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1. Introduction 

Nature has long been a source of inspiration for creating materials with extraor-
dinary functional properties, such as wetting,  optical, and mechanical proper-
ties.1–5 The origin of these beneficial features arises from complex and hierar-
chical structures through multiple length scales.4 To achieve such hierarchical 
structures, simple pre-existing components spontaneously self-assemble from 
nanometric building blocks to macroscopic objects without human interven-
tion.2 The interplay between multiple interactions and forces direct this self-as-
sembly towards the specific structure of the final assemblies. Self-assembly 
through non-covalent interactions, also called supramolecular self-assembly, 
occupies a key role in living organisms and in the construction of natural mate-
rials.6 For example, non-covalent interactions are responsible for protein fold-
ing that provides well-defined protein structures for enzyme activity but also 
building components for the network structures of cells’ cytoskeletons and ex-
tracellular matrix (ECM).7,8 More generally, network structures form a fascinat-
ing class of soft materials, including hydrogels, whose functionality can be 
tuned by modifying the final structure of the water swollen network. Hence, hy-
drogels have been an enormously promising and growing area in material tech-
nology. Hydrogels have been utilized in a broad range of applications in several 
fields, such as the food industry,9,10 agriculture,10,11 tissue engineering, and bio-
medicine.12–15  

Nanomaterials are a specific type of materials that have at least one dimen-
sion with a size between 1 and 100 nm. Nanoscale materials can be obtained 
through two different approaches: (i) top-down and (ii) bottom-up methods. 
The traditional top-down method “scales down” larger bulk material into 
smaller objects. In contrast, the bottom-up method utilizes self-assembly in 
which smaller molecules and components organize into larger structures. The 
top-down method is unprofitable when manufacturing materials with large sur-
face areas; neither is it applicable to the production of hierarchical or complex 
structures. For this reason, the bottom-up method, also referred to as self-as-
sembly, has been employed to create new functional nanomaterials.16,17 

Nature has been the source of inspiration for controlled self-assembly and 
well-defined structures. Mimicking the exceptional properties of naturally oc-
curring materials has created the field of biomimetics, which adheres to the sim-
ilar hierarchical design principles that are observed in nature.3,18 Both smaller 
and larger building blocks, including molecules, dendrimers, colloids, and pol-
ymers, have been used to design controlled self-assembly to produce functional 
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structures.19,20 Polymers are one of the most extensively used building blocks in 
self-assembly due to their versatile chemical structures that offer nearly unlim-
ited design opportunities. Furthermore, multifunctionality can be easily 
achieved by combining different blocks with specific properties.21,22 In addition 
to synthetic polymers, natural polymers are of tremendous interest in material 
technology. For example, due to its tunable gelling properties, agarose, a poly-
saccharide extracted from seaweed, has been used in numerous applications in 
the food industry, water purification, and biomedical applications.23–25 Simi-
larly, protein-based biopolymers such as collagen have been used in biomedical 
applications, such as to mimicking the extracellular matrix (ECM).26 

One of the interesting mechanical properties of the extracellular matrix (ECM) 
is strain-stiffening, in which the material stiffens in response to increasing 
strain or stress. Strain-stiffening is a crucial feature of the cytoskeleton and 
ECM, since it protects cells and tissues from destruction.27 Recently, there has 
been increasing interest in developing similar materials, particularly for bio-
medical applications, such as cell culturing and tissue engineering. However, 
strain-stiffening has been challenging to achieve with synthetic materials. Ma-
terials with strain-stiffening have also revealed another unusual mechanical be-
havior. Typically, materials expand during the shear deformation because of a 
positive normal force. In contrast, materials that stiffen in response to a defor-
mation have been observed to have negative normal force that causes the ma-
terial to contract upon a shear.28 Although the mechanisms of negative normal 
force have piqued the interest of the scientific community, these mechanisms 
remain poorly understood. 

 

Objectives and outline of the dissertation 
 
Although a broad spectrum of functional structures has already been produced, 
achieving a similar complexity to natural materials has remained challenging. 
Unfortunately, we still lack some information about nature’s excellent ability to 
produce, for example, strain-stiffening networks. Hence, there is a demand to 
explore the following aspects of materials: (i) develop even more controlled self-
assembly processes to create hierarchical structures and new functional mate-
rials, and (ii) identify and investigate the strain-stiffening of soft materials to 
understand and develop new synthetic strain-stiffening materials. 

This dissertation consists of three interconnected objectives related to poly-
meric network structures formed through self-assembly. First, the objective of 
Publications I-II was to uncover new tools to control supramolecular self-as-
sembly from polymeric building units to network structures. Further studies 
have delved into the network structures and properties. Secondly, the aim of 
Publications III-IV was to define and analyze the strain-stiffening and negative 
normal force of agarose hydrogels (Figure 1.1). Finally, the application of the 
hydrogels was investigated for patient-derived breast cancer tissue explant cul-
ture in Publication V. Chapter 2 briefly describes the background of the materi-
als used as building blocks in the network self-assembly in this dissertation. In 
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addition, the main network characterization methods are presented; these in-
clude a scanning electron microscopy (SEM) and oscillatory rheology. The main 
results of the publications are discussed in Chapter 3, and their conclusions are 
delineated in Chapter 5. 

The themes of this dissertation range from self-assembly to network struc-
tures, further to viscoelastic properties, and finally, to the biomedical applica-
tion of the networks. Figure 1.1 illustrates the relationship of the publications 
and summarizes the main building blocks, interactions, and stimuli used in the 
different publications. Publication I introduced the controlled hierarchical self-
assembly of a star-like polymer. Self-assembly was triggered using solvent ex-
change and controlled via hydrogen bonding. Publication II utilized a larger ter-
polymer consisting of lower critical solution temperature (LCST) blocks and a 
UV-responsive block to control network gelation. Self-assembly was triggered 
by the combination of UV-light and heating, and it was controlled via ionic in-
teractions. Publications III and IV inspected the strain-stiffening and negative 
normal force of hydrogels consisting of natural agarose polymer. Finally, Publi-
cation V utilized the well-characterized hydrogels as 3D matrices in the patient-
derived breast cancer tissue explant culture. 
 

