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Abstract

Load-bearing tissues such as articular cartilage, meniscus, or intervertebral discs have highly organized
microstructures for optimal stress transmission. However, like other materials, load-bearing tissues
are not infallible and might deteriorate due to trauma, over-solicitations, or diseases, which could sub-
sequently alter the mobility of the patient. Repairing these damaged tissues in a minimally invasive
way is nowadays widely studied.

Generally composed of more than 80% of water, hydrogels are promising biocompatible materials for
repairing soft tissues, and they can be injected directly into the human body. However, trying to
reproduce the highly hierarchical microstructures of load-bearing tissues is extremely complicated. In
fact, conceiving hydrogels with optimal properties for specific applications is challenging as most of
the hydrogel’s properties are interrelated, such as toughness, stiffness, swelling, or deformability. The
improvement of one property usually comes at the cost of another. Moreover, the requirement for an
ideal customized implant depends on the patient and the exact part of the tissue to treat.

The objective of the thesis is to develop different hydrogel microstructures and evaluate their potential
for load-bearing implants. In particular, the study focuses on (i) designing tough and fatigue resis-
tant hydrogels, (ii) establishing a methodology to control the stiffness and the swelling of hydrogels
independently, and (iii) considering processing ease by tailoring each hydrogel precursor viscosity.

An extensive parametric study on hydrogels’ structure and composition allowed establishing complete
property charts for mechanical, swelling, and rheological properties. Seven different hydrogel struc-
tures based on poly(ethylene glycol) dimethacrylate were developed: neat, double network, composite,
double network composite, granular, hybrid granular, and silk granular hydrogels. The precursors of
neat hydrogels had the lowest viscosity, suited for confined applications such as replacing the nu-
cleus pulposus, the core of intervertebral discs. Microgels of similar composition were added to the
precursor to adapt and increase its viscosity for unconfined applications like repairing focal cartilage
defects without using a membrane or 3D print complex structures. In parallel, adding nano-fibrillated
cellulose fibers was an effective way of increasing toughness. This method was more efficient than
creating a double network with alginate. Indeed, while the results were promising at the as-prepared
state, alginate had lost almost all its benefits in the swollen state. Moreover, high-cycles fatigue tests
revealed that hydrogel composites successfully survive 10 million loading cycles at 20% applied strain.
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Abstract

However, it became softer after the first loading cycles and behaved similarly to the Mullins effect.
Subsequently, we assessed how cyclic loading affects fracture behavior, distribution of strain fields, and
microstructure. The study demonstrated that cyclic loading on hydrogel composites re-arrange the
fiber network without seriously deteriorating the mechanical properties. The small preloading strain
was actually beneficial for reducing residual stresses. Additionally, we demonstrated that combining
composite and microgel effectively tailored hydrogels’ swelling and viscosity without significantly af-
fecting elastic modulus, fracture energy, and deformability. Those hybrid granular hydrogels would,
therefore, be appropriated for replacing the superficial layer of articular cartilages, where toughness
is essential for limiting the propagation of cracks in the more deeper and stiffer layers. Finally, the
microgels were swollen in silk fibroin solution for forming self-reinforced silk granular hydrogels, where
around 50% of the secondary structures could be assigned to strong silk β-sheets. Those hydrogels
exhibited considerably higher stiffness. Despite their lower elongation performance, silk granular hy-
drogel represents a potential candidate for repairing focal cartilage defects.

Following the evaluation of various hydrogel microstructures, hybrid hydrogels, composed of stacked
hydrogels, were developed for better targeting local properties or mimicking the morphology of native
tissues. First, mechanical gradients were successively processed through a sequential layering of silk
or hybrid granular hydrogels. Subsequently, a hydrogel composite and a silk granular hydrogel, based
this time on gelatin hydrogels, were synthesized. The experiment validated the potentials of studied
structures, even when using other hydrogels and microgels.

We demonstrated that hydrogels’ mechanical and physical properties could be effectively controlled
with the microstructure and composition of well-known biomaterials. The analyzed material systems
can be combined to obtain local or gradient properties that address specific biomedical applications,
soft robotics, sensing applications, or even food packaging.

Keywords: hydrogel, composite, granular, microgels, PEGDM, cellulose, silk fibroin, swelling, elastic
modulus, Mullins effect, fracture, gradient, digital image correlation, confocal microscopy.
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Resumé

Les tissus conjonctifs tels que le cartilage articulaire, le ménisque et les disques intervertébraux dis-
posent de microstructures très organisées pour une transmission optimale des contraintes. Néanmoins,
ils ne sont pas infaillibles et peuvent se détériorer en raison de traumatismes, de sollicitations exces-
sives ou de maladies, au dépens de la mobilité du patient. De ce fait, le traitement de ces tissus
endommagés de manière peu invasive est aujourd’hui largement étudié.

Constitués généralement de plus de 80% d’eau, les hydrogels sont des biomatériaux prometteurs pour
réparer ou remplacer des tissus mous, et peuvent être injectés directement dans le corps humain.
Cependant, il est extrêmement compliqué de reproduire les microstructures hautement hiérarchisées
des tissus conjonctifs. En effet, développer des hydrogels aux propriétés optimales pour des appli-
cations spécifiques reste un défi. La plupart des propriétés sont liées entre elles, comme la ténacité,
la rigidité, le gonflement ou la déformabilité. L’amélioration d’une propriété se fait généralement au
détriment d’autres. De plus, les critères d’un implant personnalisé dépendent du patient et de la partie
exacte du tissu à traiter.

L’objectif de la thèse est de développer différentes microstructures d’hydrogel et d’évaluer leur po-
tentiel afin d’être utilisées en tant qu’implant porteur. L’étude se concentre sur (i) la conception
d’hydrogels résistants à la fatigue, (ii) l’établissement d’une méthodologie pour contrôler la rigidité
et le gonflement des hydrogels de manière indépendante, et (iii) la mise en œuvre des hydrogels en
adaptant la viscosité de chaque précurseur.

Une étude paramétrique approfondie sur la composition et la structure des hydrogels a permis d’établir
des diagrammes qui résument les propriétés mécaniques, de gonflement et rhéologiques. Basées sur le
poly(éthylène glycol) diméthacrylate, sept structures d’hydrogel différentes ont été développées: sim-
ple réseau, double réseaux, composite, composite à double réseaux, granulaire, granulaire hybride et
granulaire de soie. Les précurseurs d’hydrogels munis d’un unique réseau de polymère avaient la plus
faible viscosité. Une caractéristique adaptée pour des applications confinées telles que le remplacement
de la partie interne gélatineuse des disques intervertébraux. Des microgels de composition similaire
ont été ajoutés au précurseur pour adapter et augmenter la viscosité. Ainsi ces matériaux granulaires
peuvent être employés pour des applications non-confinées telles que la réparation de défauts localisés
du cartilage sans l’utilisation d’une membrane ou de créer des structures complexes en impression
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Resumé

3D. En parallèle, l’ajout de fibres de cellulose est un moyen efficient d’augmenter la ténacité. Cette
méthode était plus efficace que la création d’un double réseau avec de l’alginate. En effet, alors que les
résultats étaient prometteurs à l’état juste après synthèse, l’alginate a perdu presque tous ses avan-
tages à l’état gonflé, saturé de liquide. De plus, des tests de fatigue de longue durée ont révélé que les
hydrogels composites ont survécu avec succès à 10 millions de cycles de chargement à 20% de défor-
mation. Cependant, cet hydrogel s’est affaibli après les premiers cycles et s’est comporté de manière
similaire à l’effet Mullins. Par la suite, nous avons évalué comment les charges cycliques affectent le
comportement à la rupture, la distribution des champs de déformation et la microstructure. L’étude
a montré que les charges cycliques sur les hydrogels composites ont réarrangé le réseau de fibres sans
sérieusement détériorer les propriétés mécaniques. En effet, un pré-chargement à faible déformation
était bénéfique pour réduire les contraintes résiduelles. Il a également été démontré que la combinaison
d’une approche composite et microgel permettait d’adapter efficacement le gonflement des hydrogels
sans affecter de manière significative le module d’élasticité, l’énergie de rupture et la déformabilité.
Ces hydrogels granulaires hybrides seraient donc appropriés pour remplacer la couche superficielle
des cartilages articulaires, où la ténacité est essentielle pour limiter la propagation des fissures dans
les couches inférieures et plus rigides. Finalement, les microgels ont été gonflés dans une solution
de fibroïne de soie pour former des hydrogels granulaires de soie auto-renforcés, où environ 50% des
structures secondaires ont pu être assignées à des β-sheets résistants. Ces hydrogels présentaient une
rigidité considérablement plus élevée. Malgré leurs performances d’élongation plus faibles, ils sont des
candidats potentiels pour traiter des défauts locaux internes du cartilage.

Suite à l’évaluation de diverses microstructures, des hydrogels hybrides, composés de plusieurs hy-
drogels, ont été conçus pour mieux cibler les propriétés locales ou imiter la morphologie hiérarchique
des tissus natifs. Dans un premier temps, des gradients mécaniques ont été créés en superposant
successivement des hydrogels granulaires hybrides ou de soie. Ensuite, un hydrogel composite et un
hydrogel granulaire de soie ont été synthétisés cette fois avec une gélatine au lieu du polyéthylène
glycol. L’expérience a permis de valider le potentiel des structures étudiées, en utilisant d’autres hy-
drogels et microgels.

Nous avons démontré que les propriétés mécaniques et physiques des hydrogels pouvaient être con-
trôlées efficacement avec les microstructures et les compositions de biomatériaux bien connus. De
plus, les systèmes de matériaux analysés peuvent être combinés pour obtenir des propriétés locales ou
de gradient, pour répondre à des applications spécifiques dans le milieu biomédical, de la robotique,
des senseurs, ou même de l’alimentation.

Mots-clés: hydrogel, composite, granulaire, microgels, PEGDM, cellulose, fibroïne de soie, gonfle-
ment, module élastique, effet Mullins, fracture, gradient, corrélation d’images numériques, microscopie
confocale.
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Glossary

Adhesion Attraction between two substances.

Anisotropy Property that changes according to the direction.

Biocompatibility
Material property describing the host’s response when the material is
implanted or in contact with the body. A biocompatible material manifests
no or low toxic or immunological response.

Cohesion Attraction between molecules or particles inside one same substance.

Composite Material constituted of different immiscible materials (that do not form a
homogeneous mixture).

Compressive modulus Elastic modulus measured in compression loading (intrinsic property).

Deformability/
Elongation Ability to deform before breaking.

Double network
hydrogel

Hydrogel containing two polymer networks (with a molar chain length ratio
of 20-30x).

Energy dissipation Release or loss of energy during a mechanical solicitation.

Elastic modulus Resistance of a material to being deformed (intrinsic property).

Fatigue resistance Resistance of material to weakening under repeated cyclic loading.

Gradient A continuous and progressive variation of a property along one or several
axes.

Granular hydrogel Hydrogel composed of microgels only or microgels embedded in another
hydrogel.

Hierarchical structure Presence of defined material structures at different length scales.

Hybrid granular
hydrogel Granular hydrogel reinforced with fibers.

Hydrogel Gel constitute of a 3D network of hydrophilic polymers and water.
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Glossary

Hydrogel composite Hydrogel reinforced with particles or fibers.

Interface Contact area between the two materials also called boundary layer.

Interphase Region around the interface, which has different chemical and physical
characteristics as the bulk material.

Load-bearing material Material able to carry a load.

Microgels Hydrogels the micro-size, which are often spherical.

Microstructure Structure of the material at the microscopic scale.

Neat hydrogel Conventional hydrogel containing a single polymer network.

Precursor Substance before being formed in the final material.

Preloading Cyclic loading on the material before being evaluated.

Processability Ability of the precursor to be manipulated into the final material.

Rheology Study of material flows, properties in shear or tracking gelation.

Self-reinforced granular
hydrogel Granular hydrogel reinforced with fibers self-assembled in situ.

Stiffness Resistance of a material with a specific geometry to being deformed in tensile
loading.

Swelling ratio Volume or weight increase of a hydrogel due to water absorption.

Tensile modulus Elastic modulus measured in tensile loading (intrinsic property).

Toughness Amount of energy that a material can absorb before a crack starts to
propagate in it.

Viscosity Consistency of a fluid (i.e. thick, fluid, sticky).
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Chapter 1

Introduction

1.1 Motivation

Load-bearing tissues are fascinating materials. With their high water content between 60% and
95%, tissues show remarkable mechanical properties [1–4]. As illustrated in Fig. 1.1, tissues such as
articular cartilage, meniscus, or annulus fibrosus have a highly organized microstructure for optimally
transmitting stress [5,6]. Nevertheless, like other materials, load-bearing tissues are not infallible. They
might fail due to trauma, over-solicitations, or diseases, which subsequently alter the host’s mobility.
Therefore, repairing those damaged tissues in a minimally invasive way is nowadays widely studied.

Cartilage

Meniscus

Bone

Patella

Ligament

a

b

Subchondral bone

Calci�ed layers

Fibers perpendicular to surface
Deep zone

Random �bers
Middle zone

Articular surface

Cancellous bone

Fibers parallel to surface
Super�cial zone

Random �ber mesh

Circumferential �bers

Radial �bers

Figure 1.1: Anatomy of human knee composed of several tissues with highly organized and hierarchical
microstructures such as (a) articular knee cartilage (osteochondral tissues) and (b) meniscus [5,6].

Hydrogels are promising biomaterials for repairing soft tissues [7]. Like living tissues, their high water
content, typically more than 80% of water, is suitable for encapsulating cells and transporting nutri-
ment [8]. Moreover, surgeons can inject the hydrogel precursor in the human body and cure it in situ
in a minimally invasive way without damaging the surrounding tissue. These last years, load-bearing
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Hybrid hydrogels for load-bearing implants

hydrogels have gained attention [9] because the tough hydrogels can discharge some functions of the
tissue by sustaining load and subsequently promote new ones [10–13]. Furthermore, the patient could
rapidly put weight on the implant after its implementation validating then what has been defined as
functional tissue engineering [14].
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Biological properties

Adhesion strength
Adhesion toughness

Sti�ness
Strength
Toughness
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Swelling ratio
Surface tension

Biocompatibility
Bioactivity
Transport of nutriment
Cell migration

Degradation
Fatigue resistance

Viscosity
Curing time
Sterilization
Shelf life
Cost
Reproducibility

BoneHydrogel

Cartilage

Focal cartilage defect �lled with a hydrogel

Figure 1.2: Important characteristics of load-bearing hydrogel implants. The example illustrates a hydrogel
used to repair a focal cartilage defect.

For their application, load-bearing hydrogels should satisfy a demanding list of critical requirements
that are illustrated in Fig.1.2. One of the most challenging requirements is to reach similar mechan-
ical properties to the native tissue. Indeed, the mechanical performance of conventional hydrogels
composed of a single polymer network (i.e. neat hydrogel) is known to be relatively low [15]. More

2



Chapter 1. Introduction

complex hydrogel structures such as dual crosslink hydrogels [16,17], double network [18,19], or hydrogel
composites [20,21] are employed to significantly improve their stiffness and toughness. However, those
hydrogels can currently not compete with some load-bearing tissues, such as meniscus or articular
cartilage, mainly because it is extremely difficult to mimic their highly hierarchical microstructures.
Therefore, several procedures such as additive manufacturing or redistribution of the component were
established these last years for better replicating physiological microstructures or gradients in hydro-
gels [22]. Another challenge in hydrogel development is better controlling the swelling performance
while minimally affecting other properties, such as stiffness or deformation performance. Different
strategies have been investigated, including changing the crosslinking type, crosslinking density, the
polymer content, the polymer chain length, or the polymer’s hydrophilicity. These approaches are
efficient but often at the expense of other properties such as biocompatibility, stiffness, toughness, or
processability [23–25]. Moreover, as the human body is continually subjected to cyclic loading, reliable
fatigue resistance is crucial for their application. In particular, many hydrogels become softer and lose
their toughness after the first loading cycles [26–30].

Therefore, this work focuses on developing and assessing different hydrogels structures, including neat,
double network, composite, and granular structures according to the load-bearing characteristics il-
lustrated in Fig. 1.2. An extensive parametric study on hydrogels’ composition and structure enabled
establishing complete property charts that summarize mechanical, swelling, and rheological properties.
In a second step, different hydrogel structures were combined for better mimicking the morphology
and functions of living tissues.

Tissues incorporate numerous spatially organized components and can be viewed as multi-functional
composites themselves. Therefore, composite and granular approaches are proposed for better repli-
cating native tissues. Adding fibers or particles in hydrogels is an effective way to increase stiffness
and toughness as well to control swelling [28,31]. In parallel, granular hydrogels belong to a new promis-
ing group offering an extended range of material properties for biomedical applications [32–39] or 3D
printing [37–39]. For example, their precursors, mainly composed of microgels, exhibit inherent stability
due to friction and cohesive forces between microgels, ideal for unconfined applications. Furthermore,
microgels can be tailored in composition to explore additional biological, physical, and mechanical
properties [33]. Accordingly, combining both composite and granular structures open new doors for
designing multi-functional hydrogel implants with gradient and anisotropic properties.
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1.2 Objectives

The goal of the thesis is to develop different hydrogel microstructures and evaluate their potential
for load-bearing implants. Based on the requirements illustrated in Fig. 1.2, the study focuses on
(i) designing tough and fatigue resistant hydrogels and (ii) establishing a methodology to control the
stiffness and the swelling of hydrogels independently, and (iii) considering processing ease by tailoring
each hydrogel precursor’s viscosity.

The main objectives are thus defined as followed:

1. Tailor and extend hydrogel properties by investigating different hydrogel structures of known bio-
materials. Heavy chemical modifications, leading to new full assessment, in particular regarding
biocompatibility, should be avoided.

2. Assess single and double network hydrogels and their composites according to load-bearing
characteristics such as swelling ratio, adhesion, elastic modulus, toughness, or fatigue resistance.

3. Study the effect of cyclic loadings on the fracture behavior and the microstructures of hydrogel
composites.

4. Perform an extensive parametric study on compositions and microstructures in varying the
concentrations of polymers, fibers, and microgels to control swelling ratio, elastic modulus, and
viscosity independently.

5. Investigate the feasibility of self-reinforced hydrogels and explore the range of achievable prop-
erties.

6. Design hybrid hydrogels for better mimicking the microstructures and functions of living tissues.

1.3 Structure and approach

Fig.1.3 presents the general approach adopted for the research. The thesis, divided into nine chapters,
evaluates several hydrogel structures and addresses several questions tightly related to the development
of load-bearing hydrogels, such as:

Which hydrogel structure is suitable for load-bearing applications?

How cyclic loading affects mechanical properties and microstructures?

How to decouple hydrogel properties?

How to process self-reinforced hydrogels?

How to select and combine hydrogels to better mimic the microstructures and functions
of living tissues?
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Before answering those pertinent questions, the Chapter 2. State of the art provides a thoroughgoing
review of the research done behind the main characteristics to consider for developing load-bearing
hydrogels implants.

The methods used for processing and analyzing the properties of the studied materials are presented
in Chapter 3. Materials and methods.

The Chapter 4. Single and double network hydrogels and their composites highlights the strengths
and weaknesses of four hydrogel structures: neat, composite, double network, and composite double
network. In particular, the study investigates the effect of swelling and fatigue loading on mechanical
properties and how the hydrogel’s dissipative capability can enhance the adhesion to tissues.

The next Chapter 5. Fracture properties of preloaded hydrogel composites focuses on how cyclic
loading affects the fracture behavior of hydrogel composites reinforced with nano-fibrillated cellulose
fibers. In this chapter, the strain field around the crack tip and the evolution of the morphology of
cellulose fibers according to the preloading strain are observed.

The following Chapter 6. Hybrid granular hydrogels explains how combining composite and micro-
gels approaches can decouple physical and mechanical properties. An extensive parametric study
on different hydrogel compositions is performed for creating complete property charts. Those charts
summarize mechanical, swelling, and rheological properties and help to target hydrogel properties for
specific applications. Moreover, we discuss how the compositions of the precursors affect the swelling
degree of microgels.

The Chapter 7. Self-reinforced granular hydrogel with silk fibroin fibers introduces a novel self-
reinforced silk granular hydrogel composed of microgels and silk fibroin fibers regenerated in situ.
The underlying principle is to locally concentrate and regenerated silk fibroin in situ using microgel
swelling. To our knowledge, the approach is unique in the field of hydrogels.

Since the requirement for an ideal customized implant depends on the patient and the exact part
of the tissue to treat, hybrid hydrogels composed of stacked hydrogels are processed in Chapter 8.
Tailoring hybrid hydrogels for load-bearing applications. It is discussed how the analyzed materials
can be combined to create local or mechanical gradient properties through a sequential layering.
Additionally, the knowledge acquired from the previous chapters will be validated with other hydrogels
and microgels.

5



Hybrid hydrogels for load-bearing implants

Swollen 
microgels

Cellulose 
fibers

PEGDM hydrogel

Silk fibroin
fibers

Neat 
Matrix

Reinforcement

Flexibility,
fa�gue resistant

Control swelling 
and viscosity

Control s�ffness, toughness, and swelling 

Chapter 5
Effect of cyclic loading on 
fracture proper�es
p.79

MATERIALS

Stiffness   Sustains body load
Fatigue   Sustains millions of loading cycles 
Toughness  Sensitivity to defect 
Adhesion to tissue  Stability of implant in vivo
Swelling ratio  Dimensional stability

Tested load-bearing characteris�cs

Second 
network

Alginate hydrogel

Recoverable bonds

A
N

A
LY

ZE
D

 S
TR

U
C

TU
R

E

Property 1
 (e.g. swelling ra�o)

Pr
op

er
ty

 2
 

(e
.g

. e
la

s�
c 

m
od

ul
us

) 

Chapter 8
Tailoring hybrid hydrogels for load-bearing 
applica�ons
p.133

IR

S
TR

U
C

TU
R

E
 C

H
A

R
A

C
TE

R
IZ

A
TI

O
N

A
P

P
LI

C
A

TI
O

N
S

METHODS

Property chart 
summarizing mechanical, swelling 

and rheological proper�es

Hard (6 Mpa)

So� (20 kPa)

Material 1

Material 2

Material 3

Material 4

Chapter 4, 5
Single and double network and their 
composite 
p.59, p.79

Chapter 6
Hybrid granular hydrogels
p.92

Chapter 7
Self-reinforced silk granular hydrogel
p.111

Tensile Fracture FTIRRheology

SwellingAdhesionFa�gueBio

Digital image correla�on analysis 
for observing strain field at the micro- and macro-scale

Figure 1.3: Thesis charter.

6



Chapter 2

State of the art

Soft contact lenses, jam, or gelatin desserts are some examples of common hydrogels processed by
humans. Hydrogels are composed of a 3-dimensional polymer network filled with a lot of water, typ-
ically more than 80%, which confers their soft consistency. Those unique characteristics are suitable
for a wide range of applications, as tissue engineering [40,41], tissue repair [7,42] or drug delivery [43–45],
but also for soft robotics [46–48], sensing applications [49,50] or food packaging [51]. Nevertheless, to use
hydrogels as load-bearing implants, they have to fulfill a demanding list of requirements illustrated
in Fig. 1.2, where biocompatibility is substantial. Naturally, the requirements will differ depending
on the tissue to repair or replace. For example, repairing a focal cartilage defect would necessitate
an injectable fast curing hydrogel that adheres strongly to the surrounding tissue, while replacing a
meniscus would need a robust anisotropic hydrogel able to damp energy. Nevertheless, both must
have dimensional stability and sustain millions of loading cycles.

This chapter provides a review of the research done so far behind the following characteristics:

2.1 Biocompatible hydrogels

2.2 Hydrogel processability

2.3 Mechanical properties

2.4 Gradient and anisotropic properties

2.5 Biological properties

2.6 Swelling properties

2.7 Adhesion properties

2.8 Reliability
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2.1 Biocompatible hydrogels

Biocompatibility is crucial for any biomedical applications. Indeed, every material implanted in a
living being or exposed to bodily fluids will generate a response from the host. Accordingly, a bio-
compatible implant represents manifests no or low toxic or immunological response.

The commonly used biocompatible hydrogels are summarized in Table 2.1. Only a limited range of
materials and synthesis processes are available. The most prominent choice would be to mimic the
native composition of the damaged tissues, such as collagen, which is abundantly present in cartilagi-
nous tissues. However, those materials are not easily accessible. For example, collagen can currently
not be synthesized, and its extraction is complicated, and time-consuming [52].

Table 2.1: Conventional biocompatible hydrogels.

Description Type Crosslinking Characteristics

Agarose Natural
Polysaccharide

Physical Biodegradable, bioactive, temperature-sensitive [53]

Alginate Natural
Polysaccharide

Ionic Biodegradable, bioactive, injectable, viscoelastic,
strain-stiffening behavior, pH and temperature sen-
sitive [8,53–56]

Chitosan Natural
Polysaccharide

Physical Biodegradable, bioactive, pH-sensitive [8,57–61]

Collagen Natural
Protein

Physical Biodegradable, cell recognition ability, self-
assembling, injectable, viscoelastic, strain-stiffening
behavior [53,62–64]

Hyaluronic acid
HA

Natural
Polysaccharide

Physical Biodegradable, bioactive, injectable, viscoelas-
tic [8,53,55,64–66]

Fibrin Natural
Protein

Physical Biodegradable, cell recognition ability, viscoelastic,
strain-stiffening behavior [53,62,63]

Silk fibroin
SF

Natural
Protein

Physical Biodegradable, bioactive, self-assembling, pH and
temperature sensitive [67] [68–72]

Poly(ethylene
glycol)
PEG

Synthetic Covalent Possibility to be biodegradable, inert, injectable, elas-
tic, strain-stiffening behavior [53,55,73,74]

Poly(vinyl alcohol)
PVA

Synthetic Covalent or
physical

Possibility to be biodegradable, inert, elastic [73,74]

Poly(2-
hydroxyethyl-
methacrylate)
pHEMA

Synthetic Covalent Possibility to be biodegradable, inert, elastic [53]

Poly(acrylamide)
PAAm

Synthetic Covalent Possibility to be biodegradable, inert, elastic [55,75,76]
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The commonly used hydrogels, summarized in Table 2.1, can be classified into two mains categories:
natural or synthetic hydrogels. Natural polymers, such as proteins or polysaccharides, resemble more
the molecules constituting tissues and are often highly biocompatible. Moreover, most natural poly-
mers are degradable, implying that the damaged tissues must repair and replace the implant in the
long-term. In contrast, synthetic polymers are considered to have better reproducibility and stability.
Therefore, many synthetic implants are non-degradable and aim to replace the damaged tissues per-
manently. [53,54,73].

Many processing factors can alter the biocompatibility of the hydrogels described in Table 2.1, such as
sterilization or the crosslinking mechanisms. In particular, when the material requires to be cured in
situ, it strongly restricts the choice of the synthesis process. Indeed, if the hydrogel is injected and fixed
inside the human body, no exothermic reactions or toxic compounds are allowed. For example, free
radical polymerization generates heat, which might cause damage, stress, or even kill the surrounding
cells [77]. Also, many solvents (e.g. n-hexane) or strongly alkaline hardener are harmful to the human
body and can significantly damage the contacting living tissues [78,79].

2.2 Hydrogel processability

The translational potential of new material from academic research to the industry is strongly linked
to the processability. In particular, hydrogels’ synthesis and sterilization targeted for biomedical
applications require to be simple, fast, and reproducible mainly for safety and cost reasons. Each
minute of surgery is extremely costly, regarding the renting of the operating room and the involved
personnel. Moreover, the risk for complications is increasing with the duration of surgery. The
characteristics summarized in Table 2.2 enable evaluating the processability of hydrogels.

2.2.1 Photopolymerization

Stimuli-sensitive hydrogels have increasingly gained attention because the surgeon is able to control
curing in situ without significantly releasing heat [82,83]. The stimuli can be issued from the body en-
vironment (e.g. change in pH or temperature) or by external stimuli (e.g. light, ultrasound, magnetic
field [84]).

In particular, photopolymerization via visible or UV light irradiation is an attractive curing method
to obtain fast and controlled covalent crosslinking of hydrogel under ambient or physiological con-
ditions [8,85,86]. Indeed, the surgeon acquires not only a temporal but also a special control over
polymerization [1,8,87].

Photopolymerization is usually classified into three categories: radical, anionic, and cationic. Never-
theless, only radical photopolymerization is suitable for biomedical applications because of its lower
reactivity and better control over polymerization. Indeed the presence of water will necessarily termi-
nate ionic photopolymerization [88].
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Table 2.2: Characteristics describing the processability of hydrogels.

Characteristic Description

Viscosity of the precursor Low viscosity reduces the risk of defects by limiting the formation of close porosity
in the bulk hydrogel and filling all pores and asperities on the tissues’ surface. It
also favors the injectability of the hydrogel, which allows minimally invasive treat-
ments [77].

High viscosity makes the hydrogels more malleable and sticky, which might be advan-
tageous for unconfined applications such as 3D printing or to stick two parts together.
However, the risk of defects due to trapped bubbles during mixing is higher, which
may reduce mechanical properties.

Wettability of the precursor Related to the surface tension, good wettability to the tissue is essential for fast
implementation and high adhesion strength: it ensures intimate contact between
implant and tissue or between hydrogel layers [80].

Curing time Curing of hydrogels needs to be safe, controlled, and fast because the patient cannot
wait several hours in an operating room for cost and safety reasons [77].

Number of synthesis steps The more complicated the synthesis is, the higher the risk of contamination and the
production cost.

Sterilization Since hydrogels are made of polymers, the sterilization is not straight forwards.
Indeed, many polymers such as chitosan start to degrade and release potentially toxic
compounds under gamma or beta ionization irradiation. Nevertheless, it resists the
high temperature (121°C) and pressure (15 lbs) of an incubator [81].

Shelf-life Hydrogel implants or precursors need to have at least 18 months of shelf-life to ensure
the product’s quality. It means that the product could be stored and used safely
during this time. Any preliminary deterioration could lead to critical postoperative
complications.

Photopolymerizable hydrogels are composed of at least three elements: water, photosensitive polymer,
and a photoinitiator. All three elements should be compatible with each other and not be toxic to
the host. Nevertheless, there are some limitations in order to keep the surrounding tissue intact. In
particular, the viability of cells strongly depends on the photoinitiator, the number of free radicals in
the system, and the used wavelength [89]. Table 2.3 summarizes the main requirements for injectable
photopolymerizable hydrogels.
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Table 2.3: Requirements for injectable photopolymerizable hydrogels.

Parameters Description Comments

Toxicity of components No or very low
cytotoxicity

No harmful reactions should occur between the compo-
nents and the human body [77,86,90].

Wavelength Over 365 nm Ultraviolet (UV) light, in particular below 320 nm (UVB)
may damage DNA, which can induce mutations or even
develop tumors [89]. In contrast, when the protein absorbs
the used wavelength (e.g. 515 nm), it can lead to a slight
temperature increase [88].

Light intensity Less than 10 mW/cm2 The intensity of light should be sufficient to initiate the
polymerization but not to lead to a local temperature in-
crease [8,40,41,86,91].

Type of
photopolymerization

Radical Only radical photopolymerization is suitable for biomed-
ical applications because of its lower reactivity and bet-
ter control over polymerization. Besides, the presence
of water will necessarily terminate ionic photopolymeriza-
tion [91].

Solubility of the
components

High The polymerization rate is tightly related to the solubility
and mobility of radicals and monomers [83].

Conversion degree Close to 100% Radical polymerization generates free radicals that can
potentially react with tissues. Therefore, the fewer radi-
cals in the system, the better it is accepted by the human
body [89–91]. Moreover, the mechanical properties highly
depend on the conversion degree [8].

Gelation kinetics Fast Gelation have to be feasible under physiological conditions
and start within seconds to a few minutes after injection.
The cost and the risks of surgery significantly increase with
its duration [77].

Photoinitiators

Radical polymerization is, in turn, categorized in Type I and Type II. Type I systems decompose the
photoinitiator molecule, while Type II absorbs hydrogen from a donor co-initiator such as a tertiary
amine (e.g. triethanolamine) [88]. Table 2.4 presents the current Type I or II photoinitiators proposed
for biomedical applications. Most water-soluble photoinitiators are Type I. Despite their lower solu-
bility than Type II, Type I photoinitiator usually exhibit higher reactivity and lower cytotoxicity [88].
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Table 2.4: Examples of photoinitiators for biomedical applications.

Description Type
Maximum absorption

Comments

Irgacure 2959

[92]

Type I
275 nm

Irgacure 2959 is only poorly effective at
a wavelength higher than 365 nm [88] (see
Fig. 2.1).

Fluorescein (FR)

[93]

Type II
495 nm

Fluoriescein is usually used as a fluores-
cent tracer. However, this dye shows
promising properties as a photoinitiator
(high conversion rate, low cytotoxicity) [94]

Camphorquinone (CQ)

[93]

Type II
468 nm

Camphorquinone becomes yellowish with
time, which causes problems in den-
tistry [95] and exhibits some cytotoxicity
effect. However, as a photo-bleaching
initiator, it allows the polymerization of
thicker samples.

Lithium acylphosphinate (LAP)

[96]

Type I
375 nm (local
maximum)

LAP has better solubility and reactivity
at long-wavelength than Irgacure 2959 but
shows some cytotoxicity issues [89,96].

Eosin Y

[93]

Type II
515 nm

The used wavelength of 515 nm is ab-
sorbed by some proteins, leading to slight
temperature increases [88].

Bisacylphosphineoxide (BAPO)

[97]

Type I
371 nm

BAPO is highly reactive [95].

Monoacylphosphineoxide (MAPO)

[88]

Type I
381 nm

MAPO is similar to BAPO but it is a bit
less effective [98,99].

VA-086

[88]

Type I
375 nm

VA-086 may generate some nitrogen bub-
bles that are harmful to living tissue [88].
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Nowadays, only a few water-soluble photoinitiators are FDA approved. Irgacure 2959 is commonly
used for UV irradiation in the biomedical field because of its reasonable water solubility and its low
cytotoxicity at concentrations used for crosslinking (0.050-0.1% w/v) [89]. However, it is only poorly
effective at a wavelength higher than 365 nm [88]. As shown in Fig. 2.1, its maximal absorption peak
is located around 295 nm. Consequently, a larger concentration of initiator is required to polymer-
ize the hydrogel at 365 nm, which implies a higher risk of toxicity [86,91]. Therefore, for safety and
efficiency reasons, current research aims to develop new photoinitiators that are more effective at a
longer wavelength, typically over 400 nm [88].

Figure 2.1: Absorption spectra of Irgacure 2959 (modified from [92]).

Photopolymerizable hydrogels

A common approach to synthesize photopolymerizable and biocompatible polymer is to add acry-
late or diacrylate group to a polymer backbone through an available amine (NH3), carboxylic acids
(COOH), and hydroxyl groups (OH) [8]. Methacrylation can be performed on several water-soluble
biopolymers, such as polyethylene glycol (PEG), polyvinyl alcohol (PVA), dextran, hyaluronic acid
(HA), chondroitin sulfate (CS), chitosan, and alginate [8]. Table 10.2 in Chapter 10, Annexes presents
the main steps of a radical photopolymerization. Dimethacrylate groups are usually preferred over
methacrylate groups in the biomedical field because of its lower reactivity [100].

Thick hydrogel polymerization

The polymerization of thick hydrogels or hydrogels constrained between two tissues is challenging.
Although the mobility of the reactive components is better in a highly aqueous medium [83], the light
intensity is gradually attenuated with increasing depth [101]. Photo-bleaching initiators, such as cam-
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phorquinone (CQ) [102], that absorbs light at a different wavelength [8] can minimize the attenuation of
light. In parallel, adding some scattering agents in the hydrogel precursor can improve the homogene-
ity of the conversion degree of thick samples [103]. Fig. 2.2 shows the scattering effect of nano-cellulose
fibers. The shapes of polymerized poly(ethylene glycol) dimethacrylate (PEGDM) after being illumi-
nated with a 600 mm fiber at a wavelength of 365 nm change when nano-fibrillated cellulose (NFC)
fibers are present in the hydrogel. The spherical shapes showed in Fig. 2.2b indicates a homogenous
polymerization [103].

