1 mol% Fe3* and various amounts of CA.
The stiffness and toughness of the hydrogel increase with the CA concentration until it exceeds 3 mol%. c,
Compressive modulus of CellMA-PAA-Fe hydrogels as a function of the [-COOH(CA)] : [[COOH(AA)] molar
ratio. When the ratio reaches 1 the benefit of the competitive ligand exchange is lost. d, Compressive modulus
of CellMA-PAA-Fe hydrogels as a function of the [CA] : [Fe>*] molar ratio. Independent of the amount of Fe3*
initially contained in the solution, the optimal CellMA-PAA-Fe reinforcement is obtained at a [CA] : [Fe®T]
molar ratio of 1.5. Reproduced with permission [69]. Copyright 2021, Royal Society of Chemistry.

modulus reaches its maximum value of 2 MPa at 10 mol% Fe3* and 1.5 CA : Fe3*
molar ratio. These results demonstrate that the mechanical properties of CellMA-PAA
hydrogels can be independently tuned with the Fe3* and CA concentrations. In our case,
the mechanical properties of CellMA-PAA-Fe hydrogels are best if we incubate them in
a solution containing 10 mol% Fe3* and 15 mol% CA, such that we use this protocol for

the remaining experiments.
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Figure 6.7: Optical photograph of CelMA-PAA-Fe hydrogels. Photographs of CellMA-PAA hydrogels
reinforced with 1 mol% Fe3™ in the presence of 1.5 mol% (a), and 3 mol% (b) CA. At lower CA concentrations,
the Fe3™ concentration is heterogeneous, creating an osmotic pressure that deforms the sample. Reproduced
with permission [69]. Copyright 2021, Royal Society of Chemistry.

6.4.5 Core-Shell CellMA-PAA Hydrogels

Key to obtaining good mechanical properties of CellMA-PAA-Fe hydrogels is a homoge-
neous distribution of the Fe?t ions within the hydrogel. The limited diffusion of Fe3*
ions within ionically crosslinked hydrogels necessitates the use of complexation agents to
obtain a homogeneous distribution. However, the limited diffusivity of ions within hy-
drogels can also be used as an asset: It enables introducing core-shell structures into
hydrogels. To demonstrate this feature, we exploit the same ligand exchange principle
we used to form homogeneous CellMA-PAA-Fe hydrogels: We expose CellMA-PAA-Fe
hydrogels possessing a homogeneous Fe3* distribution to an aqueous solution containing
an excessive CA concentration overnight. Taking advantage of the limited diffusivity of
CA in the hydrogel, we confine its scavenging effect to the hydrogel surface. As a result
of the ion depletion that primarily occurs in proximity to the hydrogel surface, only this
surface softens. To prevent further scavenging, the concentration of CA in the solution is
kept to low, at 2 mol%. If we incubate these hydrogels in an AI>* containing solution, the
freed carboxylic groups of the CellMA-PAA-Fe hydrogel can bind these new ions to form
a core-shell structure, as schematically shown in Figure 6.8a. To verify that we indeed
formed a core-shell structure, we perform energy dispersive X-ray spectroscopy (EDX) on
a cross-section of our sample. To account for topographic artifacts, we compare ion profiles
of Al, and Fe to the C signal. The results evidence a high concentration of Al ions within
the first 100 pm from the surface of the hydrogel, while Fe and C are homogeneously
distributed, as shown in Figure 6.8b, and Figure 6.9. These results confirm the core-shell
structure of our sample. Aluminum ions possess a higher binding affinity to carboxylated
polymers than Fe3T [298, 299] such that the Al-reinforced shell should be harder. Indeed,
nanoindentation measurements reveal a hardness of 20.7 MPa for the Al-reinforced shell
and 3.6 MPa for the Fe-crosslinked core, as shown in Figure 6.8c. However, the increased

hardness of the core-shell system renders the material more rigid.
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Figure 6.8: Fabrication of core-shell structures. a, Schematic representation of the fabrication of CellMA-
PAA hydrogels displaying a Fe3T reinforced core and a AI** reinforced shell. b, EDX line scans for Al, Fe, and C
measured along a cross-section of a CellMA-PAA core-shell hydrogel. The data confirm a high concentration of
Al at the interfaces (=100 pm), while Fe and C are homogeneously distributed within the entire cross-section. c,
Nanoindentation measurement of a CellMA-PAA core-shell hydrogel. The shell displays a hardness of 20.7 MPa,
while the core is 7-fold softer. Reproduced with permission [69]. Copyright 2021, Royal Society of Chemistry.

Figure 6.9: SEM and EDX micrographs. a, SEM micrograph of a core-shell CelMA-PAA hydrogel and the
corresponding EDX area (white box). b, 2D EDX maps displaying the distribution of Al, Fe, and C respectively.
Reproduced with permission [69]. Copyright 2021, Royal Society of Chemistry.
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6.4.6 Fabrication of Conformable Dynamic Hydrogel Structures

The ligand-dependent mechanical properties of our hybrid hydrogels render them appeal-
ing for the design of conformable shape-retaining structures. To demonstrate this feature,
we cast a cross-shaped hydrogel sheet that is molded into a stool-like structure before it
is reinforced with Fe?* ions, as shown in Figure 6.10a(i). The Fe?*-reinforced hydrogel
stool is strong enough to withstand a 1 kg weight, corresponding to a pressure of 0.6 MPa,
with no appreciable shape deformation or damage, as shown in Figure 6.10a(ii). Upon
immersion in a CA-containing solution, the stool softens and the structure collapses due
to the applied load, as shown in Figure 6.10a(iii). This process can be repeated at least 5

times, demonstrating the robustness of this material.

Our approach enables local changes in mechanical properties that are predestined to form
joints within a single integral hydrogel sheet. To demonstrate this asset, we cast a rectan-
gular sheet with dimensions of 50 x 17 x 2 mm? and soak it in an aqueous bath containing
FeCls and CA to reinforce it. The resulting hydrogel is rigid and able to hold up to 100
g, corresponding to a pressure of 0.03 MPa, applied to one extremity without bending,
as shown in Figure 6.10b(i). When the middle section of the bar is exposed to a CA
containing solution, it locally softens to form a joint that bends if one of its extremity is
loaded with 100 g, as shown in Figure 6.10b(ii). To demonstrate the reversibility of the
process, we immerse the entire bar again in a Fe?* containing solution to stiffen it and
thereby to lock its shape. Indeed, the resulting L-shaped piece can again hold the 100 g
weight applied to one of its extremities without deforming, as shown in Figure 6.10b(iii).
These results indicate the potential of our hydrogel to serve as a load-bearing material
that can be rendered locally flexible to serve as a joint, a feature, that is of increasing

importance especially in the field of soft actuators and robots.
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Figure 6.10: Fabrication of conformable load-bearing structures through competitive ligand exchanges. a,
(i) A cross-shaped CellMA-PAA hydrogel is exposed to a Fe3T-CA containing solution to lock its shape to that
of a stool. (ii) The obtained stool can support a 1 kg weight without buckling or failure, corresponding to a
pressure of 0.6 MPa. (iii) Upon exposure to a CA solution, the structure softens and the hydrogel collapses. This
process can be repeated several times without noticeable losses in the load-bearing capacity of the Cel MA-PAA-
Fe hydrogel. b, (i) A CelMA-PAA-Fe sheet holds a weight of 100 g that is attached to one of its extremities.
(if) Upon exposure to CA, the sheet locally softens, thus creating a flexible joint. (iii) if immersed in a Fe3t
containing solution, the sheet stiffens such that it can again hold a 100 g weight at one of its extremities.
Reproduced with permission [69]. Copyright 2021, Royal Society of Chemistry.
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6.5 Conclusion

We introduce a two-step process to fabricate metal-reinforced load-bearing hybrid hy-
drogels that are sufficiently strong to bear loads up to 1 kg under compression. The
unprecedented mechanical properties are achieved by ionically reinforcing the covalent
CellMA-PAA network with Fe?*. We leverage the limited diffusivity of ions and ligands
such as AI3T and citric acid within the hydrogels to introduce non-linear compositional
gradients that enable the formation of joints within integral hydrogel sheets. Importantly,
the mechanical properties of this hybrid hydrogels can be reversibly tuned with the ad-
dition of Fe3T and citric acid respectively, thereby opening up new possibilities to use
these hydrogels as soft actuators. These advancements promise to expand the current

application window of hybrid hydrogels to load bearing applications.
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CHAPTER 7

3D Printing of Metal-Reinforced Double
Network Granular Hydrogels

In this chapter, I discuss the possibility to combine the double network granular print-
ing, introduced in Chapter 4, with the mechanical reinforcement of metal-coordination,
introduced in Chapter 6. Here, poly(acrylic acid) microgels are produced by mechanical
fragmentation to ensure a reproducible and scalable process. These microgels are loaded
with a second precursor solution to enable their conversion into a double network granular
hydrogel after 3D printing. The resulting double network granular hydrogel is responsive
to ions, such that it can be locally reinforced either in the microgels or in the percolat-
ing secondary network. As a result, heterogeneously reinforced granular hydrogels can
be fabricated displaying mechanical properties that have been unmatched before, namely
extremely high stiffness and high toughness. These results bring us a step closer to finally

mimicking nature’s complexity.

This chapter is adapted from an unpublished work entitled “3D Printing of Ionic-Reinforced
Double Network Granular Hydrogels” authored by Matteo Hirsch, Livia D’Onofrio, and
Esther Amstad. M. Hirsch, and E. Amstad designed the experiments. M. Hirsch and L.
D’Onofrio performed the experiments. M. Hirsch, and E. Amstad analyzed the data and

wrote the manuscript.
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7.1 Abstract

Recent developments in soft actuation demand for new resilient materials that can bear
significant loads yet, whose mechanical properties can be changed with a high spatial
resolution. A technique that offers tight control over the composition of a wide variety
of materials on length scales down to 100 pm is extrusion-based 3D printing. However,
the number of inks that enable 3D printing of hydrogel-based materials is limited and
those that can be 3D printed yield in weak hydrogels that prevent bearing significant
loads. This shortcoming can be addressed by formulating hydrogels into microparticles,
so-called microgels, that can be up-concentrated until they are jammed. These jammed
microgels display a rheological behavior that is ideal for 3D printing. However, the weak
inter-particle interactions typically again yield soft 3D printed granular hydrogels that
cannot bear significant loads. Granular hydrogels can be mechanically reinforced through
a percolating hydrogel network that is formed after they have been processed into the
appropriate shape, resulting in double network granular hydrogels (DNGHs). Yet, these
hydrogels are rather brittle. To address this limitation, we introduce 3D printable metal-
reinforced double network granular hydrogels that can bear loads up to 3 MPa while
displaying a fracture energy up to 12 MJ-m~—3, a value that exceeds those of previously
3D printed hydrogels 20-fold. By selectively reinforcing only certain regions of DNGHs,
we locally vary their degree of swelling, thereby introducing shape morphing properties
to them without compromising their mechanical performance. We anticipate the freedom
in varying the mechanical properties of 3D printable DNGHs locally without the need to
change the material system and hence, to introduce joints that hamper miniaturization
and compromise the durability of this system to present a paradigm shift in the design of

soft actuators.
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7.2 Introduction