 
 

Figure 1.1. Outline of the publications and their interconnections. The publications investi-
gated self-assembly to form network structures, viscoelastic properties, and biomedical applica-
tions. The arrows show the interconnections between the publications and the topics. In addition, 
schematic illustrations present the main building blocks, interactions, and stimuli driving the self-
assembly to network structures in publications I-IV. In Publication I, self-assembly of the synthetic 
star-like polymer was controlled by solvent exchange and hydrogen bonds. In Publication II, self-
assembly of synthetic terpolymer and cellulose nanocrystals (CNCs) were controlled with UV-
light, temperature, and ionic interactions. In Publications III and IV, network structures self-as-
sembled from a linear agarose polymer were investigated. In Publication V, various biopolymer 
networks were utilized as an application in 3D matrices for breast cancer tissue explants in cell-
culturing. 
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2. Background 

2.1 Self-assembly 

Nature has developed its functional structures via the interplay of non-covalent 
and covalent interactions, such as spider silk, nacre, bone, enzymes, and nucleic 
acids by utilizing self-assembly.1–6 Mimicking these natural structures has cre-
ated a field called biomimetics, in which material scientists attempt to follow 
similar self-assembly principles to construct synthetic materials. In supramo-
lecular self-assembly, molecules and small building blocks spontaneously as-
semble into larger assemblies via non-covalent interactions, such as hydrogen 
bonds, ionic interactions, hydrophobic effect, Van der Waals forces, π-stacking, 
and coordination chemistry.6,29 In the equilibrium, the interactions drive the 
structures towards their minimum free-energy state according to Equation 
2.1:30 

 
  (2.1) 

 
where ∆G is the change in Gibbs free energy, T is temperature, ∆H represents 
the change in enthalpy, and ∆S stands for change in entropy. The interplay be-
tween several competing attractive and repulsive interactions directs assemblies 
into energetically favorable packing and conformation that determines the final 
structure of the assemblies.31,32 In living systems, the situation is more complex, 
as the structures are not in thermodynamic equilibrium, driven by energy feed. 

Self-assembly can occur either intra- or intermolecularly. The folding of pro-
tein molecules is an example of intramolecular self-assemblies.33 On the other 
hand, intermolecular self-assembly combines multiple molecules, particles, or 
building units, which form larger structures including micelles, colloids, vesi-
cles, fibers, and networks. Designing well-defined assemblies through intermo-
lecular self-assembly provides a feasible platform for complex and hierarchical 
2D- and 3D-dimensional structures. However, numerous synergistic interac-
tions and forces between the building units complicate self-assembly mecha-
nisms, which is the case with colloids, for example. Colloids are particles with at 
least one dimension between 1 nm and 1 μm, dispersed in a continuous me-
dium.29 The stability of the colloidal particles depends on several forces, such as 
an electrical double layer, solvation, hydrophobic, and steric forces.34  These 
various colloidal level forces complicate the self-assembly mechanisms; hence, 
there have been challenges to control the directionalities and further aggrega-
tion of the colloidal structures.  
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Interactions between the molecules and building components also influence 
the bulk behavior of the final structure.35 For example, mechanical properties, 
fluidity, and rigidity, are strongly influenced by non-covalent interactions.6 
These non-covalent interactions are reversible, which allows them to easily 
break and reform.36 Reversibility  can be employed as an advantage, for exam-
ple, in self-healing materials that repair themselves after disruption and in 
shear-thinning materials that flow under shear stress but recover upon relaxa-
tion.35,37 Typically, non-covalent interactions are relatively weak, which can be 
regarded as a disadvantage of the self-assembly. However, weakness of the in-
teractions can be compensated through the simultaneous cooperation of multi-
ple interactions, or multivalency.38 

Ionic interactions are the strongest non-covalent interactions (bond energy 
100-350 kJ/mol-1); they are comparable in strength to covalent bonding.31 Ionic 
interactions are electrostatic interactions between positively (cationic) and neg-
atively (anionic) charged particles.39 These interactions are non-directional; 
however, multivalency can be easily achieved, which was utilized in Publication 
II.31 In addition of ionic interactions, hydrogen bonds belongs to the group of 
electrostatic interaction. The hydrogen bond occurs when a hydrogen atom 
binds to a highly electronegative atom, which leads to bond formation between 
a partially positively charged atom (acceptor)  and a partially negatively charged 
atom (donor).31 Hydrogen bonds are directional and can be relatively strong (4-
120 kJ/mol-1). Furthermore, interactions can be designed to be even more ro-
bust through an array of multiple hydrogen bonding units, as were applied in 
Publication I. 

Changing environmental effects, such as solvents, temperature, ionic 
strength, light, magnetic, and electric fields, can be utilized to direct different 
interactions between the molecules. Polymers consisting of two or more chem-
ically distinct blocks or units are widely used as building components for con-
trolled self-assembly as a result of combining the molecules with different 
chemical features; for instance, functional groups or their lengths provide a fea-
sible tool to tailor the self-assembly of the final polymer.40,41 For example, block 
copolymers have shown selective aggregation behavior in bulk and solutions re-
sulting in various morphologies such as micelles, vesicles, rods, rod-like mi-
celles, spherical, cylindrical, lamellar structures.42–44  On the other hand, small 
amphiphilic surfactants are also able to form similar morphologies to block co-
polymers both in bulk41,45–47 and in solution45,48–50 at smaller length scale due to 
their comparable self-assembly principles.51 Different molecules can be de-
signed to act as structure-directing units to control the self-assembly, but also 
as functional units in “smart” stimuli-responsive materials.21,22 

2.1.1 Cholic acid 

Cholic acid is one of the primary bile acids synthesized from cholesterol in the 
livers of vertebrates. Cholic acid molecules consist of both hydrophobic and hy-
drophilic sides, creating a facial amphiphilic structure. A hydrophobic rigid ste-
roidal component forms the core of the structure, and one side is coated by polar 
hydroxyl groups and is appended with a side chain including a carboxyl group 
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(Figure 2.1a). The facial amphiphilic structure of the cholic acid differs signifi-
cantly from the structure of conventional surfactants, which typically consist of 
a hydrophilic core with a chain-like hydrophobic tail. Hence, the self-assembly 
of cholic acid and its derivatives also diverge from the traditional micelle for-
mation. Cholic acid self-assembles into primary micelles mainly through the hy-
drophobic effect (Figure 2.1b). Furthermore, secondary micelles can be self-as-
sembled via hydrogen bonds between the primary micelles (Figure 2.c). More-
over, bilayer-like micelles – referred to as mixed micelles – can be formed in the 
presence of other compounds such as lecithin and cholesterol (Figure 2.1d). One 
of the primary functions of bile acids is emulsifying lipid globules into smaller 
units through the micelle formation in the body.52–55 Interestingly, bile acid de-
rivatives have also been used in material science, especially in pharmaceutical 
applications, including drugs,56,57 cancer treatment,58 vehicle in lipid membrane 
transportation,59 gene therapy,60 antimicrobial agents,61 and dental compo-
sites.6252,63 

 

Figure 2.1. Self-assembly of cholic acid. a) Chemical structure of cholic acid and schematic 
illustration showing its self-assembly to (b) primary micelles, (c) secondary micelles and (d) layer-
like mixed micelles.  