(a) (b)

Figure 2.2: Scattering effect of nano-cellulose fibers (reproduced with permission from [103]). The resulting
shape of polymerized poly(ethylene glycol) dimethacrylate (PEGDM) (a) with (b) without nano-fibrillated
cellulose (NFC) fibers after being illuminated with a 600 mm fiber at a wavelength of 365 nm.

2.3 Mechanical properties

Commonly used hydrogels described in Table 2.1 are known for their low mechanical properties [15] due
to their high water content and soft consistency. Many efforts were made to understand why hydrogels
are lacking in mechanical properties and how to improve them. In particular, hydrogels’ mechanical
performance cannot compete with native tissues such as meniscus or articular cartilage nowadays [18].

The conventional hydrogel, also called neat hydrogel, is composed of one single network. This network
is often heterogeneous, which leads to early failure. When the network is under load, the stress is
concentrated around the shortest chains, which can break at a very low force [18]. Pre-formed polymer
chain or coupling "click" reaction has been proposed to create a homogeneous network [104]. This struc-
ture can also be reached with some polyampholyte hydrogels [105,106], which are composed of a random
copolymerization chain of oppositely charged ionic monomers, forming pairwise ionic crosslinks.

Another reason for the poor mechanical properties of conventional hydrogels is the polymer chain
length and the lack of dissipative mechanisms [18]. Some researchers are focusing on optimizing these
parameters by employing longer polymer chain lengths to enhance their deformability (e.g. macro-
molecular hydrogels [16,107]) or by mixing two or more polymer networks to increase the internal friction.
The common name for the multiple network hydrogels is interpenetrating polymer network (IPN) hy-
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drogels [28,108–110]. Other techniques were developed to improve the damping properties. In particular,
it was shown that using a sacrificial network, especially in double network (DN) hydrogel, significantly
increases the energy dissipation mechanism [27,30,105,111–113]. Double network hydrogels are a subgroup
of interpenetrating polymer network hydrogels where the first network increases the elastic modulus
and serves as sacrificial bonds that fracture at relatively low stress. The second aims to sustain stress
at larger extension and thus increase the hydrogel’s deformability of the hydrogel [18,111].

A different way to enhance the mechanical properties, including dissipative mechanisms without com-
promising the flexibility, is to reinforce the hydrogel locally. That can be achieved by adding re-
inforcements in the hydrogel, which forms hydrogel composites [28,29,112,114–116] or in creating some
rigid crystalline domains inside the hydrogel [26]. The apparent stiffness of the locally reinforced hy-
drogels will increase simply by the rule of mixtures. Moreover, the additional interfaces between
reinforcement and matrix help to stop or deflect crack propagation. Accordingly, the quality of the
matrix/reinforcement interfaces affects the efficiency to load transfer, or dissipative energy [117].

2.3.1 Hydrogel composites

Tissues incorporate many spatially organized components, and can be viewed as multi-functional
composites themselves. Therefore, composite approaches are very attractive for replicating native
tissues. In particular, adding reinforcement reveals many advantages to enhance mechanical properties
as listed hereafter:

• Reinforcement can be easily added to the hydrogel precursor [23].

• Stiffness can effectively be tuned without significantly compromising the water content, or the
failure strain [1].

• Damping properties are improved due to better energy dissipation, for example, induced by
friction between fibers with the matrix [28,112,115,116].

• The number of bonding sites is multiplied [118].

• Anisotropic or gradient properties can be achieved to better mimic living tissue [119–121].

• Stimuli-responsive particles can be added for creating externally addressable hydrogels [122].

Different forms of reinforcement are available such as fibers, fibrils, crystals, whiskers, clays, or parti-
cles, while the size varied from the nanometer to a few millimeters. When using reinforcement at the
nanoscale, (i) the hydrogel keeps the optical transparency [123] and (ii) the large specific surface of the
reinforcement offers suitable mechanical and physical properties, like better cell adhesion [124].

In biomedical applications, natural fibers are preferred over synthetic fibers because of their abundance,
high biocompatibility, biodegradability, high specific strength and modulus, low density, high surface-
to-volume ratio as well as non-abrasive properties [123]. Table 2.5 presents an overview of important
natural fibers.
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Table 2.5: Natural reinforcements.

Reinforcement Type Form Characteristics

Cellulose Polysaccharide Nanowiskers,
nano/micro-fibrils,
nano-crystals

Most abundant biopolymer, excellent me-
chanical properties, low density, large
aspect ratio and specific surface area,
large size distribution, gas barrier prop-
erties, (poor biodegradability), many (six
per mer) hydroxygroups allowing chemical
functionalization, polymorphic [123,125–129].

Chitin and
chitosan

Polysaccharide Nanowisker,
nano/micro-fiber

Second most abundant biopolymer,
biodegradable, very limited solubility in
water but can be solved with chemical
fictionalization, high specific surface area,
polymorphic [60,123,130–133].

Starch Polysaccharide Nanocrystals,
colloidal starch
nanoparticle

Abundant, odorless, low cost, biodegrad-
able, versatile, functional attributes, brit-
tle [80].

Collagen Protein Fibers Hierarchical structure, stiff and hard poly-
mer [80,123].

Silk fibroin Protein Fibers Very high toughness, extensible and high
tensile strength, organized crystalline β-
structure [123,134,135].

Fibrillated cellulose fibers

Cellulose attracts rapidly attention for packaging, automotive, or biomedical application [123,125–129,136].
The natural fiber is widely used because of its several advantages as described hereafter:

• Availability: cellulose is the most abundant biopolymer.

• Versatile structures: it can be processed into fibers, crystals, foam, film, fibrous tissues, or even
hydrogels.

• Excellent mechanical and physical properties: cellulose crystals or fibers at the nano- or mi-
croscopic scale have, in particular, remarkable mechanical properties, low density, large aspect
ratio, and specific surface area.

• Stimuli-responsive: cellulose crystals or fibers can be oriented through external electrical and
magnetic fields [126,137–140].
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Nevertheless, there is still some confusion concerning their nomenclature, especially with the term
nano. For example, nano-fibrillated cellulose fibers are hierarchical structured, where nano refers to
the fibrils only, while the fibers are in the microscale [123,125–129].

Cellulose is commonly extracted from wood, such as spruce, beech, or directly produced by bacteria
or fungi [127]. Wood-based cellulose, fibrillated at the nano- or microscopic scale, are obtained by me-
chanically treatment (e.g. high-shear disintegration, high pressure homogenization, grinding, refining,
microfluidization, high-intensity ultra-sonication, cryo-crushing or steam explosion) [141,142], which are
sometimes combined with chemical and enzymatic pretreatment (e.g. oxidation, alkaline extraction,
carboxymethylation) [142].

For the development of membranes or bio-hydrogels, bacterial cellulose is often preferred over wood-
based cellulose because of its purity. Additionally, often no pretreatment is required [143,144]. Neverthe-
less, wood-based cellulose fibers are larger and more flexible. These characteristics are more suitable
for reinforcing hydrogels [23].

Regenerated silk fibroin fibers

Bombyx mori silk is composed mainly of two proteins: silk fibroin (70-75%) and sericin (25-30%).
The water-soluble sericin is usually removed because it is often associated with an immune response
such as inflammation. Nevertheless, recent findings suggest that sericin used as isolated material
shows low biocompatibility concerns and even good antibacterial properties [145] [146]. In contrast, silk
fibroin fibers have already commercial applications in biomedicine such as surgical mesh, sutures or
garment [146,147] and are widely studied because it offers many additional advantages as described
hereafter:

• Self-assembling material [68].

• Good biocompatibility [147].

• Good cell adhesion [147].

• Slow in vivo degradation [148].

• High stiffness [68].

• Low swelling ratio [149].

• Versatile structures: fibers, sponge, hydrogel, film, tube, microspheres [150].

• Convenient for chemical modification [151].

In particular, silk fibroin fibers can be used in their native form or being dissolved and regenerated
in various morphologies, such as illustrated in Fig 2.3 [145,152]. These versatile structures raise up new
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applications opportunities for drug delivery, artificial skin, contact lenses, gene delivery system, car-
tilage repair, or bone graft [145]. Moreover, the gel transition of silk fibroin solution can be achieved
with different methods such as (i) time, (ii) temperature increase, (iii) sonication/ultrasound, (iv)
non-solvent induced phase separation, (v) pH, or (vi) osmotic stress induced by poly(ethylene gly-
col) [71,146,149,153–156].

SILK FIBROIN FIBERS

Silk cordsNon-woven mats Electrospun �bers Films Hydrogels Foams

PROCESSED FROM SILK FIBROIN SOLUTION

Silk fibroin solution preparation

4h at 60°C

Degumming of silk �ber in alkaline 
solution to remove sericin1 Dry silk �broin �bers2 Dissolution of silk �broin in  

9.3M LiBR3 Dialysis against water4 Silk �broin solution5

Figure 2.3: Example of silk fibroin versatile structures.

Silk fibroin is usually extracted from silkworms. In the classical extraction protocol, illustrated in Fig
2.3, silk cocoons or fibers follow first an alkaline treatment to remove sericin, where the raw material
is boiled in water containing 0.02-0.1M sodium carbonate (Na2CO3) and washed three times with
pure water. The remaining silk is dissolved in 80 wt.% 9.3M lithium bromide (LiBr) for 4h at 60°C
before being dialyzed for three days against pure water [150]. This process dissolves the protein at the
molecular level and gives a metastable silk fibroin solution based on water.

Nevertheless, in other protocols 1-15 wt.% silk fibroin is dissolved in 1-10 wt.% calcium chloride -
formic acid (CaCl2-FA) [157–159]. The dissolution of degummed silk fibroin is more efficient in CaCl2-
FA than LiBr solution and occurs at the fibrils levels preserving nanofibers’ structure, as shown in
Fig 2.4a [158]. The boiling time or concentration of Na2CO3 during the degumming process highly
influences the dissolution rate, the morphology, and the size of silk nanofibers (Fig 2.4a). However,
the solution can not be dialyzed against pure water. As soon as CaCl2/FA starts to be substitute
by water, silk fibroin forms a gel, which becomes progressively stiffer with time (own experience).
Therefore, this dissolution method is usually used for electrospinning processes [160] and cannot be
injectable due to toxicity concerns.

Some researchers proposed, therefore, either a combined LiBr/CaCl2/FA [158] [161] or two-step methods
that consist first a dissolution with CaCl2/FA then in LiBr solution [153]. The two-step dissolution
generates a fibrous hydrogel structure, while the classical dissolution produces a porous hydrogel
structure.
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(a)

(b)

Figure 2.4: (a) Effect of the degumming and (b) the concentration of CaCl2 in formic acid on the dissolution
and morphology of silk fiber (reproduced with permission from [158]).

Fiber-matrix interface

The quality of the interface between fiber and matrix significantly impacts the distribution of load
and mechanical properties. Strong interfaces lead to good load transfer into the fibers, where most
dissipative mechanisms are originated from the bulk of the fibers. The accumulated stress inside the
fiber might result in the brittle scission of the fiber itself [117]. In contrast, weak interfaces promote
pull-out mechanisms, where dissipation is mainly issued from friction at the interface [117].

The interface strength can be tailored by chemical modification of the fiber surface [162]. For example,
it was observed that grafting methylmethacrylate on cellulosic polymer improves interface strength
and stability against moisture and significantly increases the tensile strength properties of the com-
posite material [163].

Natural fibers incorporate many hydroxyl groups making them sensitive to water, which generally
ends up in weakened interfaces and agglomerates. Subsequently, good dispersion is essential to obtain
efficient reinforcement [127,164]. It was shown that dispersion could be enhanced by adding polar groups
on fiber surface [60,62].
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2.4 Gradient and anisotropic properties

When approaching the sea on a sunny day, the sand gradually changes from dry to wet, from hot to
cold, from soft to hard, and from pale to dark-colored. This simple example shows that gradients are
omnipresent. It is a continuous and progressive variation of a property along one or several axes. In
natural tissues such as tendon, bone, or cartilage, the interfaces are rarely abrupt. The transition from
one medium to another is progressive. Variation in density, microstructure, or composition usually
lead to mechanical gradients, which are essential to efficiently transfer stress [5,6,22,165,166]. Articular
cartilage exhibits multiple mechanical gradients, for example. The stiffness progressively increases
when approaching the subchondral bone and regions, which sustain and transfer higher loads.

In tissue engineering, gradients are usually ignored mainly for practical reasons, despite their role
in physiological functions. Creating gradients, especially multiple gradients, remains challenging and
often requires special equipment and a complex synthesis process. Nevertheless, these last years,
many techniques were established to created layered or continuous gradients in hydrogels as illus-
trated in Fig. 2.5 and described in Table 2.6 [22]. The choice of the synthesis process is based on
different criteria such as the type of gradients (i.e. continuous or layered), type of precursors (i.e.
low or high viscosity), freedom of geometries, or number of gradients (i.e.gradient along multiple axes).

Figure 2.5: Techniques for developing gradient in hydrogels (reproduced with permission from [22]).
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Table 2.6: Techniques for developing gradient in hydrogels and their limitations.

Techniques Procedure Type of gradient Limitations

Sequential
layering [22,167]

• Layers of hydrogels glued
together.

• Layers of hydrogel cured on
top of each other.

• Successive layers of viscous
precursor before curing.

Layered,
multi-directional.

No continuous gradient.

3D printing [22,168] • Impregnation of a scaffold with
structural or density gradient.

• Successive deposition of viscous
bioink.

Layered or continuous,
multi-directional.

Requires 3D (bio)printer.

Controlled fluid
mixing [22,169,170]

Controlled deposition of
• precursors with low

viscosity before curing.
• microgels before annealing.

Continuous,
mono-directional.

• Requires gradient maker
or microfluidic device and
pump.

• Restricted to a single
gradient.

Electrospinning [22,171] Electrospinning of precursors onto
a moving collector.

Continuous,
mono-directional.

• Requires electrospinner.
• Restricted to thin sample.

Magnetic/electric
field [22,172]

Alignment of particles through an
electric or magnetic field.

Continuous,
mono-directional.

• Requires an external
electric or magnetic field.

• Requires particles
responding to an electric
or magnetic field.

• Risk of cytotoxicity.

Heat-induced [22,173] Spacial controlled
crosslinking/crystallization using
with unidirectional freezing
drying.

Continuous,
mono-directional.

• Requires lyophilizer.
• Usually requires

thermoresponsive
material.

Light-induced [22,174] Spacial controlled crosslinking
with graded light exposure using
sliding photomasks for partial or
full crosslinking.

Continuous,
mono-directional.

• Requires photoresponsive
material.

• Presence of unreacted free
radicals.

• Risk of damaging cells.

As illustrated on Fig. 1.1, tissues such as articular cartilage, meniscus, tendon, or annulus fibrosus
possess highly anisotropic microstructures [5,6,168]. Anisotropy represents a property that changes ac-
cording to different axis directions, which is the gradient case. The average property along the gradient
direction is different from the one measured across [175,176].
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Different processes were proposed to create gradients, bilayer, patterned, or oriented structures to bet-
ter replicate native tissues, such as freeze-casting or extrusion techniques [120,175,176]. One of the most
attractive techniques for inducing anisotropy is to align reinforcement in composites. In this method,
the reinforcement, with an aspect ratio superior to 1, must rapidly be fixed inside the hydrogel once
aligned [177]. The magnetic or electric field was employed to orient responsive reinforcements such as
cellulose fibers [126,137–139,178] or silk nanofibers [172]. Nevertheless, 3D (bio)printing has gained more
attention this last decade because the extrusion method could successfully align reinforcement [176,179].

Printing of hydrogel composites gave rise to 4D printing, where directional swelling is key [119,180,181].
Hydrogel composites swell less along with the aligned reinforcement than across. Consequently, hy-
drogel ink of oriented fibers can be deposit in a 2D structure before curing. Then, once the hydrogel
is immersed in an aqueous medium, it swells in an anisotropic way and self-folded in a complex 3D
structure. Similarly, bilayer hydrogels incorporate two hydrogels with different swelling ratios. Its
geometry changes according to the swelling degree of each component. This characteristic is suitable
for developing biomimetic anisotropic actuators, which are employed in soft robotic and used to mimic
valves or artificial muscles [175,182].

The success of 3D/4D printing of hydrogel incorporates many processing parameters such as nozzle
size, gelation time, or printing speed. Moreover, the hydrogel requires being injectable and polymerized
according to stimuli such as pH, light, or temperature. Therefore, for developing a handy and stable
ink, several properties have to be well controlled like hydrogel precursor’s viscosity, composition,
gelation procedure, and gelation rate [53].
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2.5 Biological properties

As mentioned in section 2.1, using biocompatible hydrogels is crucial. Nevertheless, the choice of
polymer is not sufficient. Other parameters, like the polymer network’s mesh size, the cells’ ability to
adhere to the polymers, or open porosity, significantly influence how the host accepts the implant.

2.5.1 Mesh size

The mesh size of the hydrogel represents the polymer network’s nanoporosity and is inversely propor-
tional to the crosslinking density. As illustrated in Fig. 2.6, many properties such as swelling ratio,
permeability, or mechanical properties highly depend on crosslinking density, making it difficult to as-
sess the influence of the mesh size on cell viability and proliferation. Nevertheless, based on different
researches [183–186], a hypothetical trend is plotted in green in Fig. 2.6b. It suggests that a minimum
number of bonding sites are required for cell adhesion but that the cell proliferation, permeability,
and transport of nutriment increase with the mesh size.
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permeability
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Figure 2.6: (a) Definition of the mesh size ε (b) illustration on how the crosslinking density influences the
elastic modulus, toughness, swelling ratio, and cell proliferation [183–186].

2.5.2 Cell adhesion

To survive and proliferate, cells have to adhere to the polymer network. Natural polymers such as
collagen [187] or silk fibroin [147] have naturally good cell adhesion properties. Nevertheless, adhesive
proteins such as arginylglycylaspartic acid (RGD) peptides can be grafted to synthetic polymers
like polyethylene glycol (PEG) to improve cell adhesion [188]. It was also shown that the surface
topography [189] and the hydrophilicity of the polymers network influence cell adhesion [190].

2.5.3 Open microporosity

Open microporosity favors the transport of nutriment, the migration of cells and dissipation mech-
anisms [191,192]. Such structures can be created with 3D printing [193], dissolution of salt particles
incorporated in the hydrogel [194], or partial freezing [195]. Nevertheless, those in vitro methods are
time-consuming and can not be adapted for being used in situ, allowing minimally invasive treatment.
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Granular hydrogels

Granular hydrogels have gained a lot of attention these last couple of years [32–39]. Their particular
microstructure composed of contacting microgels offers an extended range of material properties for
biomedical applications [32–39] or 3D printing [37–39]. Indeed, when microgels are compacted more than
58%, the contacting force is sufficient to jam the particles and form a granular structure with inherent
stability, which exhibits several advantages listed hereafter [33]:

• The precursor of jammed microgels is injectable and shear-thinning, which is ideal for unconfined
application or 3D printing.

• The contacting microgels create an in situ open microporosity, which promotes the transport of
nutriment and migration of cells.

• The cells and the microgels can form a network independently.

• Microgels can be tailored in composition to explore additional biological, physical, and mechan-
ical properties.

• Microgels are cured in vitro before injecting in the human body, limiting the risk of cytotoxicity
due to unreacted elements or UV irradiation exothermic reactions.

To our knowledge, this unique combination of properties was not achieved with other hydrogel struc-
tures. Moreover, they can be tailored in composition to explore additional biological, physical, and
mechanical properties [33]. For example, the group of L. De Laporte was able to guide and align cell
growths by magnetically orienting rod-shape microgels in situ before curing the surrounding hydrogel.
Moreover, the microgels were functionalized for being cell-adhesive or bioinert [196]. Nevertheless, their
mechanical properties remain relatively low. Therefore, jammed microgels are used in confined envi-
ronment or follows a post-curing, such as annealing or photopolymerization, for binding the microgels
chemically [32,39].

2.6 Swelling properties

Controlling swelling performance of hydrogel is crucial for medical applications (e.g. dimensional
stability, interface with tissue, or mechanical properties) [1,197,198] but also for food packaging (e.g.
control of humidity) [51] and soft robotic applications (e.g. local out of plane deformation) [46–48]. For
example, as previously mentioned, injectable hydrogels enable minimally invasive treatment because
the precursor can be injected through a small needle and cured in situ with UV-irradiation. However,
once implemented in the human body, the hydrogel is not necessary in its equilibrium swollen state.
The change in volume due to swelling or shrinking might affect mechanical properties and create
internal stresses in the bulk hydrogels or break the tissue interface. Nevertheless, the improvement
of one property, such as swelling ratio, comes at the cost of another, as observed in many hydrogel
structures, including neat, double network, or composite hydrogels [18,19,27,31,199,200].
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According to the thermodynamics of rubber elasticity, the steady swollen state is reached when the
osmotic drive to dilute the polymer is balanced with the entropic resistance to strand extension of
the polymer chain [201]. Thermosensitive, ionic, or polyampholite polymers were proposed to influence
the osmotic driving forces [58,105,202–207]. As these polymers are very sensitive to temperature or pH,
their swelling ratio varied significantly. A more stable manner to control swelling is to influence the
maximum strand extension of the polymer chain. This can be reached by adding rigid domains. For
example, self-assembled silk hydrogel forms rigid dense β-sheet-like structures, making the water up-
take difficult [208]. Recent methods employ crosslinking centers in the hydrogel, such as functionalized
core-shell microgels or self-assembled micelles, to bridge the polymer chains [197,209,210]. For example,
Zhang et al. reported that their micelle-crosslinked hyaluronate hydrogel could be compressed up to
75% applied strain with an elastic modulus of 310 kPa and a swelling ratio of 9% only [210]. Alterna-
tively, swelling can be controlled by influencing the maximum strand extension of the polymer chain
such as incorporating rigid particles or fibers [28].

(a) (b)

Figure 2.7: (a) Swelling ratios and (b) compressive elastic moduli of 10 wt.% PEGDM 6 kDa and 20 kDa,
hydrogels reinforced at different NFC fibers concentration (reproduced with permission from [23]).

Fig. 2.7 presents (a) the swelling ratios and (b) elastic moduli of 10 wt.% poly(ethylene glycol)
dimethacrylate (PEGDM), 6 kDa and 20 kDa, hydrogels reinforced at different nano-fibrillated cellu-
lose (NFC) fibers concentration. These results, published by Azadeh Khoushabi, the preceding Ph.D.
student, in Composite Sciences and Technology [23], shows clearly that the polymer chain length and
the concentration of NFC fibers have a significant effect on the swelling ratios and the compressive
elastic moduli. In fact, polymers with smaller chain lengths would swell less and increase the elastic
modulus. For example, PEGDM 6 kDa exhibit 10% swelling only, while the compressive modulus was
measured at 150 kPa. However, the increase in elastic modulus is usually accompanied by a decrease in
the strain at failure and fatigue resistance, in contrast to hydrogel composite. Moreover, the swelling
ratio of PEGDM hydrogel drastically decreases when NFC fibers are present in the matrix, while the
elastic modulus improves.
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2.7 Adhesion properties

Insects captured by spider silk or a frog tongue, mussels sticking on the hulls of boats, or frost sur-
rounding the leaves show that adhesion is well integrated into nature. Adhesion fascinates humans for
thousands of years. The first natural-based adhesives were rapidly developed, but synthetic adhesives
have only been raised since the beginning of the last century [211].

Many theories emerged trying to understand and explain how adhesion occurs. The most common
ones, summarized in Table 10.1 in Chapter 10. Annexes, are based on energy and molecular interac-
tions. All theories agree that high adhesion can only be achieved if the interface is strong enough to
allow dissipative forms of deformation [212–215]. Nevertheless, the link between dissipation and adhesion
is not yet clear.

2.7.1 Influencing parameters in adhesion

According to the different theories described in Table 10.1 in Chapter 10. Annexes, the parameters
that influence the most adhesion were summarized in Table 2.7.

Table 2.7: Influencing parameters for adhesion [80].

Parameters Function Location Related phenomena

Chemical interactions Bonding strength and density at
the interface.

Interface Covalent, ionic and physical
bonds.

Surface tension and
energy.

Intimate contact Interface Wettability, contact angle.

Roughness Contact area and number of
bonding site.

Interface Surface porosity, inclusion,
hierarchical structure.

Bridging, mechanical
interlocking, diffusion.

Fracture toughness at the
interface/interphase.

Interphase Diffusion length, density of
bridging and mechanical
interlocking, fiber orientation.

Humidity Mechanical and bonding strength,
or stress concentration at the
interface due to swelling.

Bulk,
interface.

Swelling, weakening of bonding
strength.

Energy dissipation
ability

Accommodation of energy before
crack propagation.

Bulk,
interphase.

Breaking of bonds, chain friction,
flow, crazing or yield [212], fiber
fracture and pull-out.
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2.7.2 Adhesion in biomedical applications

Adhesives have a decent range of uses in biomedical applications. The current applications include
fixation of sutures, affix tissues, fill cavities and gaps, stop or reduce bleeding, regulate the moisture
content, protect the wounds from the outside environment, and support healing [216].

The standard ISO 10993-1 categorized surgical adhesives in three different branches, where the re-
quirement are more or less strict according to the assigned category [63,216]:

• Surface-contacting adhesives: direct contact with external tissues such as skin, mucosal
membrane, breached or compromised surface.

• External communicating adhesives: contact with internal tissues such as blood path, tissue,
bone, denting, and circulating blood.

• Adhesives used as implants: permanent contact with tissue, bone, or blood.

Table 2.8 exposes the requirements of surgical adhesive used as an implant.

Table 2.8: Required properties for hydrogel-based adhesive used as implant [63,80,217].

Property Description Related parameters

Adhesion High adhesion strength on the tissue
(0.01-6 MPa depending on the
surrounding tissue properties).

Adhesion strength in tension, torsion,
peeling, and fracture energy.

Mechanical and
physical properties.

Similar properties to surrounding living
tissue for a good integration and load
transfers.

Elastic modulus, tensile strength, water
content.

Safe Biocompatible, sterilizable and do not
interfere with the healing process.

Cell viability, the effect of sterilization on
mechanical and physical properties.

Stability Resorbability: permanent or temporary
implant.

Degradation rate according to external
stimuli such as temperature, irradiation,
and time.

Processability Injectable, fast, and controllable curing in
physiological conditions.

Precursor viscosity, polymerization time .

Reliability Long-term performance. Cyclic fatigue in tension, compression.

Commercially available adhesives fulfill only some of the requirements, as shown in Table 2.9. Many
limitations related to safety concerns, poor adhesion and mechanical properties, excessive swelling, or
low stability, make it difficult to extend the field of applications. Therefore, surgical adhesives are
currently mainly used for topical applications such as wound closure, control bleeding, or stabilize
sutures [218].
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Table 2.9: Commercial available surgical adhesives [63,216,219,220].

Description Examples Functionalities Advantage Disadvantage

Fibrin & Collagen
compounds

Tisseelr,
FloSealr,
CoStasisr.

Surgical sealant. • Fast curing.
• Reabsorbable.
• Biocompatible.

• Poor mechanical
properties.

• Poor adhesion.
• Human or bovine origin

(toxicity concerns).

Cyanoacrylate Histoacryler,
Dermabondr.

Surgical
adhesive.

• Fast curing.
• Strong adhesion.
• Waterproof.

• Exothermic
polymerization.

• Low elasticity
(brittleness).

• Not bioabsorbable.

Poly(ethylene
glycol) polymer

FocalSealr,
CoSealr.

Hemostat. • Good adhesion.
• Reabsorbable.
• Biocompatible.

• Short shelf-life.
• Risk of swelling.
• Expensive.

Glutaraldehyde
products

Cardialr,
Bluegluer.

Surgical sealant. • Fast curing.
• Good adhesion.
• Flexible seal.

• Safety concerns
(bacterial grows).

• Long absorption time.

2.7.3 Clinical needs

Several clinical needs require a highly biocompatible strong hydrogel with robust adhesion properties.
In particular, often a better integration and stability of implants are desired. The recurrent issue is
the attachment of soft structure to strong material, e.g. soft hydrogel to strong bone or cartilage.
Currently, binding connective tissues such as tendons and ligaments or affix implants that have a
load-bearing function like implants for replacing the nucleus pulposus [1] remains challenging. Another
attractive application is to use adhesive hydrogel as a sealant, like, for example, to prevent air in the
lungs or fluid in the intestine leaks out [221].

2.7.4 Hydrogel based adhesive

Hydrogel based adhesives are attractive due to their several similarities to living tissue and their high
oxygen permeability [217,222,223]. The last encourages especially ex-vivo wounds healing in maintaining
an efficient protective barrier from the outside world.

However, many issues remain for satisfying all requirements described in Table 2.8. In particular,
conventional hydrogels are significantly weaker to bear load than natural tissue such as cartilage [18],
and only a few methods are suitable for improving adhesion mainly for toxicity reasons. For example,
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many solvents (e.g. n-hexane) or strongly alkaline hardener are toxic for the human body and can
significantly damage contacting living tissues [78,79]. Moreover, the wet environment inside the body
might negatively affect adhesion: lower mechanical properties of the bulk material and stress concen-
tration at the interface or weaker interfacial interactions (e.g. van der Waals forces) due to swelling.

In contrast, nature has established different strategies to overcome these performance deficiencies. For
instance, mussels, barnacles, and algae can strongly adhere to wet hulls of boat [224]. Mussels have
particularly gained attention. They secret different proteins that form robust chemical adhesion in a
wet environment [225]. Researchers especially focus on the amino acid 3,4-dihydroxyphenyl-L-alanine
(DOPA) molecule. Indeed, adhesion significantly improves when the polymers of the adhesive were
modified with these molecules [224,226–229]. As a reference to Table 2.7, adhesion is here improved by
modifying the nature (density of interactions and bonding strength) of the chemical interactions at
the interface.

(a) Proboscis of a Rhadi-
norhynchus species [230]

(b) Bio-inspired microneedle adhesive [221]

Figure 2.8: Bio-inspired microneedle adhesive (reproduced with permission from [221]).

Another influencing parameter, namely mechanical interlocking, was explored by a group from Havard.
Inspired by the endoparasitic worms, they ingeniously use the potential of hydrogel’s swelling capa-
bility in creating durable interlocking with hydrogel needles, as shown in Fig. 2.8 [221].

Some studies took the famous gecko feet as an example and evaluated the influence of the interfacial
surface area. Geckos can climb nearly vertical surfaces thanks to multiple van der Waals interactions
between their feet and the attaching structure. The adhesion strength strongly depends on the complex
hierarchical structure of its feet: the increase of the real contacting surface area amplifies the number of
interactions [224]. Consequently, many efforts were done for imitating this structure [231,232]. However,
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the adhesion strength drastically decreases with humidity because of the supposed reduction of van der
Waals interactions. To overcome this limitation, a group from Northwestern University successfully
improved wet adhesion in coating a gecko-inspired surface with DOPA molecules illustrated in Fig.
2.9 [229].

Figure 2.9: A Gecko-inspired surface coated with DOPA molecules (reproduced with permission from [229]).

Similar results were obtained when adding nano-particles or nano-fibers to the adhesive. It permits to
increase in the number of bonding sites [118,224,233] and thus the number of potential interactions. Such
an approach is employed by diverse plants like the English ivy [224,234] or sundews [234–236]. In partic-
ular, the function of sundews is to capture insects, as presented in Fig. 2.10. Therefore, the secreted
polysaccharide adhesive reveals very interesting biological and physical properties, particularly good
wettability and antibiotic properties. Also, as a natural hydrogel, its high water content represents an
appropriate environment for cell cultures [237].

A group from the University of Akron was inspired by caddisfly adhesive silk to develop a new bone
adhesive [238]. Caddisfly larvae live underwater and build an elaborate shelter protecting and hiding
them from predators. To create their shelter, they secrete silk fibers with remarkable underwater
adhesion and self-recovery ability to stitch debris found in their habitat together, as shown in Figure
2.11 [239]. Nevertheless, the mechanisms behind their strong adhesion and mechanical properties are
still unclear [240]. It is believed that phosphoserines and multivalent ions such as Ca2+ present in cad-
disfly adhesive silk are responsible for the extraordinary properties.
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Figure 2.10: Insect captured by a sundew by the natural adhesive secreted from sundew (from Wikimedia
Commons [241]).

Figure 2.11: (A) Protective shelters of caddisfly larvae composed of debris stitched together with its secreted
silk. (B-E) Scattering electron microscopy images showing how silk surround debris to stitch them together.
Scale bars: (B) 500 µm, (C) 200 µm, (D) 50 µm, and (E) 10 µm (reproduced with permission from [242]).

The potential of using highly dissipative hydrogel as an adhesive is not well explored in the biomedical
field yet. It is generally accepted that the tougher the hydrogel is, the more energy is needed to
propagate a crack and break the interface with the living tissue [113]. Nevertheless, it is an effective
way to improve adhesion without compromising methods such as adding a chemical adhesive. Indeed,
depending on the reaction, chemical bonding at the interface might be exothermic and foul in the
presence of blood [221].
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Likewise, physically crosslinked hydrogels are more popular for similar reasons [74] because gelation
occurs without adding potentially toxic chemical reagent [54,73]. Most natural hydrogels are physically
crosslinked and have the advantage of being highly biocompatible, cell adhesive, and biodegradable
for some applications. However, compared to synthetic hydrogels, tuning their properties, such as
water content, mesh size, stability, polymer length, mechanical, physical, and chemical properties, is
more challenging [74]. An overview of conventional biocompatible hydrogels can be found in Table 2.1.

2.8 Reliability

As the human body is continually subjected to cyclic loading, reliable fatigue resistance is crucial for
load-bearing implants. In particular, they have to sustain millions of loading cycles. Therefore, to
evaluate implants’ long-term reliability, the evolution of properties must be thoroughly analyzed in
time and during cyclic solicitations.

2.8.1 Fatigue resistance

The fatigue resistance of hydrogels is strongly related to the stability of bulk, interphase, and interface
properties. The main characteristics are (i) the evolution of the mechanical properties, such as the
stiffness or toughness during cyclic loading, (ii) how energy is dissipated, and (iii) the ability of the
hydrogel to recover the initial properties.

The fatigue behavior of hydrogels can be categorized according to their microstructure. As described
in Table 2.10, the major difference is observed between conventional hydrogels incorporating a single
network only and the other more complex structures. The general trend can be resumed as follows:

• Single network structures exhibit constant behavior with excellent recoverability and small hys-
teresis of the loading-unloading cycle. Thus, they dissipate only a small amount of energy.

• Complex structures, such as double network hydrogels or hydrogel composites, are highly affected
by cyclic loading. The stiffness reduces already after the first cycle outlining a large hysteresis
of the loading-unloading curve. Nevertheless, a constant behavior is reached in the following
cycles with significantly smaller hysteresis.

While the recoverability seems to depend mainly on the type of bonds, e.g. chemical, ionic or physical,
the damage induced by softening mechanism is not well understood yet. Low softening might be issued
from the expulsion of water during loading [243], while larger softening is associated with damages of
the polymeric network [30,114,244]. When a load is applied, the bonds in the hydrogel are strained and
break when they reach their full extension [27]. The breaking of these bonds is related to the release
of energy. Combined with other dissipative mechanisms like internal friction between the polymeric
chains, the breaking of bonds results in large hysteresis in the stress-strain curve [28,245]. In some cases,
the softening behavior is described to be similar to the Mullins effect [26–30] observed in unfilled and
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especially in filled rubber-like material [246].

Diani et al. published in 2009 an overview of the Mullins effect [246] where the particularities are
described and listed hereafter:

• At constant axial strain, most of the softening appears after the first loading cycles. A constant
behavior is reached after about ten cycles.

• The softening appears for strain lower or equal to the maximum strain ever applied.