Since the beginning of human evolution, the natural world has been a tremendous source
of inspiration for the design of functional materials [50]. Excellent work performed in
this area allowed us to gain a much better understanding of the chemistry and structure-
function relationship of natural materials [28, 300]. For instance, the analysis of soft
biological tissues revealed that nature provides self-healing and dynamic stress response
to their constructs through non-covalent interactions [49, 301, 302]. One remarkable ex-
ample is the mussel byssus, a soft load-bearing acellular tissue that allows the organism to
strongly anchor to the rocks to even withstand the shear of impacting waves. The unique
design of the byssus enables them to repetitively withstand stresses up to 40 MPa and
recover their initial state upon release of the load [300]. Inspired by nature, soft synthetic
materials have been mechanically reinforced through non-covalent reversible interactions
[21, 172, 303], such as host-guest [304, 305] or hydrophobic interactions [267, 306], metal
coordination [66, 68, 69, 307], and covalent reversible crosslinkers [255, 308]. Despite
the substantial improvement in mechanics of synthetic soft materials, nature remains un-
matched. A fundamental reason behind this mismatch in performances is that manmade
constructs typically possess homogeneous structures and compositions compared to the
well-defined hierarchical structure and abruptly changing composition of their natural
counterparts [24, 23, 6]. Recently, several strategies have been implemented to control the
structure of soft synthetic materials at different length scales [21, 99, 131, 156], includ-
ing directed self-assembly [309, 310, 311, 312], phase separation [96, 97, 224, 313, 314],
microfluidics [125, 140], and 3D printing [103, 216, 315, 316, 317]. However, attempts to
better mimic soft natural tissues have been limited by a poor control on the assembly and
resolution. Recently, a novel class of 3D printable materials, jammed microgels, has been
developed to increase the level of control over the microstructure and local composition in
manmade soft materials [132, 140, 141, 146, 154, 166, 318]. Microgels are micrometer-sized
hydrogel particles that undergo jamming when concentrated above a certain critical vol-
ume fraction [130, 131]. They can be fabricated from emulsion drop templates produced
through batch emulsification [149], or if a tighter size-control is warranted through mi-
crofluidics [133, 134, 136, 319]. However, these water-in-oil emulsions must be stabilized
with surfactants that, together with the oil, must be removed through several washing
steps after the microgels have been produced, thereby limiting the throughput of this
technique and increasing the production costs [146]. Microgels can also be made through
precipitation polymerization[320] or spray emulsification [144], yet with more stringent
requirements in terms of material selection and precursor viscosity. A way to circumvent

these shortcomings is to mechanically fragment bulk hydrogels [145, 146, 147, 148] for
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example using blenders [321], or sieves [147]. Many more materials can be mechanically
fragmented through cryomilling [148], which allows the processing of any material whose
T, is above the temperature of liquid nitrogen (-196 °C), independent on its mechanical
properties. Thereby, even hydrogels can be broken into micro-sized particles, so called
microfragments at high throughputs [148]. Key to bridging the gap in mechanical perfor-
mance between synthetic and natural materials is the ability to synergistically combine
structural control and local variations in composition. To combine microstructural con-
trol with a good stiffness, we introduced 3D printable double network granular hydrogels
(DNGHs) made of microparticles that are firmly connected through a second hydrogel
network that interpenetrates and covalently crosslinks them [149, 255]. Yet, these mate-
rials displayed a limited toughness. Here, we introduce 3D printable metal-coordinated
DNGHs whose fracture energy exceeds those of any 3D printed hydrogel reported thus far
by at least 20-fold. This is achieved by forming microfragments from poly(acrylic acid)
(PAA) that can be ionically reinforced with a wide range of cations. We demonstrate
that the stiffness of DNGHs made by covalently crosslinking these microfragments with a
percolating PAM hydrogel increases to 0.12 MPa, whereas their work of fracture increases
to 0.02 MJ-m—3. The work of fracture of DNGHs increases much more, up to 12 MJ-m™3,
if the percolating network is ionically reinforced, as demonstrated on DNGHs composed
of polyacrylamide (PAM) microfragments that are connected through a metal-reinforced
PAA network. We demonstrate the potential of these materials in soft actuation by 3D
printing shape morphing structures. This is achieved by locally reinforcing certain areas
to vary the degree of swelling of the hydrogels, that triggers their change in configuration

upon exposure to an aqueous solution containing metal ions.

7.3 Experimental Section

Experimental details are reported in Chapter 3 from Section 3.5.1 on page 54 to Section

3.5.8 on page 56.

7.4 Results and Discussion

7.4.1 Metal-Reinforced Double Network Granular Hydrogel Design and

Fabrication

To controllably vary the composition of our hydrogels on a 100 pm length scale, we render

a bulk PAA hydrogel, 3D printable by cryomilling it into microfragments. The resulting
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Figure 7.1: Microfragment size distribution. Particle size distribution of cryomilled PAA hydrogels as a
function of their crosslinker density. The cryomilling process is independent of the physicochemical properties
of the initial bulk hydrogel.

microfragments are non-spherical with an equivalent diameter (d*) of 45 pm, that is

independent of the precursor formulation, as shown in Figure 7.1.

To firmly connect the microfragments and thereby impart mechanical stability to the fi-
nal product, we soak them in an aqueous solution containing acrylamide before they are
jammed to enable their 3D printing, as schematically shown in Figure 7.2a. After the ink
has been 3D printed, we firmly connect microfragments by crosslinking the acrylamides
contained in them to form a percolating network that interpenetrates and crosslinks them,
as shown in Figure 7.2b. The granular nature of DNGHs allows for the selective reinforce-
ment of the individual grains, thus enabling the fabrication of heterogeneously reinforced
DNGHs, as schematically shown in Figure 7.2c. Alternatively, DNGHs can be composed
of polyacrylamide-based microfragments that are connected through a PAA network. In
this type of DNGHs, the percolating network can be selectively reinforced with ions, as
schematically shown in Figure 7.2c. The ability to control the DNGH structure through
3D printing together with the ability to selectively reinforce it allows the design of shape
morphing structures that are of great interest for the field of soft robotics, as schematically

shown in Figure 7.2d.

7.4.2 Optimization of Microfragment Size Distribution

The microstructure of our DNGH is determined by the size and morphology of the mi-
crofragments. The fragment size and polydispersity depend on the cryomilling parameters,
including the milling frequency, size of the milling spheres, and number the of cycles [148].
For better printability, we aim at obtaining fragments that are smaller than 100 pm while

at maintaining a high throughput. To test the influence of the milling cycles on the mi-
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Figure 7.2: Fabrication of metal-coordinated DNGHs. a, A bulk hydrogel is cryomilled to produce polydis-
perse prismatic microfragments. The obtained microfragments are freeze-dried and resuspended in a monomer-
containing solution prior to jamming, yielding a 3D printable ink. b, The jammed microfragment paste can be
additive manufactured and converted into load-bearing DNGHs by UV illumination. ¢, Once crosslinked, the
DNGHs are immersed in an ion-containing solution to trigger the mechanical reinforcement either in the mi-
crofragments or in the matrix. d, The intrinsic heterogeneity of this system can be harnessed for the fabrication
of shape-morphing structures, through the use of a multi-nozzle printing approach.

crofragment size, we fix the size of the milling ball to 20 mm and the frequency to 30
Hz, and measure the dimensions of microfragments as a function of milling cycles. The
average microfragment size decreases with increasing number of milling cycles, reaching
a minimum average size of 45 pm after 5 cycles, as shown in Figure 7.3b. Unfortunately,
even if we subject microfragments to 5 milling cycles, approximately 20% of the microfrag-
ments still have at least one dimension above 100 pm, as shown in Figure 7.3c. These
microfragments risk clogging the printing nozzle, resulting in a discontinuous extrusion,
thus affecting the printing resolution. To overcome this limitation, we filter microfrag-
ments that have been subjected to 5 milling cycles with a 100 pm nylon mesh to remove
bigger particles, as shown in Figure 7.3a. The sieved solution contains particles with a
lower average size of 20 pm, a more homogeneous size distribution, and hardly any parti-
cles with dimensions above 100 pm are left, as shown in Figure 7.3d. Note that despite the
filtering process, we still find a few particles with at least one dimension above 100 pm in
the solution. We attribute the presence of these rather large particles to their anisotropic
shape that lets them penetrate the sieve if favorably aligned. However, thanks to the shear
alignment of anisotropic particles, we expect them to minimally impact the printability

[134, 141]. Due to the favorable combination of polydispersity and throughput, filtered
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Figure 7.3: Cryomilling process of the hydrogel microfragment. a, A bulk gel is cryomilled at 30 Hz for a
certain number of cycles, yielding polydisperse prismatic microfragments. In a second step, the microfragments
are filtered through a nylon mesh to remove particles bigger than 100 pm, that would risk clogging the nozzle
during the printing process. b, Equivalent diameter (d*) of microfragments as a function of the milling cycles.
An average d* of 45 pm is measured for gels milled more than 5 cycles. No major improvement is observed after
5 repeated cycles. ¢, Cumulative frequency of microfragment sizes as function of the milling cycles. Despite
the decrease in average d* with increasing milling cycles, around 20% of the microfragments possess diameters
larger than 100 pm. d, Equivalent diameter of microfragments pre and post filtering. The average d* decreases
from 45 pm to 20 pm upon filtration, thus confirming removal of bigger particles.

microfragments obtained with 5 cycles of cryomilling will be used for all the remaining
experiments. The microfragments are freeze-dried prior to further use to ensure longer

shelf-life and a better control over their jamming behavior.

To produce an ink composed of jammed microfragments, we resuspend dried microfrag-
ments in a solution containing a second precursor solution. Jammed microgel inks possess
rheological properties that are optimal for extrusion-based 3D printing, namely they dis-
play a low yield stress, a shear-thinning behavior, and a fast shear recovery [126, 132,
149, 192]. To evaluate if this is also the case for jammed microfragments, we perform
shear rheology on our ink. We vary the microfragment content contained in it from 10
wt% to 16 wt%, based on the dry polymeric weight. To assess the shear-thinning behav-
ior, we perform a frequency sweep as a function of the microfragments weight fraction.
All tested samples display a shear-thinning behavior, independent of the microfragment

content, shown in Figure 7.5a.
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Figure 7.4: Rheology of microfragments and microgels. Amplitude sweeps of microfragment inks as a
function of the microfragment content.