Previous studies have proven bile acid-based building blocks to result in various 
self-assembled morphologies, including lamellae,64 vesicles,65 tubes,66,67 spher-
ulites,68 and helical ribbons.67 The facial amphiphilicity of hydroxyl groups pro-
vides asymmetric functionality, which has been utilized to create star-like poly-
mers. It has been demonstrated that cholic acid with amine terminated (NH2) 
allyl glycidyl ether arms (AGE) self-assembled into thermo-responsive spherical 
micelles.53 In turn, when the solubility of the molecules was decreased via the 
functionalization AGE arm with ureidopyrimidinone (UPy), the star-like poly-
mer self-assembled rather to a lamellar  array of micelles as opposed to spherical 
micelles.69 These arrays of micelles (i.e., nanofibers) wrapped further into larger 
spherical structures due to the hydrogen bonds between the UPy molecules 
(UPy is discussed more in Chapter 2.1.2). In Publication I, the hierarchical self-
assembly of the cholic acid-based star-like polymer was studied; the hydrophilic 
AGE6-NH2 arms were combined with UPy. 

2.1.2 Ureidopyrimidinone 

Ureidopyrimidinone 70 (2-ureido-4-pyrimidinone, UPy) has been widely uti-
lized in supramolecular chemistry as a structure directing unit and mechanical 
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reinforcement due to its specific and strong dimerization property.71 UPy can 
dimerize in a self-complementary manner via a hydrogen bonding array both in 
liquid and solid states.71 Hence, supramolecular building units containing UPy 
have been used not only in self-assembled structures such as nanocompo-
sites,72,73 hydrogels,74,75 polymer networks,76,77 vesicles, and micelles,74 but also 
in functional materials including rubber,78 self-healing materials,79,80 shape-
memory polymers,81,82 polymer networks,70 electronically active materials,83 
and pH sensitive vesicles and micelles.74  

Three monomeric forms of UPy – 6[1H]-pyrimidinone, 4[1H]-pyrimidinone 
and pyrimidin-4-ol – can be obtained due to keto-enol tautomerism (Figure 
2.2a). Furthermore, 4[1H]-pyrimidinone (DDAA) and pyrimidin-4-ol (DADA) 
can dimerize via a quadruple hydrogen bond array driven by four primary at-
tractive hydrogen bonds between the negatively charged acceptor (A) atoms and 
positively charged donor (D) atoms.71  In addition to primary hydrogen bonds, 
arrays give rise to secondary repulsive and attractive interactions that depend 
on similar and dissimilar adjacent donors and acceptors. Secondary interactions 
influence the stability of the dimerized arrays, leading to the different associa-
tion constants.36,84 The DADA array formed through the pyrimidin-4-ol is as-
sumed to be the weakest of all quadruples, since it includes six repulsive sec-
ondary interactions (Figure 2.2b). On the other hand, the DDAA array formed 
through 4[1H]-pyrimidinone is one of the strongest quadruples due to four at-
tractive interactions with only two repulsive interactions (Figure 2.2b).37,85 The 
stability constant of the DDAA array is 6 x 107 M-1 in chloroform and 6 x 108 M-

1 in toluene.71 
 

 

Figure 2.2. Dimerization of ureidopyrimidinone (UPy). a) Chemical structure of the monomeric 
and dimeric forms of 2-ureido-4-pyrimidinone. b) Schematic illustration of self-complementary ar-
rays of 4[1H]-pyrimidinone (DDAA) and pyrimidin-4-ol (DADA) revealing attractive and repulsive 
forces between the hydrogen bond acceptors (A) and donors (D). 

Several parameters, such as substituents (R, R’), concentration, and polarity of 
the solvents, influence the ratio of different tautomeric forms and dimeriza-
tion.36,71 In polar solvents, such as dimethyl sulfoxide (DMSO) and dimethyl 
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formamide (DMF), UPy exists as monomers, whereas in nonpolar solvents such 
as chloroform and toluene, dimerization occurs.86 Hydrogen bonds have been 
challenging to utilize as structures directing units in polar solvents, since the 
solvent weakens or destroys the hydrogen bonds between the self-assembled 
components.74 However, UPy has been successfully used to control self-assem-
bly in aqueous media by adding hydrophobic parts in the self-assembling mol-
ecule, which leads to the formation of a hydrophobic pocket around the di-
mers.74,75,77,87 In Publication I, solvent exchange from DMSO and water was used 
to control the supramolecular self-assembly via dimerization of UPy.  

2.1.3 Lower critical solution temperature 

Thermoresponsive polymers are among the most utilized components in smart 
stimuli-responsive materials used to produce particles, fibers, surfaces, and hy-
drogels for biomedical applications, including drug delivery,88 gene carriers,88 
and tissue engineering.89 Recently, thermoresponsive polymers have also been 
used to trigger the stiffening of synthetic hydrogels to mimic the strain-stiffen-
ing behavior of natural tissues (strain-stiffening is discussed further in Chapter 
2.3).90,91  

Polymers with Lower Critical Solution Temperature (LCST) behavior belong 
to the class of thermoresponsive materials. These amphiphilic polymers consist 
of both hydrophilic and hydrophobic regions that drive reversible phase transi-
tions between a single- and two-phase system in a specific concentration at the 
characteristic temperature - cloud point (Tcp).92,93 LCST refers to the lowest tem-
perature value in the phase diagram at which the phase transition occurs. Poly-
mers are soluble a below the cloud point due to the hydration of polymer mole-
cules in the surrounding water through hydrogen bonding (Figure 2.3b). After 
reaching the cloud point, the temperature breaks the hydrogen bonds, and the 
intramolecular hydrophobic effect drives the polymer molecules to self-assem-
ble into aggregates that induce phase separation from a homogeneous single 
phase system (liquid) to a heterogeneous two phase system (liquid-solid).93 The 
cloud point of polymers can be tuned by using different polymers,94 molecular 
weights,95 and the hydrophilicity of the blocks,89 but concentration95 and ionic 
strength96 also influence the characteristic Tcp. LCST behavior was utilized to 
control the network self-assembly of thermoresponsive polymer in Publication 
II. 
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Figure 2.3. Phase diagram of LCST polymer. a) Phase diagram showing lower critical solution 
temperature (LCST) behavior in different temperatures as a function of the polymer concentration. 
Temperature-responsive polymer solution undergoes a transition from a homogeneous phase 
(liquid) to a heterogeneous phase (liquid-solid) in specific concentration at the characteristic tem-
perature - cloud point (Tcp). b) Schematic illustration showing aggregation of a polymer molecule 
at temperatures above the cloud point and hydration of a polymer molecule in the surrounding 
water at temperatures below the cloud point. 

2.2 Hydrogels 

Hydrogels have gained considerable attention in recent decades since they have 
fulfilled a broad range of application potentials in material sciences, such as in 
the food industry,9,10 agriculture,10,11 composites,97,98 soft robotics,99–101 and 
learning materials.102 According to IUPAC, gels consist of a solid, typically col-
loidal or polymeric crosslinked network whose volume is expanded by a fluid.103 
When the fluid is water, the gel is specifically called a hydrogel.103 Hydrophilic 
parts of the solid absorb water, while crosslinking prevents it from dissolving, 
which leads finally to a swollen structure.  