• The stress-strain curve has a specific appearance, as shown in Figure 2.12. When the extension
exceeds the maximum extension previously applied, the material response returns on the same
path as the monotonic stress-strain curve.

• Hysteresis increases with the increasing maximum strain.

• Partial to complete recovery is observed after softening over time and/or by heating [27,246].

1. Introduction

Rubber-like materials exhibit an appreciable change in
their mechanical properties resulting from the first
extension. This property, first observed by Bouasse and
Carrière [2], reported in filled and non-filled rubber-like
materials, has been investigated intensively by Mullins
and his co-workers and consequently is referred to as
the ‘‘Mullins effect.” The objective of this contribution
is to review and discuss this phenomenon, which re-
mains a challenge in terms of physical understanding
and mechanical modeling.

Although the Mullins effect has been studied for more
than six decades, it is still recognized as a major difficulty
for rubber-like materials behavior. Stress-softening exper-
imental evidences reported in the literature account for
materials of distinct physical properties (unfilled rubbers,
filled rubbers, thermoplastics etc.). In Section 2, we tried
to clarify the features of the Mullins effect.

For the past three decades, in attempt to represent the
mechanical behavior of rubbers depending on the strain
history, specific efforts were accomplished to define new
models. Due to the complexity of the mechanical behavior
of rubbers, involving large deformations, non-linear behav-
ior and Mullins softening, most models depend on phe-
nomenological parameters. We report and test some of
these models in Section 3.

In order to provide a better understanding of the stress-
softening resulting from the Mullins effect, several physical
interpretations were proposed, from chain breakage at the
interface between the rubber and the fillers, slipping of
molecules, rupture of the clusters of fillers, chain disentan-
glements, to more complex composite structure formation.
These interpretations are presented and discussed in Sec-
tion 4. They provide materials for the emergence of physi-
cally motivated mechanical models. We present and
discuss these models in Section 5.

2. Experimental observations

2.1. Softening effect

In order to illustrate the material softening resulting
from the Mullins effect, cyclic uniaxial tension tests were
performed on a sulfur-vulcanized SBR filled with 50 phr
of N220 carbon-black. Flat tensile samples were cut from
SBR compression molded sheets. Uniaxial tension tests
were performed on a GTest 810 tensile machine operated
in a local strain control mode through VideoTraction! im-
age analysis. Tests were run at a low constant strain rate of
10!3 s!1. One sample was submitted to a simple uniaxial
tension test, while another one was submitted to a cyclic
uniaxial tension test with the maximum stretching
increasing every 5 cycles. Fig. 1 presents the stress–strain
responses of both samples. In Fig. 1, we observe a softening
that is specific to materials exhibiting the Mullins effect:

" Most of the softening, which is characterized by a lower
resulting stress for the same applied strain, appears after
the first load.

" After a few cycles (values up to 10 are reported in the lit-
erature depending on the material nature), the material
responses coincide during the following cycles, aside
from a fatigue effect.

" The softening appears for stretches lower or equal to the
maximum stretch ever applied.

" When the extension exceeds the maximum extension
previously applied, the material stress–strain response
returns on the same path than the monotonous uniaxial
tension test stress–strain response after a transition,
which increases with the amount of strain.

" The softening increases progressively with the increas-
ing maximum stretch.

The literature reports Mullins effect for various materi-
als, (see Table 1 for example).

In his early work, Mullins [6] submitted filled and un-
filled natural rubbers (NR) to the same amount of stretch
and noticed a softening effect in the filled compounds only.
He noted that the softening was increasing with the
increasing stiffening ability of the fillers, and that for
stretches of one-half of the pre-deformation, the filled NR
stress–strain response approaches the pure NR. Mullins
interpreted this by a disappearance of the reinforcing effect
of the filler.

Later, by applying the same amount of stress to filled
and unfilled NR, he and his co-authors [3] observed a soft-
ening in pure NR as well. Moreover, Harwood and Payne
[4] noticed that a pure NR and a carbon-black filled NR
experience a similar softening when both materials are
stretched up to the same stress level. According to this re-
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Fig. 1. Stress–strain responses of a 50 phr carbon-black filled SBR
submitted to a simple uniaxial tension and to a cyclic uniaxial tension
with increasing maximum stretch every 5 cycles.

Table 1
Examples of materials showing some Mullins softening.

Gum nature No filler Carbon-black
fillers

Silica
fillers

Other
fillers

NR [3–5] [3–12] [6] [6]
SBR [3,11,13,14] [14]
NBR [15]
EPDM [11–13]
PDMS [16–18]
Neoprene [11]

602 J. Diani et al. / European Polymer Journal 45 (2009) 601–612

Figure 2.12: Representative with permission Mullins effect in carbon-black filled in styrene-butadiene rubber
(SBR) (reproduced from [246]).

While the Mullins effect is well-known in rubbers, the associated physical interpretation is still not
well established. Several theories were proposed during the last seven decades. One of them is based
on the breaking of bonds. The shorter weak bonds at the rubber–particle interface are more subjected
to extend when a load is applied and break before the other stronger or longer bonds [247,248]. Kraus
et al. [249] showed that the breaking of bonds at the interface could not be the main origin for the
softening. He suggested that the breaking of bonds happens inside the fillers. The Mullins effect
was also related to molecules that slip over the fillers’ surface and instantly create new bonds along
the chains [250]. Finally, another more recent theory is that the disentanglement of the polymer chain
causes this particular softening behavior. The chain density is still conserved, but the entanglement
density is reduced, inducing anisotropy and directional softening to the system [251].

The softening, similar to the Mullins effect observed in hydrogels, is essentially associated with break-
ing bonds [26]. However, only a few studies have characterized softening behavior in hydrogels. The
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softening behavior often does not address all particularities of the Mullins effect, especially recover-
ability, though the latter is important for long-term reliability. Therefore, the breaking of bonds is, in
general, distinguished between two classes:

• Recoverable bonds: physical or ionic bonds [28,105].

• Unrecoverable bonds: permanent chemical bonds often described as sacrificial bonds [26,27,112].

More recent approaches replace permanent bonds with weaker but recoverable bonds to enhance
fatigue resistance [16,29,109,111]. The recoverability is evaluated by the degree of recovery, the time span
as well as the environmental conditions needed to recover [16,29,76,105,111,116].

2.8.2 Degradation

Ideally, the damaged tissue regenerates and progressively replaces the hydrogel implant. Neverthe-
less, hydrogels’ degradation should not release toxic compounds or occur prematurely to avoid the
destruction or loss of the implant. In particular, degradation is not only present in vivo, but it can
also appear during the synthesis, the shelf-life, or the sterilization process [83,252,253].

Degradation influences almost all properties of the hydrogels, especially mechanical properties. Nev-
ertheless, also permeability can change, which influences the transport of nutriments or the migrations
of cells [254]. Thus many methods were proposed to evaluate degradation. Some examples are listed
hereafter :

• Lost of dry weight [255] [91].

• Evolution of the swelling ratio [254,256].

• Evolution of mechanical properties [256].

• Release of specific compounds [257].

• High-pressure liquid chromatography (HPLC) evolution profile [258].

• Ultrasound scan for in vivo assessment [155].
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Table 2.10: Fatigue behavior according to different hydrogel structures.

Hydrogel
structure

Main characteristics Reinforcement mechanisms Cross-linking Interactions Fatigue behavior Recovery

Conventional Long polymer chains chemically
cross-linked to another polymer.

None but dipole-dipole
interaction [259] or a homogeneous
distribution of the
cross-linking [260] can enhance the
mechanical properties.

Mainly chemical. No [243] or
physical [261] [262]

interactions between
the polymer chain.

Constant behavior: no [112,262]

or low softening [243,261] with
(almost) no hysteresis.

Instantaneous
recovery.

Anisotropic Rigid domains oriented in a soft
and ductile hydrogel matrix.

Rigid domains sustain large
stresses, while the softer domains
give the flexibility to the hydrogel.

Chemical and/or
physical.

Physical interactions
between the domains
which act as the
reversible sacrificial
bonds.

Can depend on the loading
direction [26]:
• Softening similar to Mullins

effect (‖ to the domains).
• No softening with large

hysteresis (⊥ to the
domains).

Recover
(overtime 100%
after 15
min [29]).

Polyampholytes Mostly homogenous network
structure of random
copolymerization chain of
oppositely charged ionic
monomers forming pairwise ionic
crosslinks.

Strong permanent bonds maintain
the shape of the gel and form a
primary network, while the weak
bonds act as sacrificial and
recoverable bonds [105,106].

Ionic (strong bonds
and weak bonds).

n/a Softening and large hysteresis
at the first cycle then
constant behavior with almost
no hysteresis [105].

Recovery
(overtime 100%
after 120
min [105]).

Macromolecular Homogeneous macromolecular
structure with physical and/or
ionic crosslinking.

Homogenous structures distribute
homogeneously stress. Ionic
and/or physical bonds act as a
sacrificial and recoverable bond.

Ionic and/or physical. n/a Softening and large hysteresis
after the first cycle then
constant behavior with
smaller hysteresis.

Recovery (by
heating
70°C [107] or
overtime
4h [16]).

Interpenetrating
polymer network
(IPN)

Two or more entangled polymer
networks.

The interpenetration of one
network stretches polymer chains
in the other network and reduces
its chain density [108] and increase
the internal friction at the
entanglement sites.

Chemical [108] and/or
physical and/or
ionic [109].

Chemical and/or
physical [110]

interactions between
the polymeric network.

Softening and large hysteresis
after the first cycle then
constant behavior with
smaller hysteresis, softening
similar to Mullins effect [28].

Partial recovery
(by heating 80
°C [108] or
overtime 53%
after 80
min [109]).

Double network
(DN)

Two (independently) cross-linked
interpenetrating polymer networks
with strongly asymmetric
structure:
• First network (N1) is rigid,

stiff, brittle, and tightly
crosslinked.

• Second network (N2) is soft,
ductile, and loosely
cross-linked.

Molar chain length ratio: N2/N1
= 20-30x [18].

The first network serves as
sacrificial bonds that fracture at
relatively low stress and increase
the elastic modulus, while the
second serves as hidden length
that sustains stress by large
extension afterward and increase
the strain [18,111].

Mainly chemical. No or physical
interactions between
the polymer chains.

Softening and very large
hysteresis after the first cycle
then constant behavior with
smaller hysteresis [30,112],
softening similar to Mullins
effect [27].

No recovery
after large
deforma-
tion [27,105].

Composite Reinforced polymeric network
with e.g. particles or fibers.

The reinforcement elements
sustain most of the stress in the
hydrogel system.

The network is
chemically crosslinked,
while the reinforcement
elements are not
physically or
chemically
crosslinked [115].

Physical or ionic
interaction between the
reinforcement elements
and the polymeric
network [28].

Softening and large hysteresis
after the first cycle then
constant behavior with
smaller hysteresis [114],
softening similar to Mullins
effect [28,112,115].

Recovery
(overtime 86.8%
after 24h [116]).
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2.9 Characterization methods

Accurate measurement of hydrogel properties might be challenging regarding the high water content,
soft consistency, and often the viscoelastic behavior. For example, as presented in Fig. 2.13, only
a few standards exist to measure adhesion. These methods are not optimal for adhesive hydrogels
because they are exclusively conducted on glass or pork skin [80]. Consequently, many researchers have
developed their own methods, which make it difficult to compare the results. In particular, the testing
mode, the loading rate, the swelling state, and the samples’ size vary a lot.

Another typical example is how elastic modulus is measured. First, it can be measured in compression,
tensile, or shear. Then, since many hydrogels are viscoelastic and strain-stiffening, the elastic modulus
depends on the loading rate and the range of strain where it is measured. Finally, the cross-section of
the sample significantly changes during tensile or compression loading. Therefore, different manners
are employed for evaluating the true stress and strains, which again will induce variation.

Table 2.11 summarized different tests used to analyze the properties required for load-bearing implants,
shown in Table 2.8.

Test Methods

For all the test procedures, manual grips and a 50N load cell,
mounted on a dual column bench top material testing machine
(H10kT; Tinius Olsen, R an D Srl, Milan, Italy), were used. For
each test, designation, type of solicitation, glue quantity, and load ap-
plied for preconditioning are described in Table 1; 10 replicates were
performed for each procedure, according to ASTM indications.

Evaluation of Tensile Properties

Raw Material Samples Preparation

Samples were obtained dropping the glue in a S2 dumb-bell shaped
silicone rubber mould (DIN 53504) mounted on a Teflon plate. For
Glubran2 to trigger the polymerization process, an activator was
sprayed on the Teflon substrate (Loxeal Engineering Adhesives,
Milan, Italy), then 2 mL of the product were dropped into the mould.
After complete polymerization, which required 24 h at ambient tem-
perature (25 6 0.5�C), each sample was removed from the moulds
and observed microscopically to evaluate the presence of internal or
superficial defects.

For Tissucol samples, components were heated at 37�C, then
thrombin was diluted with distilled water up to 1:40 ratio to slow
down coagulation time [14] giving sufficient time to allow a correct
distribution of the fibrin glue into the mould. Having reached 37�C,
components were mixed at a ratio of 1:1 to obtain 2 mL of solution,
and deposited into the dumb-bell Teflon mould. Tissucol polymeriza-
tion was completed placing the samples in a cell culture incubator
(HeraCell; Heraeus, Hanau, Germany) for 2 h. Tests were performed
within 3 h from the complete polymerization to avoid fibrin degrada-
tion. The thickness of each sample was measured by a
micrometer in three points of the usable lengths.

Test Method

DIN 53504 ‘‘Determination of tensile stress/strain properties of rub-
ber’’: Samples were mounted, using manual grips for Glubran2 and
auto-locking grips for Tissucol, on a testing machine equipped with
a 100 N load cell; contact-extensometers were adopted to take in con-
sideration the deformation only of the usable tract of each dumb-bell
sample. The specimens where breakage occurred out of the usable
tract were discharged; tests were performed on three replicates. Ac-
cording to the normative (DIN 53504), break-strength, Young modu-
lus, and elongation at break were evaluated during the test.

TABLE 1

List and Description of all the Adhesion Tests Performed on Glubran2 and Tissucol Surgical Glues

Normative designation Glue amount (mL) Load applied (N) Type of solicitation

F2255-05: Standard test method for
strength properties of tissue adhesives
in lap-shear by tension loading

60 2

F2258-05: Standard test method for

strength properties of tissue adhesives
in tension

60 2

F 2256-05: Standard test method for

strength properties of tissue adhesives
in T-peel by tension loading

750 5

F2458–05: Standard test method for
wound closure strength of tissue
adhesives and sealants

60 -

KULL ET AL.: IN VITRO EVALUATION OF GLUBRAN2 TENSILE PROPERTIES e17

Figure 2.13: Example of adhesion test according to standard ASTM adhesion tests performed on Glubran2
and Tissucol surgical glues (reproduced with permission from [263]).
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Table 2.11: Example of tests for evaluating load-bearing hydrogel implants.

Property Specifications Used tests

Biological
properties

Biocompatibly Live/dead test [264,265], in vivo testing [255,266],
cytotoxicity [256,267,268], cell encapsulation study [269], according to
ISO 10993-1.

Antibacterial Antibacterial assessment (bacteria viability) [270].

Mechanical and
physical properties

Tension Tensile test [271].

Compression Compression test [202,221,264,272,273].

Fracture Tearing [274,275] , tension [29,214,276–282] , wire cutting test [283–285],
crack tip observation [275,278,279,281], strain field analysis [282].

Swelling ratio Variation in weight or volume analysis [202,221,255,256,266,267,273,286].

Interface properties Tension Direct tension loading [221,256,266,270,273,287], according to ASTM
F2258 [263,288], atomic force microscopy [233,236,237].

Shear Lap-shear test in tension loading [118,233,264,267,272] according to
ASTM F2255 [202,228,255,268,270,289–291].

T-peel T-peel in tension loading [292] according to ASTM F2256 [263].

Peel-off Peel-off in tension loading [271].

Interface quality Histology [269,291], scanning electronic microscopy (SEM) [269].

Surface energy Contact angle [237].

Processability Viscosity (Dynamic) oscillatory rheology [202,233,256,266–270,286,287,289,291].

Polymerization time Inverted tube test [267], vial tilting method [268], stir bar method [269],
(dynamic) oscillatory rheology [270].

Sterilization Mechanical properties, morphology and cytotoxicity
investigation [293].

Long-term
reliability

Fatigue resistance Uniaxial tension loading [279,286], uniaxial unconfined compression
loading [26–28,30,105,112,114,115,243,261,262,286],
recoverability [16,29,76,105,111,116,286] and (Dynamic) oscillatory
rheology [256].

Resorption Material weight loss according to time [228,256,270], cytotoxicity
investigation [73].
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2.10 Conclusions

Improving the mechanical properties of hydrogels is widely studied. However, synthesized hydrogels
can currently not compete with some load-bearing tissues, such as meniscus or articular cartilage,
mainly because it is extremely complicated to reproduce their highly hierarchical microstructures.
However, despite their role in physiological functions, hierarchical microstructures or gradients are
usually ignored in tissue engineering mainly for practical reasons. Creating gradients, especially mul-
tiple gradients, remains challenging and often requires special equipment, a complex synthesis process,
and excellent control over mechanical and physical properties. Nevertheless, most of these properties,
such as stiffness, swelling, or viscosity, are interrelated. Improving one property usually comes at
another’s cost, as observed in many hydrogel structures, including neat, double network, or composite
hydrogels. Therefore, more effort is required to decouple the interdependence between these properties
and extend the range of material properties for hydrogels without affecting biocompatibility. Indeed,
heavy chemical modifications should be avoided during the processing of bio-hydrogels because it in-
volves a full and time-consuming assessment.

Moreover, the field of applications of load-bearing hydrogels is often limited by (i) the lack of adhesion
to biological tissue and (ii) the drastic decrease in stiffness and toughness after the first loading cycle,
which shows similar characteristic to the Mullins effect. Subsequently, the mechanisms behind the
adhesion to biological tissues and the energy dissipation have to be better understood to overcome
the current limitations.

Finally, swelling properties are often placed in the background despite their importance. Indeed,
swelling might not only induce major dimensional changes but also significantly alter mechanical
properties. Thus, more research on controlling swelling while minimally affecting other properties,
such as stiffness or deformation performance, would be needed for novel applications.
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Chapter 3

Materials and methods

3.1 Hydrogel structures and materials

This thesis evaluates seven different hydrogels structures illustrated in Fig. 3.1. Each structure was
assigned to a specific color for facilitating the reading of the results. Table 3.1 describes the raw
materials, while Fig. 3.4 - 3.9 show the synthesis of each structure. Additionally, Table 10.3 in the
Chapter 10, Annexes presents the equipment used for the synthesis.

Polyethylene glycol 
dimethacrylate (PEGDM)

PEGDM swollen 
microgels

Nano-fibrillated 
cellulose (NFC) fibers 

Regenerated silk 
fibroin fibers 

Sodium alginate 
(second network)

Granular - GNeat - N

Composite double 
network - CDN

Hybrid granular - H Silk granular - S

Double 
network - DN

Composite - C

Hydrogels Reinforcements

Figure 3.1: Hydrogel structures developed and evaluated in this Thesis. Each structure was assigned to a
specific color for facilitating the reading of the results.
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3.2 Synthesis and processing

3.2.1 Raw materials

All components used for the synthesis of different hydrogels are listed in Table 3.1.

Table 3.1: Raw materials for hydrogel synthesis.

Name (abbreviation) Chemical structure Function Provider Comments

Calcium Sulfate (CaS)

[93]

Crosslinker for
Sodium alginate.

Merck (CAS
7778-18-9)

Biocompatible, pH
sensitive.

Demineralized water
(DI)

[93] Aqueous phase of
hydrogels.

Ministil P-6
(BWT, CH)

n/a

Irgacure 2959
[294]

Photo-initiator
for covalent
crosslinking of
PEGDM.

BASF (Basel,
CH)

Water-soluble, FDA
approved.

Lithium bromide [93] Dissolve silk. Merck (CAS
7550-35-8)

Commonly used to
dissolve silk.

Mineral oil Incorporate several
molecules [295]

Oil used for
oil-water
emulsion.

Merck (CAS
8042-47-5)

Non-toxic, insoluble in
water.

Nano-Fibrillated
Cellulose (NFC) based
on bleached softwood
pulp

[296] Fiber
reinforcement.

WMFC-Q-
Advanced
(Weidmann, CH)

Biocompatible, large
surface-to-volume
ratio, high stiffness
and strength.

Phosphate Buffered
Saline (PBS)

n/a Storage solution. Gibco (Basel,
CH)

Physiological solution
with a similar salt
concentration of the
human body.
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Poly(Ethylene Glycol)
Dimethylacrylate
(PEGDM), mw=20
kDa

[297]
Neat hydrogel or,
hydrogel matrix.

Polysciences (ref.
25406-25,
Germany)

Biocompatible, widely
used in biomedical
application, fast and
controlled
photo-curing.

Silk fibroin
[298]

Hydrogel
reinforcement.

Swiss silk
(Hinterkappelen,
CH) base
material:
Bombyx mori)

Biocompatible,
self-assembling,
physical crosslinking
Bombyx mori silk
fibers were provided
by Swiss silk.

Sodium alginate,
medium viscosity

[93]

Hydrogel matrix
(sacrificial
network).

Merck (CAS
9005-38-3)

Biocompatible, widely
used in biomedical
application, ionic
crosslinking.

Sodium carbonate
[93]

For degumming
of silk fibers.

Merck (CAS
497-19-8)

Commonly used to
remove sericin from
silk fibers.

SPAN 80

[299]

Non-ionic
surfactant to
stabilize oil-water
emulsion.

Merck (CAS
1338-43-8)

Non-toxic, insoluble in
water and soluble in
organic solvent [300].

Note that the PEGDM used in Chapter 4. Single and double network hydrogels and their composites.
was synthesized in the laboratory of macromolecular and organic materials (LMOM) of Professor
Holger Frauenrath, and NFC fibers were provided by EMPA (Dübendorf, Switzerland), where the
base material was Zellstoff Stendal (Arneburg DE). For all other chapters, PEGDM was purchased by
Polysciences (ref. 25406-25, Germany) and NFC fibers by Weidmann.
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3.2.2 Sub-component synthesis

The synthesis of microgels and silk fibroin are shown in Fig. 3.2 and Fig. 3.3.

Microgels synthesis - MR

N2 

O2 / CO2, /N2 

N2 

UV irradiation

Purge mineral oil with 5 wt.% 
Span 80 with nitrogen for 10 min.1 Fill a syringe with 2/3 of the oil 

phase and 1/3 hydrogel precursor.2

Mineral oil with
5 wt.% Span 80 (2/3)

10 wt.% PEGDM 
precursor (1/3)

Purge with nitrogen at 3.6 bar 
for 5 min to create an emulsion.3 Photocuring of microgel under 

UV-light irradiation - 365 nm 
and 5 mW/cm2 for 30 min.

4

Centrifuge the cured emulsion to 
remove oil. 5 Wash the microgels 3 times in 

water and 3 times in ethanol.6 Freeze the microgels in water at 
-80°C before to dry the micro-
gels in a freeze-dryer for 3 days.

7 Stock the microgels at 4 °C. A dry 
microgel is considered to be 
made of 100 % of PEGDM.

8

Polyethylene tubing 
of inner diameter of 
0.86 mm

H2O

Figure 3.2: Synthesis steps of microgels - MR based on PEGDM hydrogels.

Silk fibroin solution preparation

4h at 60°C

Immerse silk �bers in water with 
0.5 wt.% Na2Co3 for 45 min  to 
remove the sericin.

1 Dry the remaining silk �broin at 
60°C for 4h in aluminum cups.3 Dissolve 20 wt.% of silk �broin 

in 9.3M LiBr at 60°C for 4h.4

Dialyze dissolve silk �broin 
against pure water at pH 9.5 for 
3 days. 

5

Silk �broin
9.3M LiBr

Pure water at 
pH 9.5

0.5wt.% Na2Co3

Silk �bers

pure water

Silk �broin �bers

Wash 3 times the remaining silk 
�broin against pure water.2

Inverse dialysis against PEG 
solution in order to concentrated 
silk solution.

6

Figure 3.3: Synthesis steps of silk fibroin solution based on lithium bromide (LiBr).
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3.2.3 Hydrogel synthesis

The synthesis of each structure is shown in Fig. 3.4 - 3.9.

Neat hydrogels synthesis - N

O2 / CO2

Mold

10 wt.% PEGDM
0.001 wt.% Irgacure 2959

UV irradiation

Microscopic 
glass

Fill the mold with 
hydrogel precursor.

Photocuring of hydrogels under 
UV-light irradiation - 365 nm 
and 5 mW/cm2 for 30 min.

Mix initial precursor 
composition.1 2 3Degas at 20 mBar. 4

Figure 3.4: Synthesis steps of neat hydrogels - N.

Hydrogel composite synthesis - C

O2 / CO2

10 wt.% PEGDM
0.5 vol.% NFC
0.001 wt.% Irgacure 2959

Fill the mold with 
hydrogel precursor. 5

Photocuring of hydrogels under 
UV-light irradiation - 365 nm 
and 5 mW/cm2 for 30 min.

Mix initial precursor 
composition.1

Mix the precursor with 
Ultra Turrax at 12’000 
rpm for 10 min. 

2 3 Degas at 20 mBar. 4

UV irradiation

Microscopic 
glass

Mold

Figure 3.5: Synthesis steps of hydrogels composite - C.

Double network hydrogel synthesis - DN

O2 / CO2

10 wt.% PEGDM
0.9 wt.% CaS
0.001 wt.% Irgacure 2959

1.2 wt.% alginate

Fill the mold with 
hydrogel precursor. 5

Photocuring of hydrogels under 
UV-light irradiation - 365 nm 
and 5 mW/cm2 for 30 min

Mix initial precursor 
composition.1 2 Add sodium alginate 

gradually to the initial 
precursor.

3 Degas at 20 mBar. 4

UV irradiation

Microscopic 
glass

Mold

Figure 3.6: Synthesis steps of double network hydrogels - DN.
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Composite double network hydrogel synthesis - CDN

Fill the mold with 
hydrogel precursor.5

Photocuring of hydrogels under 
UV-light irradiation - 365 nm 
and 5 mW/cm2 for 30 min.

6

O2 / CO2

10 wt.% PEGDM
0.5 vol.% NFC
0.9 wt.% CaS
0.001 wt.% Irgacure 2959

Mix initial precursor 
composition.1

Mix the precursor with 
Ultra Turrax at 12’000 
rpm for 10 min. 

2 Add sodium alginate 
gradually to the initial 
precursor.

3 Degas at 20 mBar.4

1.2 wt.% alginate UV irradiation

Microscopic 
glass

Mold

Figure 3.7: Synthesis steps of composite double network hydrogels - CDN.

Hybrid granular / granular hydrogel synthesis - H/G

Swollen microgels Microscopic 
glass

UV irradiation

Mold

Add dry microgels in a new 
PEGDM based hydrogel precursor.1 Let the microgels fully swell.2 Fill the mold with granular 

hydrogel precursor.3
Photocuring of granular hydro-
gels under UV-light irradiation - 
365 nm and 5 mW/cm2 for 30 min.

4

Figure 3.8: Synthesis steps of granular hydrogel - G based on PEGDM. These steps are applicable for hybrid
granular hydrogel - H, where dry microgels are added to the precursor of hydrogel composites instead of neat
hydrogels at step 1.

Self-assembled silk granular hydrogel synthesis - S

Add dry microgels in a silk �broin 
solution.1 Mix the precursor until the micro-

gels are swollen.2 Fill the mold with silk granular 
hydrogel precursor.3 Curing at 37°C overnight in 

humid environment.4

Dry microgels

Hydrogel precursor
Swollen microgels Microscopic 

glass
Mold

Figure 3.9: Synthesis steps of self-assembled silk granular hydrogel - S.
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3.2.4 Casting

Casting molds for compression loading

The casting molds for the compression test were Eppendorf cap and measured either Ø8mm x 4.5mm
or Ø5.6mm x 3mm. They were filled with hydrogel precursors and covered with a microscope slide to
avoid contact with oxygen. Fig. 3.10 shows representative samples.

Casting mold

As-prepared state Swollen state

Neat hydrogelHydrogel composite

Swollen stateEppendorf cap

Figure 3.10: Representative composite hydrogels samples at as-prepared (Ø8mm·4.5mm) and swollen state
and neat hydrogel at swollen state for compression test.

Casting molds or tensile and single notch edge tests

The molds for tensile and single notch edge tests were made in Teflon. Fig. 3.11 shows representative
molds.

Figure 3.11: Casting molds of tensile and single notch edge tests.
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Tissue - sample preparation

For preparing the sample for adhesion test, different bovine cartilages were prepared in a cylindrical
shape Ø6,6 mm x 10 mm. The cartilage pieces were prepared from the superficial, middle, and deep
zones of bovine articular cartilage obtained from the femoro-patellar groove.

The hydrogel, which is attached to the cartilage, was a larger cylinder with the dimension Ø15 mm x
4,5 mm.

Note that the tissue samples were first fixed into the mold before adding the hydrogel precursors
on top of it. After polymerization, the hydrogel attached to the tissue was rapidly gripped for the
adhesion test.

3.3 Sampling plan

If not specified otherwise, each test was performed with a minimum of three samples. The hydrogels
are distinguished between different states:

• As-prepared state: untested sample in the after synthesis state.

• Dry state: dried untested sample.

• Swollen state: untested sample immersed in PBS or water for at least 24 hours for reaching
the equilibrium water content.
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3.4 Material characterization methods

The different properties of obtained hydrogels were quantified, and their microstructures were analyzed
with the methods and equipment presented in Table 2.11 and 3.2.

Table 3.2: Test equipment used for the characterization of hydrogels.

Description Function Comments

Instron E3000 (Norwood) equipped
with 250N load cell

Linear mechanical testing machine. Adhesion test.

5kN Zwicky (Zwick Roell) equipped
with 10N and 100N load cell

Linear mechanical testing machine. Unconfined compression, tensile and
fracture testing.

VideoXtens (Zwick/Roell) Integrated camera in the Zwicky and
virtual extensometer.

Record images at 25 fps for digital
image correlation at the macroscopic
scale.

Rheometer (TA Instruments
AR2000ex) with parallel plates

Measure complex viscosity. An oscillating strain sweep from 0.1
% to 1000% at 0.5 Hz.

Digital Image Correlation setup
(Correlated solutions)

Measure the displacement field on
the surface of samples.

Set-up includes: two cameras
Grasshoper USB3 (monochrom, 5.0
Mpix, 75 fps), 70 mm lens Vicsnap
V.9, VIC3D V.8.

Linkam TST350 Miniature tensile stage. Tensile testing under an optical
microscope (Olympus BX60) for
digital image correlation at the
microscopic scale.

Olympus BX60 Optical microscope. Record imaged with a resolution of
0.67 µm/pixel for digital image
correlation at the microscopic scale.

Zeiss LSM 700 Invert Fluorescence invert confocal
microscope.

Imaging with the laser of 405 nm
and the 20x lens.

Zeiss LSM 710 Invert confocal fluorescence
microscope.

Imaging with the laser of 488 nm
and the 20x lens in reflection mode.

Nikon Eclipse Ti2 Invert fluorescence microscope. Observe cells and microgels.

3D laser scanning microscope
(VK-X200 Keyence) with a 20x lens

Profilometer. Observe the surface of hydrogels.

Keyence VHX-5000 with a 10x lens Digital microscope. Imaging hydrogels.

Fourier-transform infrared
spectroscopy (FTIR)
FT/IR-6300typeA

Measure crystallinity. IR analysis covered the range
between 800-3500 cm−1 with a
resolution of 2 cm−1.

Mettler Toledo (readability: 0.1 mg -
1 mg)

Digital scale. Weight analysis.

Archimed setup (Figure 3.13) Hydrogel’s volume measurement. Determination of the swelling ratio.

47



Hybrid hydrogels for load-bearing implants

3.4.1 Imaging the morphology of fibers

The morphology of the NFC fibers in their native environment was observed via invert fluorescent
confocal microscopy with the 20x lens. In order to distinguish NFC fibers from the matrix, hydrogel
composites were dyed with calcofluor white stain (Sigma-Aldrich, Buchs, CH) that attaches to the
cellulose only as shown in Fig. 3.12. The samples were then observed with a laser of 405 nm.

Figure 3.12: Representative hydrogel composite dyed with Calcofluor White stain for fluorescence confocal
microscopy.

Similarly, the morphology and distribution of regenerated silk fibroin were observed in swollen hydro-
gels with an invert fluorescent confocal microscope (Zeiss LSM 700) equipped with a 20x lens and a
laser of 555 nm. In order to enhance the fluorescence of silk fibroin fibers, the self-reinforced granular
hydrogels were placed for at least 3 hours in 0.02 g/l Rhodamine B stain (Merck, CAS 81-88-9) before
being placed in pure water for at least 2 hours.

3.4.2 Swelling ratio

The swelling ratio was assessed either by weight or by volume.

Weight

The swelling ratio of hydrogels based on weight only was determined with the following equation (3.1):

SR = (mt −m0)
m0

(3.1)

where m0 is the initial weight of hydrogel just after synthesis and mt is the weight of hydrogel im-
mersed in PBS or demineralized water for time t.

The main advantage of measuring swelling by weight is its simplicity. However, it lacks accuracy for
assessing the variation in the volume of different hydrogels with various compositions because the
apparent density differs from sample to sample.
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Volume

The volume was obtained by using the Archimedes’ principle with the setup shown in Fig. 3.13.
The Archimedes principle allows to (i) assess with accuracy the variation in the volume of different
hydrogels with various compositions, (ii) measure the real and apparent density, indicating, therefore,
the presence of open porosity.

The measurements were divided into two steps. First, the hydrogel was patted dry with tissue and
weighed at position 1 (see Figure 3.13). As the support is directly related to the scale platform,
the recorded weight at position 1 corresponds to the sample’s real weight. In the second step, the
hydrogel was immersed in ultra-pure hexane placed at position 2. At this position, the recorded weight
represents the weight of the hydrogel immersed in hexane. The difference of weight (∆m) between
position 1 and position 2 corresponds to the weight of the displaced volume of the ultra-pure hexane,
which is equivalent to the one of the hydrogel sample. Knowing the volumetric mass of hexane, e.g.
ρhexane =0,659 g/mL, the volume (V) of the hydrogel can be calculated with the following equation
(3.3):

V = ∆m· ρhexane (3.2)

The swelling ratio based on volume was then determined with the following equation (3.1):

SR = (Vt − V0)
V0

(3.3)

where V0 is the initial volume of hydrogel just after synthesis and Vt is the volume of hydrogel im-
mersed in PBS or demineralized water for time t.

Posi�on 1

Posi�on 2
Glass container with 
pure hexane (no contact 
with the scale pla�orm)

Support directly related 
to the scale pla�orm

Scale pla�orm

Figure 3.13: Archimedes’ setup for the determination of the swelling ratio.
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3.4.3 Rheology

The precursors’ viscosity was evaluated at room temperature with a parallel plate rheometer (TA
Instruments AR2000ex). An oscillating strain sweep at 0.5 Hz was then applied to the precursors,
where the strain starts from 0.1% to 1000%.

In order to evaluate the curing time of neat and hydrogel composites under UV-light irradiation at a
wavelength of 365 nm and an intensity of 5 mW.cm−2, photorheology with a parallel plate rheometer
under 6% of oscillating strain at 10 Hz were performed on their precursors.

3.4.4 Compression test

The default testing parameters for compression, tensile, single notch edge, and adhesion test are
summarized in Table 3.3.

Table 3.3: Mechanical test parameters.