7.4.3 Printability of Jammed Microfragments

Key to obtain good printability is a low extruding pressure. To achieve this goal the ink
must possess a low yield stress [128]. To measure the yielding behavior of our inks as a
function of the microfragment content contained within it, we perform amplitude sweeps.
All samples display a relatively low yield stress, with values that increase from 46 Pa to
2630 Pa, if we increase the microfragment content from 12 wt% to 16 wt%, as shown in
Figure 7.5b and Figure 7.4.

We assign the increase in yield stress with increasing microfragment content to the in-
creased polymer content in the jammed pastes. Interestingly, the yield point of all mea-
sured inks is higher compared to that of inks containing the same weight fraction of jammed
spherical microgels discussed in Chapter 4. This difference in yield point is attributed to
the mechanical interlocking that is much more pronounced between non-spherical mi-
crofragments than between spherical microparticles, thereby increasing inter-particle fric-
tion forces [146].

To achieve a high printing fidelity, the ink must quickly recover its solid-like properties
upon removal of the shear. To evaluate this property, we perform alternating shear recov-
ery cycles at 1% and 100% strain for 200 s each. All the analyzed inks rapidly transition
from the solid-like to the liquid-like state and vice versa with no major changes in G’
values, as shown in Figure 7.5c. As a result of the favorable rheological properties, the
ink can be 3D printed in a grid shape with minimal loss in resolution, as exemplified
for an ink containing 16 wt% microfragments in Figure 7.5d. To quantify the printing
resolution of the microfragment ink, we measure the cross-section of the filament and the

area enclosed in the grid as a function of the microfragments concentration. The higher
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Figure 7.5: Printability of jammed microfragments. a, Frequency measurement of jammed microfragment
inks as a function of their microfragment content. All the samples display a decrease in viscosity with increasing
shear rate, thus confirming a shear-thinning behavior. b, Storage plateau modulus (G') and flow point of
jammed microfragment inks as a function of their microfragment content. ¢, Shear recovery measurement. A
Self-healing behavior of jammed microfragments containing 16 wt% of PAA. The material transitions from a
solid-like to a liquid-like state when subjected to high shear (y= 100%). The jammed solution recovers rapidly
to its initial condition at low shear (y= 1%). The process can be repeated cyclically without deterioration of
the ink performance. d, Optical micrograph of a 3D printed grid produced with a jammed ink containing 16
wt% of PAA. e, Optical micrograph of a unit cell of the 3D printed mesh. f, Filament spreading (left) and
extrusion pressure (right) as a function of the ink microfragment content. An increase in microfragment content
of the ink is correlated to a decrease in filament spreading, thus demonstrating a better printing resolution.
Simultaneously, an increase in microfragment content renders the ink more solid, thus increasing the pressure
needed to extrude the material.

the microfragment concentration, and hence, the higher the degree of jamming, the better
is the printing resolution, as shown in Figure 7.5e and 7.5f. However, the higher printing
resolution obtained at higher microgel contents requires a higher extrusion pressure to
push the ink through the nozzle, as shown in Figure 7.5f. We do not have any pressure
sensitive component in our ink that would limit the maximum printing pressure we can
apply to it. Hence, we will maximize the printing resolution by using inks containing 16
wt% of microfragments for the remainder of this study.

7.4.4 Mechanics of Metal-Reinforced Double Network Granular Hydro-
gels

Key in the use of hydrogels for load-bearing applications is their ability to withstand

significant loads under compression and tension [53, 57]. To assess this parameter we
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Figure 7.6: Compression measurements of mfDNGHs. Compression curves of mfDNGHSs as a function
of the AI’T concentration. The compressive modulus and fracture strength increase with increasing AT
concentration.

quantify the stiffness and work at break of DNGHs composed of PAA microfragments
that are firmly connected through an acrylamide network. To transform the rather frag-
ile microfragment-based structure into a mechanically stable 3D DNGH that can bear
significant load, we initiate the polymerization of the precursors contained within the mi-
crofragments after they have been processed into the appropriate shape. This is done by
exposing the structure to UV light to initiate the radical polymerization reaction of the
precursors [149]. The resulting DNGH is soaked in DI water until it reaches swelling equi-
librium. The material is relatively soft with a stiffness of 0.16 MPa, and work of fracture of
0.05 MJ-m~3. The work at break of bulk hydrogels typically increases upon ionic reinforce-
ment [68, 322, 323]. PAA has a high affinity to certain cations such that it can be ionically
reinforced. To test if ionic reinforcement also increases the work at break of our DNGHs,
we expose the DNGH to an aqueous solution containing A13T, as schematically shown in
Figure 7.10a. Indeed, under compression, microfragment-reinforced DNGHs (mfDNGHs)
with AI** display a 10-fold increase in compressive modulus, reaching values as high as 1.5
MPa, as shown in Figure 7.10b and Figure 7.6. Similarly, the Young’s modulus measured
under tension increases 25-fold upon reinforcement with Al3*, reaching values as high as
4 MPa, as shown in Figure 7.7a. The compressive and tensile moduli increase even more,
up to 25-fold and 50-fold, respectively, if we reinforce mfDNGHs with Fe3*t, as shown in
Figure 7.10b and Figure 7.7a. The great improvement in stiffness is paired with a 16-fold
increase in work of fracture with respect to non-reinforced DNGHs, reaching values as
high as 0.8 MJ-m~3, as shown in Figure 7.7b.

Super-elastic, anti-fatigue hydrogels can be obtained if divalent cations are used in com-

bination with carboxylic ligands [108, 324]. By contrast, we do not observe a significant
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Figure 7.7: Tensile measurement of mfDNGHSs. a, Young’'s modulus of mfDNGHSs as a function of the ion
concentration. mfDNGHs reinforced with Fe3* display an increase in stiffness with increasing ion concentration,
whereas mfDNGHs reinforced with AI** show a fairly constant modulus if the AIBT concentration exceeds 0.25
M. b, Work of fracture of mfDNGHs as a function of the ion concentration. mfDNGHSs reinforced with Fe3™
display an increase in fracture energy with increasing ion concentration, until it reaches a maximum of 0.8
MJ-m~3 for 0.5 M of Fe**. mfDNGH:s reinforced with AI** show a fairly constant fracture energy if the Al3+
concentration exceeds 0.1 M.

increase in mechanics if we reinforce our mfDNGHs with divalent ions, as shown in Figure
7.10b. This result is surprising as bulk PAA hydrogels have been reported to be rein-
forced with divalent cations [108]. We attribute the absence of mechanical reinforcement
of mfDNGHs upon addition of divalent ions to a stronger complexation between -COOH
and -NH, groups present in the DNGH, that hinder the complexation of Ca?*, and Zn?T.

As expected, Ag™" ions, being monovalent, do not display any reinforcement effect.

A homogeneous metal reinforcement of bulk hydrogels is difficult as the diffusivity of metal
ions is limited by the fast formation of a metal-coordinated hydrogel shell that slows
down ion diffusion within this area of the hydrogel. In addition, the complexed metal
ions electrostatically repel free metal ions, thereby further hindering their infiltration into
the hydrogel. As a result, there are often gradients in ion concentration within bulk
hydrogels that have been ionically reinforced, compromising their mechanical properties
[69]. This limitation can, at least to some extent, be overcome by complexing metal
ions with weak ligands that undergo competitive ligand exchanges [69]. To test if we
can increase the extent of ion reinforcement by weakly complexing Fe?* in solution, we
incubate our DNGHSs in an aqueous solution containing FeCls and varying amounts of citric
acid (CA), as shown in Figure 7.10c, and Figure 7.8. Surprisingly, mfDNGHs display a
decrease in compressive modulus with increasing CA concentration, as shown in Figure
7.10d. A similar trend is observed under uniaxial tensile load, as shown in Figure 7.9. This
trend is in stark contrast with previously reported bulk metal-reinforced hydrogels, where

CA favors a more homogeneous distribution of the ions and thereby improves the overall
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Figure 7.8: Tensile measurement of mfDNGHs reinforced with Fe>* and CA. Tensile curves of mfDNGHs
reinforced with (a) 0.1 M, (b) 0.25 M, and (c) 0.5 M Fe3" as a function of the CA concentration. An increase
in CA concentration is paired with a decrease in tensile strength and an increase in elongation at break. d,
Young's modulus of mfDNGHs reinforced with Fe3* as a function of the CA content. An increase of CA content
correlates with a decrease in stiffness.

mechanical performance of these hydrogels [69]. We assign this difference in behavior to
the granular structure of our gel: ions can more easily diffuse in uncharged PAM networks
compared to the charged PAA networks. In between the microfragments, our DNGHs are
exclusively composed of PAM whereas within the microfragments PAA and PAM networks
are present. Hence, we expect ions to more readily diffuse within the PAM single network
and hence, between the microfragments. The diffusion path within the microfragments is
short such that ions can homogeneously reinforce bulk mfDNGHs with dimensions up to
1 cm without the need for any competitive ligand exchanges. This result demonstrates
one of the main advantages of the granular structure: an enhanced diffusivity of charged

moieties.

Competitive ligand exchanges are typically used to mechanically reinforce hydrogels. This
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Figure 7.9: Compression measurement of mfDNGHs. Compression curves of mfDNGHSs reinforced with
(a) 0.1 M, and (b) 0.25 M Fe3*" as a function of the CA concentration. An increase in CA concentration is
paired with a decrease in tensile strength and stiffness.

trick is not needed in our system. However, we still can take advantage of competitive lig-
and exchanges to selectively remove coordinated Fe3* ions to restore the initial mechanical
behavior of DNGHs, as exemplified in Figure 7.10e. The mfDNGHs can be repetitively
ionically reinforced by incubating in a solution containing Fe?* and weakened to restore
their initial state by exposing them to a solution containing CA, as shown in Figure 7.10e.
Indeed, the stiffness of mfDNGHs does not significantly change even after they have been
subjected to 5 cycles of reinforcement and weakening, as shown in Figure 7.10e. The
combination of metal-coordination and competitive ligand exchange offers a precise con-
trol over the mechanical behavior of mfDNGHs, thus expanding their use for load-bearing

applications.