The three-dimensional network in hydrogels can be achieved via covalent 
chemical crosslinks or physical crosslinks. Chemical crosslinks are permanent 
and stable covalent bonds between the polymer chains which prevent chain 
movement.104,105 Physical crosslinks are transient chain entanglements or weak 
non-covalent interactions.104–106 Hydrogels prepared using chemical crosslinks 
are typically tough, brittle, and stiff with higher moduli, whereas physical cross-
links are generally weaker and tend to yield under shear strain.37,104,106,107   

In contrast to the covalent bonds, non-covalent interactions allow the break-
ing and reformation of the bonds, which has advantages in self-healing,108–117 
shear-thinning, and stimuli responsiveness. Shear-thinning, which refers to vis-
cous flow under the shear stress followed by the time-dependent recovery upon 
relaxation, provides processability, especially with injectable hydrogels.37,118–121 
Hydrogels that are responsive to physical stimuli, including temperature,122–124 
light,125,126 strain and pressure,127,128 sound,129,130 electric, and magnetic field131,132 
nor chemical stimuli including pH,97–99,133 ionic strength,134,135 and solvent136,137 
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have been widely used to develop smart soft materials. Furthermore, multi-re-
sponsive hydrogels susceptible to several stimuli have been designed to increase 
the control of self-assembly and functionality of the material.125,138,139 

Since hydrogels combine viscous properties of fluids and elastic properties of 
solids, they are characterized as viscoelastic materials.140 Viscosity describes the 
property of a fluid to resist deformation, whereas elasticity describes the ability 
of a solid to return to its original shape after deformation. The elasticity of the 
hydrogels arises from the network resistance to bending and stretching defor-
mation.107,141 Network structures can deform either affinely or non-affinely un-
der the applied strain. In an affine deformation, strain is uniformly distributed, 
which results in uniform deformation.107,142 In contrast, the strain in non-affine 
deformation is not uniformly distributed, which produces nonuniform defor-
mation. Typically, stretching the fibers leads to an affine deformation, while 
bending them causes non-affine deformation.107 The characterization of the vis-
coelastic properties of the hydrogels is discussed later in Chapter 2.4.2. 

2.2.1 Agarose 

Agarose is a natural linear polysaccharide extracted from the cell wall of red al-
gae (Rhodophyta). The chemical structure of agarose consists of 3,6-anhydro-
L-galactose and D-galactose units connected with α(1→3) and β(1→4)  glyco-
sidic linkages (Figure 2.4a).23,143 The average molecular weight is typically be-
tween 80,000 and 140,000 Da, depending on the algae and the extraction 
method.143–145 Agarose has been used extensively in various fields such as food, 
environmental, and biomedical material technology for different applications 
such as thickening agents,25 packaging,146 biosensoring,146–148 waste water puri-
fication,24,149 and biomolecule purification.23,150,15123  Agarose is one of the two 
components of agar, the other being agaropectin. Despite their similar back-
bones, agaropectin includes anionic side groups such as sulphate, pyruvate, and 
glycuronate. Agarose has low sulphate content and can almost be regarded as a 
neutral polymer. Another difference between agarose and agaropectin is their 
gelling properties, as only agarose has the ability to form thermoreversible 
gels.23 Since agarose is biocompatible and biodegradable, it has been utilized 
widely in biomedical applications, including 3D matrices in cell culturing,152 tis-
sue engineering,153–159 drug delivery,143,160–164 3D and 4D printing,156,165,166 and 
biosensors.24,167,168 160 Recently, agarose has also been used to mimic complex 
biological learning materials as a component within responsive hydrogels.102 
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Figure 2.4. Structure of agarose hydrogels. a) Chemical structure showing 3,6-anhydro-L-ga-
lactose and D-galactose repeating units of agarose. b) Schematic illustration of reversible sol-gel 
transition from random coils to single and double helices which further bundle to fibrillar networks. 
c) Photographs of 1.6 mg/mL and 10.2 mg/mL agarose hydrogels. Adapted with permission from 
Publication III. Copyright 2020 American Chemical Society. 

Agarose is insoluble in cold water but dissolves in hot water and cosolvents, in-
cluding dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), methyl 
formamide (MF), and formamide (FOR) by forming disordered random coils 
(Figure 2.4b).170 Cooling below the gelling temperature (Tg) leads to the self-
assembly of single and double helices which further bundle into branched net-
works through hydrogen bonds171 (Figure 2.4b).23,172–176 Arnott et al. suggested 
that agarose self-assembles into lefthanded 3-fold helices of 1.90 nm pitch,172 
and Norton et al. proposed that the bundles consist of 2 to 3 helices.173 Depend-
ing on the concentration, agarose forms clear or turbid gels in water and cosol-
vents170 (Figure 2.4c). Upon self-assembly, polymer-rich and polymer-poor ar-
eas are formed. Increasing concentration expands the polymer-rich areas and 
the turbidity of the gels.177–179 An increased concentration also affects the me-
chanical properties of the network, resulting in stronger and more brittle hydro-
gels.171 In addition to concentration, temperature, molecular weight, and chem-
ical modifications of the structure influence gelation and the mechanical prop-
erties of the final gel.23,180,181  

Agarose gels have two remarkable properties: syneresis and hysteresis. In syn-
eresis,23 water extrudes from a gel with time, whereas hysteresis23,180 refers to 
the difference between the melting temperature (Tm) and the gelling tempera-
ture (Tg). Syneresis has been demonstrated to complicate reliable measurement 
of the rheological properties, since the released water increases the slipping of 
the gel during the rheological measurements.23 In addition, agarose gels have 
also been proven to undergo volume contraction upon gelling, which has been 
found to affect the rheological properties if normal force control is not used dur-
ing the gelling.182 In Publications III and IV, viscoelastic properties of the aga-
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rose hydrogels were studied using oscillatory rheology. Furthermore, as an ap-
plication, agarose hydrogels were used as 3D-matrices to mimic an extracellular 
matrix (discussed more in chapter 2.2.2) in breast cancer tissue culturing in 
Publication V. 

2.2.2 Extracellular matrix 

Extracellular matrix (ECM) is a natural three-dimensional network around cells 
in tissues. It consists of noncellular components, including water, proteins, and 
polysaccharides. The composition and topology of the ECM is unique to each 
tissue, which is typically heterogeneous in architecture.183 The ECM acts as a 
scaffold that provides support and protection for the cells; it also determines the 
mechanical properties of the tissues, including elasticity, tensile, and  
compressive strength.183 In addition, the ECM has been shown to influence var-
ious cell functions such as proliferation, migration, differentiation, homeosta-
sis, and pathogenesis.184–188  

Hydrogels consist of a large amount of water and are relatively soft con-
sidering their mechanical properties. They can therefore be designed to mimic 
ECM.140  Hydrogels have been widely used in biomedical applications including 
cell culturing,12,189–191 tissue engineering,13,121,139,192–194 drug delivery,14,98,133,195 
and diagnostics.15,196,197 The chemical composition and stiffness of hydrogels can 
be modified by changing components and concentrations to mimic the ECM of 
the different tissue types. Chemical substances, such as RGD peptides, have also 
been added to hydrogels to facilitate the binding of the cells to the network. On 
the other hand, bioinert matrices can be used to prevent the induction of any 
response from the cells or tissues. Several commercial matrices have been de-
veloped by different manufacturers for cell and tissue culturing. For example, 
Matrigel® is a protein-based hydrogel extracted from mouse sarcoma consisting 
of several proteins and growth factors, and Growdex is a polysaccharide hydro-
gel consisting of nanocellulose. Various hydrogels were studied as 3D-matrices 
in tissue explant culturing in Publication V. 