Description Adhesion Monotonic compression and
tensile loading

Cyclic compression and
tensile loading

Fracture

Load cell 250 N 100 N 100 N 100 N

Applied strain Until rupture Until rupture (or 90% in
compression)

Incremental Until rupture

Loading rate 0.1 mm/s 1 mm/s 0.5-1 mm/s 0.1-0.5 mm/s

Pre-load 0.05 N 0.02 N 0.02 N 0.02 N

Cycles number 1 1 3/5 per increment 1

Outputs Engineering
stress

• Area recorded at
pre-load

• Engineering stress and
strain

• Area recorded at
pre-load

• Engineering stress and
strain

Engineering
stress

Compression tests were performed with the test machine Zwicky shown in Fig. 3.14 on swollen and
unswollen samples. The compression and tensile setup were specially developed to test hydrogels. The
compression samples were placed on a transparent glass plate. A mirror is put at 45° below the plate
in order to reflect the bottom of the sample to the camera and measure the instantaneous area. The
tensile sample was placed between two grips. Only the screw holes of the fixed part have internal
(female) threads. Since the screws can freely move in the moveable part, the springs (0.4 mm of wire
diameter) hold the hydrogel samples at constant pressure.
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As a soft and flexible material, the real area was considered in the calculations. The true stress (σt)
was derived from the engineering stress (σe) as described in the following equation (3.5). It is assumed
that the volume was constant between each cycle as explained in equations (3.4).

A·h = A0 ·h0 (3.4)

where A and A0 are the area and the initial area of the sample respectively, h and h0 are the height
and the initial height of the sample respectively.

σt = F

A
= F

A0
· h

h0
= σe(1 + εe) (3.5)

where F is the recorded load, σe = F
A0

is the true stress, and εe = h−h0
h0

is the true strain.

As shown in Fig. 3.15, the elastic modulus was determined between 10% and 15% applied strain, and
the dissipated energy was defined as the area below the stress-strain curve (hysteresis).

Piston

Camera

Light 
source

Load cell

Mirror

Transparent 
glass plate

Grips

Tensile and fracture set-up

Compression set-up

Sample

Figure 3.14: Tensile machine Zwicky used for tensile, fracture, and compression tests.
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Fracture strength

First peak

Crack initiation 
energy

Dissipated energy

Elastic modulus

Figure 3.15: Definition of elastic modulus and dissipation of energy.

3.4.5 Tensile test

The tensile and single notch edge tests were performed with the test machine Zwicky, shown in Fig.
3.14, on swollen and unswollen samples. The samples were placed between self-customized grips. The
tensile elastic modulus was determined by linear regression between 10% and 15% true strain measure
with a virtual extensometer, while the dissipated energy was defined as the area below the stress-strain
curve (hysteresis).

In Chapter 5. Fracture properties of preloaded hydrogel composites, the calibration for tensile samples
was done via digital image correlation (Fig. 3.16a), which is described in section 3.4.7. The strain
calculated by the displacement ratio of the grip-to-grip distance was compared with the strain measure
on the straight part of the dog-bone sample. Since the two strains evolve linearly (Fig. 3.16b), a
correction ratio (Rcorr) was determined with the following equation (3.6) :

Rcorr = εstraight

εgrip− to− grip
(3.6)

In the following chapters, the true strain was directly measured with the virtual extensometer VideoX-
tens (Zwick/Roell).

3.4.6 Single notch edge test

Fig. 3.17 presents a representative stress-strain curve of a single notch edge test. The maximum stress
of the true stress-strain curve defines the fracture strength of notched samples. The highlighted area
in Fig. 3.17 represents the crack initiation energy density under the stress-strain curve until the first
peak. Finally, the fracture energy γ was determined when the critical energy release rate Gc was
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(a) (b)

Figure 3.16: Calibration of dog-bone samples: (a) DIC of dog-bone samples to compare the Lagrangian strain
along the x-axis calculated by the strain ratio of the grip-to-grip displacement with the strain of the straight
part of the sample measured with a virtual extensometer, (b) linear evolution of the different strains.

reached. Gc was characterized by the equation (3.7) [17].

Gc = 2 3√
λc
cWs(λc) (3.7)

where c is the initial crack length and Ws (λc) is the stored energy density of an un-notched sample
under the critical stretch λc. The critical energy release rate Gc is calculated when the stretch λc

reaches the first peak of a notched sample’s stress-strain curve.

Fracture strength

First peak

Crack initiation 
energy

Dissipated energy

Elastic modulus

Figure 3.17: Definition of fracture strength and crack initiation energy of notched samples.
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3.4.7 Digital image correlation analysis

Digital image correlation analysis permits to observe the strain field distribution on the surfaces
of hydrogels samples in tracking specific points. In order to create a speckle pattern, Graphit 33
(Kontakt Chemie, Germany) was sprayed on the surface of notched samples to make a fine, randomly,
and homogeneously distributed speckles pattern. For finer speckles pattern, used for DIC at the
microscopic level, a drop of Graphit 33 dissolved in isopropanol was deposited on the surface of dog-
bone samples and wipe a few seconds later with a lens cleaning tissue. Fig. 3.18 shows images of the
resulting speckles pattern.

(a) (b)

Figure 3.18: Speckle pattern on the surface of hydrogel for digital image correlation at (left) the macroscopic
and (right) microscopic scale. Graphit 33 (Kontakt Chemie, Germany) was sprayed on the surface of notched
samples to make a fine, randomly and homogeneously distributed speckles pattern. In order to obtain a finer
speckles pattern for DIC at the microscopic level, a drop of Graphit 33 dissolved in isopropanol was deposited
on the surface of dog-bone samples and wipe a few seconds later with a lens cleaning tissue.

2D DIC analysis was performed with the open-source software ncorr V1.2 on Matlab R2016b. An
integrated camera VideoXtens (Zwick/Roell) in Zwicky recorded the images. The reference image was
defined when the applied load reached 0.04 N.

3D DIC analysis was done with the test equipment illustrated in Fig. 3.19 provided by correlated
solutions according to the test parameters presented in Table 3.4. The test equipment incorporates
two cameras Grasshoper USB3 (monochrom, 5.0 Mpix, 75 fps), 70 mm lens, the software Vicsnap V.9
for the recording of images, and VIC3D V.8 for the analysis.

All reference image was determined when the applied load reached 0.04 N.
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Table 3.4: 3D digital image correlation parameters.

Description Values

Angle 25°

Distance to sample ∼ 470 mm

Lens 70 mm (Table 2 pos.5)

Camera resolution ∼ 3.45 um/pixel

Shutter opening > 6

Exposition time > 2.4 ms

Frame per second 100 – 500 ms/image (2-10 fps)

Ideal dot size 20 um

Ideal subset 36 pixels

Ideal step 12 pixels

VICSnap and 
VIC3D so�ware

Cameras

Tripod

Grips

Lights

Tensile machine 
Zwicky

White paper 
sheet

TestXpert II 
so�ware

Load cell

Figure 3.19: Setup for digital image correlation in 3D.
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3.4.8 Adhesion test

The adhesion test setup, presented in Fig. 3.20, was developed by Peyman Karami. Unswollen samples
were tested on bovine cartilage according to the test parameters describes in Table 3.3.

Hydrogel

Tissue
Gripping system

Movable part

Holder

Figure 3.20: Adhesion setup.

3.4.9 Interfacial fracture test

The hydrogel-tissue fracture test was performed with the test machine Zwicky shown in Fig. 3.14
and 3.21 on unswollen samples. Rectangular tissue samples with a dimension of 20 mm × 15 mm ×
2 mm (length x width x thickness) were placed in the molds used for fracture shown in Fig. 3.11.
The hydrogel precursor was added to the remaining free placed (20 mm x 15 mm x 2 mm). Once
polymerized, a sharp interfacial notch 3 mm length was created. The total dimension was, therefore,
40 mm x 15 mm x 2 mm.

(a) Setup (b) Tissue-hydrogel samples

Figure 3.21: (a) Setup for interfacial fracture test (b) examples of the tissue-hydrogel sample, where the tissue
is bovine articular cartilage.
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3.4.10 Fourier-transform infrared spectroscopy

The crystalline structure of dry self-reinforced granular hydrogels was analyzed with Fourier transform
infrared spectroscopy (FTIR) FT/IR-6300typeA. The IR analysis covered the range between 800-3500
cm−1 with a resolution of 4 cm−1. The background was collected before testing the samples.

The FTIR spectras were analyzed with R using the package of ChemoSpec. The baseline drift was
adjusted with the function baselineSpectra, where modpolyfit was set for the method, while the
normalization was done with the function normSpectra, where PQN(i.e. Probabalistic Quotient Nor-
malizatio) was set for the method [301].

3.4.11 Cytocompatibility test

Cytocompatibility was evaluated via a direct contact test and proliferation study.

Direct contact test

Cylindrical hydrogels were first sterilized in an autoclave before being placed and fixed separately in
the middle of cell culture vessels with a diameter of 35 mm. Bovine chondrocyte cells were then seeded
around the samples (10000 cell/cm2). The following quantities were added to each vessel: 2.5 mL of
cell culture medium, 10 vol% Fetal Bovine Serum (FBS), 1 vol% Penicillin Streptomycin (PS), and 1
vol% L-Glutamine. Finally, the samples were incubated at 37 °C in 5% CO2 for one week. To observe
the cells, they were stained with 1 mL methanol for 30 s followed by 1 mL diluted Giemsa solution.

Proliferation study

Bovine chondrocyte cells were cultured on a 6-well plate with 100’000 cells/well, where each well
contains 6 ml of culture medium. Cell strainers with a mesh size of 70 µm were placed in the wells.
Sterilized hydrogels, with 2.5 mm in thickness, were then deposited in the strainers. The culture
medium was changed every two days. In order to study cell proliferation at different time points, the
medium was aspirated and replaced with 1 ml of medium with 10 vol% PrestoBlueTM assay (A13261,
Life Technologies) according to the manufacturer’s instructions in each well. After incubation for
30 min, the solution was distributed in a black 96-well plate. The proliferation is evaluated with a
microplate reader (Wallac 1420 Victor2, PerkinElmer) at a fluorescence wavelength of 595 nm. Each
test is repeated three times, and at each time point, three wells without hydrogel were considered for
the positive control.
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Chapter 4

Single and double network hydrogels
and their composites

Which hydrogel structure is suitable for load-bearing applications?

Load-bearing hydrogel implants must satisfy several criteria such as high toughness, good reliabil-
ity, and stability. In the absence of standards, a testing protocol was established in this chapter to
highlight the strengths and weaknesses of different hydrogel systems. It evaluates their biological,
physical, mechanical, and adhesion properties, processing ease, as well as their long-term reliability.
Four different hydrogel structures based on poly(ethylene glycol) dimethacrylate were tested: neat,
composites, double network, and composite double network hydrogels. Composites were reinforced
cellulose fibers, while the second network was alginate. Adding cellulose fibers and/or a second network
significantly improved mechanical and adhesion properties in the as-prepared state. Nevertheless, the
double network hydrogel lost all profits in the swollen state. Indeed, compared to neat hydrogels,
double network hydrogels had at least 30% higher swelling ratios and 25% lower elastic moduli. In
contrast, the addition of 0.5 wt.% cellulose fibers to neat hydrogels reduced swelling by more than 30%
without seriously affecting the processability or the long-term reliability. Fatigue tests revealed that
hydrogel composites successfully survive 10 million loading cycles at 20% applied strain. However, it
became softer after the first loading cycles and behaved similarly to the Mullins effect. Nevertheless,
its large swelling ratio, i.e 95 wt.%, and its compressive modulus, i.e 64 kPa, are still inappropriate for
many applications in an unconfined environment, such as treating focal cartilage defect. Therefore,
further research on controlling swelling and stiffness is necessary to extend their field of application

Keywords: neat, composite, double network, PEGDM, cellulose fibers, alginate, swelling ratio, me-
chanical test, adhesion to cartilage, fatigue.

Publications: "Composite double-network hydrogels to improve adhesion on biological surfaces", ACS
applied materials & interfaces (2018) [200], "Tailoring swelling to control softening mechanisms during
cyclic loading of PEG/cellulose hydrogel composites", Composites Science and Technology (2018) [31]
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4.1 Introduction

Like living tissues, hydrogels are mainly composed of water, typically more than 80 wt.%. This at-
tribute enables the transport of nutriment and supports new tissue growth. However, for using hydro-
gels in load-bearing applications, they have to satisfy important criteria illustrated in Fig. 1.2 on p.2.
Load-bearing characteristics involve, for instance, high toughness, good reliability, and stability. These
last decades, new structures such as interpenetrating polymer network, double network hydrogel, or
composite were developed for significantly improving mechanical properties [18–21]. However, their field
of applications is often limited by their (i) toxic side reactions, (ii) low toughness, (iii) high swelling ra-
tios, (iv) long-term reliability, (v) lack of adhesion to biological tissue, and/or (i) their processing ease.

Since no standardized protocol exists for evaluating load-bearing hydrogel implants nowadays, this
chapter presents a testing protocol for comparing the strengths and weaknesses of single and double
network structures and their composites. Those experiments evaluated their biological, physical, me-
chanical, and adhesion properties, processing ease, as well as their long-term reliability.

Fig. 4.1 presents four different hydrogel structures studied in this chapter: neat hydrogels, hydrogel
composites, double network hydrogels, and double network hydrogel composites. The hydrogels were
selected according to their characteristics detailed in Table 4.1, and their various potential for dissipat-
ing energy. Dissipative structures are believed to perform better in load-bearing situations, especially
because they limit crack propagation in bulk and at the interface between tissue and implant. Here,
the neat hydrogel made of a single polymer network is expected to be the softest structure with a low
dissipative capability. On the contrary, the complex composite double network hydrogel should be the
strongest and most dissipative.

Neat - N Composite double 
network - CDN

Double 
network - DN

Composite - C

Polyethylene glycol dimethacrylate 
(PEGDM) network (matrix)

Nano-fibrillated cellulose 
(NFC) fibers 

Sodium alginate 
(second network)

10 wt.% PEGDM 10 wt.% PEGDM,
1.2 wt.% alginate

10 wt.% PEGDM,
0.5 vol.% NFC fibers

10 wt.% PEGDM,
1.2 wt.% alginate,

 0.5 vol.% NFC fibers

Figure 4.1: Structure and composition of neat, composite, double network, and double network hydrogels.
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Table 4.1: Material approach.

Hydrogel components Justifications Goal

20 kDa poly(ethylene
glycol)dimethacrylate (PEGDM)
Matrix - network 1

20 kDa PEGDM
• is commercially available.
• have a low degradation rate.
• have good stretchability.
• is suitable for chemical modifica-

tions.

A flexible polymer network is crucial
for
• toughness.
• fatigue resistance.
• manipulate hydrogels.

Sodium alginate (medium viscosity)
Matrix - network 2

Sodium alginate
• is commercially available.
• have recoverable bonds.
• has good biocompatibility.

• The second network can signifi-
cantly increase the toughness of hy-
drogels.

• Recoverable bonds breaks can con-
siderably improve fatigue resis-
tance.

Nano-fibrillated cellulose (NFC)
fibers
Reinforcement

Cellulose fibers
• is the most abundant biopolymer.
• has a large surface-to-volume ratio.
• has excellent mechanical properties.
• is easy to incorporate in hydrogels.

Reinforcement increases toughness in
• sustaining high stress.
• dissipating energy.
• limiting crack propagation in inter-

phase and bulk.

4.2 Materials and methods

4.2.1 Materials

20 kDa Poly(ethylene glycol) dimethacrylate (PEGDM) was synthesized in the laboratory of macro-
molecular and organic materials (LMOM) of Professor Holger Frauenrath. Sodium alginate (CAS
497-19-8) and calcium sulfate (CAS 7778-19-9) were supplied by Merck. Nano-fibrillated cellulose
(NFC) were provided by EMPA (Dübendorf, Switzerland), where the base material was Zellstoff Sten-
dal (Arneburg DE), Germany). SEM analysis shows that the NFC measure a few micrometers with
diameters in the range of 2-100 nm [141]. Irgacure 2959 from BASF was used as a photoinitiator.

4.2.2 Hydrogel synthesis

The full synthesis of the neat, hydrogel, double network, and composite double network hydrogels are
described and illustrated in Fig. 3.4 - 3.7. The precursor of neat hydrogel was initially composed of 10
wt.% of PEGDM, 0.1 g·ml−1% of Irgacure 2959, and distilled water (Fig. 3.4 on p. 43). The precursor
of hydrogel composites had the same PEGDM concentration as the neat hydrogel, where 0.5 vol.%
NFC were added and mixed with an Ultra Turrax (IKA T25 digital, SN 25 10G) at 12’000 RPS for
10 min (Fig. 3.5 on p. 43). For creating the double network and composite double network hydrogels,
0.9 wt.% of calcium sulfate was first mixed with the precursor of the neat and composite hydrogel,
respectively, before progressively adding 1.2 wt.% of sodium alginate. The precursors, degassed at 20
mbar, were cast in Teflon molds and cover with a microscopic glass before being irradiated for 30 min
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under UV-light irradiation at a wavelength of 365 nm and an intensity of 5 mW.cm−2.
Table summarizes the dimension of casting molds 4.2.

Table 4.2: Sample geometries.

Sample type Dimension Tests

Cylinder
Fig. 3.10

Ø8 mm x 4.5 mm • Swelling ratio
• Compression test
• Long-term fatigue test
• Cytotoxicity

Dog-bone
Fig. 3.11

Cross-section of 5 x 2 mm Tensile test

Rectangular
Fig. 3.11

15 x 30 x 2 mm
Crack length of 3 mm

Fracture test

Square attached to bovine cartilage
Fig. 3.21

15 x 15 x 2 mm
Crack length of 3 mm

Interfacial fracture strength

Cylinder attached to bovine cartilage
Fig. 3.20

Ø15mm x 4.5mm Adhesion test

4.2.3 Methods

The hydrogels were evaluated according to the major characteristics for load-bearing hydrogel implants
illustrated in Fig. 1.2. In particular, the experiments assessed their biological, physical, mechanical,
and adhesion properties, processing ease, as well as their long-term reliability.

Table 4.3 describes all methods used for the characterizations. More details on the tests can be found
in Chapter 3. Materials and methods.
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Table 4.3: Characterization methods.

Description Property Tests Goal

Physical
properties

Swelling ratio Weight scale
Variation of weight.
Section 3.4.2

Assess dimensional stability once
implemented in a human body.

Complex viscosity Oscillatory rheology
Oscillating strain sweep from
0.1% to 1000% at 0.5 Hz.
Section 3.4.3

Measure complex viscosity of
hydrogel precursor for evaluating
the injectability.

Curing time Oscillatory photo-rheology
UV irradiation at 365 nm and
5 mW· cm−2 with an oscillating
strain of 6% at 10 Hz.
Section 3.4.3

Measure complex viscosity of
hydrogel precursor for evaluating
the injectability.

Mechanical
properties

Compressive elastic
modulus and
dissipation of energy

Compression test
Loading rate 0,1 mm/s and
preloading 0,02N.
Section 3.4.4 and Fig. 3.14

Evaluation of mechanical
properties of as-prepared and
swollen hydrogels in compression
loading.

Tensile elastic modulus
and dissipation of
energy

Tensile test
Loading rate 0,1 mm/s and
preloading 0,02N.
Section 3.4.5 and Fig. 3.14

Evaluation of mechanical
properties of as-prepared and
swollen hydrogels in tensile
loading.

Fracture strength Single notch edge test
Loading rate 0,1 mm/s and
preloading 0,02N.
Section 3.4.6 and Fig. 3.14

Determination of fracture
strength of as-prepared
hydrogels.

Adhesion
properties

Adhesion strength Adhesion test
Loading rate 0,1 mm/s and
preloading 0,05N.
Section 3.4.8 and Fig. 3.20

Measure adhesion of as-prepared
hydrogel to bovine articular
cartilage in tensile loading.

Interfacial fracture
strength

Tensile setup
Loading rate 0,1 mm/s and
preloading 0,02N.
Section 3.4.9 and Fig. 3.14

Evaluation of interfacial fracture
strength between cartilage and
as-prepared hydrogels.

Biological
properties

Cytotoxicity Direct contact test and proliferation
study
7 days at 37°C in 5% CO2.
Section 3.4.11

Control biocompatibility up to 7
days.

Reliability Fatigue resistance Cyclic compression loadings
Loading rate 10 mm/s and
preloading 0,02N.
Section 3.4.4 and Fig. 3.14

Control of the long-term stability
on swollen samples up to 10
millions loading cycles.

Fiber
morphology

Microscopy Fluorescence confocal microscopy
At 405nm and 20x lens.
Section 3.4.1 on p.48

Observed the morphology of
cellulose fibers in hydrated
hydrogels.
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4.3 Results and discussion

The following results were partially published in Composite science and technology [31] and Applied
material and interfaces [200].

4.3.1 Processability - rheology

Complex viscosity of the precursor

In order to evaluate the processing ease of neat hydrogels - N, hydrogel composites - C, double network
hydrogels - DN, and composite double network hydrogels - CDN, the complex viscosity of their precur-
sors was measured at room temperature with a parallel plate rheometer (TA Instruments AR2000ex)
and presented in Fig. 4.2a. An oscillating strain sweep at 0.5 Hz was then applied to the precursors,
where the strain starts from 0.1% to 1000%.

All precursors revealed apparent shear-thinning behavior and complex viscosities below 10 Pa· s,
suitable for injecting the precursors through narrow needles [7]. At quasi-static 0.1% oscillation strain,
neat hydrogel had the lowest complex viscosity of about 0.1 Pa· s. Double network hydrogels were
slightly more viscous, i.e. 1 Pa· s. Finally, adding 0.5 vol.% of cellulose fibers increased the complex
viscosity by one order of magnitude, i.e. 10 Pa· s.

(a) Oscillating strain (b) Photorheology

Figure 4.2: Rheology measurement of neat hydrogels - N, hydrogel composites - C, double network hydrogels
- DN, and composite double network hydrogels - CDN. (a) Representative behavior of precursors’ complex
viscosity with a parallel plate rheometer under an oscillating strain sweep at 0.5 Hz at room temperatures.
The measurements were rapidly taken after mixing the precursor, which was not degassed. (b) Representative
photocuring behavior of precursors’ complex viscosity with a parallel plate rheometer under 6% of oscillating
strain at 10 Hz.
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Curing time through photo-polymerization

In order to evaluate the curing time of neat and hydrogel composites, photo-rheology with a parallel
plate rheometer was performed on their precursors under UV-light irradiation at a wavelength of 365
nm and an intensity of 5 mW·cm−2. The oscillating strain was fixed at 6% and 10 Hz. The resulting
curing behaviors are presented in Fig. 4.2b.

The precursors were fully cured after 20 min, which represents quite a long time for biomedical applica-
tions. The photo-initiator used during synthesis, Irgacure 2959, is water-soluble and FDA approved [89].
However, it is only poorly effective at a wavelength higher than 365 nm because its maximal absorp-
tion peak is located at around 295 nm, as shown in Fig. 2.1 in Chapter 2. State of the art [88].

Nevertheless, the precursors containing cellulose fibers started curing about 1 minute before the neat
precursor. It was previously reported [23] that the fibers scattered light, promoting a homogenous
polymerization and accelerating the gelation time.

4.3.2 Physical properties - swelling

Hydrogels enable minimally invasive treatment because the precursor can be injected through a small
needle and cured in situ with UV-irradiation, for example. However, once implemented in the human
body, the hydrogel is not necessary in its equilibrium swollen state. Swelling may be critical for some
applications, such as for cartilage repair, where a continuous surface between hydrogel and tissue is
required. The change in volume due to swelling or shrinking might create internal stresses in the bulk
hydrogels or break the interface with the tissue. Therefore, knowing the swelling ratios of hydrogels
are prerequisite for unconfined and semi-confined applications.

The swelling ratios of neat hydrogels - N, hydrogel composites - C, double network hydrogels - DN,
and composite double network hydrogels - CDN were determined with equation (3.1) described in
section 3.4.2 on p.48. The hydrogels were swollen in PBS, and demineralized water for at least 24h
and their corresponding swelling ratios are reported in Fig. 4.3.

The reference neat hydrogel swelled 139 ± 6 wt.% in PBS and 138 ± 8 wt.% in demineralized water.
The presence of cellulose fibers reduced swelling down to 95 ± 7 wt.% in PBS and 94 ± 5 wt.%
in demineralized water. This effect was already reported previously [23,125]. In contrast, adding a
secondary alginate network to the neat hydrogel significantly increased swelling up to 185 ± 5 wt.%
in PBS and even more in demineralized water. Indeed, the swelling ratio was measured at 295 ± 26
wt.%, which is an increase of 37%. It was related to the ionic crosslinking constituting the secondary
alginate network, which is very sensitive to the surrounding salt concentration. Nevertheless, the
cellulose fibers in the composite double network hydrogels could decrease swelling again.

65



Hybrid hydrogels for load-bearing implants

As- 
prepared 

Swollen in 
PBS

Swollen in 
distilled water

N C DN CDN
50

100

150

200

250

300

350
Sw

el
lin

g 
ra

tio
 [%

]
PBS: Phosphate Buffered Saline
Demineralized water

Figure 4.3: Swelling ratios of neat hydrogels - N, hydrogel composites - C, double network hydrogels - DN,
and composite double network hydrogels - CDN, the samples in the as-prepared state and the swollen state.

4.3.3 Mechanical properties

Compression and tensile tests were performed on neat hydrogels - N, hydrogel composites - C, double
network hydrogels - DN, and composite double network hydrogels - CDN in the as-prepared state
according to the test parameters described in Table 3.3 on p. 50.

Fig. 4.4 presents the compressive and tensile elastic moduli obtained by linear regression between 5%
and 10% applied strain and their dissipated energies were measured with the area of the stress-strain
curve as shown in Fig. 3.15 on p. 52.

Although some variations between tensile and compressive loadings, the elastic moduli were measured
between 30 kPa and 80 kPa.

The presence of fibers increased both elastic moduli and dissipated energies. Moreover, the elastic
moduli were higher in tensile loading without alginate, probably because the fibers are more elastically
active in the homogeneous tensile loading. The main sources for the dissipated energy were related to
the disintegration of hydrogen bonds of the NFC network bonds between cellulose-cellulose or between
PEGDM-cellulose [23], to interfacial friction as well as the deformation of NFC fibers.
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Figure 4.4: (a) Elastic moduli and (b) dissipated energies at 40% applied strains in compression and tensile
of neat hydrogels - N, hydrogel composites - C, double network hydrogels - DN, and composite double network
hydrogels - CDN in the as-prepared state.

Similarly, adding a secondary alginate network increased the elastic modulus probably because of
stronger intermolecular friction and higher crosslinking density. In contrast, the breaking of ionic
bonds explains that more energy was dissipated.

Effect of swelling on the compressive modulus

The effect of swelling on the compressive moduli was investigated on neat hydrogels - N, hydrogel
composites - C, double network hydrogels - DN, and composite double network hydrogels - CDN ac-
cording to the test parameters described in Table 3.3 on p. 50. Fig. 4.5 shows the resulting properties.
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Figure 4.5: Effect of swelling on the compressive elastic modulus of neat hydrogels - N, hydrogel composites
- C, double network hydrogels - DN, and composite double network hydrogels - CDN.

Neat, double network and composite double network hydrogels had lower elastic modulus in the swollen
state compared to the as-prepared state. While neat and composite double network hydrogels showed
a reduction of around 28%, the compressive modulus of double network hydrogel decreased by almost
62%. Surprisingly, the compressive modulus of hydrogel composite was enhanced by 45%.

Most hydrogels become softer when they swell [28,206,302]. According to the statistical thermodynamics
of rubber elasticity, the elastic modulus decreases by a factor of (V0/V )

1
3 when the rubber swells, where

V0 is the volume of the network in the dry state and the V the volume of the sample at a specific
swelling state [201]. From a phenomenological perspective, water absorption disentangles the polymer
chain and reduces the friction between them. Consequently, the hydrogel benefits of the enhanced
mobility of the polymer chain [206].

Nevertheless, in some cases, the stiffness of hydrogels increases when the hydrogel evolves from the as-
prepared state to the equilibrium swollen state [303,304]. For example, when polyampholyte hydrogels
are immersed in an aqueous solution just after synthesis, co-ions and counter-ions are removed from
its matrix [303]. The volume of the hydrogel shrinks through this process and enhances the formation
of ionic bonds. The latter positively influences the stiffness and the toughness of the hydrogel. The
stiffening behavior was reported in thin-film hydrogel also [304]. The increase in elastic modulus was
associated with a decrease in entropy. The polymer side groups became charged when the hydrogel
swelled and repelled one another, reducing possible polymer segments’ configurations.

Since the neat hydrogel was softer in the swollen state, the stiffening induced by swelling observed
in hydrogel composite was related to the NFC fibers only. To a certain extent, swelling reduces the
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entropy of the NFC fibers. As suggested in Fig. 4.3, cellulose fibers prevent the hydrogel matrix from
achieving its steady swollen state. In neat hydrogels, the steady swollen state is reached when the
osmotic drive to dilute the polymer is balanced with the entropic resistance to strand extension of
the polymer chain [201]. In the case of hydrogel composites, the mechanical strand extension of the
NFC network could limit the swelling. Similarly to the strain-stiffening mechanism observed in many
elastomers and hydrogels, swelling pre-stretched the fiber network and reduces its configurational en-
tropy. Consequently, the apparent elastic modulus increases. The origin might also be issued from
the additional physical crosslinks between two entangled NFC fibers forming a more elastically active
network due to swelling.
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Figure 4.6: Property chart showing the compressive modulus of neat hydrogels - N, hydrogel composites - C,
double network hydrogels - DN, and composite double network hydrogels - CDN in the swollen state in function
of the swelling ratio.

Fig. 4.6 presents a property chart showing the compressive modulus in the swollen state according to
the swelling ratio. The compressive moduli are larger for structures that swelled less. As mentioned
in section 4.3.2, large swelling ratios may alter hydrogel’s stability in an unconfined or semi-confined
environment. Therefore, hydrogel composite shows better potential, among the studied structures, for
being used as a load-bearing implant regarding the swelling and compressive modulus. Nevertheless,
knowing that the elastic modulus of articular knee cartilage varied from 20 kPa to 6.5 Mpa [165], its
large swelling ratio of about 95 wt.% and its compressive modulus of 64 kPa are still inappropriate
for many applications in an unconfined environment such as replacing the entire articular cartilage.
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Distribution and morphology of fiber

To better understand the physical and mechanical properties of hydrogel composites, the morphology
of the fibers in hydrated hydrogels was observed with fluorescence confocal microscopy. The hydrogel
composite was swollen in 0.2 g/l Calcofluor White stain to dye the cellulose fibers only (see section
3.4.1 on p. 48).

(a) Original (b) Randomly oriented NFC

(c) Bundles of NFC (d) Cloud of NFC

Figure 4.7: Z-stack projection of NFC fibers in a swollen composite hydrogel.
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Fig. 4.7 presents a z-stack projection of NFC fibers in hydrated PEGDM hydrogels. The NFC fibers
formed a network-like structure supporting, previously reported observation [23]. Nevertheless, a broad
diversity in size and morphology reflects the history of preparation. Fig. 4.7b presents a region of the
hydrogel composite where the fibrils were well dispersed and randomly oriented. In contrast, Fig. 4.7c
highlights a fiber that was not perfectly defibrillated. A bundle of aligned fibrils constituted the fiber,
where some NFC were spreading out in the extremities. Those larger fibers may sustain the higher
stresses in the system. Moreover, some clouds of NFC, observed in Fig. 4.7c, seems to be composed of
tightly entangled and randomly oriented NFC. In such a complex and compact network, the physical
hydrogen interactions and the potentially dissipated energy are expected to be high.

Fracture strength

The single notch edge tests were performed on neat hydrogels - N, hydrogel composites - C, double
network hydrogels - DN, and composite double network hydrogels - CDN in the as-prepared state ac-
cording to the test parameters in Table 3.3 on p.50. Fig. 4.8 presents the measured fracture strengths.
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Figure 4.8: Fracture strength of neat hydrogels - N, hydrogel composites - C, double network hydrogels - DN,
and composite double network hydrogels - CDN in the as-prepared state.

The fracture strength of double network hydrogels is about 3.5 times larger than that of neat hydrogel.
Since the breaking of ionic bonds in the alginate network is easier than covalent crosslinking of the
PEGDM network, ionic bonds broke most probably before the covalent bonds around the crack tips.
Subsequently, double network hydrogel was able to release more energy by breaking bonds before crack
propagation.

Nevertheless, when NFC fibers are added to the system, the fracture strength was almost 19 times
higher than the neat hydrogels. This huge augmentation was mainly associated with fiber-bridging.
Moreover, composite double network hydrogel fracture strength was significantly higher than that of
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the hydrogel composite. Adding alginate might have a synergistic effect, which improves the inter-
face/interphase quality between matrix and fibers. Besides, the trend of fracture strengths observed
in Fig. 4.8 was similar to the trend of dissipated energy during tensile loadings shown in Fig. 4.4d,
which suggests that both behaviors are tightly related.

The fracture behavior of hydrogel composites was further investigated in their swollen state in the
following Chapter 5. Fracture properties of preloaded hydrogel composites.

4.3.4 Adhesion and interfacial fracture strength

The adhesion and interfacial fracture tests were performed according to the test parameters in Table
3.3 on p. 50 on biphasic samples: hydrogel samples in the as-prepared state shearing an interface with
bovine cartilage (see Fig. 3.20 and Fig. 3.21 on p. 56). Note that the tissue samples were first fixed
into the mold before adding the hydrogel precursors on top of it. After polymerization, the hydrogel
attached to the tissue was rapidly gripped for the adhesion test.

The adhesion and interfacial fracture strengths of neat hydrogels - N, hydrogel composites - C, double
network hydrogels - DN, and composite double network hydrogels - CDN are presented in Fig. 4.9.
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Figure 4.9: Adhesion and interfacial fracture strength of neat hydrogels - N, hydrogel composites - C, double
network hydrogels - DN, and composite double network hydrogels - CDN in the as-prepared state. (a) Adhesion
test on bovine cartilage - results of Peyman Karami (b) Interfacial fracture test between bovine cartilage and
hydrogels.

Adhesion and interfacial fracture strengths showed similar trends. Indeed, except for double network
hydrogels, the hydrogels failed at the interface during the adhesion test. Similar to the results obtained
for the elastic moduli and fracture strengths, the presence of fibers increased the adhesion strengths
from 21 kPa to 53 kPa for neat hydrogels and hydrogel composites respectively, and from 71 kPa to
138 kPa for the double network and composite double network hydrogels.
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Figure 4.10: Digital image correlation images showing the strain distribution on the surface of hydrogel
composites in the as-prepared state during (a) a single notch edge and (b) interfacial fracture tests.

It is generally accepted that the tougher the hydrogel is, the more energy is needed to propagate a
crack and break the interface with the living tissue [113]. Therefore, the huge difference of bulk fracture
strengths observed in Fig. 4.8 could explain why the adhesion strength was the highest for composite
double network hydrogels: since the hydrogel can absorb more energy before the propagation of a
crack, the interface with the tissue is better protected.

The strain field around the crack type was observed with digital image correlation (DIC) in 3D and
analyzed with the software VIC3D. As shown in Fig. 4.10, the largest deformations were located
around crack tips. The strain concentration of interfacial fracture samples was shifted at 45° from the
crack tip to the hydrogel highlighting how stress is transferred from the interface to hydrogel.

A direct relation between adhesion and bulk fracture strength could not be achieved. Indeed, double
network hydrogels showed higher adhesion strength than hydrogel composites, while their bulk frac-
ture strength and energy were significantly lower. Alginate has a higher affinity with the cartilage
surface, probably through weak hydrogen bonds, which allows a better stress transfer to the bulk
material.

4.3.5 Biological properties - cytocompatibility

In order to simplify the assessment of biological properties, only composite double network CDN
hydrogels were evaluated because it contains all components of the four systems. Direct contact test
and proliferation study described in section 3.4.11 on p. 57 were performed. The results are shown in
Fig. 4.11.
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(a)

(b)

(c)

Figure 4.11: Cytocompatibility of composite double network hydrogels in the swollen state (a,b) Direct contact
test showing the distribution of cells, died with Giemsa, around the hydrogel. The cells’ morphology in contact
with the hydrogel samples demonstrates was similar to areas far from the hydrogel. (c) Cells proliferation
study with/out the presence of the CDN hydrogel showing no significant difference between the samples with
hydrogel and control group over seven days. The maximum fluorescence on day 7, corresponding to the maximum
proliferation possible in the used wells.