Our results indicate that the metal reinforcement of mfDNGHs strongly increases their
stiffness. However, its effect on the work of fracture is limited. The work of fracture
of bulk double network is typically predominantly determined by the second network
[55, 205]. To test if we can increase the work of fracture of DNGHs by ionically reinforcing
the matrix network, we fabricate microfragments composed of polyacrylamide (PAM)
and soak them in an aqueous solution containing acrylic acid. The microfragments are
processed into matrix-reinforced double network granular hydrogels (mxDNGHs) using
the protocols we established for mfDNGHs, as schematically shown Figure 7.18a and
detailed in the experimental section. The compressive modulus of mxDNGHs increases
8-fold if reinforced with AI** and 4-fold if reinforced with Fe3", as shown in Figure 7.18b.
Similarly, the Young’s modulus measured under tension reaches values as high as 9 MPa
if reinforced with AI3*, corresponding to a 75-fold increase relative to non-reinforced
DNGHs. Similarly, the stiffness increases to 3 MPa, if reinforced with Fe3*. Hence, the
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Figure 7.10: Mechanical characterization of mfDNGHs. a, A DNGH is produced form PAA microfragments
and a PAM matrix. The material can be selectively reinforced in the individual grains, yielding a mfDNGH. b,
Compressive modulus of mfDNGHs reinforced with various ions. Exposure to Fe?* and AI3* solutions results in
a strong increase in stiffnes, whereas no appreciable changes are observed for mfDNGHs reinforced with Ca?™,
Zn2+, and Ag+. c, Compression curves of Fe-reinforced mfDNGHs as a function of the CA concentration.
An increase in CA concentration is correlated with a decrease in mechanics. d, Compressive modulus of Fe-
reinforced mfDNGHs as a function of the CA concentration. An increase in CA concentration is paired with a
decrease in compressive modulus. e, Reversibility test of Fe-reinforced mfDNGHs. mfDNGHSs can be repeatedly
reinforced and weakened by exposure to alternating solutions containing Fe or CA. An effective weakening is
observed upon exposure to a CA solution. After the first cycle, a lower degree of reinforcement is observed,
suggesting a non-optimal removal of the CA left in the matrix.

stiffness of Fe-reinforced mxDNGHSs increases 25-fold relative to non-reinforced DNGHs,

as shown in Figure 7.11.

Upon incubation of mxDNGHs in an Fe?* containing solution, samples become colored.
However, we observe a clear color gradient along the cross-section of mxDNGHs, in stark
contrast to mfDNGHs, as shown in Figure 7.18c. The color gradient hints to the formation
of a core-shell structure. This hypothesis is supported by the compression curves of mxD-
NGHs samples reinforced with Fe?* or AI’* that display two distinctly different slopes,
as shown in Figure 7.18d and Figure 7.12. Color gradients in bulk hydrogels, which are
indicative of gradients in ion concentration within the hydrogel, can be minimized upon
complexing ions with CA. To test if this is also the case for our mxDNGHs, we incubate
them in an aqueous solution containing Fe?* and varying concentrations of CA. If incu-
bated in a solution containing 0.5 M Fe3* and 0.75 M CA, samples are homogeneously
colored. These results suggest that the complexation of Fe3" with CA increases the homo-

geneity of Fe* ions within the mxDNGHs. This suggestion is supported by the increase
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Figure 7.11: Young's modulus of mxDNGHs. mxDNGHs display an increase in stiffness with increasing
ion concentration, reaching values as high as 8 MPa when reinforced with 1.5 M ABT.
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Figure 7.12: Compression measurement of mxDNGHs reinforced with AI*™. The curves show a clear
two-slope behavior, characteristic of a core-shell structure.

in compressive modulus with increasing CA concentration contained in the incubating so-
lution until it reaches 3 MPa, as shown in Figure 7.18e. An analogous behavior is observed
under tensile testing, where the stiffness of mxDNGHs increases when CA is added, until

it reaches Young’s moduli as high as 25 MPa, as shown in Figure 7.13.

Interestingly, when the molar ratio of [CA] : [Fe3T] exceeds 0.5, the Young’s modulus
decreases again. This behavior is attributed to the large excess of carboxylic groups in
the CA solution with respect to the carboxylic groups in the PAA network. Furthermore,
the increase in stiffness is paired with a strong decrease in strain at break, as shown in
Figure 7.14. In general, this counteracting effect influences the toughness of soft materials

rendering them more fragile. To test if this is also the case for our system we extract
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Figure 7.13: Young's modulus of Fe-reinforced mxDNGHs as a function of CA concentration. An increase in
CA concentration is paired with a steep increase in Young's modulus. The CA slows down the ionic complexation,
thus producing stiffer, more homogeneous structures.
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Figure 7.14: Tensile measurement of mxDNGHs reinforced with Fe> as a function of the CA concen-
tration. a, Tensile curves of mxDNGHs reinforced with 0.1 M Fe3T as a function of the CA concentration. b,
Tensile curves of mxDNGHs reinforced with 0.25 M Fe3T as a function of the CA concentration. c, Tensile
curves of mxDNGHs reinforced with 0.5 M Fe®* as a function of the CA concentration. All the curves show a
clear stiffening behavior with increasing CA concentration at the expense of a strong decrease in strain at break
behavior.

the work of fracture as a function of the molar ratio of [CA] : [Fe3*]. Interestingly, the
work of fracture remains almost unchanged with values of 0.20 MJ-m~3. This result is in

agreement with previously reported literature on metal-reinforced bulk hydrogels [69].

Metal-coordination increases the stiffness and toughness of dually crosslinked hydrogels
by introducing physical crosslinks in a pre-existing covalent network [65]. However, the
increased crosslink density comes at the expense of the water content: upon metal-
reinforcement, hydrogels typically undergo syneresis, resulting in their shrinkage. To
assess to what extent that is true for our metal reinforced DNGHs, we quantify their
water content by gravimetric analysis as a function of ion concentration. As expected, an
increase in ion concentration is paired with a decrease in water content, reaching values as
low as 24 wt% when mxDNGHSs are exposed to 1.5 M of AlCl3, as shown in Figure 7.15.
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Figure 7.15: Equilibrium water content of metal-reinforced DNGHs. The water content decreases with
increasing ion concentration.

Our results indicate that an increased density of ionic crosslinks is directly correlated
with a reduction in water content within these hydrogels. While this behavior can be
detrimental for cell work, it can be exploited as an asset in the fabrication of load-bearing
tough hydrogels. Indeed, the shrinkage induced by the secondary crosslinking with metal
ions forces the polymer chains to collapse, thus increasing their hidden length, and hence,
the fracture toughness of the hydrogel [21]. Nature frequently leverages this behavior
to build hydrogel-based materials displaying an unparalleled toughness [2, 28, 49]. To
test if we can promote this behavior in our mxDNGHs, we reinforce them with Fe3*
in the absence of CA to create a stiff shell that shrinks, thereby mechanically forcing
the core contained within the shell to also collapse. Upon tensile testing, mxDNGHs
reinforced with Fe3* display an initial stiff behavior followed by a clear yielding plateau,
confirming the core-shell structure of the material, as shown in Figure 7.18f and 7.18g.
A similar behavior is observed when mxDNGHs are reinforced with AI3T, as shown in
Figure 7.16. Overall, the fracture strength and strain at break increase with increasing
ion concentration, resulting in values of stiffness as high as 9 MPa and work of fracture
as high as 12 MJ-m~3, as shown in Figure 7.11 and 7.17.

To evaluate the overall mechanical performance of mfDNGHs and mxDNGHs, we com-
pare our material with state-of-the-art load-bearing hydrogels. Remarkably, our material
possesses values of stiffness and work of fracture that are higher than any previously re-
ported 3D printed hydrogels, as shown in Figure 7.19a. The Ashby plots reveal that our
material outperforms any previously reported one, setting a new all-time high for the field.
Furthermore, we compare our formulations as a function of polymer content, as shown in
Figure 7.19b and Figure 7.19c. We observe that even under similar polymer contents our

materials still perform better than any reported bulk or 3D printed hydrogel, bringing us
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Figure 7.16: Tensile curves of mxDNGHs as a function of their AIBT concentration. Higher AI3T contents
results in a more pronounced yielding plateau, characteristic of the formation of a core-shell structure.
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a step closer to finally mimicking soft load-bearing natural materials.
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Figure 7.18: Mechanical characterization of mxDNGHs. a, A DNGH is produced form PAM microfragments
and a PAA matrix. The material can be selectively reinforced in the matrix, yielding a mxDNGH. b, Compressive
modulus of mxDNGHs reinforced with various ions. Exposure to Fe3" and AI*T solutions results in a strong
increase in mechanics, whereas no appreciable changes are observed for mxDNGHs reinforced with C32+, ZnZt
and Ag". c, Optical photograph of a mxDNGH cylinder. The color gradient is a clear indication of a non-
homogeneous ionic reinforcement. d, Compression curves of Fe-reinforced mxDNGHs as a function of the Fe3*
concentration. All curves display an initial soft behavior, followed by a stiffening. This indicates the formation
of a hard shell and a soft core. e, Compressive modulus of Fe-reinforced mxDNGHSs as a function of the CA
concentration. An increase in CA concentration is paired with a steep increase in compressive modulus. The
CA slows down the ionic complexation, thus producing stiffer, more homogeneous structures. f, Tensile curves
of mxDNGHs as a function of their Fe>t concentration. Higher Fe3* contents result in a more pronounced
yielding plateau, characteristic of the formation of a core-shell structure. g, Time lapse of a Fe-reinforced
mxDNGH. Initially the sample displays a homogeneous texture (1). Once the mxDNGH is pulled above its
yielding point, the hard shell starts cracking (2), and a softer stretchy core is revealed (3).
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Figure 7.19: Ashby plots of 3D printed hydrogels. a, Ashby plot of the work of fracture of 3D printed
hydrogels as a function of their Young's modulus. Our material possesses a synergistic combination of high
stiffness and high work of fracture, a seemingly counteracting set of properties. b, Ashby plot of the Young's
modulus of 3D printed hydrogels as a function of their polymer content. Both mf- and mxDNGHs display higher
stiffnesses compared to any previously reported material. ¢, Ashby plot of the work of fracture of 3D printed
hydrogels as a function of their polymer content. Both mf- and mxDNGHs display higher fracture energies
compared to any previously reported material.

7.5 Conclusion

We introduce 3D printable metal reinforced DNGHs that display a stiffness that exceeds
previously reported 3D printed hydrogels by 9-fold and their work of fracture by 20-fold.
We can tune the mechanical properties of these DNGHs to be similar to those of their
natural counterparts. The fabrication of microfragments through cryomilling holds great
potential thanks to its scalability and the possibility to process a wide range of materials.
The ink composed of jammed microfragments can be 3D printed with no appreciable
changes with respect to inks composed of jammed spherical microgels, thus rendering it
an ideal candidate for extrusion-based printing. The introduction of responsive materials
within the granular construct adds an extra degree of control to the system, allowing the
fabrication of complex materials with engineered local variations in composition. The
selective binding of metal ions with PAA enables a selective, targeted reinforcement of the
3D printed structure without the need to trade off stiffness or toughness. We envisage the
combination of granular printing with responsive materials to be of pivotal importance
for the development of the next generation of 3D printable soft load-bearing materials,
providing new fuel that brings us a step closer to successfully mimicking soft natural

tissues.