2.3 Strain-stiffening 

Nature has created materials with unique mechanical properties, which has pro-
vided tremendous inspiration for material scientists. For example, many natu-
ral biopolymer networks exhibit stiffening that is not typically obtained in syn-
thetic materials.27,198–207 In strain-stiffening, material stiffens suddenly under 
an increased deformation applied using strain or stress. Strain-stiffening is a 
characteristic property of soft biological materials including blood vessels,208 
blood clots,209 mesentery tissue,210 lung parenchyma,211 and cornea.27,212 Both 
extracellular biopolymers, such as collagen and fibrin, and intracellular biopol-
ymers such as vimentin, actin, and neurofilaments exhibit strain-stiffening.27,213 
Strain-stiffening influences normal functions of the body, including bloodpres-
sure,214 cell differentiation,215 and  interactions between cells.216,217 Moreover, 
strain-stiffening maintains the integrity of biological structures by preventing 
catastrophic failure in response to substantial deformations.27 
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Strain-stiffening is typical for protein-based hydrogels such as actin,198,218 col-
lagen,219–221 fibrin,203,207,222 and intermediate filaments,200,223 as well as for a few 
polysaccharide hydrogels including hyaluronic acid,224 methylcellulose,225,226 
pectin,227,228 and alginate.229 In addition, the coassembly of naturally occurring 
components, lecithin, and bile salts, has been shown to produce a viscoelastic 
solution that can stiffen due to the transient physical entanglements upon de-
formation.230 However, gels derived from synthetic polymers and low molecular 
weight components have faced substantial challenges in achieving strain-stiff-
ening. In oscillatory rheology, strain-stiffening is defined as a sudden increase 
of moduli (Figure 2.5a). Further rheological analysis of strain-stiffening is dis-
cussed in Chapter 2.4.2. 

A limited number of synthetic strain-stiffening materials have been reported 
in the literature thus far. First, Kouwer et al. designed self-assembly of the mod-
ified polyisocyanopeptides.231 Polyisocyanopeptides (PICs) grafted with oligo 
(ethylene glycol) side chains self-assembled into helical fibers, which bundle to-
gether to form the strain-stiffening hydrogel.231–233 Furthermore, Fernandez-
Castano Romera et al.  developed an approach in which synthetic semiflexible 
fibers were combined with a thermoresponsive LCST polymer (Figure 2.5b). Di-
acetylene bis-urea bolaamphiphiles were self-assembled to fibers that were first 
stabilized with chemical fixation followed by crosslinking with thermorespon-
sive poly(N-isopropylacrylamide)(PNIPAM). Phase transition above LCST in-
duced the aggregation and collapse of PNIPAM, which caused a transition from 
fluid to a strain-stiffening gel.234,235  
 

 

Figure 2.5. Natural and synthetic strain-stiffening hydrogels. a) Viscoelastic behavior of bio- 
polymer gels and synthetic polyacrylamide gel obtained using oscillatory rheology. Storage mod-
uli (G’) as a function of strain for actin, collagen, fibrin, vimentin, neurofilaments, and synthetic 
polyacrylamide. All biopolymers exhibit strain-stiffening as a sudden increase in moduli upon in-
creased strain, whereas the stiffness of the polyacrylamide does not increase. Reprinted with 
permission from Springer Nature: reference27, Copyright © 2016. b) Schematic illustration of self-
assembly of synthetic strain-stiffening hydrogels, introduced by Fernandez-Castano Romera et 
al91: Bisurea bolaamphiphiles with the backbone of polydiacetylene (PDA, blue color) and outer 
block of oligo (ethylene oxide) (EO, purple color) self-assembled into fibers whose backbone was 
covalently fixed using photo-polymerization of diacetylene groups. The viscous solution was fur-
ther crosslinked with thermoresponsive poly(N-isopropylacrylamide)(PNIPAM, orange color). 
Heating above LCST resulted in a transition from fluid to strain-stiffening hydrogel.  

Strain-stiffening has received considerable attention in biomedical applications 
due to its functionality in the human body. In particular, scientists have at-
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tempted to mimic the natural environment of cells by developing artificial ex-
tracellular matrices. Mechanical properties of many synthetic hydrogels differ 
from those of biopolymer hydrogels, as the stiffness of the synthetic materials 
typically remains constant upon increasing stress or strain.236,237 Recently, there 
has been interest in developing new synthetic strain-stiffening hydrogels, but 
the mechanism of strain-stiffening is poorly understood. The origin of strain-
stiffening is discussed more in the next chapter (2.3.1). Publications III-IV in-
vestigated and analyzed the strain-stiffening effects of agarose hydrogels.  

2.3.1 Semiflexible fibers and connectivity  

Mechanical properties of the networks arise not only from the features of the 
individual fibers, but also the types and organization of the crosslinks.142,238,239 
Two mechanisms have also been proposed to be responsible for the strain-stiff-
ening behavior: (i) the semiflexible nature of the single fiber and (ii) the cross-
linking connectivity of the network. Both mechanisms can explain strain-stiff-
ening, either alone or combined.240 

Fibers can be categorized into three groups, namely flexible, semiflexible, and 
stiff, depending on the relationship of persistence length and contour length 
(Figure 2.6a).142 The conformation of the fiber is affected by thermal energy that 
induces bending fluctuations of the fiber. The persistence length (ℓp) is the 
length scale wherein these fluctuations are able to turn the direction of the fiber 
according to Equation 2.2:  

 

   (2.2) 

  
where k is bending modulus, kB is Boltzmann constant, and T is temperature.198    
Persistence length can also be described as an exponential decrease in the cor-
relation between the two tangent vectors.142 By contrast,  contour length (Lc) 
refers to the maximum end-to-end distance of the extended fiber (Figure 
2.6a).142  

If the persistence length is smaller than the contour length (ℓp < Lc), thermal 
energy is sufficient to bend the fiber, which produces a coiled structure. These 
fibers behave as flexible chains where entropic elasticity dominates. When the 
persistence length is greater than the contour length (ℓp > Lc), thermal energy is 
not sufficient to bend the fiber. Such fibers remain as stiff rods where enthalpic 
elasticity dominates. Finally, in semiflexible fibers, the persistence length is 
comparable in magnitude to the contour length (ℓp ~ Lc), which causes the fiber 
to be relatively stiff, but thermal energy is sufficient to induce transverse undu-
lations.142 Therefore, network models can be categorized into two groups: en-
tropic (thermal) and enthalpic (athermal) networks. Typically, flexible fibers 
form entropic networks, which elasticity originates from thermal fluctuations 
of the fiber.241 This type of network behaves as thermal springs whose spring 
constant is temperature-dependent.242 In turn, stiff fibers generally form en-
thalpic networks, which elasticity arise from the mechanical deformation: 
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bending or stretching of the fiber.241 Networks consisting of the semiflexible fi-
bers can be modelled in both ways, depending on the nature of the fibril. 
 