After being stained with Giemsa, the cells’ distribution around the hydrogel was observed with the
direct contact test. The cells’ morphology in contact with the hydrogel samples was similar to cells
far from the hydrogel, which suggests that the hydrogel doesn’t significantly alter the cells’ viability.
Indeed, the study of cell proliferation showed that there were no significant differences between the
hydrogel and the control group over seven days. It confirmed that the hydrogel does not significantly
affect cell proliferation.
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4.3.6 Long-term reliability

Degradation

Since degradation assessments are time-consuming experiments, the degradation behavior was rapidly
evaluated according to brief literature research.

20 kDa PEGDM and cellulose fibers are biodurables materials over a long period [1,254,305], while the
ionic bonds between alginate polymer chains degrade in short-term. Nevertheless, the covalent bonds
inside the alginate polymer chain take much more time [56].

High-cycle fatigue tests

Due to the rapid degradation of the alginate-based hydrogel, the long-term fatigue assessment was only
performed on neat hydrogels - N and hydrogel composites - C in their swollen state. The maximum
applied strain was 20% following the physiological loading conditions of intervertebral discs. Fig. 4.12
presents the cyclic evolution of the elastic modulus. Note that the batch of 20 kDa PEGDM differs
from previous experiments, explaining the variations observed in elastic moduli in the swollen state.
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Figure 4.12: Cyclic evolution of the elastic modulus of swollen neat hydrogel and hydrogel composite in
high-cycle fatigue.

Hydrogel composites successfully survive 10 million loading cycles. However, during the 10 first cycles,
the stiffness of hydrogel composite reduced by almost 10%. In comparison, the representative neat
hydrogel was not affected by 1 million loading cycles. Since the softening observed in the first 10
cycles occurred in the hydrogel composite only, it was related to the cellulose fibers. Therefore, a
re-arrangement or damage to cellulose fibers may explain this behaviour.

In order to better characterize the softening behavior, low-cycle fatigue was carried out on the same
hydrogels.
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Low-cycle fatigue

A low-cycle fatigue test was performed on neat hydrogels, and hydrogel composites in their equilib-
rium swollen state at a maximum applied strain of 70%. Fig. 4.13 presents the cyclic evolution of the
loading-unloading curve, the elastic modulus, and the dissipation of the energy .
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Figure 4.13: (a) Representative loading/unloading stress-strain curves at 70% maximum applied strain for 5
cycles, (b) cyclic evolution of the elastic modulus, and (c) the energy dissipation of swollen neat hydrogel and
hydrogel composite.

The neat hydrogel’s low-cycle fatigue behavior remained constant, which indicates that no significant
structural change occurred inside the material. However, the hydrogel composite’s fatigue behavior
exhibited a large hysteresis during the first cycle (Fig. 4.13a). The elastic modulus decreased from 80
kPa in the first cycle to 45 kPa for the following cycle, while the dissipated energy was significantly
reduced from 28 kJ/m3 to 5 kJ/m3. Nevertheless, both, the elastic modulus and the dissipated energy
remained higher than in the neat hydrogel (Fig. 4.13b and 4.13c).

The effect of applied strain on the hydrogels’ mechanical response was evaluated by applying successive
cycles where the strain was progressively increased from 10% to 70%. Fig. 4.14 shows representatives
loading-unloading curve.
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Figure 4.14: Representative loading/unloading stress-strain curves of swollen composite hydrogels at different
applied strains.

The material response was affected by the loading history. As shown in Fig. 4.14, after the first
cycle, the loading curve followed the same path as the previous unloading curve. When the maximum
extension previously applied was exceeded, the material response returned on the same path as the
monotonic loading curve. The softening appeared, therefore, only for strain lower or equal to the
maximum strain ever applied. Similar behavior was previously seen in elastomers, like in filled rub-
ber [246] but also in some hydrogels, mostly composite or double network hydrogels (see Table 2.10 on
p. 35). This phenomenon is usually referred to as the Mullins effect, which is not well understood yet.
Several phenomena can provoke such behavior as described in section 2.8 in Chapter 2. State of the
art. Nevertheless, regarding the hydrogels, it is essentially associated with the breaking of bonds [26].
In the studied hydrogel composite, the behavior similar to the Mullins effect might be issued from the
gradual disintegration of the NFC network, especially the breaking of the hydrogen bonds between
the NFC.

The softening behavior was further investigated in the following Chapter 5. Fracture properties of
preloaded hydrogel composites, in order to understand better and predict how it affects the long-term
reliability of hydrogel composites.
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4.4 Conclusions

This chapter highlighted the strengths and weaknesses of single and double network structures and
their composites. Those experiments included the evaluation of the material’s processing ease, biolog-
ical, physical, mechanical, and adhesion properties as well as of long-term reliability.

Four different hydrogel structures based on poly(ethylene glycol) dimethacrylate were tested: neat,
composites, double network, and composite double network hydrogels. Composites were reinforced
with nano-fibrillated cellulose fibers, while the second network was alginate. Adding cellulose fibers
and/or a second network significantly improved mechanical and adhesion properties in the as-prepared
state. Nevertheless, the secondary alginate network lost all profits in the swollen state. Compared
to neat hydrogels, double network hydrogels had at least 30% higher swelling ratios and 25% lower
elastic moduli. In contrast, adding 0.5 wt.% cellulose fibers to neat hydrogels could reduce swelling
by more than 30% without seriously affecting the processability and long-term reliability.

High-cycles fatigue tests revealed that hydrogel composites successfully survive 10 million loading cy-
cles at 20% applied strain. However, after the first loading cycle, its stiffness was reduced by almost
10%. The behavior is similar to the Mullins effect. To better understand and predict how cyclic load-
ing affects energy dissipation and long-term resistance in hydrogel composites, the softening behavior
is further studied in Chapter 5. Fracture properties of preloaded hydrogel composites.

Moreover, hydrogel composites still have large swelling ratios and quite low compressive modulus,
which are inappropriate for applications in an unconfined environment. An extensive parametric
study on the composition and structure of hydrogels will be performed in Chapter 6. Hybrid granular
hydrogels for elaborating complete property charts summarizing mechanical, swelling, and rheological
properties.
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Chapter 5

Fracture properties of preloaded
hydrogel composites

How cyclic loading affects mechanical properties and microstructures?

The fracture properties of hydrogels, which present similar characteristics to the Mullins effect, are
expected to decrease under repeated cyclic loading. Therefore, we assessed how cyclic loading affects
the fracture behavior, the distribution of strain fields, and the microstructure of hydrogel compos-
ites reinforced with nano-fibrillated cellulose fibers. Surprisingly, we observed that preloading before
creating a notch in the hydrogel composite increased the fracture strength of pre-notched samples,
while the corresponding fracture energy decreased. A digital image correlation analysis was performed
at the macro- and microscopic scale to understand this behavior and obtain local information on the
strain field. Additionally, the morphology of cellulose fibers was directly observed through fluorescence
confocal microscopy before and after cyclic loading at different maximal applied strains. Microscopy
results showed that cyclic loadings re-arranged the fiber network and relaxed local residual stresses in
the hydrogel composite. The re-arrangement of the fiber network decreased the overall elastic modulus
and correspondingly the fracture energy. However, it helped the hydrogel composite to accommodate
larger strains before the crack started to propagate, which subsequently improved the pre-notched
sample’s fracture strength.

Keywords: hydrogel composite, nano-fibrillated cellulose fibers, Mullins effect, fracture mechanics,
digital image correlation, confocal microscopy.

Publication: "Cyclic loading of a cellulose/hydrogel composite increases its fracture strength", Ex-
treme Mechanics Letters (2018) [306]
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5.1 Introduction

In previous Chapter 4. Single and double network hydrogels and their composites, poly(ethylene gly-
col) dimethacrylate (PEGDM) hydrogel reinforced with nano-fibrillated cellulose (NFC) fibers showed
promising properties to be used as a permanent load-bearing implants [1]. In particular, the long-term
reliability of the hydrogel composite was evaluated under high-cyclic fatigue loading. Specifically,
10 million compression cycles at 20% strain were applied [31]. As for other tough hydrogels based
on double network structures [27,199], a softening behavior appeared after the first loading cycle [31,76],
highlighted by an initial decrease of 10% of the elastic modulus. Furthermore, low-cycle fatigue tests
showed that the softening appeared for strain lower or equal to the maximum strain ever applied (see
section 4.3.6). This phenomenon is usually referred to as the Mullins effect. The softening behavior is
mostly related to the breaking of bonds or the re-arrangement of the material microstructure [27,246,307].
Those changes in the material may also affect other properties, such as the swelling ratio [31] or the
toughness [308]. However, only a few studies evaluated the evolution of different mechanical or physical
properties of hydrogels under cyclic loading [309]. Recently, fatigue fracture were performed on sim-
ple [310], double network [310,311] and self-recovery hydrogels [312]. The test concluded that the fracture
behavior of the tested hydrogels is sensitive to fatigue loading. In particular, the fracture energy of
double network hydrogel had progressively reduced after each loading cycle.

Since PEGDM-cellulose hydrogel composite shows similar softening behavior to double network hy-
drogels, we expected that its fracture properties would diminish as well after being cyclically loaded.
To clarify this and understand the governing phenomena behind the observed Mullins effect, we eval-
uated the fracture properties of PEGDM-cellulose hydrogel composite in this work. In particular, we
investigated how cyclic loading affects the fracture strength and energy of pre-notched samples, the
distribution of the strain fields, and the hydrogel’s microstructure. Fig. 5.1 illustrated the structure
of neat hydrogels and hydrogel composites.

Neat - N Composite - C

Polyethylene glycol dimethacrylate 
(PEGDM) network (matrix)

Nano-fibrillated cellulose 
(NFC) fibers 

10 wt.% PEGDM 10 wt.% PEGDM,
0.5 vol.% NFC fibers

Figure 5.1: Structures and compositions of neat hydrogel and hydrogel composite.

Fig. 5.2 presents the multi-scale analysis adopted for the study. The swollen hydrogel composites
were either virgin or cyclically preloaded before performing a fracture test (Fig. 5.2a). The hydrogels’
overall fracture properties were then measured with a single edge notch test (Fig. 5.2e). In paral-
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lel, digital image correlation (DIC) analysis was performed at the macro- and microscopic level (Fig.
5.2d) for obtaining local information about the distribution of strain fields. Finally, the morphology of
the NFC network in the hydrogel composites was observed after different preloading conditions with
fluorescence confocal microscopy (Fig. 5.2b).

Re-arrangement
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Figure 5.2: Effect of cyclic preloading on the distribution of strain fields, the fracture strength of pre-notched
samples, the microstructure and the elastic modulus of hydrogel composite: (a) cyclic tensile preloading on un-
notched hydrogel composite, (b) evolution of the microstructure after cyclic loading obtained with fluorescence
confocal microscopy, (c) initiating a crack with a scalpel on non-preloaded or preloaded samples, (d) distribution
of strain fields around the crack tips measured at the macroscopic and microscopic level, and (e) comparison
of representative overall fracture strengths and elastic moduli of the non-preloaded and the preloaded hydrogel
composite.

5.2 Materials and methods

5.2.1 Materials

20 kDa Poly(ethylene glycol) dimethacrylate (PEGDM) was purchased by Polysciences (ref. 25406-25,
Germany). Nano-fibrillated cellulose (NFC) from bleached softwood pulp (Elemental Chlorine Free
(ECF), Zellstoff Stendal, Germany) were prepared as reported in [23]. SEM analysis shows that the
NFC measure a few micrometers with diameters in the range of 2-100 nm [141].

5.2.2 Hydrogel synthesis

Hydrogels were synthesized according to an established protocol [23], which is illustrated in Fig. 3.4
and 3.5 on p. 43. The neat hydrogel corresponds to 10 wt.% PEGDM hydrogel without NFC, while
hydrogel composites are composed of 10 wt.% PEGDM with 0.5 vol.% NFC. All samples were tested
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in swollen state. The geometries of the molds are shown in Fig. 3.11 on p.45. The molds for single
edge notch tests are rectangular with the size of 30 mm x 15 mm x 2 mm (length x width x depth),
while the dog-bone molds used for simple tensile test measures 11 mm x 5 mm x 2 mm.

5.2.3 Cyclic tensile loading

Cyclic tensile loading was performed on swollen neat hydrogel and hydrogel composite with the tensile
machine (5 kN Zwicky equipped with a 100 N load cell, Zwick Roell, Germany) shown in Fig. 3.14 on
p. 51 at a constant strain rate of 0.023 1/s. The strain applied on dog-bone samples, started at 30%
and was progressively increased by 20% up to 110%.

The calibration for tensile samples was calibrated via digital image correlation (Fig. 3.16a). The
strain calculated by the displacement ratio of the grip-to-grip distance was compared with the strain
measure on the straight part of the dog-bone sample. Since the two strains evolve linearly (Fig. 3.16b),
a correction ratio (Rcorr) was determined with the equation (3.6).

5.2.4 Preloading of hydrogels

Cyclic tensile loading was performed on swollen neat hydrogel and hydrogel composite with the tensile
machine Zwicky at a constant strain rate of 0.023 1/s. Rectangular samples underwent five cycles at
different maximal applied strains: 30%, 50%, or 70%.

5.2.5 Tensile loading under optical microscope

Dog-bone samples were mounted on a miniature tensile stage (Linkam TST350) and placed under an
optical microscope (Olympus BX60). Five cycles were performed on hydrogels at 0.5 mm/s up to 50%
applied strain. At each increase of 2% of applied strain, individual images of the deformed hydrogel
surfaces were taken with a resolution of 0.67 µm/pixel.

5.2.6 Single edge notch test

A single edge notch test was performed on rectangular swollen preloaded and non-preloaded neat
hydrogel and hydrogel composite with the tensile machine Zwicky. Preloaded samples underwent five
tensile cycles at a constant strain rate of 0.023 1/s, which corresponds to a displacement rate of 0.5
mm/s, up to different applied strains (30%, 50%, and 70%) before a 3 mm crack was cut with a scalpel
in the hydrogels (Fig. 5.2c). The samples were then loaded at 0.5 mm/s until rupture. In parallel, the
test was recorded with a camera videoXtens (Zwick/Roell) at 25 fps with a resolution of 0.1 mm/pixel.
The images were used to determine and calculate the variation of the cross-sectional area during the
test, providing true stress.

The maximum stress of the true stress-strain curve defines the fracture strength of notched samples.
The highlighted area in Fig. 3.17 represents the crack initiation energy density under the stress-strain
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curve until the first peak. Finally, the fracture energy was determined when the critical energy release
rate Gc was reached. Gc was characterized by the equation (3.7) [17].

5.2.7 Digital image correlation analysis

Graphit 33 (Kontakt Chemie, Germany) was sprayed on the surface of notched samples to make a
fine, randomly, and homogenously distributed speckles pattern. In order to obtain a finer speckles
pattern for DIC at the microscopic level, a drop of Graphit 33 dissolved in isopropanol was deposited
on the surface of dog-bone samples and wipe a few seconds later with a lens cleaning tissue. Images
of the resulting speckles pattern are shown in Fig. 3.18a on p. 54. DIC analysis was then performed
with the open-source software ncorr V1.2 on Matlab R2016b. The reference images were taken when
the applied load reached 0.04 N.

5.2.8 Fluorescence confocal microscopy

The morphology of the NFC fibers was observed in their native environment with an inverted fluo-
rescent confocal microscope (Zeiss LSM 700) equipped with a 20x lens and a laser of 405 nm. The
hydrogel composite was placed for at least 6 hours in 0.2 g/l Calcofluor White stain (Sigma-Aldrich,
Buchs, CH) and 4 vol.% of 10 wt.% potassium hydroxide to dye the NFC fibers.

5.3 Results and discussion

5.3.1 Cyclic tensile loading and Mullins effect

Fig. 5.3a and Fig. 5.3b show representative cyclic tensile loadings on dog-bone samples of neat hy-
drogel and hydrogel composites. The applied strain started at 30% and was progressively increased
by 20% after each 5th cycle until rupture of the hydrogel.

The elastic tensile modulus was determined by linear regression between 10% and 15% applied strains.
Adding 0.5 wt.% of NFC fibers to the PEGDM matrix significantly increases the elastic modulus from
19 ± 0.6 kPa to 118 ± 3.6 kPa. However, as shown in previous Chapter 4. Single and double net-
work hydrogels and their composites, the hydrogel composite becomes softer after the first loading
cycle before to remain constant until the maximum strain previously applied is exceeded. In contrast,
the behavior of neat hydrogel did not change under cyclic loading. This behavior was related to the
Mullins effect. Nevertheless, we observed that at a constant applied strain of 20 %, the hydrogel com-
posites had stabilized its elastic modulus after the first cycle and withstand 10 million loading cycles.
Since neat hydrogel shows no difference, the softening and dissipation of energy is probably originated
from the disintegration of hydrogen bonds of the NFC network (bonds between cellulose-cellulose or
between PEGDM-cellulose) [23], from interfacial friction, and the deformation of NFC fibers.

To better understand the fracture behavior, single notch edge tests were performed on neat hydrogels
and hydrogel composites, which were either preloaded or not.
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Figure 5.3: Representative cyclic tensile loadings of swollen (a) neat hydrogels and (b) hydrogel composites:
the hydrogel composite shows similar softening behavior to the Mullins effect. Single edge notch test of non-
preloaded and preloaded (c) neat hydrogels and (d) hydrogel composites: cyclic loading affected hydrogel
composite fracture properties, whereas the neat hydrogel showed no difference.

5.3.2 Single edge notch test on hydrogels with and without preloading

Since most softening happens at the first cycle, rectangular hydrogel samples were preloaded five
times before creating a notch in the material and performing the single edge notch test. Fig. 5.3c and
Fig. 5.3d show the corresponding fracture behavior of non-preloaded or preloaded neat hydrogel and
hydrogel composites.

With or without preloading, the fracture strength of notched samples increases more than ten times
with the presence of NFC fibers. The significant improvement is due to (i) the five times larger elastic
modulus of the hydrogel composites and most probably to (ii) some fiber bridging. Moreover, the
preloading of hydrogel composites clearly affected their fracture behavior, whereas neat hydrogel ex-
posed no difference.
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(c) Fracture energy

Figure 5.4: (a) Fracture strength, (b) crack initiation energy, and (c) fracture energy of hydrogel composites
preloaded at different strains. Up to 50% applied strain, the fracture strengths and crack initiation energies
were increasing while the fracture energy was decreasing.

Fig. 5.4 shows the fracture strength of notched samples, the crack initiation energy, and the fracture
energy of several non-preloaded and preloaded hydrogel composites at 30%, 50%, and 70% applied
strain. Note that the fracture strength is conventionally designed for un-notched samples, while the
fracture strength reported in Fig. 5.4a is measured on notched samples. The creation of a crack
reduces, therefore, significantly their strength and stretchability [313,314].

The fracture energy is commonly used to describe the fracture properties of any materials. It represents
the amount of strain energy required to propagate a crack in a pre-notched sample. The fracture
energy of non-preloaded hydrogels, 223 ± 10 J/m2 (Fig. 5.4c), is in the range of conventional hydrogel
composites [315]. Similar to the results obtained on fatigue fracture for double network hydrogels [310,311],
the fracture energy decreased progressively with the applied strain during preloading. The Mullins
effect anticipated this behavior. Indeed, an increasing softening will reduce the stored energy in an
un-notched sample and, consequently, the available fracture energy (see equation (2)). Note that the
residual strain after five cycles was consequent. Therefore, the stress-strain curves were recalibrated
for the calculation of the fracture energy. However, the fracture strength of non-preloaded samples is
around 75 ± 7 kPa and surprisingly increases to 90 ± 7 kPa when 30% strain is applied as preloading.
Similarly, the crack initiation energy, based on notched samples only, increases by 27% when 50%
strain is applied as preloading. However, after 50% applied strain, the overall fracture properties
start to deteriorate, indicating that the hydrogel composite has undergone some irreversible damage.
Several damage phenomena such as fiber bridging, fiber network re-arrangement, and decohesion at
interfaces may explain the observed variations of fracture strengths, crack initiation, and fracture
energies. In order to investigate these phenomena, a multi-scale approach was adopted. As a first
step, digital image correlation (DIC) analysis was performed in parallel to the single notch edge test
to obtain local information on the strain field, particularly around the crack tip [308,316,317].
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5.3.3 Distribution of strain fields at macroscopic scale

About 150 images were extracted from the video recorded during the single notch edge test and
analyzed with DIC. Fig. 5.5 shows the Eulerian strain field in the loading direction around the crack
tip of hydrogel composites when the crack starts to propagate.

(a) Non-preloaded (b) Preloaded at 30%

(c) Preloaded at 50% (d) Preloaded at 70%
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Figure 5.5: Digital image correlation analysis showing the Eulerian strain along the x-axis around the crack
tip, which starts to propagate in hydrogel composites preloaded at different strain conditions. The distribution
of strain fields became larger after preloading.

5.3.4 Distribution of the strain fields at microscopic scale

Considering the size of the NFC fibers (a few micrometers in length [141]), the strain field at the micro-
scopic scale may significantly be influenced in every direction. Therefore, the Lagrangian hydrostatic
strain field of un-notched composite and neat hydrogels was observed at the microscopic level (Fig.
5.6). Dog-bone samples were fixed on a miniature tensile machine, placed under an optical microscope,
and cyclically loaded at 50% strain along the x-axis. In parallel, about 30 pictures were extracted at
cycle 1 and 5.

Fig. 5.6a and Fig. 5.6b present the local distribution of strain fields observed in the center of dog-bone
hydrogel composites at 25% applied strain in cycle 1 and 5. The strain field of the hydrogel composite
is inhomogeneous in comparison to the one of the neat hydrogel. Indeed, the local hydrostatic strain
varied from 0.1 to 0.7. The inhomogeneity is probably related to the distribution of NFC fibers. Since
NFC fibers are 100’000 time stiffer (E = 1.7 GPa [141]) than the PEGDM matrix (E = 20 ± 0.6 kPa),
the fibers, in particular the larger ones, that are oriented in the loading direction (x-axis) limit signif-
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(a) Hydrogel composite - cycle 1 at 25%
applied strain

(b) Hydrogel composite - cycle 5 at 25%
applied strain

(c) Hydrogel composite - after preloading (d) Neat hydrogel - after preloading

Figure 5.6: Lagrangian hydrostatic strain (HS) field at the hydrogels’ microscopic scale under cyclic tensile
loading in the x-direction. The strain field of hydrogel composite was inhomogeneous. Compression and tensile
regions appeared after preloading, meaning that the hydrogel composite underwent some re-arrangement. After
preloading, more regions deform at a larger strain.

icantly local deformations (blue regions) as suggested in Fig. 5.2b and mentioned as well by another
study [318]. The stress around those large fibers is therefore expected to be high.

Moreover, similar to the above macroscopic results, more regions deform at higher strains in preloaded
composites. After loading, compression and tensile regions appear in the hydrogel composite, as
shown in Fig. 5.6c. Since no difference was observed in the neat hydrogel (Fig. 5.6d), the NFC
fiber network probably underwent some re-arrangement after the first loading cycle. Furthermore,
a previous study showed that the fiber network is probably pre-strained after swelling because (i)
the hydrogel composite swells less than the neat hydrogel and (ii) the swelling ratio of the hydrogel
composite increases after mechanical tests [31]. Therefore, mechanical loading may also relax some
internal stresses in the composite. In order to support the obtained results, the morphology of the
studied material was observed with fluorescence confocal microscopy.
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5.3.5 Direct observation of the NFC morphology

Fig. 5.7a and Fig. 5.7b represent Z-projection and color coded hyperstack images presenting the
evolution of the NFC network inside the same hydrogel composite after different preloading conditions:
0%, 30%, 50% and 70% applied strains. The images are taken in the center area of the dog-bone sample.
The distance between each frame is 0.75 mm. Each color corresponds to a specific depth and give
thus information on the space distribution of the fiber network.

(a)

(b)

Figure 5.7: (a) Z-projections and (b) color-coded hyperstack images taken with fluorescence confocal mi-
croscopy showing the evolution of the NFC microstructure of a swollen hydrogel composite after being preloaded
at different applied strains. The loading direction was parallel to the scale bar. Each color corresponds to a spe-
cific depth (distance between each frame is 0.75 mm). Local modifications such as displacement and deformation
of the fibers network appeared progressively when the preloaded strain was increased.
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As shown in Fig. 5.7a and Fig. 4.7, the natural fibers vary in size, morphology, and local space
distribution. Consequently, their behavior under deformation is expected to differ, which would ex-
plain the observed heterogeneity of the strain fields’ distribution at the microscopic level in Fig. 5.6a
and Fig.5.6b. As shown in Fig. 5.7a, the hydrogel composite keeps the global three-dimensional mi-
crostructure of the NFC fibers after being cyclically preloaded. However, small expansion and local
modifications of the fiber network appear after preloading. The primary damage mechanism is related
to the larger fibers in the loading direction that underwent permanent deformations after cyclic load-
ing. Fig. 5.7b shows their gradual changes in morphology. They probably reached either their failure
strength or their elastic limit, expressed by the buckling of some NFC fibers. Indeed, after removal
of the load, the hydrogel composite returns to its initial position and compress the freshly elongated
fibers that consequently deformed out of their initial planes. The observed damage is favored with
the applied strain, reducing the elastic modulus and fracture energy. The overall fracture properties
start to deteriorate, particularly after 50% preloading strain because of the too high level of damage.

The NFC fibers were subjected to similar deformations around the crack tip. For observing this, a
notch was created in a non-preloaded hydrogel. After being dyed with Calcofluor white stain, the
notched hydrogel was stretched to propagate the crack a few millimeters. A piece of paper was placed
in the crack to keep it slightly open before placing the hydrogel under the confocal microscope. Fig.
5.8 shows the resulting Z-projections.

Figure 5.8: Z-projections taken with fluorescence confocal microscopy showing NFC fibers in a hydrogel
composite close to a crack surface. The crack circumvented the large NFC fibers (A), pulled out (B), or broke
(C) some NFC fibers, which demonstrates the existence of fiber bridging phenomena in the hydrogel composite.
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The morphology of fibers close to the crack’s surface suggests that the fibers underwent permanent
deformation as well when the crack propagated. Moreover, Fig. 5.8 demonstrates that the cracks
circumvented large NFC fibers (A), pulled out (B), or broke (C) some NFC fibers. These observations
confirm the importance of fibers morphology and bridging phenomena on the toughness of hydrogel
composites. Indeed, as seen in Fig. 5.8, fibers larger than 20 µm in diameters certainly provide a
strong bridging effect and thus contribute to the composite toughness.

This study shows that cyclic loading re-arranges locally the fiber network (Fig. 5.2a and 5.2b, Fig.
6). During the first loading cycle, some NFC fibers deform plastically or break, which dissipate
energy, as shown with the large hysteresis of the stress-strain curve in Fig. 5.3b. In the second
loading cycle, the hydrogel dissipates much less energy because the re-arranged and/or broken fibers
are relaxed. The altered NFC network reduces, therefore, the available energy for fracture in the
hydrogel composite and its overall elastic modulus (Fig. 5.2e, Fig. 5.3b, Fig. 5.4c) but also relaxes
some internal stresses. Consequently, the stress concentration around those fibers is diminished and
somehow homogenized (Fig. 5.6). As DIC results suggest, the material can deform more easily around
these affected regions. During the single edge notch test, the strain is concentrated around the crack
tip. In such inhomogeneous strain field conditions, the local energy is related to the strain level. Thus,
the energy around the crack tip is higher than elsewhere in the material. DIC results showed that
the strain distribution around the crack tip becomes larger after cyclic loading. Since more regions in
the preloaded material are deformed at higher strains, more energy can be absorbed and distributed
in the material strain before the crack starts to propagate (Fig. 5.2d, Fig. 5.5, Fig. 5.6). Therefore,
up to the preloading strain level where damage starts to dominate (i.e. above 50% applied strain),
preloading increases the total crack initiation energy (Fig. 5.4b) and the fracture strength (Fig. 5.2e,
Fig. 5.4a) of notched samples in contrast to the fracture energy.
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5.4 Conclusions

The presence of NFC fibers in the PEGDM matrix significantly increased the stiffness and the tough-
ness of the hydrogels. However, similar to the Mullins effect, the hydrogel composite became softer
after the first loading cycle before reaching a constant mechanical behavior. Preloading the hydrogel
composite up to 50% applied strain surprisingly increased the fracture strength of notched samples
and the crack initiation energy by more than 20%, while the corresponding fracture energy decreased.

The results on fibers’ visualization showed that cyclic preloading re-arranged the fiber network, relax-
ing and reducing residual stresses in the hydrogel composite. The re-arrangement and deformation
of the nano-fibrillated cellulose fibers decreased somehow the macroscopic elastic modulus and cor-
respondingly the fracture energy. However, it helped the hydrogel composite accommodate larger
strains before the crack started to propagate, which subsequently improved the fracture strength and
the total crack initiation energy of the pre-notched sample. Above 50% applied preloading strain,
relaxation, and re-arrangement of the fibers network started to be dominated by damage and failure.

In summary, the study showed that cyclic loading on hydrogel composites did not deteriorate the
mechanical properties. Small preloading strain might even be beneficial for reducing residual stresses.
Hydrogel composite remains a suitable candidate for load-bearing implants, despite their relatively
large swelling ratios and low stiffnesses. Therefore, the next step is to understand better the relation-
ships between mechanical, swelling, and rheological properties.
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Chapter 6

Hybrid granular hydrogels

How to decouple hydrogel properties with microgels and cellulose fibers?

Developing hydrogels with optimal properties for specific applications is challenging as most of these
properties, such as toughness, stiffness, swelling, or deformability, are interrelated. The improvement
of one property usually comes at the cost of another. To decouple the interdependence between
these properties and extend the range of material properties for hydrogels, we propose a strategy
that combines composite and microgels approaches. The study focused first on tailoring the swelling
performance of hydrogels while minimally affecting other properties. The underlying principle was
to partially substitute some hydrogels with pre-swollen microgels composed of the same materials.
Swelling reductions up to 45% were obtained. Those granular hydrogels were then reinforced with
nano-fibrillated cellulose fibers obtaining hybrid granular materials to improve their toughness and fur-
ther reduce their initial swelling. Four different structures of neat, granular, and composite hydrogels,
including 63 different hydrogel compositions based on 20 kDa poly(ethylene glycol) dimethacrylate
showed that the swelling ratio could be tailored without significantly affecting elastic modulus and
deformation performance. The results explain the role of the PEGDM precursors on the swelling
of the microgels as well as the influence of the microgel and fiber contents on the final properties.
Moreover, the precursors of hydrogels with similar mechanical or swelling performance were injectable
with a wide range of complex viscosities from 0.1 Pa·s to over 1000 Pa·s offering new opportunities
for applications in confined as well as in unconfined environments.

Keywords: hybrid granular hydrogel, microgels, nano-fibrillated cellulose fibers, swelling, elastic
modulus, processability.

Publication: "Hybrid granular hydrogels: combining composites and microgels for extended ranges
of material properties", Soft Matter (2020) [319]
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6.1 Introduction

The development of hydrogels with optimal properties is challenging as most of these properties, such
as toughness, stiffness, fatigue resistance, swelling, or processing ease, are interrelated. The improve-
ment of one property usually comes at the cost of another as observed in many hydrogel structures
including neat, double network, or composite hydrogels [18,19,27,31,199,200]. In particular, controlling
the swelling performance while minimally affecting other properties, such as stiffness or deformation
performance, is challenging. Different strategies have been investigated to tailor swelling. Changing
the crosslinking type, crosslinking density, the polymer content, the polymer chain length, or the
polymer’s hydrophilicity are commonly used methods. These approaches are efficient but often at the
expense of other properties such as biocompatibility, stiffness, toughness, or processability [23–25]. Re-
cent methods employ crosslinking centers in the hydrogel, such as functionalized core-shell microgels
or self-assembled micelles, to bridge the polymer chains [197,209,210]. For example, Zhang et al. reported
that their micelle-crosslinked hyaluronate hydrogel could be compressed up to 75% applied strain with
an elastic modulus of 310 kPa and a swelling ratio of 9% only [210]. Alternatively, influencing the poly-
mer chain’s maximum strand extension, such as incorporating rigid particles or fibers, may control
swelling [28]. Moreover, apart from improved mechanical properties, the addition of reinforcement in-
creases the dissipation mechanisms such as friction with the matrix or chemical interactions [7,28,115,116].

In parallel, the viscosity of hydrogel precursors must be tailored according to the application. For
example, low precursors’ viscosity would be suitable for confined applications, such as replacing nu-
cleus pulposus [1], while precursors of high viscosity would be ideal for unconfined applications like the
replacement of focal cartilage defects without the use of a membrane [320] or to 3D printed complex
unconfined structures [7].

Similar to swelling of a hydrogel, hydrogel precursor’s viscosity can be controlled by changing the poly-
mer content, chain length, or adding fillers or reinforcements [321]. Recently, granular hydrogels have
gained a lot of attention because of their particular microstructure of contacting microgels [32–39]. In-
deed, the precursor composed of jammed microgels is highly shear-thinning, which is ideal for creating
structures with inherent stability in unconfined applications or 3D printing [37–39]. Additionally, open
microporosity emerges between the microgels, which promotes the transport of nutriment or cells. To
our knowledge, other hydrogel structures could not achieve this unique combination of properties.

Here we explore a new strategy by combining granular and composite hydrogels to control mechanical
and swelling properties as well as the precursor viscosity. Incorporating microgels would significantly
increase the viscosity of the precursor and form granular hydrogels (Fig. 6.1) [37–39]. Moreover, we
believe that substituting a part of the neat hydrogel (Fig. 6.1c) with pre-swollen microgels composed
of the same material is a simple way to control the swelling of hydrogels. Indeed, once the granular
hydrogels (Fig. 6.1d) are immersed in water, mainly the surrounding matrix would swell. The second
approach is to add nano-fibrillated cellulose (NFC) fibers in the hydrogels to obtain hydrogel com-
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Figure 6.1: Swelling behavior from (a) the as-prepared state to (b) the fully swollen state of four different
hydrogel structures: (c) neat hydrogel, (d) granular hydrogel, (e) hydrogel composite and (f) hybrid granular
hydrogel.

posites (Fig. 6.1e) with improved toughness and reduced swelling [23,31,306]. Finally, hybrid granular
hydrogels (Fig. 6.1f) combines granular and composite hydrogels. To understand the effect of the mi-
crogel and fiber contents on the processing ease, swelling, and mechanical behavior of the four different
structures, 63 different hydrogel compositions based on 20 kDa poly(ethylene glycol) dimethacrylate
(PEGDM) were studied.

6.2 Materials and methods

6.2.1 Materials

20 kDa poly(ethylene glycol) dimethacrylate (PEGDM) was purchased from Polysciences (ref. 25406-
25, Germany). Nano-fibrillated cellulose (NFC) fibers from bleached softwood pulp were provided
by Weidmann (WMFC-Standard). The length of most fibers varies between 50-500 um, while their
diameters between 0.1-10 um. 20 kDa poly(ethylene glycol) (CAS 25322-68-3), mineral oil (CAS 8042-
47-5), and span 80 (CAS 1338-43-8) were supplied by Merck. Irgacure 2959 from BASF was used as
a photoinitiator.
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6.2.2 Synthesis of hydrogels

The synthesis of microgels, initially composed of 10 wt.% PEGDM, is described in Fig. 3.2 on p. 42
in Chapter 3. Materials and methods. The particle size distribution of microgels was measured with a
digital particle size analyzer (Saturn DigiSizer II, micromeritics). The refractive index was estimated
at 1.334 with a tomographic microscope (3D Nanolive Cell Explorer) and the density at 1.01 g/c3. As
shown on Fig. 6.2 the size of particles varied from 20-160 µm.