CHAPTER 8

3D Printing of Living Structural

Biocomposites

In this chapter, I present a novel approach to fabricate structural biocomposite materials
from a living granular hydrogel precursor. Here, I encapsulate ureolytic bacteria, known
as Sporosarcina pasteurii, in gelatin microgels and jam them to form a living granular
ink, referred as Bactolnk. This process, extensively discussed in Chapter 4, enables their
3D assembly by conventional extrusion printing. The 3D printed granular hydrogel is
stabilized by exposure to an Alginate-Ca?* solution, yielding a soft, yet fragile hydrogel
scaffold. The scaffold is inserted into a solution containing urea and CaCly to trigger
its biomineralization. The resulting biocomposite is free-standing and load-bearing, dis-
playing structural and mechanical properties similar to those of trabecular bone. In the
final part of the chapter, I present potential applications of the Bactolnk for marine reef

remediation, and art restoration.

This chapter is adapted from the submitted paper entitled “3D Printing of Living Struc-
tural Biocomposites” authored by Matteo Hirsch, Lorenzo Lucherini, Ran Zhao, Alexandra
Clara , and Esther Amstad. M. Hirsch, and E. Amstad designed the experiments. M.
Hirsch and L. Lucherini are equally contributing co-first authors. L. Lucherini performed
the bacteria encapsulation, the biomineralization, and the TGA analysis. M. Hirsch per-
formed the 3D printing, molding, and injection of the material. M. Hirsch, and L. Lucherini
performed all the remaining experiments collectively. M. Hirsch, L. Lucherini, A. Clara

Saracho, and E. Amstad analyzed the data and wrote the manuscript.
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8.1 Abstract

Nature fabricates organic/inorganic composites under benign conditions, yet, in many

cases, their mechanical properties exceed those of the individual building components it

is made from. The secret behind the evolutionary pivot is the unique ability of nature

to control structure and local composition of its materials. This tight control is often

achieved through compartmentalization of the reagents that can be locally released. In-

spired by nature, we introduce an energy-efficient process that takes advantage of the

compartmentalization to fabricate porous CaCQOs-based composites exclusively comprised

of nature-derived materials whose compressive strength is similar to that of trabecular

bones. The unique combination of nature-derived materials, 3D printability, and good

mechanical properties is achieved through the formulation of these materials: We combine

microgel-based granular inks that inherently can be 3D printed with the innate potential

of engineered living materials to fabricate bacteria-induced biomineral composites. The

resulting biomineral composites possess a porous trabecular structure that comprises up

to 93 wt% CaCOj3 and thereby can withstand pressures up to 3.5 MPa. We envisage this

system to have the potential to be used in art restoration, serve as artificial corals to help

the regeneration of marine reefs, and, with additional work, might even allow the repara-

tion of broken or partially disintegrated natural mineral-based materials such as certain

parts of bones.
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8.2 Introduction

Nature is able to produce biocomposites of high structural complexity and mechanical
integrity using a limited number of elements. These biocomposites are often fabricated
under benign conditions and with a minimum amount of energy input [325]. The unparal-
leled mechanical properties of these natural materials, such as nacre [13], sea urchin spikes
[10], and stomatopod dactyl clubs [326] result from the unique interplay between hierar-
chical structure and locally varying composition [24]. For example, 95% of the weight
of nacre can be assigned to hexagonal aragonite platelets that are assembled in a layered
structure. These inorganic platelets are held together by a polymeric matrix that increases
the overall material toughness up to 40-fold compared to platelets alone [11, 327, 328].
In contrast, synthetic composites lack any micrometer length-scale structure because the
vast majority of them is fabricated by mixing materials possessing different mechanical
properties in bulk [329, 330]. Despite the higher energy cost of the production of most
synthetic composites, the combination of stiffness and toughness some natural materials
display remains unmatched by synthetic counterparts possessing a similar composition.
This shortcoming can at least partially be assigned to the inferior control over the mi-

crostructure and local composition of synthetic materials [14, 331].

Inspired by nature, techniques that offer a superior control over the local composition
and hence result in composites with superior mechanical properties have been introduced.
These methods include reinforcing composites with ions [69, 273, 332] or particle-based
fillers [333, 334, 335], controlling the mineralization through enzymes [107, 336, 337], or
in situ precipitation of minerals [106, 276, 338, 339]. Similarly, additive manufactur-
ing methods that offer control over the mm length scale structure have been introduced
[149, 340, 341, 255]. However, by analogy to the bulk methods mentioned above, many
of these more involved procedures offer a limited control over the micrometer length scale
structure of the materials that negatively impacts their mechanical properties. Sustain-
able solutions to fabricate stiff and strong composites under benign conditions and using

minimal amounts of energy remain elusive [342].

The introduction of engineered living materials presented a paradigm shift in the bio-
composite field from the design of synthetic, inert biomaterials to biologically-active,
self-growing ones. Recent studies have demonstrated the possibility to combine conven-
tional geotechnical processing with a microbially-induced calcium carbonate precipitation
(MICP) for the mechanical stabilization and reinforcement of soil [184, 343], and for the
production of self-healing concrete [344, 345], because of its simplicity and high efficiency
[346]. Furthermore, MICP by urea hydrolysis has been previously demonstrated in the

context of living construction materials [183], heritage restoration [347], and deep-seabed
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applications [348]. Generally, ureolytic bacteria used for such geo-environmental and con-
struction applications must have a reliable, high urease activity, while being harmless to
humans and pose low risk to the local ecosystem. In this regard, Sporosarcina pasteurii has
been often selected owing to its high-urease activity and biosafety [349]. Similarly, other
microorganisms have been embedded in soft organic materials to form engineered living
materials [176, 183, 350]. For instance, bioinks have been supplemented with unicellular
green algae to enable the 3D printing of cellular scaffolds displaying a homogeneous degree
of oxygenation [26]. Similarly, hydrogel-based inks have been functionalized with bacteria
that degrade phenolic compounds for bioremediation and those that produce bacterial
cellulose for biomedical applications [194]. Bacteria have also been used to precipitate
inorganic materials into organic matrices. For example, 3D printed acrylate-based, inert
polymeric structures have been exposed to a MICP environment to trigger the precipita-
tion of calcite within the empty space of the printed mesh. The formed calcite particles
served as fillers, thereby increasing the stiffness and mechanical strength of the composite
[351]. Yet, to achieve this effect, the composite had to be annealed at 70 °C.

Recent advances in additive manufacturing of cell-laden inks have highlighted the unpar-
alleled printing potential of granular systems over their conventional biopolymer counter-
parts [132, 136, 154]. However, the advantages offered by granular systems in terms of
their processability have never been leveraged to 3D print bacteria-loaded biosourced ma-
terials that can subsequently be stiffened and strengthened through a controlled bacteria-
initiated mineralization of the organic scaffold. Here, we introduce a method that enables
3D printing of bacteria-loaded microgels that can be converted into biomineral composites
possessing up to 93 wt% CaCOg3 and bearing loads up to 3.5 MPa. This is achieved by
fabricating gelatin microgels containing ureolytic bacteria, Sporosarcina pasteurii. These
microgels are jammed to form a 3D printable granular bioink (Bactolnk) that can be con-
verted into load-bearing biocomposites through microbially-induced calcium carbonate
precipitation. We obtain a homogeneous mineralization within microstructured compos-
ites with dimensions as large as 10 cm and mineral contents up to 93 wt%. We demonstrate
that the compressive strength increases with the degree of mineralization until it attains
values as high as 3.5 MPa, similar to those of the human trabecular bone [352]. The
potential and versability of the environmentally friendly Bactolnk is showcased by 3D
printing it into cm-sized statues, injected into defects for art restoration and casting it

into artificial corals that might help restoring marine reefs.



8.3. EXPERIMENTAL SECTION

8.3 Experimental Section

Experimental details are reported in Chapter 3 from Section 3.6.1 on page 56 to Section
3.6.13 on page 59.

8.4 Results and Discussion

8.4.1 Bactolnk Design and Fabrication

Due to the similarity of hydrogels to naturally-produced extracellular matrices and biofilms,
they have been widely used for the encapsulation of microorganisms in the form of
films [353], particles [156, 166, 183], capsules [354], fibers [147, 83], and bulk structures
[314, 355]. Extrusion-based 3D printing of hydrogels is limited to those made of precursor
solutions that fulfill the rheological requirements inherent to this process [168, 316]. Un-
fortunately, these hydrogels typically are rather soft or fragile [172]. A much wider range
of hydrogels can be 3D printed if formulated as microparticles, so-called microgels, that
are jammed [46, 131, 136, 154, 318]. Yet, microgels that were thus far 3D printed did
not contain microorganisms that precipitate materials which can change the mechanical
properties of the resulting composite such that they were inherently soft [136, 146, 166].
To overcome this limitation and enable 3D printing of stiff biominerals from soft microgel-
based inks, we produce microgels that are loaded with bacteria which can induce CaCOs3
precipitation. Bacteria-loaded microgels are fabricated by dispersing freeze-dried S. pas-
teurii in a gelatin solution at 37 °C, emulsifying the aqueous solution with mineral oil
under vigorous stirring, and cooling the emulsion to room temperature. The resulting
microgels are washed several times with phosphate buffered saline (PBS) to remove the
oil and any unreacted moieties before they are resuspended in a solution containing al-
ginate that serves as a stabilizer for our printed scaffolds, as summarized in Figure 8.1a.
The suspended bacteria-loaded microgels are jammed by centrifugation yielding our Bac-
tolnk. To stabilize the 3D printed granular structure, we expose it to a calcium chloride
(CaCly) solution that ionically crosslinks alginate, thereby strengthening inter-particle
links. The resulting polymeric scaffold is soft, yet self-sustaining, as shown in Figure 8.1b.
To stiffen and harden the 3D printed structure, we trigger the MICP process by transfer-
ring the structure to a mineralizing environment containing yest extract, urea, and CaCls,
as shown in Figure 8.1c. The encapsulated S. pasteurii hydrolyze urea, leading to the
formation of carbonate ions that react with the calcium ions (Ca?") dispersed in solution
to precipitate CaCQOg minerals in the vicinity of the bacteria, as schematically shown in

Figure 8.1d. The resulting CaCOg minerals, that are formed within the 3D printed granu-
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Figure 8.1: Fabrication of 3D printed biomineral composites. a, Schematic representation of the man-
ufacturing process of the Bactolnk. A gelatin solution containing bacteria is emulsified, the aqueous drops
converted into microgels by lowering the temperature and the resulting microgels washed to remove the oil and
surfactants. The bacteria-loaded microgels are mixed with a solution containing alginate prior to jamming. b,
The Bactolnk is 3D printed and the structure is stabilized by exposure to a 1 M CaCls solution. ¢, Mineralization
is triggered by immersing the stabilized Bactolnk scaffold in a solution containing 0.5 M CaCly, 0.75 M urea,
and 0.4 wt% yeast. d, Schematic representation of the MICP process mediated by S. pasteurii. e, Photograph
of a 3D printed biomineral composite after 4 days of MICP. Scale bar is 10 mm.

lar hydrogel scaffold, transform this soft scaffold into a load-bearing biomineral composite,

as illustrated on the photographs in Figure 8.1e.