 

Figure 2.6. Semiflexible fibers and network connectivity. a) Schematic illustration of the flex-
ible, semiflexible, and stiff fibers according to the relationship between the persistence length (ℓp) 
and contour length (Lc). b) Transition from floppy to rigid network at different strain values as a 
function of the connectivity (z). Determination of the connectivity from collagen networks by SEM. 
Reprinted with permission from Springer Nature: reference.243 Copyright © 2016.  

Synthetic polymers are typically flexible by nature, whereas many biopolymers 
derived from the cytoskeleton or extracellular matrices including actin, inter-
mediate filaments, microtubules, fibrin, and collagen are semiflexible.142,234,244  
Flexible fibers have linear force-extension curves (stress-strain curves) that in-
dicate the linear relationship between stress and strain, also called linear elas-
ticity. In contrast, semiflexible fibers have a nonlinear force-extension curve 
that results in nonlinear elasticity.244,245 This nonlinear force-extension rela-
tionship of the semiflexible fibers can explain the strain-stiffening of the indi-
vidual fibers.246 However, upon shear deformation, the strain-stiffening of the 
networks can be observed only if contracting and stretching of the fibers do not 
cancel each other out.28 To achieve synthetic strain-stiffening materials, one 
challenge has been to create semiflexible or stiff fibers, since synthetic polymers 
are typically highly flexible.234   

Aside from the semiflexible nature of fibers, network connectivity plays a cru-
cial role in the origin of strain-stiffening. The network connectivity is also a piv-
otal factor when defining the stiffness of the networks. Connectivity (z) repre-
sents the average number of fibers at the crosslinking node according to the 
Equation:  

 

   (2.3) 

 
where nf is the number of fibers, and nc is the number of crosslinks.142 In 1864, 
Maxwell demonstrated that the mechanical stability of the networks depends on 
the connectivity. To obtain a stable network, a minimum connectivity is re-
quired wherein the number of crosslinks exceeds a certain threshold value.247 
Above this critical connectivity (i.e., central-force isostatic point; zCFIP), all de-
grees of freedoms are balanced by the crosslinks, producing a network that is 
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stable during small deformation.243 The threshold for the critical connectivity 
depends on the spatial dimensions of the network as follows:   
 

   (2.4) 
 

where d is the spatial dimensions of the network. According to Equation 2.4, 
zCFIP = 6 for the three-dimensional networks. If the connectivity is below the 
critical connectivity (z<6), networks are referred to as subisostatic 
networks.243,248,249 

Depending on the type of fiber and the connectivity of the network, the bend-
ing and stretching of the fibers gives rise to the elasticity of the networks.142,248 
Critical connectivity represents a point for the mechanical phase transition, 
since the network with connectivity below zCFIP is floppy, and the network with 
connectivity above zCFIP is rigid.250 The primary deformation mechanism for the 
semiflexible and stiff fibers is bending when z < zCFIP and stretching when z > 
zCFIP.248,251 The transition from a bending-dominated floppy phase to a stretch-
ing-dominated rigid phase can arise either from increasing the connectivity or 
strain-induced deformation (Figure 2.6b).243,247 Several studies have demon-
strated how subisostatic networks can mechanically induce rigid net-
works248,252–257 resulting in strain-stiffening.250,258  

2.3.2 Negative normal force 

Most solids have a tendency to elongate axially when subjected to shear or tor-
sion, as Poynting already showed over a hundred years ago.259 On the other 
hand, when an elastic liquid is stirred in a container with a rotating rod, the 
liquid climbs up the stirrer. This behavior is called the Weissenberg effect (Fig-
ure 2.7a). The origin of both behaviors is explained by the elasticity of the ma-
terial, which generates normal stresses upon shear deformation.260 

 

 

Figure 2.7. Normal stresses upon shear deformation. a) Schematic illustration of the Weisen-
berg effect in which an elastic liquid climbs up a stirrer upon rotation due to normal stresses. b) 
Schematic illustration of the stress components of an elastic hydrogel under shear: shear stress 
(σθz) and normal stress components of θ-direction (σθθ,), z-direction (σzz), and r-direction (σrr). 

With the exception of Newtonian liquids, most solids and liquids develop both 
shear stress and normal stresses when the material is sheared (Figure 2.7b). Un-
like shear stress, normal stresses act in a direction perpendicular to the applied 
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shear. Since it is impossible to directly measure the individual stress compo-
nent, normal stress difference is used to determine normal stresses.261 For the 
simple shear, there are two independent quantities: the first normal stress dif-
ference (N1) and the second normal stress difference (N2), which are determined 
according to Equations 2.5 and 2.6:  
 

  (2.5) 
 

  (2.6) 
 

where σθθ is the stress component of θ-direction, σzz is the stress component of 
z-direction, and σrr is the stress component of r-direction.246 These normal stress 
differences generate normal force (FN) that forces materials to deform along the 
z-axis, as with the elastic solids and Weissenberg effect. In these cases, the nor-
mal stress difference is positive, which leads to positive normal force and further 
to material expansion. However, various gels, such as collagen, fibrin, neurofil-
aments, F-actin, and Matrigel have been shown to display the reverse response, 
contracting upon shear deformation. This negative normal force has been ob-
served mostly with semiflexible polymers and has been suggested to relate to 
strain-stiffening. The normal force can be measured using oscillatory rheology, 
which further calculates normal stress difference based on the total thrust.246 

The origin of the negative normal force is not well understood in hydrogels, 
although several reasons have been suggested to explain the behavior:  (i) elastic 
nonlinearities of the fibers,28,245 (ii) geometrical nonlinearities of the network,262 
and (iii) the motion of the solvent with respect to the network.261,263–265 First, in 
affine deformation, it is assumed that an equal number of fibers are stretched 
and compressed under the shear. In the case of fibers with a linear stress-strain 
relationship, positive extension and negative compression cancel each other out 
in the small strain. However, with the nonlinear force-extension curve, 
stretched fibers apply greater force than compressed fibers, yielding the net ten-
sion that shows negative normal force (Figure 2.8a).28 Secondly, geometrical 
nonlinearities of the network can create the negative normal force via nonaffine 
deformation.262 Thirdly, shearing causes pressure that drives the network radi-
ally inwards, causing a positive normal force (Figure 2.8b). However, if the pore 
size of the hydrogels is sufficiently large, and water is loosely coupled, water can 
run through the network. Hence, water efflux can balance the pressure, result-
ing from the fact that only σzz is measured from Equation 2.5, leading to a nega-
tive N1 value.263 The water efflux was revealed to be time-dependent: if the fre-
quency was low, water had sufficient time to move with respect to the network. 
On the other hand, water remains coupled with the network if the frequency is 
high enough.  
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Figure 2.8. Origin of negative normal force. a) Schematic illustration of the nonlinear force-
extension curve of the semiflexible fibers. Black arrows and red fibers indicate the contraction and 
extension of the fiber. b) Schematic illustration of the network contraction (purple arrows) upon 
oscillatory rheology, which leads to the motion of the solvent with respect to the network. Adapted 
with permission from Publication IV. Copyright 2020 American Chemical Society. 