(a) Size distribution (b) Morphologies

Figure 6.2: (a) The size distribution of microgels measured with a digital particle size analyzer (Saturn
DigiSizer II, Micromeritics) and (b) the morphology of microgels observed with an inverted optical microscope
(Eclipse Ti2, Nikon).

The full synthesis of the neat hydrogel, hydrogel composite, granular hydrogel, and hybrid granular
hydrogels are described and illustrated in Fig. 3.4-3.8. The precursor of neat hydrogels was composed
of 7 - 11 wt.% of PEGDM, 0.1 g·ml-1% of Irgacure 2959 and distilled water (Fig. 3.4 on p. 43). The
precursor of hydrogel composites had the same PEGDM concentration as the neat hydrogel, where
0.1-0.5 vol.% NFC were added and mixed with an Ultra Turrax (IKA T25 digital, SN 25 10G) at 12’000
RPS for 10 min (Fig. 3.5 on p. 43). Granular hydrogels had a similar composition as neat hydrogels,
but their precursors contained pre-swollen microgels composed of the same materials. Therefore, 3-6
wt.% of dried microgels were pre-swollen in PEGDM precursor of different concentration, 2-7 wt.%,
in order to get a total PEGDM amount between 7-11 wt.% (Fig. 3.8 on p. 44). Note that the
total PEGDM amount adds the weight of dried PEGDM microgels with the PEGDM contained in
the precursor. Finally, the precursor of hybrid granular hydrogels had a similar composition than
granular hydrogels were 0.1-0.5 vol.% of NFC fibers were added (Fig. 3.8). The precursors, degassed
at 20 mbar, were cast in Teflon molds and cover with a microscopic glass before being irradiated for
30 min under UV-light irradiation at a wavelength of 365 nm and an intensity of 5 mW.cm−2. The gel
fraction value of neat hydrogels - 10 wt.% PEGDM was previously measured to be around 94% [23].
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Table summarizes the dimension of casting molds 6.1.

Table 6.1: Sample geometries.

Sample type Dimension Tests

Cylinder
Fig. 3.10

Ø8mm x 4.5mm • Swelling ratio
• Compression test

Dog-bone
Fig. 3.11

Cross-section of 5 x 2 mm Tensile test

Rectangular
Fig. 3.11

15 x 30 x 2 mm
Crack length of 3 mm • Fracture test

• Gradients
• Direct contact test

6.2.3 Swelling ratios

The volume of the samples was determined with Archimedes’ principle. The samples were immersed
in extra pure hexane (99+%, Fisher Chemical) with a density of ρ = 0.659 g/l. For reaching the
equilibrium swelling state, the hydrogels were immersed in distilled water for at least 24h before
measuring the swelling ratio (SR) with equation (3.3) on p. 49. The average swelling ratios and their
corresponding standard deviation errors were based on three different samples.

6.2.4 Mechanical properties

Compression and tensile test

Cyclic compression and tensile loadings were performed as previously described in section 3.4.4 on
p. 50 on swollen hydrogels with a tensile machine (5 kN Zwicky equipped with a 100 N load cell,
Zwick Roell, Germany) presented in Fig. 3.14 on p. 51 at a constant displacement rate of 1 mm/s.
For evaluating the real stress, it was considered that no change of volume occurs during loading time.
Three samples were tested in swollen state under cyclic loading-unloading compression loading. They
were five different stages during the tests:

• Stage 1: 3 cycles between 0% and 30% applied strain

• Stage 2: 3 cycles between 0% and 50% applied strain

• Stage 3: 3 cycles between 0% and 70% applied strain

• Stage 4: 3 cycles between 0% and 90% applied strain

• Stage 5: loading up to rupture if the samples could sustain deformation up to 90%
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The pre-loading was 0.05 N and 0.02 N for compression and tensile test respectively, The elastic moduli
were then determined by linear regression between 10% and 15% applied strain during the first loading
cycles. Note that for the tensile test, a virtual extensometer recorded the true strain (VideoXtens,
Zwick / Roell).

Single edge notch test

A single edge notch test was performed on rectangular swollen hydrogels with the tensile machine
Zwicky. A crack of 3 mm was cut with a scalpel in the hydrogels before testing the sample at a
loading rate of 0.5 mm/s until rupture. The fracture energy is defined when a critical energy release
rate Gc is reached. Gc was characterized with the equation (3.7) on p. 53 [17].

6.2.5 Digital image correlation analysis

Graphit 33 (Kontakt Chemie, Germany) was sprayed on samples’ surface to make a fine, randomly,
and homogenously distributed speckles pattern. 3D DIC analysis was then performed with the test
equipment illustrated in Fig. 3.19 provided by correlated solutions according to the test parameters
presented in Table 3.4. The test equipment incorporates two cameras Grasshoper USB3 (monochrom,
5.0 Mpix, 75 fps), 70 mm lens, the software Vicsnap V.9 for the recording of images, and VIC3D V.8
for the analysis. The reference image was taken when the applied load reached 0.04 N.

6.2.6 Microstructures

The morphology and distribution of the NFC fibers were observed in swollen hydrogels with an in-
verted fluorescent confocal microscope (Zeiss LSM 700) equipped with a 20x lens and a laser of 405
nm. For enhancing the fluorescence of NFC fibers, hydrogel composites and hybrid granular hydrogels
were placed for at least 3 hours in 0.2 g/l Calcofluor White stain (Sigma-Aldrich, Buchs, CH) and 4
vol.% of 10 wt.% potassium hydroxide.

The surface of rupture and the microgels in freeze-dried hydrogels were observed with scanning elec-
tron microscopy (Zeiss Gemini) at 3.00 kV.

The surface profile of swollen broken hybrid granular hydrogels was imaged with a 3D laser scanning
microscope (VK-X200 Keyence) with a 20x lens.

6.2.7 Rheology

The complex viscosity of hydrogel precursors was evaluated at room temperature with a parallel plate
rheometer (TA Instruments AR2000ex). An oscillating strain sweep at 0.5Hz was then applied to the
precursors, where the strain starts from 0.1 % to 1000%.
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6.2.8 Direct contact test

Hybrid granular hydrogels were sterilized in an incubator at 121°C and 15 lbs before being placed and
fixed separately in the middle of cell culture vessels with a diameter of 35 mm. Fibroblasts from the
embryo of albino mice were then seeded around the samples (400’000 cells). The following quantities
were added to each vessel: 2.5 mL of cell culture medium, 10 vol% Fetal Bovine Serum (FBS), 1 vol%
Penicillin Streptomycin (PS), and 1 vol% L-Glutamine. Finally, the samples were incubated at 37 °C
in 5% CO2 for four days. To observe the cells, they were stained with 1 mL methanol for 30 seconds
followed by 1 mL diluted Giemsa solution.

6.3 Results and discussions

6.3.1 Swelling and mechanical properties

The swelling behavior and mechanical performance in compression of neat hydrogels, hydrogel com-
posites, granular, and hybrid granular hydrogels are reported in a property chart in Fig. 6.3. Fig.
6.3 also presents the nomenclature, which was adopted to describe all 63 compositions. Note that
the fibers were not incorporated in the microgels because the length of a few hundred micrometers of
most fibers exceeded the microgels’ size, between 20-160 µm. Thus, the microgels’ composition was
kept the same for all granular compositions at 10 wt.% PEGDM in the as-prepared state. Since the
initial composition of microgels was the same as the one of the neat hydrogel N10, their mechanical
properties are expected to be similar.

Despite 20 kDa PEGDM formed the bulk hydrogels of all structures, each structure covered a distin-
guishable zone in Fig. 6.3. Neat hydrogels had the largest swelling ratio for similar elastic modulus.
Both swelling ratio and compressive modulus increased with the PEGDM content. For a given com-
pressive modulus, granular hydrogels had a lower swelling ratio than neat hydrogels, mostly below 15
kPa. As previously mentioned in Chapter 4. Single and double network hydrogels and their compos-
ites [23,306], adding fibers to neat hydrogels reduced swelling and increased the compressive modulus.
This effect was promoted by increasing the fiber content from 0.1 to 0.5 of vol.% NFC. The hybrid
granular hydrogels revealed similar behavior.

The loading curves in compression of all hydrogels reinforced with NFC fibers, being the hydrogel
composites and the hybrid granular hydrogels, had similar characteristics to the Mullins effect. As
shown in Fig. 6.4, the hydrogel became softer after the first loading cycle. This behavior was pre-
viously related to a local rearrangement of the fiber network [306]. Most samples could resist more
than 85% applied strain. Some granular hydrogels’ compositions denoted with "**" in Fig. 6.3 broke
at lower strain, especially structures with low PEGDM concentrations in the surrounding matrix.
Surprisingly, some hybrid granular hydrogels also showed some weakening at a higher cellulose con-
centration, 0.5 vol.%, probably because of lower fiber dispersion and aggregates. Fig. 6.5 presents
such a broken hybrid granular hydrogel and its surface of rupture. Interestingly, broken granular and
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Figure 6.3: Property chart of four different hydrogel structures with various compositions showing the com-
pressive modulus determined between 10% and 15% applied strain in compression as a function of the swelling
ratio measured with Archimedes’ principle with equation (3.3). Most of the samples could resist more than 85%
applied strain. Those denoted with "*" broke between 80-85% applied strain and with "**" between 60-80%
applied strain.

composite structures could almost recover their original shape, as shown in Fig. 6.5a, and still sustain
compression loading up to 98% applied strain. The rupture surface profile of a swollen hybrid granular
hydrogel presented in Fig. 6.5b and 6.5c indicates that the crack surrounded and pulled-out micro-
gels during its propagation. Meaning that the tough microgels did not break and that the interface
between the microgels and the matrix was weaker than the bulk hydrogels. The occurrence of such
interfacial decohesion is known to increase the toughness in composite materials [322].
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Figure 6.4: Representative cyclic compression loadings of neat, composite, granular, and hybrid granular
hydrogels. Neat and granular hydrogels fully recovered, while composite structures showed characteristics
similar to the Mullins effect: they became softer after the first loading cycles. The dashed line highlights where
the elastic modulus was measured.

To complete the mechanical characterization, tensile properties and fracture energy of some composi-
tions were evaluated and presented in Fig. 6.6 and Fig. 6.7. Fig. 6.6 is a property chart that shows the
tensile modulus determined between 10% and 15% applied strain as a function of the maximum de-
formation. Neat hydrogels exhibit the lowest tensile modulus, while hydrogel composites the highest.
However, contrary to compressive modulus, granular hydrogels performed better than neat hydrogels

100



Chapter 6. Hybrid granular hydrogels

Microgel
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Figure 6.5: Deformation to rupture of a representative broken hybrid granular hydrogel and the failure
mechanisms at the surface of rupture. (a) Cyclic compression before, during, and after 90% applied strain. The
cross-section was visualized with a mirror at 45° under transparent support. (b) The image was taken with
a digital microscope showing the sample 5H0.5

3 that broke around 83% applied strain in compression. (c) The
representative surface profile of a swollen sample was highlighted with a red square in (b), showing how a crack
had surrounded microgels during its propagation. (d) SEM images showing the interfacial decohesion between
a microgel and the surrounding matrix.

in tensile loading. The reason for this different behavior is not clear at this stage. It might be due to
(i) the interpenetration of the matrix’s polymer network in the microgels’ polymer network, (ii) the
microgels’ confinement degree, or (iii) the more solicited interfaces between matrix and microgels.

On average, all tested samples could sustain more than 90% true strain regarding the maximal defor-
mation. The large error bars of neat hydrogels suggest a more brittle behavior than other structures.
Moreover, similar to the maximum strain observed in compression, hybrid granular hydrogels 6H0.5

4

showed lower stretchability than 6G4 despite its higher fiber concentration, which is not the case for
C0.5

10 or 4H0.5
6 . However, more samples would be required for better evaluating the maximal deforma-

tion because of wide error bars.

In parallel, a single notch edge test was performed for characterizing fracture energy of 6 representative
compositions: neat hydrogel - N10, hydrogel composite - C0.5

10 , granular hydrogels - 4G6 and 6G4, and
hybrid granular hydrogels - 4H0.5

6 and 6H0.5
4 . Fig. 6.7 shows the resulting fracture energies. Similar to

tensile modulus, the fracture energy of granular hydrogels is higher than neat hydrogels. As shown in
Fig. 6.5b and 6.5c, the crack surrounded and pulled-out microgels during its propagation. Therefore,
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Figure 6.6: Property chart showing the tensile modulus determined between 10% and 15% applied strain as
a function of the maximum deformation of four different hydrogel structures.

the surface of rupture is larger and more energy costly than the one of neat hydrogels. As mentioned in
Chapter 5. Fracture properties of preloaded hydrogel composites, the addition of cellulose fibers to neat
hydrogels significantly improved the fracture properties. However, the effect is consistent with granular
structures. Indeed, similar to the maximal elongation observed in tensile loading, 6H0.5

4 has nearly the
same fracture energy as 6G4, while 4H0.5

6 could reach almost the same range as C0.5
10 . Moreover, while

4G6 and 6G4 have very similar fracture energies, 4H0.5
6 and 6H0.5

4 exhibits a huge difference although
their very close compositions. As mentioned, the difference is probably due to lower fiber dispersion
and aggregates between microgels. Fig. 6.7c presents digital image correlation images showing the
von Mises Strain around the crack tip. Interestingly, compared to 4H0.5

6 or C0.5
10 , 6H0.5

4 have a much
more localized strain concentration around the crack. It seems that it accommodates fewer strains
before crack starts to propagate. This observation highlights that the mechanical properties might be
influenced more by the microstructure than the compositions.
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Figure 6.7: Fracture properties of neat hydrogel, hydrogel composites, granular hydrogel and of hybrid granular
hydrogels: (a) representative curve of single notch edge tests, (b) fracture energy evaluated with equation (3.7)
on p. 53 and (c) digital image correlation images showing the von Mises strain around the crack tip, which
starts to propagate.

6.3.2 Effect of pre-swollen PEGDM microgels

Fig. 6.8 presents the swelling behavior of neat and granular hydrogels. As previously observed,
granular hydrogels had lower swelling ratios as neat hydrogels. In order to better analyze the difference,
the reduction of swelling was defined as following:

Reduction of swelling (vol.%) = 100 ∗ (SRNx − SRyGz )
SRNx

(6.1)

where "G" and "N" stand for granular and neat hydrogels respectively. The sum of the dry microgel
content "y" and PEGDM contained in the surrounding matrix "z" is equal to the PEGDM content "x"
of the neat hydrogel. For example, the swelling ratio of granular hydrogel - 3G4 is compared with the
one of neat hydrogel - N7. The error bars were calculated based on error propagation rules from the
swelling ratios’ standard errors.
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Figure 6.8: Swelling behavior of granular hydrogels: (a) property chart presenting the compressive elastic
modulus vs. the swelling ratio obtained with equation (3.1), (b) swelling reduction evaluated with equation
(6.1), where the total PEGDM content is the addition of dry microgel and PEGDM concentration. Influence
of the PEG concentration of the immersion solutions on (c) the swelling ratio of the neat hydrogel N10 and (d)
on the PEG absorption in the neat hydrogel N10 determined with equation (6.2).

Fig. 6.8b shows that substituting neat hydrogels with pre-swollen microgels could reduce swelling by
up to 45 ± 2 %. Furthermore, the reduction of swelling was more efficient at lower total PEGDM con-
centrations, higher microgel content, and lower PEGDM concentrations in the matrix. The smallest
reduction of about 10% was measured for 11 wt.% of total PEGDM content, where granular hydrogels
and neat hydrogels presented similar swelling ratios of 160%. The elastic moduli increased proportion-
ately with the total PEGDM amount. Unlike the swelling reduction, the elastic modulus depended
on the material composition rather than on the hydrogel’s microscopic structure.

To better understand granular hydrogels’ swelling behavior, the pre-swelling of microgels in the ma-
trix precursor was investigated. Hydrogels of the same initial composition of microgels, 10 wt.%
PEGDM, were first dried before being swollen in different water/20kDa polyethylene glycol (PEG)
solutions. As shown in Fig. 6.8c, the swelling ratio, obtained with equation (1), significantly decreased
with increasing PEG concentration, probably due to the osmotic pressure induced by PEG [156]. It
suggests that microgels pre-swell less in precursors of higher PEGDM concentrations. Thus, once
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polymerized and immersed in water, those granular hydrogels would swell more because the micro-
gels were not fully swollen. In other words, higher pre-swelling levels of microgels induced by lower
PEGDM concentrations in the matrix will better reduce swelling. For the hydrogels evaluated in this
study, it is expected that above 11 wt.% of total PEGDM, the reduction of swelling becomes negligible.

To estimate if PEGDM diffuses from the precursors into the microgels, three neat hydrogels N10 with
the same initial composition as the microgels were first dried and weighed (mdry) before being swollen
in different PEG solutions. Then the hydrogels were retrieved from the solutions, dried, and weighed
(mP EGdry) again. The PEG absorption (PEGabs) was estimated as following:

PEG absorption(wt.%) = 100(mdry −mP EGdry)
mdry

(6.2)

As shown in Fig.6.8d, the PEG absorption increased with the PEG concentration in the hydrating
solution, probably due to convective effects when the hydrogel swells from the dry state. Similarly,
PEGDM from the precursor is expected to diffuse into the microgels, strengthening the interface
between microgels and the matrix and homogenizing the PEGDM concentration in the granular hy-
drogels. Nevertheless, the variations in swelling and local PEGDM concentrations make it difficult to
estimate the precise volume occupied by microgels in granular hydrogels. Moreover, for better assess-
ing the swelling behavior of microgels, the monodisperse distribution would be required to consider the
effective role of their surface to volume ratio [323]. Indeed, measuring swelling by statistical methods
would be easier than tracking individual microgels.

Furthermore, recent studies showed that the microgels might have different crosslinking densities and
distributions than the neat hydrogel at the microscale, which would affect their swelling and mechanical
properties [323–325]. Therefore, further analysis, such as assessing the density of consumed crosslinking
by Fourier-transform infrared (FTIR) or by nuclear magnetic resonance (NMR) spectroscopy, would
help understand the different mechanisms occurring during granular hydrogels synthesis. For example,
it might clarify if the PEGDM from the matrix diffuses in the microgels and forms local interpenetrated
polymer networks.

6.3.3 Effect of cellulose fibers

Fig. 6.9 presents the effect of incorporating NFC fibers in neat hydrogels, i.e. hydrogel composites,
and the matrix of the granular hydrogels, i.e. hybrid granular hydrogels. As observed in Fig. 6.3 and
Fig. 6.6a, adding fibers increased the elastic moduli and reduced the swelling ratios of both structures.
Highlighted with a steeper linear regression in Fig. 6.9a, the effect of fibers was getting stronger with
increasing the fiber concentration from 0.1 to 0.5 vol.% NFC and started to dominate the effect of the
total PEGDM content.
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Figure 6.9: Effect of NFC fiber concentration. (a) Property chart presenting the compressive elastic modulus
vs. the swelling ratio. The effect of the fiber concentration is highlighted with linear fits. (b) Stiffening achieved
when 0.5 vol.% of NFC fibers are added to the analogous hydrogel, calculated with equations (6.3) and (6.4)
(c) Z-stack projection of 7.5 um in depth taken with a fluorescent confocal microscope showing the NFC fibers
and microgels incorporated in swollen hydrogels.

Fig. 6.9b reports the different stiffening achieved when 0.5 vol.% of NFC fibers were added to the
analogous neat hydrogel, in red, and granular hydrogel, in grey. The stiffening was calculated as
described in equation (6.3) for conventional structure and equation (6.4) for granular structures.

Stiffening(%) = 100 ∗
(EC0.5

x
− ENx)

ENx

(6.3)

where “N” and “C” are the abbreviations of neat hydrogel and hydrogel composite respectively and
“x” for the PEGDM concentration.

106



Chapter 6. Hybrid granular hydrogels

Stiffening(%) = 100 ∗
(EyH0.5

x
− EyGx)

EyGx

(6.4)

where "H" and "G" stand for granular and hybrid granular hydrogels, "y" for the dry microgel content,
and "x" for the PEGDM contained in the surrounding matrix. For example, the elastic modulus of
the hydrogel composite C10 was compared with that of the neat hydrogel N10 and reached a 200%
stiffening. Note that the error bars were calculated based on the error propagation rules from the
standard errors of the elastic moduli.

While this stiffening of 200% achieved by the hydrogel composites seemed not affected by the total
PEGDM amount, the granular structures showed more variations. In particular, the stiffening was
reduced from around 200% to 80% at higher microgel concentrations and lower PEGDM contents in
the surrounding matrix.

The fiber distribution in swollen hydrogel composites and hybrid hydrogels was observed under a fluo-
rescent confocal microscope to understand the stiffening behavior. Fig. 6.9c shows z-stack projections
of swollen hydrogels containing initially a total PEGDM concentration of 10 wt.% and 0.5 vol.% of
NFC fibers. The fibers in the hydrogel composite (C0.5

10 ) were better dispersed compared to hybrid
granular hydrogels (4H0.5

6 , 6H0.5
4 ). Indeed, the presence of local fiber concentration and the formation

of aggregates increased with the microgel concentration. Both affected the stiffening efficiency and
the deformability of hybrid granular hydrogels. The use of shorter cellulose fibers may improve their
dispersion, while finer fibers might better surround microgels due to higher flexibility.

6.3.4 Processing

The processing ease of the developed hydrogel structures for different applications depends on the
hydrogel precursors’ processability. Therefore, their rheological behavior was studied with a parallel
plate rheometer at 0.5 Hz and oscillating strains going from 0.1% to 1000%. Fig. 6.10 presents the
range of complex viscosities observed at quasi-static 0.1% strain of different hydrogel precursors

Neat hydrogel precursors had a very low complex viscosity, less than 0.1 Pa· s. At 0.1% strain, the
complex viscosity of hydrogel composite precursors increased from 0.1 to 10 Pa· s with the fibers
concentrations. Both precursors would still be convenient to be injected through narrow needles. The
complex viscosities of the precursors of granular and hybrid granular hydrogels varied from 2 to 1000
Pa· s and could thus be up to 10’000 times more viscous than that of neat hydrogel precursors.
Moreover, above 500 Pa· s, the precursors started to behave similarly to jammed microgels, as shown
in Fig. 6.10. Additionally, the complex viscosity decreased with increasing PEGDM concentration
in the matrix precursor since PEGDM act as a lubricant for the microgels. As already mentioned in
the study on the swelling, at higher PEGDM concentrations in the precursor, the microgels occupy
less volume, and PEGDM reduces friction between them. Moreover, all precursors of the hydrogel
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Figure 6.10: Property chart of four different hydrogel structures with various compositions showing the elastic
modulus in compression as a function of the complex viscosity of the precursors at 0.1% oscillation strain and
0.5 Hz. Although a wide range of viscosity was achieved, all precursors were injectable through a needle with
an inner diameter of 0.133 mm.

composites and hybrid granular hydrogels showed obvious shear-thinning behavior after 10% strain,
as shown in Fig. 6.11. This behavior represents a key advantage for continuous placement of materials
before or during the crosslinking via 3D printing manufacturing.

In summary, depending on the hydrogel structure, a broad range of precursor’s complex viscosities
could be obtained while keeping similar hydrogels’ mechanical properties, which offers new applica-
tion opportunities. For example, low precursors’ complex viscosity would be suitable for confined
applications, such as replacing the nucleus pulposus [1], while precursors of high viscosity would be
ideal for unconfined applications like the replacement of focal cartilage defects without the use of a
membrane [320] or to 3D printed complex unconfined structures [7].
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Figure 6.11: Representative behavior of precursors’ complex viscosities measured with a parallel plate rheome-
ter (TA Instruments AR2000ex) under an oscillating strain sweep at 0.5 Hz at room temperature. All precursors
except that of neat hydrogels showed obvious shear-thinning behavior.

6.3.5 Direct contact test

The biocompatibility of hybrid granular hydrogels was rapidly assessed with a direct contact test for
four days. Fig. 6.12 presents the resulting images taken with an inverted microscope (Nikon, Ti2).
4H0.5

6 was selected for being the representative sample because the hydrogels contained all elements
and had the highest mechanical performance of hybrid granular hydrogels.

As shown in Fig. 6.12b, the hydrogel slightly retracted during the staining process with Giemsa.
Nevertheless, the fibroblasts from the embryo of albino mice grew well around and under the hydrogels
after four days. The morphology of the cellular network was similar to the one far from the sample
(Fig. 6.12a). Subsequently, the direct contact test suggested that hybrid granular hydrogels show no
significant toxic reactions.

Hydrogel

Zone surrounding hydrogel

Retraction zone

Zone far from hydrogel

4H6
0.5

a b

Figure 6.12: Direct contact test of hybrid granular hydrogel: 4H0.5
6 . Fibroblasts from embryo of albino mice

were fixed with methanol after four days and stained with Giemsa procedure.
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6.4 Conclusions

A novel strategy was proposed for better controlling mechanical and swelling properties as well as the
precursor viscosity by combining granular and composite hydrogels.

An extensive assessment of different structures, including 63 different hydrogel compositions based on
PEGDM, showed that the swelling ratio could be tailored from 60 vol.% to 165 vol.% without sig-
nificantly losing stiffness and deformation. Integrating pre-swollen microgel into neat hydrogels could
reduce swelling up to 45%. The achievable swelling reduction is given by the microgels concentration
and the total PEGDM content. The studied material system encountered a negligible swelling reduc-
tion at above 11 wt.% of total PEGDM content, where granular hydrogels and their representative
neat hydrogels had similar swelling ratios. The reason was related to the swelling degree of microgels
that would pre-swell less in precursors of higher PEGDM concentrations.

For a given elastic modulus, granular hydrogels had lower swelling ratios than neat hydrogels, espe-
cially below 15 kPa. Adding fibers reduced swelling and increased the elastic modulus of the hydrogel
composites and the hybrid granular structures. The effect was getting stronger with increasing fiber
content and became predominant above a fiber concentration of 0.3 vol.%. However, too high local
concentrations of cellulose fibers confined between the microgels could lead to earlier failure.

All precursors were injectable and the one incorporating microgels and/or cellulose fibers showed
obvious shear-thinning behavior required for advanced 3D printing. This opens a new horizon for
processing in confined as well as in unconfined environments and using these material systems when
precise control of stiffness and swelling is needed. Based on these first hybrid granular structures, the
integration of other hydrogels, microgels, and fibers can be envisaged. Indeed, the overall swelling
ratios reported in this study remains quite large. Further research needs to be carried out to better
control and reduce this property. The next Chapter 7. Self-reinforced granular hydrogel with silk
fibroin fibers focuses, therefore, on developing new granular structures reinforced with other bio-fibers.
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Chapter 7

Self-reinforced granular hydrogel with
silk fibroin fibers

How to process granular hydrogels with silk fibroin regenerated in situ?

Granular hydrogels with high stability, strength, and toughness are laborious to develop. Indeed,
the precursor of granular hydrogel exhibits inherent stability due to friction and cohesive forces be-
tween microgels. Nevertheless, to enhance mechanical properties, often post-curing, such as post-
photopolymerization, is required to bind microgels chemically. Here a new strategy was investigated
to reinforce and maintain microgels together with a novel self-reinforced silk granular hydrogel com-
posed of 20 kDa poly(ethylene glycol) dimethacrylate microgels and regenerated silk fibroin fibers.
The principle is to locally concentrate and regenerated silk fibroin in situ using microgel swelling. We
showed that silk fibroin in most compositions was homogeneously distributed and had successfully re-
generated in situ around microgels, holding them together in a network-like structure. FTIR analysis
revealed the presence of amorphous and crystalline silk fibroin, where 50% of the secondary struc-
tures could be assigned to strong β-sheets. Silk granular hydrogels exhibited swelling ratios between
5 vol.% and 60 vol.% and elastic moduli between 58 kPa and 296 kPa. Swelling increased propor-
tionally with the microgel content, suggesting that mainly microgels governed swelling. In contrast,
the elastic modulus increased almost linearly with silk fibroin content, and higher microgel content
further pronounced the enhancement. Silk granular hydrogel initially composed of 5 wt.% of dry
microgels presented the best compromise between mechanical and swelling properties. Subsequently,
we proposed a synthesis method for obtaining optimal silk granular hydrogels by choosing the right
initial concentration of microgels. Finally, we showed that the precursor silk granular hydrogel could
be injected and cast it in shape into a given volume.

Keywords: self-reinforced granular hydrogel, microgels, silk fibroin, swelling, elastic modulus, pro-
cessability, FTIR.
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7.1 Introduction

Granular hydrogels have gained considerable attention recently. Their particular microstructure com-
posed of contacting microgels offers an extended range of material properties for biomedical appli-
cations [32–39] or 3D printing [37–39]. Indeed, their precursor, only composed of microgels, is injectable
and can be tailored in composition to explore additional biological, physical, and mechanical proper-
ties [33]. The granular hydrogel exhibit inherent stability due to friction and cohesive forces between
microgels. Nevertheless, since mechanical properties stay relatively low, often post-curing, such as
post-photopolymerization, is required to bind microgels chemically [32,39].

In the previous Chapter 6. Hybrid granular hydrogels, pre-swollen microgels were embedded in a neat
or hydrogel composites in order to maintain the microgels together. By combining composites and
microgels approaches, we showed that the elastic modulus could be tailored between 10 kPa and 70
kPa and swelling between 60 vol.% and 170 vol.%, while most hydrogel could sustain more than 85%
applied strain in compression. Nevertheless, the level of swelling remains excessive for many uncon-
fined or semi-confined applications. In particular, we observed that mainly the matrix surrounding
the microgels swells and significant influence on the pre-swelling degree of microgels themselves.

Therefore, to further reinforce and reduce swelling of granular hydrogels using the same microgels, the
effect of the surrounding matrix on swelling has to be minimized. Here we explore a new self-reinforced
granular hydrogel composed of microgels and self-assembled silk fibroin fibers, as illustrated in Fig. 7.1.

Time

Dry microgels are 
immersed in silk fibroin 

solution.

Microgels swell in absorbing water from the surrounding 
silk solution. Consequently, silk fibroin starts to 

concentrate between microgels.

Silk fibroin reaches a 
critical concentration and 
regenerates into fibers.

Microgels 

Initial silk fibroin solution 

Local concentration of silk fibroin

Regenerated silk fibroin fiber

a b c

Figure 7.1: Illustration showing how to control the regeneration silk fibroin fibers in situ with microgels
swelling.
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Due to their remarkable biocompatibility and mechanical properties, silk fibroin fibers are already used
in several biomedical applications such as surgical suture, mesh, or garment as well as in electronic and
optics applications [145,146,326]. Silk fibroin fibers can be used in their native form or being dissolved
and regenerated in various morphologies such as hydrogels, foams, films, or microparticles [145,152].
These versatile structures, illustrated in Fig. 2.3 on p. 18 raise new application opportunities for drug
delivery, artificial skin, contact lenses, gene delivery system, cartilage repair, or bone graft [145]. In
particular, regenerated silk fibroin degrades slowly and is bioresorbable, essential characteristics for
load-bearing applications.

Additionally, the gel transition of silk fibroin solution can be controlled with different methods such as
(i) silk fibroin concentration, (ii) temperature, (iii) sonication/ultrasound, (iv) non-solvent inducing
phase separation, (v) pH or (vi) osmotic stress [71,146,149,153–156]. For example, when polyethylene is
mixed with silk fibroin solution, it induces an osmotic pressure to silk fibroin and reduces therefore
the gelation time [155,156].

Here, to regenerate silk fibroin in situ in granular hydrogels, we use microgels’ swelling to locally
concentrate silk fibroin. Dry microgels were added in silk fibroin solution (Fig. 7.1a) and absorbed
the water from the surrounding silk solution to swell. Subsequently, silk fibroin was more concentrated
between the microgels (Fig. 7.1b). Once the silk fibroin reached a critical concentration, it started to
crystallize and regenerated into fibers around microgels (Fig. 7.1c).

To understand how microgel and silk fibroin contents affect the swelling and mechanical behavior
of silk granular hydrogels, 12 different hydrogel compositions based on 20 kDa poly(ethylene glycol)
dimethacrylate (PEGDM) were studied.

7.2 Materials and methods

7.2.1 Materials

20 kDa poly(ethylene glycol) dimethacrylate (PEGDM) was purchased from Polysciences (ref. 25406-
25, Germany). Bombyx mori silk fibers were provided by swiss silk. Mineral oil (CAS 8042-47-5)
and span 80 (CAS 133-43-8) were supplied by Merck. Irgacure 2959 from BASF was used as a
photoinitiator.

7.2.2 Synthesis of microgels

The synthesis of microgels, initially composed of 10 wt.% PEGDM, are described in Fig. 3.2 in Chapter
3. Materials and methods. The particle size distribution of microgels was measured with a digital
particle size analyzer (Saturn DigiSizer II, micromeritics), where the refractive index was estimated
at 1.334 with a tomographic microscope (3D Nanolive Cell Explorer) and the density at 1.01 g/cm3.
As shown in Fig. 6.2 the size of particles varied from 20-160 µm.
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7.2.3 Synthesis of silk fibroin

Silk fibroin was extracted from Bombyx mori silkworms. As illustrated in Fig. 3.3 in Chapter 3.
Materials and methods, silk fibers were boiled in water containing 0.05 wt.% of sodium carbonate
(Na2CO3) for 45 min and washed three times with pure water to remove sericin. After drying at 60°C
for 4h, the remaining silk fibroin was dissolved in 80 wt.% 9.3M lithium bromide for 4h, before to be
dialyzed for three days against pure water. The final concentration of silk fibroin was measured at
4.5 wt.%, while the pH was adjusted at 9.5 by adding ammonium at low concentration to avoid early
crystallization [327].

7.2.4 Synthesis of self-reinforced silk fibroin granular hydrogel

Self-reinforced granular hydrogels were synthesis as shown in Fig. 3.9 on p. 44. The concentration
of microgels was progressively increased from 4 wt.% to 6 wt.%, while silk fibroin concentration from
2 wt.% to 5 wt.%. The precursors were cast in polylactic acid (PLA) molds and cover with a micro-
scopic glass before being placed in an incubator at 37°C for 12h. Table 6.1 on p. 96 summarizes the
dimension of casting molds.

The nomenclature is presented in Fig. 7.2. For example, 5S5 represents a silk granular hydrogel,
which was initially composed of 5 wt.% of dry microgels and 5 wt.% of silk fibroin.

Nomenclature
Silk granular hydrogel

Dry microgel content
4, 5, 6 wt.%

Silk fibroin content
2, 3, 4, 5 wt.%

5S5

Figure 7.2: Nomenclature designing structures and compositions of silk granular hydrogels.

Note that the nomenclature follows the same rule than the one defined in previous previous Chapter
6. Hybrid granular hydrogels. As a reminder the global nomenclature is described in Fig. 7.3.
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4H6
0.3

PEGDM
 concentration [wt.%] 

Hydrogel 
structure

Dry microgel 
concentration [wt.%] 

Fibre concentration 
[vol.%] 

Nomenclature

Meaning
Hybrid granular hydrogel with initially 4 wt.% of dry microgels, 
6 wt.% of PEGDM and 0.3 vol.% of NFC fibers in the 
surrounding matrix. The total PEGDM content, which is the 
addition of dry microgel and PEGDM concentration, is 10 wt.% 

Figure 7.3: General nomenclature designing structures and compositions of studied hydrogels.

7.2.5 Swelling ratios

The volume of the samples was determined with Archimedes’ principle. The samples were immersed
in extra pure hexane (99+%, Fisher Chemical) with a density of ρ = 0.659 g/l. For reaching the
equilibrium swelling state, the hydrogels were immersed in distilled water for at least 24h before
measuring the swelling ratio (SR) with equation (3.3) on p. 49. The average swelling ratios and their
corresponding standard deviation errors were based on three different samples.