8.4.2 Rheological Characterization of BactoInk

The rheological behavior of granular inks is independent of the material composition
[130, 132]. To verify that the addition of bacteria to microgels does not significantly
change the rheological properties of the granular ink, we perform oscillatory rheology on
our samples and compare the results to gelatin-only microgels. As expected, both inks

present a shear-thinning behavior with no significant difference in viscosity, as shown in
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Figure 8.2a. Additionally, both materials display a relatively low yield point of around 1
kPa, as shown in Figure 8.2b, making them well suited for bioprinting. The moderately
higher storage modulus (G’) of the Bactolnk is assigned to the presence of bacteria within

the microgels that act as fillers, thereby stiffening them [127].

To ensure good printing resolution, the BactoInk should extrude into filaments in a con-
tinuous flow. To enable the transfer of the 3D printed construct into a mineralizing
solution, the structure must be free-standing and support its own weight. To test if these
prerequisites are met by our system, we investigate the influence of the concentration of
gelatin within the microgels and that of alginate outside them on the printability and
shape-retaining properties of our material using a filament hanging assay. Gelatin con-
centrations below 20 wt% yield microgels that are too soft to be sufficiently jammed such
that the resulting ink drips, as shown in the photograph in Figure 8.2c, and summarized
in Figure 8.2d. This behavior prevents printing of the ink. Microgels that are formulated
from solutions containing gelatin concentrations exceeding 20 wt% display a proper jam-
ming behavior. As a result, ink formulations made from these microgels can be 3D printed
independent of the alginate concentrations, as exemplified on the photograph in Figure
8.2¢ for inks made with microgels composed of 25 wt% gelatin. However, if the alginate
content in the solution surrounding the microparticles is below 3 wt%, the inter-particle
adhesion is too weak even upon contact with a CaCls solution, such that the printed struc-
ture is not self-sustaining. By contrast, at higher alginate concentrations, the 3D printed
structure becomes self-sustaining as soon as it has been exposed to a CaCly solution, as
shown in Figure 8.3. We assign the good stability of the 3D printed substrate to the algi-
nate that gels upon contact with Ca®*, thereby firmly connecting adjacent microparticles.
Based on these findings, we use the Bactolnk composed of microgels made from solutions
containing 25 wt% gelatin that are dispersed in an aqueous solution containing 5 wt%

alginate for the following experiments.

8.4.3 Mineralization of 3D Printed Bactolnk

The CaCOs precipitation yield is dependent on the relative concentration of urea and
CaCly in solution, as well as on the time of exposure to the mineralizing solution [183].
To test the evolution of the mineral content over time, we quantify this parameter using
thermogravimetry analysis (TGA). To minimize the amount of energy needed to fabricate
these materials, we incubate the soft substrates at room temperature. The degree of
mineralization gradually increases within 4 days of incubation, as shown in Figure 8.4a.
If samples are incubated in a solution containing 0.75 M urea and 0.5 M CaCls, they

reach a mineral content of around 93 wt% after 4 days, as summarized in Figure 8.4a. To
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Figure 8.2: Rheology of Bactolnk. a, Frequency dependent viscosity of jammed bacteria-loaded microgels
(red) versus bare gelatin microgels (grey). Both inks display a shear-thinning behavior. b, Amplitude sweep
of Bactolnk (red) versus bare gelatin microgels (grey). Despite the moderate difference in G’, both inks show
a similar flow point. c, Photograph of Bactolnk composed of jammed microparticles made from a solution
containing 15 wt% gelatin dispersed in an aqueous solution containing 5 wt% alginate dripping from a nozzle.
d, Bactolnk printability window as a function of gelatin and alginate concentrations. e, Photograph of Bactolnk
made of jammed microparticles that have been fabricated from a solution containing 25 wt% gelatin dispersed
in an aqueous solution containing 5 wt% alginate extruding in a stable filament from a nozzle. At gelatin
concentrations below 20 wt%, the ink is too soft such that a proper jamming cannot be obtained and the
material displays a dripping behavior, as exemplified in (c). At gelatin concentrations exceeding 20 wt%, all
the tested formulations show a continuous filament extrusion such that they are suitable for 3D printing, as
exemplified in (e). Alginate concentrations above 3 wt% are required to successfully stabilize the 3D printed
structure upon exposure to CaCly that forms a percolating alginate network which firmly interconnects the
microparticles. Scale bars are 5 mm.
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Figure 8.3: 3D printed and stabilized Bactolnk granular scaffold. Photograph of a 3D printed Bactolnk
scaffold immersed in a CaCls solution. The structure is free-standing and can be lifted from the gelling bath.

test if we can increase the mineral content even more, we assess the influence of the urea
concentration on the degree of mineralization measured after 4 days of incubation. The
degree of mineralization increases up to 20% if the urea concentration is increased from
0.05 M to 0.25 M, independent of the CaCly concentration, as summarized in Figure 8.4b.
By contrast, for urea concentrations >0.25 M, we do not observe any significant influence of
the urea or CaCls concentrations on the degree of mineralization, as summarized in Figure
8.4b. These results suggest that the mineralization process is limited by the MICP. We
attribute this limitation to the non-ideal enzymatic activity of S. pasteurii. To ensure
maximum yield of the precipitated CaCOj3, we choose a solution containing 0.75 M urea
and 0.5 M CaCls.

To evaluate the effect of the incubation time on the overall CaCOs mineral content, we
perform TGA on the biomineralized samples as a function of incubation days. Remarkably,
bacteria produce up to 77 wt% of CaCO3z within 24 h, and up to 93 wt% after 4 days
of incubation, as shown in Figure 8.4a. This high mineral content is surprising as we
start from a purely organic scaffold that contains approximately 30 wt% of polymers.
Assuming that all the volume initially occupied by water is replaced by CaCOg, we would
expect a maximum mineral content of 86 wt%. The measured mineralization value is
higher than the theoretically calculated upper limit. This result suggests that a fraction
of the polymer initially contained within the scaffold is degraded or washed away during
the mineralization. Indeed, some bacteria are known to metabolize small peptides and
proteins, including gelatin, leading to the secretion of gelatinase [356]. To test whether S.
pasteurii degrades and metabolizes the gelatin scaffold, we monitor the change in microgel
structure and pH with time. To facilitate the visualization, we perform these tests on

individually dispersed bacteria-loaded microgels. In the absence of urea, bacteria-loaded

145



CHAPTER 8. 3D PRINTING OF LIVING STRUCTURAL BIOCOMPOSITES

146

b CaCo, wt%
9%

92

Q

20

©
=
——

88
86
84
81
79

CaCO, concentration (wt%)
(=] ©
o (3]
CaCl, concentration (M)

77
75
73

75
1 2 3 4 0.05 0.25 0.5 0.75

Mineralization time (days) Urea concentration (M)

Figure 8.4: Mineralization. CaCOg3 content of biomineralized Bactolnk determined with TGA as a function
of a, mineralization time for samples incubated in an aqueous solution containing 0.5 M CaCly and 0.75 M urea
and b, different CaClz and urea concentrations measured after 4 days of incubation at room temperature.

microgels are stable and do not degrade over time, as shown in Figure 8.5a. These results
suggest that S. pasteurii do not possess the enzymatic capacity to hydrolyze and degrade
gelatin. By contrast, in the presence of urea, gelatin microgels lose their integrity and
bacteria are no longer encapsulated, as exemplified in the time-lapse optical micrographs in
Figure 8.5b. We assign this observation to the increase in pH from 6.5 to 10 caused by the
urea hydrolysis, as shown in Figure 8.5¢c. The zwitterionic nature of gelatin helices makes
its structural integrity pH-dependent, leading to a partial disintegration at pH values
exceeding 9 [357]. These results suggest that the gelatin microgels partially disintegrate
during the mineralization of the scaffold, allowing the mineral content to increase beyond
the maximum theoretical value. Importantly, the gelatin dissolution does not compromise
the printing fidelity or resolution as this process happens only after the surfaces of the

microgels have been mineralized, as shown in Figure 8.5d.

8.4.4 Structural Analysis of Mineralized Bactolnk

A key parameter that determines the quality of a 3D printed construct is its shape fidelity.
To assess if this parameter is impacted by the mineralization of the scaffold, that occurs
after the 3D printing process has been completed, we compute the volume change of 3D
printed parts upon drying as a function of the mineralization time, assuming a negligible
volume change of fully mineralized materials upon their drying. As expected, the dried
hydrogel scaffold loses more than 80% of its initial volume due to water evaporation, as
shown in Figure 8.6a. This large change in volume severely compromises the shape fidelity.
Moreover, the dried product becomes very brittle, making it unsuitable for any further

operation. Remarkably, after only 24 h of mineralization, the volume loss is much smaller,
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Figure 8.5: Microgel stability in various culturing media. a, Optical micrograph of bacteria-loaded microgels
immersed in a solution containing 0.4 wt% yeast extract after 1 and 4 days of incubation. Microgels appear
stable over time and bacteria are still contained in the network. b, Optical micrograph of bacteria-loaded
microgels immersed in a solution containing 0.75 M urea after 1 and 4 days of incubation. After 4 days,
bacteria are released in solution due to gelatin degradation. ¢, pH change as a function of time of incubation
in an aqueous solution containing 0.4 wt% yeast (Y), 0.75 M urea (U), 0.4 wt% yeast and 0.75 M urea (YU).
In the presence of urea, a steep increase in pH is measured after 1 day of incubation due to the hydrolysis of
urea. d, SEM micrograph of bacteria-loaded microgels after 4 days of mineralization. Mineralization occurs
predominantly at the interface between the microgel and the outer solution, as highlighted by the red arrows.

20%. This result suggests that within 24 h, minerals form an interconnected structure
that prevents the 3D printed parts from collapsing. The change in volume decreases
further with mineralization time until at day 4, we observe an increase in volume of 10%,
suggesting the onset of an over-mineralization of the structure. To avoid a strong over-
mineralization, which would compromise the shape fidelity, we stop the mineralization of

our scaffolds after 4 days.

Our results indicate that within 24 h of incubation, the minerals form an interconnected
network that gradually densifies within the next 72 h of incubation. To test this suggestion,
we quantify the change in density of the composite over time. After 24 h of mineralization

3 as shown in Figure 8.6b. This result

the composite density is as low as 0.7 g-em™
suggests that the mineral has already formed an interconnected network, despite the low

degree of mineralization. This interconnected mineral network prevents the material from
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collapsing upon drying, while maintaining the intrinsic high porosity of the initial hydrogel
network, well in agreement with our previous results. The density gradually increases with
incubation time, as shown in Figure 8.6b. This finding supports our TGA results that
indicate that the degree of mineralization increases during the first four days of incubation
while the amount of polymer contained in the composite decreases due to a pH-driven
partial dissolution of the gelatin. Yet, even after 4 days of mineralization, the density
reaches values around 0.9 g-cm™>, which is far below the density of calcite of 2.71 g-cm™3
[358], suggesting that the generated composite is porous. Indeed, granular structures
typically possess microporosity arising from the voids present between jammed microgels
[130, 131]. To test if this is the case in our composite, we perform scanning electron
microscopy (SEM) imaging on mineralized samples as a function of the mineralization
time. All measured samples possess pores with diameters up to 300 pm compatible with
the expected internal microporosity of granular materials, as shown in Figure 8.6¢c. To
quantify the internal porosity of samples that have been mineralized for 4 days, we perform
micro computed tomography (nCT) on them. Indeed, 2D slices and 3D reconstructions
confirm a degree of porosity of 47 vol%, as shown in Figure 8.6d, Figure 8.6e and Movie
M2. This porosity is below the value we calculate from the measured density of 67 vol%.
We assign this difference to the spatial resolution of the nCT that is limited to 1 pm, which
prevents us from detecting smaller pores. This comparison indicates that our composites

possess a significant fraction of pores with at least one dimension below 1 pm.