2.4 Characterization  

2.4.1 Network structure by scanning electron microscopy 

Network analyses typically provide insight into the network structures but can 
also aid in understanding the origin of the mechanical properties. Network 
structures can be qualitatively analyzed using scanning electron microscopy 
(SEM), which offers information about the morphological features of the struc-
ture. Prior to imaging, water must be removed from the hydrogels. However, 
network structures tend to collapse upon ambient drying due to liquid-vapor 
transition in which the surface tension of water pulls fibers together (Figure 
2.9a(1)). Hence, at least two approaches have been utilized to avoid such liquid-
vapor phase transition to suppress the collapse of three-dimensional structures. 
For example, freeze-drying method first utilizes the liquid-solid transition fol-
lowed by the solid-vapor transition (Figure 2.9a(2)). Another method is the crit-
ical point of drying that avoids all the phase transition boundaries by circum-
venting the critical point (Figure 2.9a(3)).266 Both methods produce aerogels in 
which the fluid of the hydrogel is replaced by gas. 
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Figure 2.9. Freeze-drying and critical point drying of hydrogels. a) Phase diagram of CO2. 
indicating the triple point (TP) and critical point (CP). (1)  Drying at ambient conditions undergoes 
the liquid-vapor boundary; (2) the freeze-drying method occurs in two steps, first passing through 
the liquid-solid boundary followed by the solid-vapor boundary; (3) critical point drying avoids all 
phase boundaries by going around the critical point. SEM images of nanocellulose hydrogels 
prepared by b) freeze-drying: freezing the samples in liquid propane followed by vacuum drying 
and by c) critical point drying; replacing water with CO2 followed by removing CO2 at the critical 
point. Adapted with permission from reference.266 Copyright 2020 American Chemical Society.   

In freeze-drying, the water of the hydrogel is frozen, typically with liquid nitro-
gen or propane; this is followed by vacuum drying to sublimate the ice. Propane 
is more effective at suppressing the formation of ice crystals and further drying 
artifacts such as aggregation and cracking.266–268 This is a result of the more 
rapid freezing, which is explained by the Leidenfrost effect.269 During freezing, 
the temperature of liquid nitrogen (-196 °C) is already close to its boiling point 
(- 195.8 °C). The hydrogel acts as a “hot surface,” resulting in the boiling of the 
nitrogen and formation of a gaseous layer around the sample, which hinders 
freezing. Instead, liquid propane (-187.1 °C) is much colder than its boiling point 
(-42.2 °C), allowing greater heat absorption before the formation of a gas 
layer.267 Freeze-drying was used in Publications I, II, and III to prepare aerogels 
for SEM.  

Furthermore, tert-butanol can also be used as a “freezing agent.” First, the 
water of the hydrogel is replaced by tert-butanol above room temperature, since 
the melting point of tert-butanol is 25.5 °C.270 Secondly, tert-butanol is solidi-
fied at room temperature, followed by sublimation via vacuum drying.  Ethanol 
and methanol are more miscible with tert-butanol than water. For this reason, 
graded ethanol:tert-butanol or methanol:tert-butanol series have been used to 
facilitate the solvent exchange. Sample preparation with tert-butanol freeze-
drying has also been proven to suppress common artefacts in transmission elec-
tron microscopy (TEM) and electron tomography (ET) reconstruction.271 For 
this reason, freeze-drying with tert-butanol was used in Publication I to prepare 
samples for ET. 

In critical point drying, the critical point of the solvent is bypassed by con-
trolling the pressure and temperature of the system. The critical point of water 



Background 

21 

requires a very high temperature (374 °C) and pressure (221 bar). Instead, the 
critical point of the carbon dioxide (CO2) is at 31 °C and 74 bar, which is more 
feasible to achieve. Since water is not miscible with CO2,, solvent exchange is 
performed using an intermediate fluid such as ethanol or acetone, which are 
miscible with both water and CO2. In the critical point method, CO2 takes the 
form of a supercritical fluid in which the liquid and gas phases are not distin-
guishable. The critical point drying suppresses the collapse of the network struc-
tures more effectively than freeze-drying.266 Critical point drying was used in 
Publication IV to compare agarose network structures to those prepared with 
freeze-drying in the Publication III. Critical point drying was also utilized in 
Publication V. 

Finally, hydrogels consisting of protein networks can be chemically fixed to 
stabilize the network structure prior to the drying processes. Amino acids of the 
fibers can be fixed, for example, with glutaraldehyde, formaldehyde, or osmium 
tetroxide.272,273 After fixation, water is typically dehydrated with graded ethanol 
series, followed by drying using critical point drying, tert-butanol, or hexamet- 
hyldisilazane (HMDS). Drying with HMDS is a simple method, since HMDS 
evaporates rapidly from the samples at room temperature. Results have also 
been reported to be qualitatively equal to critical point drying.274–279 Glutaralde-
hyde and HMDS was used in Publication V to produce protein aerogels. 

2.4.2 Viscoelastic properties by oscillation rheology 

Viscoelastic properties can be measured via oscillatory rheology that measures 
the material’s response to sinusoidal deformation applied using strain or stress. 
280 Two moduli are used to represent the viscoelastic response: loss modulus 
(G’’) to quantify the dissipated energy (i.e. viscous part) and storage modulus 
(G’) to quantify the stored energy (i.e. elastic part).281,282 Oscillatory rheology 
was used to measure viscoelastic behavior of the hydrogels in Publications II, 
III, IV, and V.  