7.2.6 Mechanical properties

Compression and tensile test

Cyclic compression and tensile loadings were performed as previously described in section 3.4.4 on
p. 50 on swollen hydrogels with a tensile machine (5 kN Zwicky equipped with a 100 N load cell,
Zwick Roell, Germany) presented in Fig. 3.14 on p. 51 at a constant displacement rate of 1 mm/s.
For evaluating the real stress, it was considered that no change of volume occurs during loading time.
Three samples were tested in the swollen state under cyclic loading-unloading compression loading.
They were five different stages during the tests:

• Stage 1: 3 cycles between 0% and 30% applied strain

• Stage 2: 3 cycles between 0% and 50% applied strain

• Stage 3: 3 cycles between 0% and 70% applied strain

• Stage 4: 3 cycles between 0% and 90% applied strain

• Stage 5: loading up to rupture if the samples could sustain deformation up to 90%

The pre-loading was 0.05 N and 0.02 N for compression and tensile test respectively, The elastic moduli
were then determined by linear regression between 10% and 15% applied strain during the first loading
cycles. Note that for the tensile test, a virtual extensometer recorded the true strain (VideoXtens,
Zwick / Roell).
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Single edge notch test

A single edge notch test was performed on rectangular swollen hydrogels with the tensile machine
Zwicky. A crack of 3 mm was cut with a scalpel in the hydrogels before testing the sample at a
loading rate of 0.5 mm/s until rupture. The fracture energy is defined when a critical energy release
rate Gc is reached. Gc was characterized with the equation (3.7) on p. 53 [17].

7.2.7 Digital image correlation analysis

Graphit 33 (Kontakt Chemie, Germany) was sprayed on samples’ surface to make a fine, randomly,
and homogenously distributed speckles pattern. 3D DIC analysis was then performed with the test
equipment illustrated in Fig. 3.19 provided by correlated solutions according to the test parameters
presented in Table 3.4. The test equipment incorporates two cameras Grasshoper USB3 (monochrom,
5.0 Mpix, 75 fps), 70 mm lens, the software Vicsnap V.9 for the recording of images, and VIC3D V.8
for the analysis. The reference image were taken when the applied load reached 0.04 N.

7.2.8 Microstructures

The morphology and distribution of the regenerated silk fibroin were observed in swollen hydrogels
with an inverted fluorescent confocal microscope (Zeiss LSM 700) equipped with a 20x lens and a laser
of 555 nm. For enhancing the fluorescence of silk fibroin fibers, the self-reinforced granular hydrogels
were placed for at least 3 hours in 0.02 g/l Rhodamine B stain (Merck, CAS 81-88-9) before being
placed in pure water for at least 2 hours.

7.2.9 Crystallinity

The crystalline structure of dry self-reinforced granular hydrogels was analyzed with Fourier transform
infrared spectroscopy (FTIR) FT/IR-6300typeA. The IR analysis covered the range between 800-3500
cm−1 with a resolution of 4 cm−1. The background was collected before testing the samples.

The FTIR spectras were analyzed with R using the package of ChemoSpec. The baseline drift was
adjusted with the function baselineSpectra, where modpolyfit was set for the method, while the
normalization was done with the function normSpectra, where PQN(i.e. Probabalistic Quotient Nor-
malizatio) was set for the method [301].

The secondary structures were evaluated through the deconvolution of FTIR spectra near the amide
I region (i.e. 1550-1750 cm−1) using the Multiple Peak Fit package from the software OriginPro
(Origin 2020b). The first step was to subtract a linear baseline in the amide I region from untreated
absorption spectra. The curve was then smooth with a smoothing window size of 10 before using
the second derivative of the spectra to determine the number and position of peaks. Then Gaussian
curves were employed for deconvoluting the spectra, with fixed baseline and peak centers.
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7.2.10 Direct contact test

Silk granular hydrogels were sterilized in an incubator at 121°C and 15 lbs before being placed and
fixed separately in the middle of cell culture vessels with a diameter of 35 mm. Fibroblasts from the
embryo of albino mice were then seeded around the samples (400’000 cells). The following quantities
were added to each vessel: 2.5 mL of cell culture medium, 10 vol% Fetal Bovine Serum (FBS), 1 vol%
Penicillin Streptomycin (PS), and 1 vol% L-Glutamine. Finally, the samples were incubated at 37 °C
in 5% CO2 for four days. To observe the cells, they were stained with 1 mL methanol for 30 seconds
followed by 1 mL diluted Giemsa solution.

7.3 Results and discussion

7.3.1 Swelling and mechanical properties

The swelling behavior and mechanical performance in compression of silk granular hydrogels - S are
shown in a property chart in Fig. 7.4 and were compared with neat hydrogels - N, hydrogel composites
- C, granular hydrogels - G and hybrid granular hydrogels - H, which were studied in the previous
Chapter 6. Hybrid granular hydrogels.
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Figure 7.4: Property chart of five different hydrogel structures with various compositions showing the elastic
modulus determined between 10% and 15% applied strain in compression as a function of the swelling ratio
measured with Archimedes’ principle.
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Silk granular hydrogels exhibited swelling ratios between 5 vol.% and 60 vol.% and compressive mod-
uli between 58 kPa and 136 kPa. At similar elastic modulus, around 55 kPa, self-reinforced granular
hydrogels 4S2 and 5S2 presented significantly lower swelling ratios, 17.1 ± 1.1 vol.% and 32.1 ± 3.4
vol.% respectively, than hydrogel composites C0.5

9 with 83.4 ± 1.4 vol.%. Moreover, the compressive
modulus of 5S5 and 6S4 at around 135 kPa, were almost two times higher than that of C0.5

10 with
67.1 ± 3.7 kPa. Note that the compositions 6S2 and 6S5 were not reported because the gelation of
silk occurred during the mixing of the microgels with the silk fibroin before creating adequate samples.
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Figure 7.5: Influence of the microgel and silk fibroin content on swelling and mechanical performances. (a)
The compressive modulus as a function of the silk fibroin content highlighting almost a linear behavior. (b) The
swelling ratio as a function of the microgel content showing linear behaviors. (c) The swelling ratio measured
by volume over the swelling ratio determined by weight showing a potential open porosity network.

As highlighted in Fig. 7.5, both silk fibroin content and microgel concentration are influencing the
compressive modulus. In particular, since regenerated silk fibroin is significantly stiffer than PEGDM
hydrogel and can reach a few hundreds of MPa [328], the compressive moduli of silk granular hydrogel
increased almost linearly with silk fibroin content (Fig. 7.5a). Nevertheless, increasing microgel con-
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centration also contributed to augment the mechanical properties. The improvement might be due
to higher polymer content or to the confinement degree of microgels. Indeed, the microgels are not
fully free to deform because the stiffer silk fibroin matrix surrounds them. Subsequently, the water in
the confined or semi-confined microgels is incompressible, which augments the apparent compressive
modulus of the silk granular hydrogels.

Interestingly, as shown in Fig. 7.5b, the swelling of silk granular hydrogels increased proportionally
with the microgel content, suggesting that only microgels govern swelling. This linear behavior allows
to estimate the water content of the microgels. Fig. 7.6 presents the water content of microgels in
each composition estimated with the equation (7.1). The final water content (WC) of microgels was
determined to be around 97 wt.%. In comparison, the final water content of neat hydrogel - N10 was
estimated at around 96 wt.%.

WC[wt.%] = 100− MR[wt.%]
water[wt.%] +MR[wt.%] + δm

δm = SR[wt.%]
1− SR[wt.%]/100 (7.1)

where MR [wt.%] and water [wt.%] are the concentration of dry microgels and water respectively in
the as-prepared state and SR [wt.%] is the swelling ratio based on weight.
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Figure 7.6: Estimation of the water content of microgels in the swollen state with equation (7.1).

Moreover, the swelling ratios of silk granular hydrogels based on volume differed from the ones mea-
sured by weight. Fig 7.5c revealed that the swelling ratios determined by volume were smaller. The
volume before and after swelling was measured using the Archimedes principle. In contrast to weight
measurements, the hydrogels were immersed in a fluid (i.e. hexane) for measuring their volume, which
can fill open pores. Therefore, the smaller swelling ratios based on Archimedes measurement suggests
a potential open porosity in the silk granular hydrogels.

For completing the mechanical characterization, tensile properties were evaluated and presented in
Fig. 7.7, which is a property chart that presents the tensile modulus, determined between 10% and
15% applied strain, as a function of strain at failure. The tensile moduli of silk granular hydrogels (i.e.
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86-296 kPa) were significant larger than hydrogel composite - C (i.e. 39-105 kPa) or hybrid granular
hydrogel - H (i.e. 27-90 kPa). However, as observed in many other materials, an increase in stiffness is
mostly accompanied by a decrease in elongation. The average strains measured at failure (i.e. 29-62%)
were dramatically smaller than the other structures. The lower elongations were probably driven by
the maximal extension of regenerated silk fibroin itself. Indeed, it was reported that the elongation of
regenerated silk fibroin hardly exceeds 65% [328].
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Figure 7.7: Property chart of five different hydrogel structures with various compositions showing the tensile
modulus determined between 10 and 15% applied strain as a function of the strain at failure.

Compression and tensile test were performed under incremental cyclic loading. Fig. 7.8 shows, rep-
resentative stress-strain curves in (a) compression and (b) tensile of silk granular hydrogel. All silk
granular hydrogels became softer after the first loading cycle and exhibited large hysteresis, similar
characteristics to the Mullins effect. For hydrogels reinforced with cellulose fibers, the behavior was
previously related to a local rearrangement of the fiber network [306]. For silk granular hydrogels, the
behavior may be due to the breaking of bonds in regenerated silk fibroin or around its interface with
microgels. Moreover, the tensile moduli, i.e. 86-296 kPa, were significantly larger than compressive
moduli, i.e. 58-136 kPa. We hypothesize that microgels principally contribute to compressive modu-
lus, while silk fibroin fibers mainly participate in the tensile modulus.
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Figure 7.8: Representative cyclic loadings in (a) compression and (b) tensile of silk granular hydrogel - 5S5.

In parallel, single notch edge tests were performed for characterizing fracture energy of the composi-
tion 5S5. Fig. 7.9 shows the resulting fracture energies. The fracture energy reached an average of
400 kJ ·m−2. The value was significantly higher than the hydrogel composites. However, the error
is quite large due to some difficulties in processing larger samples.

Fig. 7.9c presents digital image correlation images showing the von Mises strain around the crack tip.
Compared to hydrogel composites and hybrid granular hydrogels, the strains were very concentrated
around the crack tip, suggesting that most of the energy was not well distributed in the hydrogel.
It implies that the regenerated silk fibroin or/and the interface between microgels and silk fibroin
are weak and break rapidly during crack propagation before transferring stress efficiently. Hence,
enhancing the quality of the interfaces or/and the regenerated silk fibroin may significantly augment
the fracture energy. Another possibility would be to incorporate cellulose fibers into the silk granular
hydrogels. Indeed, several research groups have already developed cellulose and silk fibroin composites
because it was observed that cellulose promotes structural changes by making electrostatic interac-
tions, covalent, and hydrogen bonds with fibroin [328].

In summary, silk granular hydrogels initially containing 4 wt.% of dry microgels swelled the less. How-
ever, those composed of 5 wt.% of dry microgels presented the best compromise between mechanical
and swelling properties. In particular, the composition of 5S5 revealed promising results. Subse-
quently, a synthesis method for determining the recommended initial concentration of dry microgels
in silk granular structures is proposed and explained in Fig. 7.10. For example, neat hydrogel N10

has the same composition as the microgels. Both were initially composed of 10 wt.% of 20 kDa of
PEGDM. Since the final polymer content of swollen neat hydrogels was measured at around 4 wt.%,
the recommended initial concentration of dry microgels was estimated at 5 wt.%, which is 4 wt.%
added to 1 wt.%. The addition of less or more than 1 wt.% will generate a too loosely or compact
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granular structure inhibiting the adequate formation of silk fibers. Note the value of 1 wt.% was
determined empirically. In order to generalize the rule, the method needs to be validated with other
microgels.
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Figure 7.9: Fracture properties of neat hydrogel - N10, hydrogel composites - C0.5
10 , granular hydrogel - 4G6 and

6G4 and of hybrid granular hydrogels - 4H0.5
6 and 6H0.5

4 and of silk granular hydrogel - 5S5: (a) representative
curve of single notch edge tests, (b) fracture energy evaluated with equation (3.7) on p.53 and (c) digital image
correlation images showing the von Mises strain around the crack tip, which starts to propagate.
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The initial microgel content is obtained by adding 1 wt.% of polymer to the obtained final composition of the swollen hydrogel. 
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Figure 7.10: Synthesis method for creating an optimal silk granular hydrogel.

7.3.2 Microstructure and crystallinity of silk fibroin

The morphologies of silk granular hydrogels were observed under a fluorescent confocal microscope
and shown in Fig. 7.11.

Silk fibroin was homogeneously distributed in most compositions and had successfully regenerated
in situ around microgels, maintaining them together in a network-like structure. At higher microgel
concentration, such as in the composition 6S3, the microgels were no more spherical, suggesting that
silk fibroin started to crystallize before the microgels could freely pre-swell. Close to the surface,
silk fibroin regenerated in a membrane-like structure. The difference in morphology might be initi-
ated during the swelling of microgels in the silk fibroin solution. Indeed, silk fibroin was probably
more concentrated between the microgels and regenerated faster than near the sample’s extremities.
Moreover, a broken sample’s surface showed that the crack had surrounded the microgels during its
propagation. It indicates that the interface silk fibroin - PEGDM microgels or silk fibroin fibers were
weaker than the microgels.

Silk fibroin is polymorph and is usually distinguished between Silk I and II. Silk I represents the
metastable silk fibroin, which contains mainly amorphous structures such as α-helices or random coil.
Silk II is the solid silk fibroin and is mainly constituted of antiparallel β-sheets, which provide high
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4S³ - surface4S³ - surface of rupture

5S⁵4S⁵4S³

5S³ 6S³

Figure 7.11: Z-projections taken with fluorescence confocal microscopy showing the internal microstructures
of different silk granular hydrogels self-reinforced with regenerated silk fibroin fibers as well as the morphologies
of regenerated silk fibroin close to the surface of the sample and the surface of rupture.

tensile strength. Note that Silk I can be converted in Silk II by external stimuli such as elongation,
ultrasound, or temperatures [145,146,329,330]. The crystallinity significantly influences the physical, me-
chanical, biological, and degradation properties. For example, the strong β-sheets have higher strength
and are more hydrophobic, which slows down the degradation [146].

The classical technique for determining the crystalline structures of regenerated silk fibroin is to inspect
dry samples by Fourier-transform infrared spectroscopy (FTIR) and assign the secondary structures
according to Table 7.1. Thus, silk granular samples, old of at least 48 hours, were slowly dried at
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room temperature for 15 hours before being placed in a vacuum oven for 2 hours at 60°C. The infrared
analysis covered then the range between 800-3500 cm−1 with a resolution of 4 cm−1.

Table 7.1: Absorbance peaks of secondary structures of silk fibroin [328,331–334]

Secondary structure Wavelength [cm−1]

Side chains 1605-1615

β-sheet (weak)/aggregate β-strand 1616-1621

Parallel β-sheet 1620

Anti-parallel β-sheet 1623

β-sheet (strong) 1618, 1621-1638

Random coil 1638-1654

α-helices 1655-1662

β-turns 1663-1696, 1715

β-sheet (weak) 1697-1703

The absorption spectra of the representative sample, 5S5, was first compared with that of dry micro-
gels, mainly composed of PEGDM, for identifying the PEGDM phase in silk granular hydrogel. As
shown in Fig. 7.12, contrary to microgels, the representative hydrogel 5S5 strongly adsorbed in the
amide I (1600-1700 cm−1) and II (1500-1600 cm−1) regions [332]. Thus, the absorption in these regions
was associated with silk fibroin only. While the dried silk fibroin solution exhibited amorphous and
crystalline structures, silk granular hydrogels had mainly absorption peaks belonging to silk II.

The peaks shown in Fig. 7.12 can be assigned to secondary structures according to the Table 7.1.
The main peak around 1622 cm−1 corresponds to strong β-sheets, while the one close to 1697 cm−1

to weak β sheets.

125



Hybrid hydrogels for load-bearing implants

Amide I Amide II Amide III

S
ilk

 II
 - 

15
15

S
ilk

 II
 - 

16
23

S
ilk

 I 
- 1

65
3

S
ilk

 I 
- 1

54
0

Microgels / PEGDM

Silk fibroin*

5S5

7501000125015001750

Wavelength [cm−1]

A
bs

or
ba

nc
e

[a
rb

.u
ni

t]

�

��

��

�
��

�
�

−1
46
6

−1
40
8

−1
45
0−1

51
4

−1
63
1 −1

41
2

−1
44
8

−1
46
6−1

51
6

−1
62
2

1400150016001700

Wavelength [cm−1]

A
bs

or
ba

nc
e

[a
rb

.u
ni

t]

Microgels / PEGDM

Silk fibroin*

5S5
−1
69
7

Figure 7.12: Fourier-transform infrared spectroscopy (FTIR) of dry silk granular hydrogel, regenerate silk
fibroin, and microgels. PEGDM does not significantly adsorb in the amide I and II, which is ideal for comparing
the structure of self-assembled silk fibroin in dry granular hydrogels. *Silk fibroin solution was dried for 2h at
60°C.

The secondary derivatives of convoluted IR Spectra revealed the hidden peaks, which are shown in
Fig. 7.13. They highlighted the presence of α-helices or random coils in the structure as well as β-turns.

A more in-depth analysis was performed in deconvoluting the IR spectra with Gaussian curves and
presented in Fig. 7.13. This process allowed us to estimate the percentage of each secondary structure.
For silk granular hydrogels 5S5, a strong β-sheet represents almost 54% of the secondary structures,
while the α-helices and random coils constitute around 10% respectively. Note that the signals high-
lighted with the secondary derivatives of convoluted IR Spectra are small. Therefore, a more accurate
analysis would require a better resolution of the measurements.
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Figure 7.13: Secondary structures of silk fibroin regenerate in silk granular hydrogel. (a) Hidden peaks
revealed by the second derivative of the convoluted IR spectra of silk granular hydrogel - 5S5.(b) Deconvolution
of FTIR spectra using Gaussian curves of silk granular hydrogel - 5S5.

Fig. 7.14 presents the absorption spectra of silk granular hydrogels. All compositions showed similar
behavior and have their main peak at 1622 cm−1, which is assigned to strong β-sheet structure [331–334].
The spectra of 5S2 and 5S3 were slightly shifted to larger wavelength suggesting that the amorphous
phase was slightly more abundant.

127



Hybrid hydrogels for load-bearing implants

Table 7.2: Assigned secondary structures of silk granular hydrogel - 5S5 determined from deconvoluted Gaus-
sian curves from FTIR Spectra.

Peak
ID

Peak center
[cm−1]

Peak area
[cm−1]

Peak area
[%]

Secondary structures

1 1622 15,6 53,5 β-sheet (strong)

2 1639 2,6 8,8 Random coil

3 1647 2,8 9,5 Random coil

4 1657 1 3,5 α-helices

5 1664 1,9 6,6 β-turn

6 1680 4,4 15,2 β-turn

7 1699 0,8 2,9 β-sheet (weak)
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Figure 7.14: FTIR of silk fibroin fibers regenerated in situ in silk granular hydrogels.

7.3.3 Processing

Characterizing the processability of silk granular hydrogels is laborious because the gelation time of
silk granular hydrogel varied from minutes to several hours. The regeneration time of silk fibroin is bal-
anced between silk fibroin concentration and pH. Silk fibroin started to concentrate between microgels
as soon as they started to swell and absorb the water from the silk fibroin solution. At higher microgel
concentration, silk fibroin was more concentrated due to stronger swelling pressure from the micro-
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gels and regenerated faster [326,335]. In parallel, lower pH will promote crystallization [326,327,336,337].
Nevertheless, the precursors did not have the same acidity. The pH of the initial silk fibroin solu-
tion was adjusted to 9.5 for avoiding early crystallization [327], while demineralized water has a pH of
4.5. Since the pH of the precursors was not adjusted after mixing silk fibroin solution with water, the
pH of precursor progressively increased with silk fibroin concentration, which slowed down the gelation.

Moreover, the regeneration speed of silk fibroin was most probably not homogeneous in the hydro-
gel self. Indeed, depending on their size, microgels adsorbed more or less water from silk solution,
which created a local gradient in silk fibroin concentration. Additionally, dry microgels often formed
agglomerates. Fig. 7.15 illustrates how agglomerates swell as a single massive particle during the
swelling process. In this case, silk fibroin might start regenerating and encapsulating the agglomerates
before the microgels can separate. The consequence is the formation of new and bigger aggregates
and inhomogeneous distribution of silk fibroin, as highlighted in Fig 7.16. In particular, for some
compositions such as 6S2 and 6S5, the gelation started almost immediately when the dry microgels
were mixed with the silk fibroin solution. These samples were, therefore, not feasible for being shape
in a mold.

Microgels 

Initial silk fibroin solution 

Local concentration of silk fibroin

Regenerated silk fibroin fiber

Agglomerates of dry 
microgels just immersed in 
silk fibroin solution

The agglomerates of microgels start to swell as a single particle in absorbing water from the 
surrounding silk solution. Consequently, silk fibroin starts to concentrate and regenerate 
around the agglomerates before that the microgels are able to separate.

Some of the microgels and 
new agglomerates are finally 
separating

Figure 7.15: Illustration showing how silk fibroin regenerates around agglomerates of dry microgels.
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Figure 7.16: Sample quality of larger samples of silk granular hydrogels. (a) Image taken with a digital optical
microscope,digital image correlation images highlighting (b-c) defective and homogeneous sample, (d-e) good
samples.

Reducing agglomerates might be achieved by (i) slowing down the regeneration time of silk fibroin or
(ii) by homogeneously pre-swelling the microgels in controlled relative humidity. Note that homoge-
neous pre-swelling of microgels is not straight forward, especially for polydispersed size distribution
and dry microgels tightly in contact.

Qualitatively, the representative precursor 5S5 was injectable only through a large needle, as illus-
trated in Fig. 7.17. Nevertheless, it could easily be manipulated like a paste in a second step.

a b c

d e

Figure 7.17: Injectability of a representative silk granular precursor 5S5, (a) aggregates are blocked in small
needle, (b-d) the precursor is injectable (e) the precursors can be manipulate as a paste.
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For future work, a quantitative characterization of the gelation time would help to better control the
synthesis of silk granular hydrogels. This might be achieved by tracking the mechanical properties
over time with a rheometer or an adapted Vicat test.

Direct contact test

The biocompatibility of silk granular hydrogels was rapidly assessed with a direct contact test for four
days. The resulting images were taken with and inverted microscope (Nikon, Ti2) are presented in
Fig. 7.18.

The brighter regions in Fig. 6.12 corresponds to the regions where the hydrogel had retracted during
the staining process with Giemsa. The fibroblasts from the embryo of albino mice grew around and
under the hydrogels for four days. However, silk granular hydrogel revealed some adverse effects on
cell growth. Indeed, the fibroblasts proliferated better in composition with lower silk fibroin content.
The differences were probably issued from the synthesis process of the silk fibroin solution. Therefore,
more efforts on the cleaning and sterilization of the solution have to be performed.

4S2

Zone far from hydrogel
4S3

4S4 4S5

Figure 7.18: Direct contact test of silk granular hydrogels. Fibroblasts from embryo of albino mice were fixed
with methanol after four days and stained with Giemsa procedure.
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7.4 Conclusions

A new strategy was investigated to reinforce and maintain microgels together with a novel self-
reinforced silk granular hydrogel composed of 20 kDa poly(ethylene glycol) dimethacrylate microgels
and regenerated silk fibroin fibers. The principle is to locally concentrate and regenerated silk fibroin
in situ using microgel swelling.

A studied on 12 different hydrogel compositions showed that silk fibroin in most hydrogels was ho-
mogeneously distributed and had successfully regenerated in situ around microgels, maintaining them
together in a network-like structure. FTIR analysis revealed the presence of amorphous and crystalline
silk fibroin, where 50% of the secondary structures could be assigned to strong β-sheets.

Cyclic compression and tensile tests showed that silk granular hydrogels became softer after the first
loading cycle and exhibited, therefore, similar characteristics to the Mullins effect. Moreover, the
tensile moduli, i.e. 86-296 kPa, were significantly larger than compressive moduli, i.e. 58-136 kPa sug-
gesting that microgels principally contribute to compressive modulus, while silk fibroin fibers mainly
participate in the tensile properties. However, the strains measured at failure, i.e. 29-62% were prob-
ably limited by the maximal elongation of regenerated silk itself.

Silk granular hydrogels exhibited swelling ratios between 5 vol.% and 60 vol.%. Interestingly, the
swelling of silk granular hydrogels increased proportionally with the microgel content suggesting that
swelling is essentially governed by the microgels, which allowed us to estimate the final water content
(WC) of microgels to around 97 wt.%.

In summary, silk granular hydrogel initially containing 4 wt.% of dry microgels swelled the less. How-
ever, those composed of 5 wt.% of dry microgels presented the best compromise between mechanical
and swelling properties. Subsequently, we proposed a synthesis method for obtaining optimal silk
granular hydrogels by choosing the right initial concentration of microgels.

The obtained silk granular hydrogel can be processed by injection with a large needle and/or casting in
shape into a given volume. However, the spreading of the microgels and the pH level of all precursors
need to be well controlled to extend the use of silk granular hydrogels further. Furthermore, more
efforts on the cleaning and sterilizing of the silk fibroin solution have to be done because silk granular
hydrogel revealed some adverse effects.

Nevertheless, the knowledge acquired from this study and the previous chapters enables the interpre-
tation of adequate hydrogel materials for given applications.
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Chapter 8

Tailoring hybrid hydrogels for
load-bearing applications

How to select and combine hydrogels to better mimic the microstructures
and functions of living tissues?

Tailoring individually mechanical and physical properties is essential for designing optimal customized
implants. Therefore, to extend and apply the knowledge acquired from studying various structures,
hybrid hydrogels, composed of stacked hydrogels, were designed for better targeting local properties
or mimicking the morphology of native tissues. Mechanical gradients were successively processed in
hybrid hydrogel through a sequential layering of hybrid or silk granular hydrogels. The surface strain
field observed via digital image correlation revealed the created mechanical gradients with the silk or
hybrid granular hydrogels. Hybrid granular hydrogels offered much more possible material combina-
tions than silk granular hydrogels and were easier to process. However, the overall swelling ratios of
about 90 vol.% was significantly higher than the one of silk-based hydrogels, which was less than 20
vol.%. In a second step, a hydrogel composite and a silk granular hydrogel based on gelatin hydrogels
were synthesized to show the potential of the studied structures with other hydrogels and microgels.
It was demonstrated that cellulose fibers could reinforce gelatin hydrogel similar to PEGDM hydrogels
and that silk granular hydrogel based on gelatin microgels could successfully be synthesized. More
specifically, the synthesis protocol developed for PEGDM microgels could be applied for gelatin mi-
crogels, while the synthesis method for determining the initial concentration of dry microgels in silk
granular structures was validated. Moreover, stiff gelatin microgels significantly contributed to the
compressive modulus. They limit, however, the lateral deformation of silk fibroin fibers during tensile
loadings, reducing the hydrogel’s maximal elongation. Therefore, softer gelatin microgels would be
required to improve the strain at failure of gelatin-based silk granular hydrogels.

Keywords: material combination, gradients, gelatin, microgels, silk fibroin, composites.
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8.1 Introduction

The ideal implant requirements differ according to the application, the patient, and the location, es-
pecially when the targeted tissues show some anisotropy. For example, as illustrated in Fig. 8.1, the
properties of articular cartilages are highly depth-dependent. Besides, they vary a lot from person
to person. Antons and al. reported serious variations up to 4 MPa, probably due to age, diseases,
genetic or hormonal factors [165]. Therefore, a broad understanding of how to tailor mechanical and
physical properties individually is necessary to design an optimal customized implant. There are many
ways to tailor the properties of hydrogels. Nevertheless, changing the components’ concentration or
microstructures in keeping the same basic materials is often preferred over chemical modifications. In-
deed, chemical modifications influence almost all mechanical, physical, and biological properties and
might induce new toxic reactions. Therefore, additional assessment is required, especially regarding
biocompatibility, which can be very costly.
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Figure 8.1: Examples of requirements for the ideal implant according to applications and the loca-
tion [1–6,165,338–344].
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In previous chapters, an extensive parametric study on the composition and structure of hydrogels
(Fig. 8.2) was performed for creating complete property charts that summarize mechanical, swelling,
and rheological properties.

Hydrogel components

PEGDM
Main network

Alginate
Second network

NFC fiber Silk fibroin 
fiber

Microgels

Granular - G

Neat - N

Composite double network - CDN

Hybrid granular - H

Silk granular - S

Double network - DN

Composite - C

Figure 8.2: Components of studied hydrogel structures.

Fig. 8.3 summarizes the range of properties achieved for each structure. The precursors of neat hy-
drogel had the lowest viscosity, perfect for confined applications such as the replacement of nucleus
pulposus [1]. Microgels of similar composition can be added to the precursor to adapt and increase
its viscosity for unconfined applications like the treatment of focal cartilage defects without using a
membrane [320], or 3D printing of complex unconfined structures [7]. In parallel, adding cellulose fibers
is a powerful way of increasing toughness. This method was more effective than creating a double
network with alginate. Indeed, while the results were promising at the as-prepared state, alginate has
lost almost all its benefits in the swollen state. Moreover, high-cycles fatigue tests revealed that hy-
drogel composites reinforced with nano-fibrillated cellulose fiber successfully survive 10 million loading
cycles at 20% applied strain. However, after the first loading cycle, a softening behavior similar to the
Mullins effect was observed. Therefore, we assessed how cyclic loading affects its fracture behavior,
distribution of strain fields, and microstructure. The study showed that cyclic loading on hydrogel
composites re-arrange the fiber network and do not seriously deteriorate the mechanical properties.
Therefore, with their high fatigue resistance and their low precursor’s viscosity, hydrogel composites
were already proposed for replacing the nucleus pulposus [1]. We also showed that combining composite
and microgel approaches efficiently tailored hydrogels’ swelling without significantly affecting elastic
modulus, fracture energy, and deformation performance. Therefore, those hybrid granular hydrogels
might be suitable for replacing the superficial layer of articular cartilage, where toughness is essential
for limiting the propagation of cracks in the deeper and stiffer layers. Finally, the microgels can be
swollen in silk fibroin solution for forming self-reinforced silk granular hydrogels, where around 50% of
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the secondary structures could be assigned to strong β-sheets. Those hydrogels exhibit considerably
higher stiffness. Although the maximal extension of regenerated silk fibroin fibers reduced the hydro-
gel’s elongation capability, silk granular hydrogel is a potential candidate for repairing focal cartilage
defects.
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Figure 8.3: Range of properties of studied hydrogel structures.

Note that the range of elastic moduli achieved remains relatively low for load-bearing applications.
Nevertheless, all samples were tested in an unconfinement environment, which represents the worst
case. Indeed, if a hydrogel with an elastic modulus of 50 kPa, is placed in a focal defect of stiffer
cartilage, the hydrogel is semi-confined. Subsequently, the compressive modulus drastically increases
because the water contained in the hydrogel act as an incompressible material. For example, hydrogel
composite - C0.5

10 was previously tested in a confined environment. The elastic modulus reached around
1 MPa at a loading rate of 10 N/s, while the swelling pressure was measured at 85 kPa [1].

This chapter aims to extend and apply the knowledge acquired from previous chapters. Hybrid hydro-
gels, composed of stacked hydrogels, were designed for better targeting local properties or mimicking
the morphology of native tissues. First, different hydrogel structures are combined in stacked layers to
develop mechanical gradients in hydrogels. In a second step, we selected other hydrogels and microgels
for shifting the overall properties in one or the order direction.
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8.2 Materials and methods

8.2.1 Materials

20 kDa poly(ethylene glycol) dimethacrylate (PEGDM) was purchased from Polysciences (ref. 25406-
25, Germany). Nano-fibrillated cellulose (NFC) fibers from bleached softwood pulp were provided by
Weidmann (WMFC-Standard). The length of most fibers varies between 50-500 um, while their diam-
eters between 0.1-10 um. Bombyx mori silk fibers were provided by swiss silk. 20 kDa poly(ethylene
glycol) (CAS 25322-68-3), mineral oil (CAS 8042-47-5), and span 80 (CAS 1338-43-8) were supplied
by Merck. Irgacure 2959 from BASF was used as a photoinitiator for PEGDM-based hydrogel, while
lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP, ref 6146), obtained from Tocris Bioscience,
was used for gelatin-based hydrogel. Gelatin Type A from porcine skin (ref. G2500) and methacrylic
anhydride (ref. 276685) was obtained from Sigma-Aldrich.

8.2.2 Synthesis of microgels

The synthesis of microgels, initially composed of 10 wt.% PEGDM, are described in Fig. 3.2 in Chapter
3. Materials and methods. The particle size distribution of microgels was measured with a digital
particle size analyzer (Saturn DigiSizer II, micromeritics), where the refractive index was estimated
at 1.334 with a tomographic microscope (3D Nanolive Cell Explorer) and the density at 1.01 g/cm3.
As shown in Fig. 6.2 the size of particles varied from 20-160 µm.

8.2.3 Synthesis of silk fibroin

Silk fibroin was extracted from Bombyx mori silkworms. As illustrated in Fig. 3.3 in Chapter 3.
Materials and methods, silk fibers were boiled in water containing 0.05 wt.% of sodium carbonate
(Na2CO3) for 45 min and washed three times with pure water to remove sericin. After drying at 60°C
for 4h, the remaining silk fibroin was dissolved in 80 wt.% 9.3M lithium bromide for 4h, before to be
dialyzed for three days against pure water. The final concentration of silk fibroin was measured at
4.5 wt.%, while the pH was adjusted at 9.5 by adding ammonium at low concentration to avoid early
crystallization [327].

8.2.4 Synthesis of hydrogels

The full synthesis of the neat hydrogel, hydrogel composite, granular hydrogel, and hybrid granular
hydrogels are described and illustrated in Fig. 3.4-3.8 in Chapter 3. Materials and methods.

Self-reinforced granular hydrogels were synthesis as shown in Fig. 3.9 on p. 44.The precursors were
cast in acide polylactique (PLA) molds and cover with a microscopic glass before being placed in an
incubator at 37°C for 12h. Table summarizes the dimension of casting molds 6.1.

The gelatin methacryloyl hydrogel (GelMa) was developed by Peyman Karami, from the laboratory
of biomechanical orthopedics (LBO, EPFL), as previously reported methods [345]. The precursors,
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composed of 10-15 wt.% of gelatin methacryloyl, 0.02 wt.% LAP photoinitiator and phosphate and
buffered saline (PBS) were vortexed at 37°C for homogenization. The hydrogels composite precursor
was then mixed with the Ultra Turrax (IKA T25 digital, SN 25 10G) at 10’000 rpm for 5 min. The
homogenized precursors were either cast in Teflon molds and covered with microscope slides or mixed
with mineral oil and 5 wt.% Span 80 for synthesizing microgels. Both were cured for 2 min under
UV-light irradiation at a wavelength of 405 nm and an intensity of 5 mW.cm−2.

8.2.5 Swelling ratios

The volume of the samples was determined with Archimedes’ principle. The samples were immersed
in extra pure hexane (99+%, Fisher Chemical) with a density of ρ = 0.659 g/l. For reaching the
equilibrium swelling state, the hydrogels were immersed in distilled water for at least 24h before
measuring the swelling ratio (SR) with equation (3.3) on p.49. The average swelling ratios and their
corresponding standard deviation errors were based on three different samples.