8.4.5 Mechanical Characterization of Mineralized Bactolnk

The mineralization of our organic scaffolds strongly increases their stiffness and hardness.
The extent of the increase in stiffness and hardness depends on the mechanical properties
of the CaCOg3 which are a function of its structure [359, 360]. To assess the structure of
the CaCOs3 formed in our scaffolds, we perform X-ray diffraction (XRD) on our samples
as a function of the mineralization time. Samples that have been mineralized for 24 h
contain a mixture of vaterite and calcite, as shown in the XRD traces in Figure 8.9a. The
coexistence of the two phases is confirmed by SEM where we see the sphere-like structure
characteristic for vaterite and the cubes, characteristic for calcite, as shown in Figure 8.7a.
As the incubation time increases, the intensity of the calcite peak grows at the expense of
that of the vaterite peak. After four days of incubation, the intensity ratio of calcite to

vaterite, measured through XRD, increases 8-fold, as summarized in Figure 8.9b.

The CaCOg3 polymorph that is formed through the MICP reaction depends on the metabolic
activity of the bacteria [361]. Our XRD results suggest that the metabolic activity in the

first 24 h is moderate and strongly increases thereafter. To test this suggestion, we quan-
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Figure 8.6: Biomineral composite structural analysis. a, Volume change of dried 3D printed biomineralized
Bactolnk as a function of time. At day 0, in the absence of biominerals, the structure collapses upon drying
such that it loses 80% of its initial volume. The shrinkage upon drying strongly decreases with mineralization
time. After 4 days of mineralization, an increase in volume is measured, indicating that the scaffold is over-
mineralized. b, Density change as a function of mineralization time. In the absence of biominerals, the dried
polymeric scaffold possesses a dense structure. After 24 h of mineralization, the density of the scaffold decreases,
suggesting the presence of a large fraction of pores. As the mineralization progresses, a steady increase in density
is observed. ¢, SEM micrographs of biomineralized scaffolds as a function of time. After 24 h of mineralization,
biominerals and the polymer scaffold co-exist. As the mineralization progresses, the polymer content decreases.
After 4 days of mineralization, the individual mineralized particles are fused together forming mineral bridges.
Scale bars are 100 pm. d-e, (d) pCT scan and (e) 3D reconstruction of a biomineralized scaffold after 4 days
of mineralization. The cross-section reveals a trabecular structure with a relative porosity of 47 vol%. Scale
bar in (d) is 250 pm, and (e) is 500 pm.

149



CHAPTER 8. 3D PRINTING OF LIVING STRUCTURAL BIOCOMPOSITES

150

Figure 8.7: CaCO3 polymorph evolution over time. a, SEM micrograph of a mineralized sample after 1
day of incubation. The image reveals sphere-like structures typical of vaterite crystals. b, SEM micrograph of a
mineralized sample after 4 days of incubation. The image reveals cubic-like, structures characteristic of calcite
crystals growing around spherical microgels.

tify the metabolic activity of our 3D printed bacteria, by measuring the bacterial growth
within individually dispersed microgels through optical density measurements (OD600),
as shown in Figure 8.8; the optical density is directly correlated to bacteria enzymatic
activity [183, 194]. Indeed, within the first 24 h, bacteria display a relatively low activ-
ity, that increases over time. We assign the low bacteria activity within the first 24 h
to the thawing and encapsulation process that might stresses the bacteria, limiting their
full metabolic activity. This result is in excellent agreement with our XRD analysis: In
the initial dormant state, the MICP favors the precipitation of metastable CaCOg crys-
tals, such as vaterite, that require a moderately alkaline environment and less energy to
be formed [361]. Upon full metabolic recovery and thanks to the increased alkalinity of
the solution, the biomineralization reaction shifts towards the precipitation of calcite, as
shown in Figure 8.7b. This change in CaCOQOg structure results in stronger biomineralized
scaffolds capable of withstanding significant loads, as exemplified on the photograph in
Figure 8.9c.

To quantify the impact of the MICP on the compressive strength of our material, we
prepare cylindrical samples and test them under uniaxial compression. No significant
change in stiffness is observed for samples after 24 h of mineralization compared to the
unmineralized polymer, as shown in Figure 8.9d. This result indicates that after 24 h
of mineralization, we form an interconnected mineral network that can withstand its
own weight, yet, this network is fragile such that it becomes defective as soon as it is
compressed. By contrast, after 4 days of mineralization, the mineral network is sufficiently

robust such that a structure with a cross-section of 50 mm?

can bear loads up to 175 N
under compression. This behavior results in a compressive stiffness of the composite of 95
MPa, a value that is 3-fold higher than that of unmineralized counterparts, as shown in

Figure 8.9d.
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Figure 8.8: Bacteria growth. Optical density measurement for bacteria-loaded microgels incubated in 0.4
wt% yeast extract and 0.75 M urea. A steep increase in optical density is observed after 2 days of incubation
confirming bacteria viability. The control refers to cultivating media alone in the absence of bacteria-loaded
microgels.

The mechanical behavior of porous materials depends on their density [362]. To account
for the variable porosities of our samples, we normalize the compressive moduli with the
sample density. While the dried polymer has a density close to 1 g-cm™3, the samples
that have been mineralized for 24 h encompass a significant fraction of pores. Hence,
the normalization of the compressive modulus with the porosity yields an increase in
specific modulus of the sample after 24 h of mineralization with respect to the pure
polymer counterpart, as shown in Figure 8.9e. Samples incubated for 2 - 3 days display
a sudden drop in mechanical performance, despite their relatively low density, as shown
in Figure 8.9e. This can be explained by the pH-dependent gelatin degradation which
results in loose mineralized fragments that do not bear any load, yet, that contribute to
the density of the composite. As a result, the overall specific stiffness of the structure is
lowered. However, with the MICP continuing, more and more mineral is precipitated and
load-bearing mineral bridges are formed while loose gelatin diffuses out of the material.
As a result of this evolution of the composite, its specific modulus increases up to 90

MPa-g~!-cm? after 4 days of mineralization.

To benchmark the MICP process with conventional composites created by mixing reac-
tants in bulk, we premix our initial gel formulation with 75 wt% of inorganic CaCOj5 filler.
As expected, premixed samples prepared in bulk are much softer than the composite that
has been biomineralized in situ for 24 h, displaying a compressive stiffness 8 times lower
than the mineralized sample, as shown in Figure 8.9f. We assign the large difference in
compression moduli to the mineral bridges that form in biomineralized samples which

result in an interconnected inorganic network. This interconnected inorganic network in-
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creases the stiffness of the composite much more efficiently than individually dispersed

fillers present in the bulk sample, as schematically summarized in Figure 8.9g and 8.9h.

This result highlights the benefit of combining the granular microgel approach with the

MICP process for the fabrication of load-bearing biomineral composites.

8.4.6 Applications of Engineered Living Biocomposites

To demonstrate the potential of our Bactolnk to produce macroscopic load-bearing porous

3D composites in an energy efficient manner, we 3D print a sphinx that we subsequently

mineralize. The combination of granular printing and MICP allows the fabrication of 3D

printed structures with a high printing resolution and shape fidelity, as shown in Figure

8.10a. Additionally, the Bactolnk injectability and harmless biomineralization offer a new

potential solution for art restoration, as exemplified on a statue that contained a hole.

This hole can be filled with the Bactolnk and upon mineralization, the defect becomes

much less severe, as shown in Figure 8.10b. To demonstrate the versatility of our approach,

we cast the Bactolnk into a mold with the shape of a coral. We first produce a negative

mold using a commercial cast formulation and a coral master made of poly(lactic acid).

Subsequently, we inject the Bactolnk in the mold, stabilize the structure by immersing

it in a CaCls solution and transfer the scaffold in the mineralizing solution for 4 days.

The final structure is dried resulting in a cm-sized free-standing coral, as shown in Figure

8.10c. These results demonstrate the potential of the BactoInk to restore or repair broken

or partially degraded natural minerals.
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Figure 8.9: Phase evolution of CaCO3 and mechanical analysis of biomineralized Bactolnk. a, XRD scans
of samples as a function of the mineralization time. Over time, the calcite peak, indicated in violet, increases
with respect to the vaterite peak, indicated in orange. b, XRD peak intensity ratio of the peak at 29.7°,
characteristic of calcite versus that at 33°, characteristic of vaterite. The intensity ratio increases 8-fold if
samples are mineralized for 4 days compared to those mineralized for 1 day. ¢, Photograph of a biomineralized
scaffold sustaining a 1 kg weight. Scale bar is 20 mm. d, Compression curves of samples as a function of
the mineralization time. A 3-fold increase in stiffness is measured upon mineralization of samples for 4 days.
e, Compressive modulus normalized by the sample density, called specific modulus, of biomineralized scaffolds
as a function of the incubation time. An increase in stiffness with respect to the bare polymer is measured
already after 24 h, suggesting the formation of an interconnected inorganic network within this time frame.
Between day 1 and day 4, a strong decrease in specific modulus is observed. We assign this decrease to the 153
pH-induced gelatin degradation that lowers the specific modulus of the polymer. After 4 days, the mineral
content significantly increases, leading to a strong increase in modulus. f, Compression curves of MICP (green)
versus pre-mixed (grey) composite after 24 h of biomineralization. Schematic representation of g, the trabecular
structure formed by the MICP process and h, the filler-reinforced structure. The MICP process endows the
biocomposite with higher mechanical stiffness compared to the bulk mixing with fillers.
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Figure 8.10: Proof of concept of Bactolnk biomineral composites. a, 3D printing of Bactolnk into a
sphinx. The printed scaffold is biomineralized yielding a hard free-standing object. Scale bar is 20 mm. b,
Application of Bactolnk as a repairing paste for art restoration. The Bactolnk is injected in a damaged statue
and biomineralized to fill the cavity. Scale bar is 10 mm. c, Replica molding of corals. The Bactolnk is casted
into a negative mold to obtain a biomineralized coral that could be used for reef restoration. Scale bar is 20
mm.
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8.5 Conclusion