8.2.6 Compression and tensile test

Cyclic compression and tensile loadings were performed as previously described in section 3.4.4 on
p. 50 on swollen hydrogels with a tensile machine (5 kN Zwicky equipped with a 100 N load cell,
Zwick Roell, Germany) presented in Fig. 3.14 on p. 51 at a constant displacement rate of 1 mm/s.
For evaluating the real stress, it was considered that no change of volume occurs during loading time.
Three samples were tested in the swollen state under cyclic loading-unloading compression loading.
They were five different stages during the tests:

• Stage 1: 3 cycles between 0% and 30% applied strain

• Stage 2: 3 cycles between 0% and 50% applied strain

• Stage 3: 3 cycles between 0% and 70% applied strain

• Stage 4: 3 cycles between 0% and 90% applied strain

• Stage 5: loading up to rupture if the samples could sustain deformation up to 90%

The pre-loading was 0.05 N and 0.02 N for compression and tensile test respectively, The elastic
moduli were then determined by linear regression between 10% and 15% applied strain during the
first loading cycles. Note that for the tensile test, the strain was reordered with a virtual extensometer
(VideoXtens, Zwick / Roell).

8.2.7 Digital image correlation analysis

Graphit 33 (Kontakt Chemie, Germany) was sprayed on samples’ surface to make a fine, randomly,
and homogenously distributed speckles pattern. 3D DIC analysis was then performed with the test
equipment illustrated in Fig. 3.19 provide by correlated solutions according to the test parameters
presented in Table 3.4. The test equipment incorporates two cameras Grasshoper USB3 (monochrom,
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5.0 Mpix, 75 fps), 70 mm lens, the software Vicsnap V.9 for the recording of images, and VIC3D V.8
for the analysis. The reference images were taken when the applied load reached 0.04 N.

8.2.8 Microstructures

The morphology and distribution of the regenerated silk fibroin were observed in swollen hydrogels
with an inverted fluorescent confocal microscope (Zeiss LSM 700) equipped with a 20x lens and a laser
of 555 nm. For enhancing fluorescence of silk fibroin fibers, the self-reinforced granular hydrogels were
placed for at least 3 hours in 0.02 g/l Rhodamine B stain (Merck, CAS 81-88-9) before being placed
in pure water for at least 2 hours .

8.3 Gradient in hydrogels

Hydrogels can currently not compete with some load-bearing tissues, such as meniscus or articular
cartilage, mainly because it is difficult to mimic their highly hierarchical microstructures. Articular
cartilage exhibits multiple mechanical gradients, for example. The stiffness progressively increases
when approaching the subchondral bone and regions, which sustain and transfer higher loads. How-
ever, gradients are usually ignored in tissue engineering, mainly for practical reasons, despite their
physiological functions. Creating gradients, especially multiple gradients, remains challenging and
often requires special equipment and a complex synthesis process [22]. Nevertheless, these last years,
many techniques were established to create layered or continuous gradients in hydrogels as illustrated
in Fig. 2.5 and described in Table 2.6 on p. 21 [22,167–174]. The choice of the synthesis process is
based on different criteria such as the type of gradients (i.e. continuous or layered), type of precur-
sors (i.e. low or high viscosity, crosslinking mechanism), freedom of geometries (i.e. film, cylinder, or
complex 3D printed geometrie), or the number of gradients (i.e. gradient in one or different directions).

For example, as presented in Fig. 8.4, to obtain well-defined mechanical gradients through additive
manufacturing, the stacked hydrogels require to have (i) different stiffnesses, (ii) similar swelling ratios
to avoid dimensional distortion, (iii) sufficient adhesion between the layers and (iv) a viscous precursor
with low diffusion rate of its components to avoid full homogenization across the layers before curing.
Note that precursors with low viscosity can be employed as well. Nevertheless, curing must be done
between each layer.

Different compositions of hybrid and silk granular hydrogels were selected that exhibited high pre-
cursors’ viscosity, different elastic moduli, and similar swelling ratios to create hybrid hydrogels with
gradients properties. The mechanical gradients were processed through sequential layering. This tech-
niques was favored over other techniques such as controlled fluid mixing or graded crosslinking because
the process is simple, reproducible, and can be applied to different material systems [22].
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Figure 8.4: Requirements for developing mechanical gradients in hydrogels through sequential layering. The
example illustrates the local replacement of osteochondral tissues exhibiting a mechanical gradient with four
different materials.

8.3.1 Hybrid granular hydrogels

For designing hybrid hydrogels with gradient properties, the compositions specified in Table 8.2 were
carefully chosen according to the property chart presented in Fig. 6.3 on p. 99 and Fig. 6.10 on p.
108 summarizing compressive modulus, the swelling ratio, and complex viscosity. Their precursors
were placed side by side before curing. Fig. 8.5 presents the resulting hybrid hydrogel.

Fig. 8.5a shows hybrid hydrogels with a mechancial gradient in the as-prepared state and swollen
state. Although the volume increase is consequent, the swelling of the hydrogels seems to be homoge-
neous. As observed in Fig. 8.5a, there is no significant difference in width between the layers.
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Table 8.1: Selection of hybrid granular hydrogels for creating gradients through sequential layering.

Sample name Compressive
modulus [kPa]

Tensile modulus
[kPa]

Fracture energy
[kJ ·m−2]

Swelling ratio
[vol.% ]

Complex viscosity
[Pa· s]

5H0.1
3 15 ± 1 27 ± 3 28 ± 1 87 ± 1 247

5H0.5
4 25 ± 1 41 ± 7 68 ± 21 91 ± 2 179

6H0.5
4 42 ± 1 63 ± 4 68 ± 9 88 ± 4 1005

4H0.5
6 53 ± 2 90 ± 3 163 ± 7 90 ± 4 362

Swollen

As-prepared

5H3
0.1 5H4

0.3 6H4
0.5 4H6

0.5
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Figure 8.5: Gradient in hybrid hydrogels through sequential layering of hybrid granular hydrogels: (a) the
swelling ratio of about 90 vol.% from as-prepared state to swollen state represents a consequent increase of
volume, (b) swollen sample shows no dimensional distortion between layers of different composition. Digital
image correlation showing strain field on the surface of representative hydrogel (c) without and (d) with a
mechanical gradient.(e) Z-projections taken with fluorescence confocal microscopy showing the microstructures
of hybrid granular hydrogels for each layer.
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The surface strain field was measured via digital image correlation for observing the gradients in the
hydrogel qualitatively. Fig. 8.5c shows a representative sample 4H0.5

6 without gradient that deformed
homogeneously, while Fig. 8.5d presents a hydrogel made of layered precursors, which revealed a
mechanical gradient.

This experience demonstrated that the layering of hybrid granular precursors effectively creates a
mechanical gradient in hydrogels. However, the overall swelling ratios remained relatively large.

Hybrid hydrogels composed of two materials with different swelling ratios

For illustrating what happens when two materials with different swelling ratios are combined, the
granular hydrogel 6G4 and hybrid granular hydrogel 5H0.3

3 were combined. They were selected se-
lected according to the property chart presented in Fig. 6.3 on p. 99 and Fig. 6.10 on p. 108. Their
precursors were either placed side by side or on top of each other before curing. Table 8.2 gives some
of the properties, while the resulting hydrogels are presented in Fig. 8.6.

Table 8.2: Selection of hybrid granular hydrogels with different swelling ratios.

Sample name Compressive
modulus [kPa]

Swelling ratio
[vol.% ]

Complex viscosity
[Pa· s]

6G4 19 ± 1 137 ± 1 426

5H0.3
3 20 ± 1 79 ± 3 291

6G4 5H3
0.3 5H3

0.36G4

a b

Water

Figure 8.6: Layering of granular hydrogel 6G4 and hybrid granular hydrogel 5H0.5
3 with different swelling

ratios (a) side by side or (b) on the top of each other.

This second experiment showed that layering of granular hydrogel and hybrid granular hydrogel with
different swelling ratios is feasible and induces changes in geometries. The latter can present draw-
backs or/and assets, depending on the applications. For example, directional swelling is used in 4D
printing [119,180,181] or in the development of biomimetic anisotropic actuators used for soft robotic,
valves or artificial muscles [175,182].
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8.3.2 Silk granular hydrogels

For combining three silk granular hydrogels, the compositions specified in Table 8.3 were carefully
chosen according to the property chart presented in Fig. 7.4 on p. 117. Their precursors were placed
side by side before placing the hybrid hydrogels for 12h at 37°C and 100% HR.

Table 8.3: Selection of silk granular hydrogels for creating gradients through sequential layering.

Sample name Compressive modulus
[kPa]

Tensile modulus
[kPa]

Elongation [%] Swelling ratio
[vol.% ]

4S3 79 ± 9 126 ± 9 29 ± 7 18 ± 3

4S4 97 ± 5 161 ± 8 35 ± 6 19 ± 1

4S5 124 ± 9 247 ± 15 32 ± 6 17 ± 1

b c

d e

Swollen

4S3 4S3 4S4 4S5

f

Silk granular hydrogel

Hybrid granular hydrogel

a 4S3 4S4 4S5

4S³ 4S⁴ 4S⁵

Von Mises Strain 
[%] - Lagrange

15

13

7
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11

9

Figure 8.7: Gradient in hybrid hydrogels through sequential layering of silk granular hydrogels: (a) comparison
between swollen hybrid and silk granular hydrogel, (b-c) swollen sample shows no dimensional distortion between
layers of different composition, (d-e) digital image correlation showing strain field on the surface of representative
hydrogel (d) without and (e) with a mechanical gradient. (f) Z-projections took with fluorescence confocal
microscopy showing the microstructures of different silk granular hydrogels self-reinforced with regenerated silk
fibroin fibers for each layer.
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Fig. 8.7 presents the resulting hybrid hydrogels showing a gradient with layered silk granular hydro-
gels. As highlighted in Fig. 8.7a, silk granular hydrogels exhibited a notable lower volume increase due
to swelling compared to hybrid granular hydrogels. The surface strain field was measured via digital
image correlation for observing the gradients in the hydrogel qualitatively. Fig. 8.7d shows a repre-
sentative sample 4S3 without gradient that deforms homogeneously, while Fig. 8.7e presents a hybrid
hydrogel made of layered silk granular hydrogels, which revealed a mechanical gradient. However, the
gradient was not as well defined as in hybrid hydrogels based on hybrid granular hydrogel, and the
overall strain level was lower (i.e. 85% for stacked hybrid granular hydrogels and 15% for stacked the
silk granular hydrogels). Indeed, the processing of silk granular hydrogels is more challenging than
hybrid granular hydrogel, diminishing the quality of the mechanical gradients subsequently.

The third combination of hydrogels demonstrated that layering of silk granular precursors is feasible
for creating gradient hydrogels.

8.4 Gelatin based hydrogels

Hydrogels based on 20kDa PEGDM present good mechanical properties, especially regarding elonga-
tion and fatigue resistance. However, the elastic moduli achieved remained low, and the swelling ratios
relatively high for many load-bearing applications. Therefore, based on the knowledge developed with
the first composites and silk granular hydrogels, the integration of other hydrogels, microgels, and
fibers can be envisaged for shifting the overall properties to a new range of values. As an example,
hydrogel composite and silk granular hydrogels were synthesized based on gelatin methacryloyl hydro-
gels. Gelatin methacryloyl (GelMa) is a biodegradable and photopolymerizable hydrogel synthesized
by Peyman Karami at EPFL for its adhesion performance.

8.4.1 Hydrogel composites

Similar to the neat hydrogel - N10 and the hydrogel composites - C0.5
10 based on PEGDM, a gelatin

methacryloyl hydrogel containing initially 10 wt.% of polymer - Ge10 and gelatin hydrogel composite
- Ge0.5

10 were synthesized. The compressive and tensile modulus in swollen state as well as the swelling
ratio are shown in Fig. 8.8.

Cellulose fibers reinforced GelMa hydrogel in a similar way than PEGDM based hydrogels. Indeed,
composites had 45-48 kPa and 63-75 kPa higher compressive and tensile modulus, respectively, than
their corresponding neat hydrogels. However, since the swelling ratio of GelMa - Ge10 is close to zero,
the addition of fibers did not significantly influence the swelling ratio.

Therefore, a general trend showing fibers’ effect on swelling cannot be achieved at this stage. Neg-
ative or zero swellings may not be ideal for some confined or semi-confined applications, where a
pre-constrained implant helps fix it into the tissues. .
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Figure 8.8: Property chart of neat and hydrogel composites based on PEGDM and gelatin showing the (a)
compressive and (b) tensile modulus determined between 10 and 15% applied strain in compression as a function
of the swelling ratio measured with Archimedes’ principle with equation (3.3).

8.4.2 Silk granular hydrogel

The synthesis process for silk granular hydrogel based on PEGDM microgels was applied for gelatin-
based microgels. The microgels, initially composed of 15 wt.% of GelMa, were synthesized as PEGDM
microgels, which are described in Fig. 3.2 on p. 42. The only difference was that the gelatin precursor
was heated up to 37 °C to reduce viscosity before creating the emulsion with the oil phase. According
to the rule defined in Chapter 7. Self-reinforced granular hydrogel with silk fibroin fibers and ex-
plained in Fig. 7.10, the ideal initial concentration of dry microgels was fixed at 16 wt.%. Indeed, the
final polymer content of swollen GelMa hydrogels is 15 wt.%, which added to 1 wt.% gives 16 wt.%.
Moreover, the silk fibroin solution was dialyzed against PBS, and its pH was fixed to 8.5.

Fig. 8.9 shows that gelatin-based silk granular hydrogels could successfully be synthesized. Despite
that gelatin has an affinity with the fluorescent dye, we could observe that silk fibroin regenerated
around gelatin microgels in a network like structures, similarly to PEGDM based silk granular hydro-
gels.

Fig. 8.10 presents the compressive moduli and swelling ratios of the gelatin methacryloyl hydrogel - Ge
and the silk granular hydrogel based on gelatin - GeS, which are compared with the structures studied
in previous chapters. Both silk granular hydrogels showed similar swelling ratios suggesting that the
synthesis protocol was reproducible and that microgel governed the hydrogels’ swelling. However, the
compressive modulus was slightly higher for gelatin-based silk granular hydrogels, probably due to
the stiffer microgels. Indeed, gelatin hydrogel - Ge15 had a compressive modulus of around 150 kPa,
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Figure 8.9: Z-stack projection taken with fluorescence confocal microscopy showing the microstructure of
granular hydrogel based on gelatin reinforced with silk fibroin fibers.

significantly higher than the one of the neat PEGDM hydrogel - N10 (i.e. 20 kPa).

For completing the mechanical characterization, tensile properties were evaluated and presented in
Fig. 8.11, which is a property chart that shows the tensile modulus determined between 10% and
15% applied strain as a function of the strain at failure. The tensile moduli of silk granular hydrogels
(i.e. 85-300 kPa) were similar for both compositions. In contrast to compressive modulus, the stiff
microgels could probably not contribute to increasing the tensile modulus. However, the measured
average strains at failure were seriously smaller for hydrogel based on gelatin (i.e. 11-20%) than for
the one based on PEGDM (i.e. 29-62%). In this case, the stiff microgels might alter the elongation po-
tential of regenerated silk fibroin fibers because they avoid lateral deformation during tensile loadings.
Therefore, softer gelatin microgels would be required to improve the strain at failure of gelatin-based
silk granular hydrogels.
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Figure 8.10: Property chart of seven different hydrogel structures with various compositions showing the
compressive modulus determined between 10% and 15% applied strain in compression as a function of the
swelling ratio measured with Archimedes’ principle.
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Figure 8.11: Property chart of seven different hydrogel structures with various compositions showing the
tensile modulus determined between 10% and 15% applied strain as a function of the maximum deformation.
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8.5 Conclusions

To extend and apply the knowledge acquired from studying various structures, hybrid hydrogels,
composed of stacked hydrogels, were designed for better targeting local properties or mimicking the
morphology of native tissues. Several silk and hybrid granular hydrogels were selected that exhibited
high precursors’ viscosity, different elastic moduli, and similar swelling ratios and were combined to
create mechanical gradients. Gradients were processed through sequential layering, which was favored
over other techniques because it is simple, reproducible, and applicable to different material systems.

The surface strain field observed via digital image correlation revealed the tailored mechanical gradients
with silk or hybrid granular hydrogels. Nevertheless, both structures had their specificities. Hybrid
granular hydrogels offered much more possible material combinations than silk granular hydrogels and
were easier to process. However, the overall swelling ratios of about 90 vol.% was significantly higher
than the one of silk-based hydrogels, which was less than 20 vol.%.

In a second step, a hydrogel composite and a silk granular hydrogel based on gelatin hydrogels were
synthesized to highlight the potential of those structures when using other hydrogels and microgels.

Cellulose fibers could reinforce gelatin hydrogels in a similar way to PEGDM hydrogels. However, the
initial low swelling ratio of gelatin hydrogel was not affected by the fibers.

Finally, silk granular hydrogel based on gelatin microgels could successfully be processed. We could
apply the synthesis protocol developed for PEGDM microgels to gelatin microgels. Moreover, the
method for determining the initial concentration of dry microgels in silk granular structures could
be validated. Regarding the achieved mechanical properties, stiff gelatin microgels significantly con-
tributed to the compressive modulus, while the tensile modulus mainly depended on the properties
of the regenerated silk fibroin. However, the stiff microgels might alter the elongation potential of re-
generated silk fibroin fibers because they avoid lateral deformation during tensile loadings. Therefore,
softer gelatin microgels might be considered for applications where a less brittle behavior is required.
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Chapter 9

Conclusions and perspectives

9.1 Conclusions

The study evaluates the processing and properties of different hydrogel microstructures made of well-
known biomaterials. Various material systems were studied, from neat to self-reinforced granular
structures.

In the first part, single and double network hydrogels and their composites were assessed accord-
ing to load-bearing characteristics such as swelling ratio, adhesion, elastic modulus, toughness, or
fatigue resistance. Four different hydrogel structures based on poly(ethylene glycol) dimethacrylate
were tested: neat, composites, double network, and composite double network hydrogels. Composites
were reinforced with nano-fibrillated cellulose fibers, while the second network was alginate. Adding
cellulose fibers and/or a second network significantly improved mechanical and adhesion properties in
the as-prepared state. Nevertheless, the double network hydrogel with alginate lost all profits in the
swollen state. Indeed, compared to neat hydrogels, double network hydrogels had at least 30% higher
swelling ratios and 25% lower elastic moduli. In contrast, the addition of 0.5 wt.% cellulose fibers to
neat hydrogels reduced swelling by more than 30% without seriously affecting the processability or the
long-term reliability. High-cycles fatigue tests revealed that hydrogel composites successfully survive
10 million loading cycles at 20% applied strain. However, it became softer after the first loading cycles
and behaved similarly to the Mullins effect.

Subsequently, we assessed how cyclic loading affects the fracture behavior, the distribution of strain
fields, and the microstructure of hydrogel composites. Surprisingly, we observed that preloading
before creating a notch in the hydrogel composite increased the fracture strength of pre-notched sam-
ples while diminished the corresponding fracture energy. A digital image correlation analysis was
conducted at the macro- and microscopic scale to understand this behavior and obtain local infor-
mation on the strain field. Additionally, cellulose fibers’ morphology was directly observed through
fluorescence confocal microscopy before and after cyclic loading at different maximal applied strains.
Microscopy results showed that cyclic loadings re-arranged the fiber network and relaxed local resid-
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ual stresses in the hydrogel composite. The re-arrangement of the fiber network decreased the overall
elastic modulus and correspondingly the fracture energy. However, it helped the hydrogel composite
to accommodate larger strains before the crack starts to propagate, which subsequently improved the
pre-notched sample’s fracture strength. The study showed that cyclic loading on hydrogel composites
do not deteriorate the mechanical properties. Small preloading strain might even be beneficial for re-
ducing residual stresses. Hydrogel composite remains, therefore, a suitable candidate for load-bearing
implants despite the large swelling ratio and low stiffness.

The next step was to control and understand better the relationships between mechanical, swelling,
and rheological properties. Indeed developing hydrogels with optimal properties for specific applica-
tions is challenging as most of these properties, such as toughness, stiffness, swelling, or deformability,
are interrelated. The improvement of one property usually comes at the cost of another. To decouple
the interdependence between these properties and extend the range of material properties for hydro-
gels, we propose a strategy that combines composite and microgels approaches. The study focused
first on tailoring the swelling performance of hydrogels while minimally affecting other properties. The
underlying principle was to partially substitute some hydrogels with pre-swollen microgels composed
of the same materials. Swelling reductions up to 45% were obtained. Those granular hydrogels were
then reinforced with nano-fibrillated cellulose fibers obtaining hybrid granular materials to improve
their toughness and further reduce their initial swelling. Four different structures of neat, granular,
and composite hydrogels, including 63 different hydrogel compositions based on 20 kDa poly(ethylene
glycol) dimethacrylate, showed that the swelling ratio could be tailored without significantly affecting
elastic modulus and deformation performance. The results explain the role of the PEGDM precursors
on the swelling of the microgels as well as the influence of the microgel and fiber contents on the final
properties. All precursors were injectable and the one incorporating microgels and/or cellulose fibers
showed apparent shear-thinning behavior required for advanced 3D printing. This opens a new horizon
for processing in confined and unconfined environments and using these material systems when precise
control of stiffness and minimum swelling is needed. Based on these first hybrid granular structures,
the integration of hydrogels, microgels, and fibers could be envisaged. Indeed, the overall swelling
ratios reported in this study remained quite large. Therefore, further research is required to better
control and reduce swelling ratios for many unconfined or semi-confined applications. In particular,
we observed that mainly the matrix surrounding the microgels swelled and significantly influenced the
pre-swelling degree of microgels themselves.

To further reinforce and reduce swelling of granular hydrogels using the same microgels, a new strategy
was proposed to modify the structure of the matrix material. A novel self-reinforced granular hydrogel
was developed composed of 20 kDa poly(ethylene glycol) dimethacrylate microgels and self-assembled
silk fibroin fibers. The principle is to locally concentrate and regenerate silk fibroin in situ through
microgel swelling. We showed that silk fibroin in most compositions was homogeneously distributed
and had successfully regenerated in situ around microgels, maintaining them together in a network-
like structure. FTIR analysis revealed the presence of amorphous and crystalline silk fibroin, where
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50% of the secondary structures could be assigned to strong β-sheets. Silk granular hydrogels exhib-
ited swelling ratios between 5 vol.% and 60 vol.% and elastic moduli between 58 kPa and 296 kPa.
Particularly, swelling of silk granular hydrogels increased proportionally with the microgel content
suggesting that the microgels mainly governed swelling. In contrast, the elastic modulus increased
almost linearly with silk fibroin content, and the enhancement was further pronounced at higher mi-
crogel content. Silk granular hydrogel initially composed of 5 wt.% of dry microgels presented the
best compromise between mechanical and swelling properties. Subsequently, we proposed a synthesis
method for obtaining optimal silk granular hydrogels by choosing the right initial concentration of
microgels. Finally, we showed that the precursor silk granular hydrogel could be injected and cast it
in shape into a given volume.

To extend and apply the knowledge acquired from studying various structures, hybrid hydrogels,
composed of stacked hydrogels, were designed for better targeting local properties or mimicking the
morphology of native tissues. Mechanical gradients were successively processed in hybrid hydrogel
through a sequential layering of silk or hybrid granular hydrogels. The surface strains observed via
digital image correlation clearly revealed the tailored mechanical gradients in both silk and hybrid
granular hydrogel combinations. Hybrid granular hydrogels offered much more possible material com-
binations than silk granular hydrogels and were easier to process. However, the overall swelling ratios
of about 90 vol.% was significantly higher than the one of silk-based hybrid hydrogels, which was less
than 20 vol.%. In a second step, a hydrogel composite and a silk granular hydrogel based on gelatin
hydrogels were synthesized to show those structures’ potential when using other hydrogels and mi-
crogels. It was demonstrated that cellulose fibers could reinforce gelatin hydrogel similar to PEGDM
hydrogels and that silk granular hydrogel based on gelatin microgels could successfully be synthesized.
More specifically, the synthesis protocol developed for PEGDM microgels could be applied for gelatin
microgels. Furthermore, the synthesis methods for determining the initial concentration of dry micro-
gels in silk granular structures could be validated.

In summary, the following statements can be made:

1. The precursors of neat hydrogels had the lowest viscosity, perfect for confined applications such
as the replacement of nucleus pulposus.

2. Microgels of similar composition than neat hydrogel can be added to the precursor to adapt and
increase its viscosity for unconfined applications like repairing focal cartilage defects without
using a membrane to 3D printed complex structures.

3. The addition of cellulose fibers is effective for increasing toughness. In particular, high-cycles
fatigue tests revealed that hydrogel composites reinforced with nano-fibrillated cellulose fiber
successfully survive 10 million loading cycles at 20% applied strain. Despite some softening
after the first loading cycle similar to the Mullins effect, hydrogel composites, with their high
fatigue resistance and low precursor’s viscosity, were already proposed for replacing the nucleus
pulposus.
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4. Combining composite and microgel approaches can efficiently tailor hydrogels’ swelling and vis-
cosity without significantly affecting elastic modulus, fracture energy, and deformation perfor-
mance. Therefore, those hybrid granular hydrogels, with their precursor of jammed microgels,
might be appropriated for replacing the superficial layer of articular cartilage, where toughness
is essential for limiting the propagation of cracks in the deeper and stiffer layers.

5. Microgels can be swollen in silk fibroin solution for forming self-reinforced silk granular hydrogels,
which exhibit considerably higher stiffness and lower swelling as hybrid granular hydrogels. De-
spite their lower elongation performance, silk granular hydrogel represents a potential candidate
for repairing focal cartilage defects.

6. Mechanical gradients can successively be processed in hybrid hydrogels through a sequential
layering of silk or hybrid granular hydrogels for better mimicking the morphology of native
tissues.

7. Other hydrogels and microgels, such as gelatin-based hydrogels, can be employed for shifting the
overall properties to a new range of values.

9.2 Perspectives

9.2.1 Hybrid granular hydrogels

Hybrid granular hydrogels revealed their potentials offering similar properties to hydrogel composites
and their possibility to tune swelling. Moreover, for exploring additional biological, physical, and
mechanical properties, microgels with different sizes, composition, and/or drugs could be combined.
Nevertheless, to complete their assessment, further study on the effect of cyclic loading on granular
structures should be performed.

9.2.2 Silk granular hydrogels

Silk granular hydrogel showed promising results. The obtained self-reinforced material can be pro-
cessed by injection with a needle and cast in shape into a given volume. However, the spreading of
the microgels and the pH level of all precursors need to be well controlled to extend the use of silk
granular hydrogels further.

Toughness

Compare to hydrogel composites and hybrid granular hydrogels, the surface strains were very con-
centrated around the crack tip, suggesting that the energy is not well distributed into the material.
Subsequently, the fracture energy could significantly be improved if the silk granular hydrogel sur-
rounding the crack would accommodate larger strains. This may be achieved by improving the quality
of regenerated silk fibroin or the interface between silk fibroin and microgels, or incorporating larger
silk or cellulose fibers. Indeed, composites of cellulose and silk fibroin may promote structural changes
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by making covalent and hydrogen bonds as well as electrostatic interactions between cellulose and
fibroin [328].

Reduction of agglomerates

The processability of silk fibroin is challenging to characterize because the gelation of silk granular
hydrogel varied from minutes to several hours. Moreover, the regeneration speed of silk fibroin is
most probably not homogeneous in the hydrogel self. Indeed, depending on their size, microgels ad-
sorb more or less water from silk solution, which creates a local gradient in silk fibroin concentration.
Additionally, dry microgels often formed agglomerates. As illustrated in Fig. 7.15 in Chapter 7. Self-
reinforced granular hydrogel with silk fibroin fibers, agglomerates might swell as a single large particle
during the swelling process. In this case, silk fibroin might start regenerating and encapsulating the
agglomerates before that the microgels can separate. It will result in new and bigger aggregates and
inhomogeneous distribution of silk fibroin.

Reducing agglomerates might be achieved by (i) slowing down the regeneration time of silk fibroin or
(ii) by homogeneously pre-swelling the microgels in controlled relative humidity. Nevertheless, homo-
geneous pre-swelling of microgels is not straight forward, especially for polydispersed size distribution
and dry microgels tightly in contact.

Gelatin based silk granular hydrogels

Silk granular hydrogel based on gelatin microgels could successfully be synthesized. It was suggested
that the stiff gelatin microgels significantly contribute to the compressive modulus regarding the
achieved mechanical properties. In contrast, the tensile modulus mainly depends on the properties
of the regenerated silk fibroin. However, the stiff microgels might alter the elongation potential of
regenerated silk fibroin fibers because they avoid lateral deformation during tensile loadings. Therefore,
softer gelatin microgels might be considered for applications where a less brittle behavior is required.

9.2.3 Hybrid silk granular hydrogels

The feasibility of hybrid granular hydrogels reinforced with regenerated silk fibroin was evaluated on
eight compositions. This hydrogel was composed of pre-swollen PEGDM microgels and regenerated
silk fibroin fibers embedded in a PEGDM matrix. The processability of those hydrogels is complicated.
In particular, silk fibroin was not distributed homogeneously and formed large aggregates, probably
due to the osmotic pressure induced by the PEGDM of the surrounding matrix [156]. Therefore, for
this material system and contrary to the previous self-reinforced granular hydrogel, silk fibroin fibers
need to be regenerated before being added to the PEGDM matrix.

9.2.4 Additive manufacturing

The precursors of hybrid granular hydrogels are adapted for 3D printing. Therefore, complex geome-
tries or multiple gradients can be envisaged in the future. Furthermore, silk granular hydrogels can
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Figure 9.1: Hybrid granular hydrogel reinforced with self-assembled silk fibroin.

also be employed in 3D printing, as illustrated and explained in Fig.9.2a. When the process does
not occur in vivo, some of the silk fibroin can be dissolved in formic acid for creating fibers of better
quality. Fig. 9.2b shows such silk fibroin fibers regenerated inside a silk granular hydrogel through
the phase and pH changes.

3D printing of silk fibroin fibers in granular hydrogel may be a very promising method for mimicking
anisotropic tissues, such as the meniscus, deep or superficial layers of cartilage.

This example further illustrates the wide range of possibilities to combine the developed material
systems to fulfill specific application requirements for the biomedical field, but also for soft robotics,
sensing applications, or even food packaging.
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Microgels 

Water based silk fibroin solution at 
a pH > 9.3 

Local concentration of silk fibroin

Regenerated silk fibroin fiber
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Figure 9.2: Potential 3D printing of anisotropic silk granular hydrogels. (a) Formic acid-based silk fibroin
solution is placed with a needle in a granular medium containing a water-based silk fibroin solution. The mixing
of both solutions changes the pH and induce the gelation of silk fibroin. In particular, silk fibroin from the acidic
solution will form an oriented fiber along the printing direction, while silk fibroin from the medium regenerates
around the microgels, maintaining them together. (b) Images were taken with an optical microscope showing
an example of silk fibroin fibers regenerated in silk granular hydrogel. Silk fibroin dissolved in formic acid was
manually deposed in silk granular hydrogel.
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Chapter 10

Annexes

10.1 Annexes - State of the art

10.1.1 Adhesion theories

Many theories emerged, trying to understand and explain how adhesion occurs. The most common
ones, summarized in Table 10.1, are based on energy and molecular interactions. All theories agree
that high adhesion can only be reached if the interface is strong enough to allow dissipative forms of
deformation [212–215]. Nevertheless, the link between dissipation and adhesion is not yet clear.

Table 10.1: Common adhesion theories.

Adsorption theory or
wettability theory

Absorption theory is based on attractive atomic and molecular inter-
actions such as van der Walls (VDW) forces, weak hydrogen bonding,
acid-base interactions and dispersion forces at the interface that give
rise to interfacial adhesion. Good wetting properties and highly local-
ized interactions are considered sufficient to give rise to high adhesion
strength (length scale of interactions: 0.01-1000 nm) [80,346–348].

Mechanical
interlocking theory

Adhesion can be due to mechanical interlocking at the interface issued
from penetration of the adhesive into pores, irregularities, or crevices.
When the intimate contact between adhesive and substrate remains,
higher roughness enhance the mechanical interlocking and the contact
area exhibit better adhesion properties (length scale of interactions:
0.01-1000 µm) [80,346–348].
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Electrostatic theory

According to the electrostatic theory, adhesion is due to electrical in-
teractions described by the Derjaguin, Laudau, Verwey, and Overbeek
(DLVO) theory involving van der Waals forces and the electric double
layer forces at the interface. However, some estimations of the associ-
ated energy show that electrical interactions represent only a small con-
tribution, compared to adhesion fracture energies for example (length
scale of interactions: 0.1-1.0 µm) [80,346–348].

Diffusion theory

Diffusion theory suggests that adhesion between substrate and adherend
is issued from the dissolution of one into another. These two soluble
materials form interphase exhibiting a gradient of physical properties.
The major stress concentration at the interface is consequently reduced
because of the improved load transfer (length scale of interactions: 10
nm-2.0 µm) [80,346–348].

Chemical (covalent)
bonding theory

Covalent bonding theory proposes that the durability of adhesion is
improved with covalent bonding (shared electron pairs) at the interface
(length scale of interactions: 0.1-0.2 nm) [80,348]

Acid-base theory
Acid-base theory refers to a polar interactions where a base, i.e.

electron-donor, shares an electron-pair to an acid, i.e. electron-acceptor
(length scale of interactions: 0.1-0.4 nm) [80,348].

Weak boundary
layers theory

Weak boundary layer is believed to be responsible for a premature fail-
ure of adhesion. It may be composed of impurities, air bubbles, or new
materials (third body) next to a reaction between components at the
interface. [80,348]
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10.1.2 Photopolymerization

Table 10.2 presents the main stps for radical photopolymerization.

Table 10.2: Photopolymerization steps [349].

Steps Reaction Description

Initiation
PI+hυ →PI*

Photoinitiator (PI) is excited by irradiation of UV
or visible light (υ: frequency, h: Planck constant
6.63 ·10−34J· s).

PI* →R· + R’ The excited photoinitator (PI*) is decomposed to
radicals (R· + R’).

R· + M →M1 ·
Free radical (R· ) reacts with monomer (M),
which forms in turn a free radical (M1 ·).

Propagation Mn · + M →Mn+1 ·
The polymer growth by additions of large numbers
of monomer molecules (Mn).

Termination
Mn ·+ Mm · →Mn+m The reaction end because of coupling.

Mn ·+ Mm · →Mn+ Mm

The reaction end because of disproportion.

10.2 Annexes - Equipment

Table 10.3 describes the equipment used for the synthesis.
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Table 10.3: Equipment for the material characterization.

Pos. Description Function Comments

1
C-MAG HS 10 digital equipped
with IKA ETS D5 (IKA-Werke,
Staufen, Germany)

Heating magnetic stirrer.
Homogenise Irgacure solution at
80°C before using it for the
hydrogel synthesis.

2 Heidolph stirrer Mechanical stirrer.
Homogenise NFC solution
before use for the hydrogel
synthesis.

3 Mettler Toledo (readability: 0.1 mg
- 1 mg) Digital scale Weight the PEGDM powder.

4 Pipetman micropipettes (Gilson) Transfer liquid solution. Micropipettes of 200 µl and
1000 µl.

5 MICROMAN micropipettes
(Gilson)

Transfer viscous solution (e.g.
hydrogel composite precursor). Micropipettes of 1000 µl.

6 BD Flacon conical tubes Recipient -

7 BD Flacon round-bottom tube Recipient Enable the use of Ultra Turrax
for mixing the content.

8 Ultra Turrax IKA T25 digital Mechanical stirrer
Disperse the NFC
homogeneously in the hydrogel
precursor.

9 Vacuubrand PC 2001 Vario Vaccum pump combined with a
desiccator.

Degassing the hydrogel
precursor.

10 Eppendorf cup Casting mold Cylinder Ø8 mm x 4.5 mm.

11 Microscope slides (76 x 26 mm) Mold cover

Avoid that the precursor enter
in contact with air during
curing and to obtain flat
surfaces.

12 AxonLab Monochromatic 365 nm ultra
violet lamp.

Intensity 5 mW/cm2

Photo-polymerisation of the
hydrogel.

13 Vortex Genie 2 Vortex
Mix hydrogel precursor.
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