We introduce 3D printable bacteria-loaded microgels that can be converted into macro-
scopic strong organic/inorganic composites comprising mineral contents up to 93 wt%
through an energy-efficient MICP process. The synergistic combination of jammed micro-
gels that enable 3D printing and the MICP produces a light weight inorganic porous tra-
becular structure that resembles that of many natural materials, such as trabecular bones.
Importantly, the formulation exclusively contains nature-derived materials. Thanks to the
formation of mineral bridges within the material, the obtained inorganic scaffolds are in-
terconnected, such that the composites are able to bear pressures up to 3.5 MPa. The
low energy impact of the Bactolnk combined with its ability to be 3D printed open up
new possibilities to restore defective mineral-based structures or to build synthetic mineral
analogues that, thanks to the 3D printability of the ink, possess well-defined structures on
the micrometer length scale and above. We envisage the versability of the processing of
this ink combined with its low environmental impact and the excellent mechanical prop-
erties of the mineralized materials to open up new possibilities to fabricate lightweight
load-bearing composites whose structure, composition, and hence mechanical properties
resemble more closely those of natural counterparts than those of current synthetic com-

posites.
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CHAPTER 9

Conclusion

At the beginning of this thesis, I condensed the current state-of-the-art of manmade
hydrogels for load-bearing applications, with a particular focus on the development of
strong and tough hydrogel networks inspired by nature. I highlighted the main limitations
of current solutions and their potential advancements. Based on these premises, I laid the
foundations for my doctoral investigation and presented my scientific efforts towards the
fabrication of synthetic hydrogels with controlled microstructure and superior mechanical
properties, namely high stiffness and high toughness. Here, I recapitulate the main results
accomplished and draw the conclusion that could set the basis for future research in the
field.

In Chapter 4, I introduced a novel load-bearing granular hydrogel based on the combi-
nation of 3D printing of jammed microgel inks and mechanical reinforcement of double
network hydrogels. This new material displays unique rheological and physicochemical
properties given by the intrinsic heterogeneity of the granular precursor. Jammed micro-
gel inks display shear-thinning, relatively low yield stress, and fast shear recovery, that
render them a perfect candidate for injection and 3D extrusion printing. These microgels
can be loaded with a second precursor solution that can be converted in a percolating
hydrogel network that bridges the individual microgels together. As a result, the forma-
tion of a double network granular hydrogel enables the fabrication of 3D printed complex

structures with superior mechanical performances.

In Chapter 5, I discussed the possibility to expand the application window of double
network granular hydrogels by introducing a degradation mechanism in the structure, thus
rendering the material recyclable. Furthermore, I proved the versatility of this approach
for the fabrication of recyclable hard plastics based on a granular precursor. This technique
could constitute a shift in paradigm for the fabrication of the next generation sustainable

plastics.
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In Chapters 6 and 7, I investigated the potential of metal-coordination for the selective
reinforcement of bulk and double network granular hydrogels. These two sections demon-
strated the versatility of metal-coordination, as well as its unique reinforcement effect for
the fabrication of strong and tough double network granular hydrogels with local varying
composition. Proof-of-concept of a scalable, high-throughput microgel production was
also discussed in the attempt to convince the audience of the translational potential of

granular materials.

In Chapter 8, I proposed a new approach for the future development of smart adaptive
materials, based on the combination of a granular hydrogel with bacteria to fabricate the
next generation of engineered living materials. The jammed microgel precursor allowed
the fabrication of arbitrarily complex structures, while the bacteria converted the soft
scaffold in a hard load-bearing biocomposite. The proposed solution demonstrated a
degree of control unattainable by any synthetic process and showed the possibility to

fabricate composite materials in a sustainable, resource-efficient way.

Overall, I demonstrated the almost limitless potential of microgel-based materials, as well
as the emerging properties of double network granular hydrogels. The possibility to control
size, shape, composition, and arrangement down to the individual microgel level renders
granular hydrogels the best candidate to finally mimic nature’s complex architectures.
Furthermore, the easiness of implementation, scalability, and relatively low cost of microgel
production set the premise for a direct translation to real-life industrial applications.
Ultimately, the synergistic combination of granular hydrogels with conventional hydrogel
reinforcement techniques proves the successful integration of well-known technologies with
cutting-edge research, thus bringing the field of soft matter towards uncharted territories.
Despite the extensive discussion made in this thesis and the level of maturity reached by
the field, I still believe that a great gap of knowledge needs to be filled before considering

our quest for nature-inspired soft materials concluded.

In the following chapter, I will provide an outlook on research topics I consider key for

the future advancement of granular hydrogel research.



CHAPTER 10

Outlook

In this chapter, I present a series of unpublished ideas that could serve as foundation for the
future development of advanced soft materials. I hope this section will provide the right
momentum to the hydrogel field to extend the application potential of granular materials

to different domains, including that of soft robotics and smart adaptive materials.

10.1 Microgels as Rheological Modifiers

The unique rheological behavior of jammed microgels has yet to demonstrate its full po-
tential. While variations in microgel formulation have shown to have limited effect on
printability [154], no research has been conducted on the use of microgels as rheologi-
cal modifiers. Due to their collective rheological behavior, microgels can be assimilated
to thickeners added to a solution to increase its relative viscosity. Potentially, microgels
can be added to a hydrogel precursor solution to modify its rheological behavior, thus
rendering it shear-thinning, and hence 3D printable. If proven to be effective, this syner-
gistic combination would allow to further expand the toolbox of available hydrogel inks
for additive manufacturing. Furthermore, the heterogeneous composition of the ink would
enable the design of more complex materials with unique physicochemical properties. For
example, two different populations of microorganisms could be separately encapsulated
either in the microgels or in the continuous phase to enable their chemical interaction,

while preventing any physical contact.

10.2 Porous Double Network Granular Hydrogels

Double network granular hydrogel superior mechanics come at the expense of the sup-

pression of macroporosity [149]. Indeed, a second percolating network backfills all the
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interparticle pores, thus forming a continuous matrix. Strategies to restore macroporos-
ity in a granular scaffold would be beneficial for applications of double network granular
hydrogels in tissue engineering, where a certain degree of porosity is needed to guarantee
sufficient cell viability. Here, I propose two possible strategies to introduce micrometer-
sized pores in a double network granular hydrogel: the sacrificial and the phase separation
method. In the sacrificial method, the combination of two microgel populations is needed.
The granular hydrogel is formed from one microgel population and the second population
that acts as sacrificial particles that are degraded after the material has been assembled,
leaving voids within the granular matrix. However, the biocompatibility of the scaffold
might be compromised depending on the selected degradation process. In the phase sep-
aration method, two hydrophilic polymers known to phase separate are mixed. One of
these polymers must be responsive, the other inert. The degree of phase separation, and
hence the internal porosity, can be precisely controlled by changing several physicochem-
ical parameters, including molecular weight, temperature, and ionic strength, such that

granular hydrogels with controlled porosity can be fabricated.

10.3 Double Network Granular Elastomers

The intrinsic sensitivity to moisture content in hydrogels strongly hinders their use in more
real-life applications, such as for example the design of soft actuators. While examples
of hydrogel-based actuators have been reported in literature, their actuation mechanism
is mainly based on diffusion of water or small molecules, thus severely limiting their
actuation speed [363, 364]. A way to circumvent this shortcoming is to design elastomer-
based actuators. However, conventional elastomer fabrication techniques rely on casting or
molding, thus limiting their structural complexity. Double network elastomers have been
shown to work under the same rationale as double network hydrogels [221], thus setting
the premise for the production of double network granular elastomers. By doing so, the
favorable rheological properties and printability of jammed granular precursors can be
combined with the high mechanical performance and moisture insensitivity of elastomeric
materials. As a result, soft actuators with complex structures and high environmental

stability could be easily fabricated.

10.4 Multi-Functional Granular Hydrogels

Throughout the thesis, I discussed the intrinsic modularity of double network granular

hydrogels and suggested potential applications [149, 255]. Despite the several examples



10.4. MULTI-FUNCTIONAL GRANULAR HYDROGELS

proposed, no thorough investigation has been conducted on how to harness their full
potential. Modularity and heterogeneity are two of the main assets of granular hydrogels,
yet they are the least discussed. In the future, research on the combination of microgels
with complementary, counteracting, or orthogonal properties must become the focal point
to increase the degree of complexity achievable with 3D printed granular materials. For
example, pH- and T-responsive microgels can be mixed in the same granular material
to endow the construct with orthogonal sensing properties. Alternatively, high swelling
and low swelling microgels can be assembled together to enable shape morphing and
autonomous locomotion. Ultimately, amphiphilic granular hydrogels can be formed if
hydrophilic and hydrophobic microgels are mixed together, a feature extremely difficult,
if not impossible, to obtain in bulk due to the immiscibility of the two phases. These
combinations are just a few examples of potential heterogeneous architectures that could
be implemented with a granular precursor. 1 foresee this particular research to hold
the greatest potential for the fabrication of smart adaptive hydrogel composites and, in

general, for the future development of soft matter research.

161






APPENDIX A

Abbreviations

three dimensional
acrylic acid

acrylamide

2-acrylamido-2-methylpropane sulfonic acid

ammonium peroxydisulfate
a-ketoglutaric acid

diameter

deuterium oxide

data file extension

double network

double network granular hydrogel
extracellular matrix

equilibrium water content
calcium carbonate

iron III chloride

aluminium chloride

calcium chloride

zinc chloride

silver nitrate

shear

stress relaxation modulus

initial stress relaxation modulus
plateau stress relaxation modulus
viscoelastic storage modulus

viscoelastic loss modulus
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H>0O
HCI

I

kp
mol%
MBA
NaCl
NaOH
NMR
§

PAA
PAM
PAMPS
PEG
PI
PNIPAM
PVCL
PVA
.

t

T
SEM
EDX
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height

relaxation spectrum

water

hydrogen chloride

scattering intensity
Boltzmann constant

molar percentage
N,N’-methylene bisacrylamide
sodium chloride

sodium hydroxide

nuclear magnetic resonance
short correlation length
poly(acrylic acid)
poly(acrylamide)
poly(sodium 2-acrylamido-2-methyl-1-propanesulfonate)
poly(ethylene glycol)
photoinitiator
poly(N-isopropylacrylamide)
poly(N-vinyl caprolactam)
poly(vinyl alcool)

relaxation time

time

temperature

scanning electron microscopy
energy dispersive X-Ray analysis
ultraviolet

volume

as-prepared sample weight
dry sample weight

weight percentage

X-ray diffraction

volume fraction
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Units

cm

> Q@

kDa

kPa

MHz
MPa
mmol
mW

nm

rad

centimeter
dalton
gram

hour

joule
kilodalton
kilogram
kilopascal
litter
microgram
microlitter
micrometer
milligram
minute
milliliter
millimeter
molar
megahertz
megapascal
millimollar
milliwatt
newton
nanometer
pascal

radian
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