2.4.2.1 Strain amplitude sweep and pre-strain protocol 

Strain amplitude sweep is a traditional protocol to measure the stress-strain 
relationship. During this protocol, strain amplitude is increased with a constant 
frequency, and the stress response is measured as a function of the applied 
strain. The strain amplitude increases after each cycle, which results in a change 
in the strain rate during the measurements (Figure 2.10a). This disadvantage 
may influence the response, since the behavior of the viscoelastic materials de-
pends on the strain rate.213 To avoid changes in the strain rate, a pre-stress pro-
tocol has been employed to measure the nonlinear properties of the hydrogels. 
213 In the pre-stress protocol, a small but constant stress is applied on varying 
pre-stress. Pre-stress is increased during the measurements, which provides in-
creased deformation for the sample. Similar to the pre-stress protocol, a pre-
strain protocol can be used to avoid changes in the strain rate. Small strain am-
plitude is superimposed on an increased pre-strain (Figure 2.10b). Both small 
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amplitude strain and frequency are kept constant, while only pre-strain is var-
ied. After each step, the sample is allowed to relax by setting the pre-strain to 
zero. 
 

 

Figure 2.10. Strain amplitude sweep and pre-strain protocol. a) Strain amplitude sweep indi-
cates the increased strain rate during the increased strain amplitude as a function of time. b) Pre-
strain protocol reveals the strain rate remaining constant when only the underlying pre-strain is 
increased. Adapted with permission from Publication IV. Copyright 2020 American Chemical So-
ciety. 

2.4.2.2 Analysis of nonlinear properties and wall slip 

At the linear viscoelastic region (LVR), stress waveform is typically sinusoidal, 
since this stress response consists only of the original wave, or first harmonic 
(Figure 2.11a). Instead, at the nonlinear regime, the stress response also in-
cludes higher-order harmonics that make the shape of the stress waveform de-
viate from the sinusoidal.280 The shape of the stress waveform has been used to 
study differences in the microstructure of different materials.280,283 Further-
more, the stress waveform of biopolymer gels deviate significantly from the sim-
ple sinusoidal response. The characteristic shape of the stress waveform for 
strain-stiffening behavior has been proposed with fibrin gels.245 The stress 
waveform approaches the sinusoidal shape but is appended with two “extra 
peaks” (Figure 2.11b).  
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Figure 2.11. Strain-stiffening stress waveform and Lissajous figures. a) Stress and strain 
waveforms as a function of time. Sinusoidal stress waveform of polyacrylamide gel (up). The non-
sinusoidal stress waveform of the fibrin deviates from the sinusoidal waveform with the two extra 
peaks leading to the characteristic shape for the strain-stiffening (down). b) Lissajous figures for 
linear (up) viscoelastic materials, (middle) strain-softening material, and (down) strain-stiffening 
material. 

Waveform data can also be utilized to plot geometric figures – Lissajous figures 
– whose shape depends significantly on the viscoelastic response. 280,284 Elastic 
behavior can be analyzed by plotting shear stress vs. strain within the oscillation 
cycle, whereas for viscous behavior, shear stress vs. strain rate is used (Figure 
2.10b).280 In the case of an ideal elastic material, Lissajous figures display a 
straight line, and with a perfect viscous material, a spherical shape can be ob-
served. For linear viscoelastic material, Lissajous figure is an ellipse, whereas 
nonlinear viscoelastic materials result in either a downward-bending figure for 
strain-softening materials or an upward-bending figure for strain-stiffening 
materials.284 

Furthermore, to analyze the strain-stiffening of the viscoelastic material, the 
critical stress (σc), plateau modulus (G)0, and differential modulus (K) can be 
evaluated.285 Determination of the storage modulus G’ and the loss modulus G’’ 
is based on the assumption that the stress and strain responses are sinusoidal. 
However, at the nonlinear regime, the stress waveform is non-sinusoidal, which 
indicates that moduli are not reliably defined.280 To compare the nonlinear ef-
fect, a derivative of stress-strain curve – differential modulus – is determined 
as follows: 

 

    (2.7) 

 
where σ is the shear stress, and γ is the strain (Figure 2.12a). For the linear re-
gime, when G’ and G’’ are independent of strain/pre-strain or stress/pre-stress, 
K is equal to the plateau modulus G0 (K≈G0) (Figure 2.12b).107,198,286 Critical 
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stress (σc) represents the onset of the strain-stiffening, distinguishing the linear 
viscoelastic regime (LVR) from the nonlinear regime (Figure 2.12b).  Above the 
critical stress, K is sensitive to stress and strain, leading to a remarkable increase 
until the network breaks.198,286 Increases in K can be described with the power 
law according to Equation (2.8), 

 
   (2.8) 

 
where σ is the shear stress, and m is the stiffening exponent. Previous studies 
have reported K to follow the power law of K ~ σ3/2 with biopolymers including 
fibrin,203 actin,198 and synthetic polyisocyanopeptide;231 but with collagen,219 K 
~ σ1. 

 

 

Figure 2.12. Rheological analysis of strain-stiffening. Determination of a) differential modulus 
(K) and b) critical stress (σc), plateau modulus (G0) and stiffening exponent (K ~ σm). Adapted 
with permission from Publication III. Copyright 2020 American Chemical Society. 

Wall slip is a phenomenon in which the sample begins to slip from the rheology 
plates due to adhesive failure between the sample and the plates. Upon in-
creased stress or strain, the sample can detach from the plates, which can result 
in incomplete force transfer and errors in the response.287–289 Wall slip has been 
detected in various materials such as solutions and emulsions,290 dispersions,291 
suspensions,292 foams,293 melts,294 colloidal gels,295 and elastomers.287,289  Sev-
eral tools including gap size,296 loss modulus G,’’287 stress waveform, and Lissa-
jous figures have been used to analyze the influence of the wall slip. For exam-
ple, wall slip can induce an asymmetric of even chaotic non-sinusoidal stress 
waveform.295,297–300 To prevent wall slip, the surface roughness of the plates has 
been successfully tailored using sand blasting,301 serrated/rough plates,295 and 
cleating302 with various types of materials including fluids, dispersions, suspen-
sions, emulsions, gels, and tissues. In addition, increased preload using normal 
force control has been revealed to decrease wall slip.182,289 
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3. Results and discussion 

 

3.1 Tools for controlling network self-assembly (Publications I-II) 

Hierarchical structures through various length scales are responsible for many 
unique material features in nature, such as mechanical, optical, and surface 
properties.1–5 Self-assembly has been extensively utilized in material sciences to 
achieve similar properties in synthetic materials. Therefore, controlling self-as-
sembly from the molecular level to larger assemblies is vital when designing the 
properties of materials.  

Spontaneous formation through competing attractive and repulsive interac-
tions provides a tool to control self-assembly from the molecular level to the 
nanoscale level as well as within micro- and macroscale objects.303–305 The abil-
ity to tune the units of  polymers provides a useful tool to tailor both the self-
assembly process and the properties of the final material. In Publications I and 
II, the controlled self-assembly of the polymers was designed. Network struc-
tures were constituted from smaller building units via non-covalent interactions 
which were triggered by an external stimulus. The aim of the studies was to in-
vestigate new tools to control the self-assembly, which could provide potential 
routes to achieve functional materials. 

The interplay between the solvent and the molecules (i.e., the solvent-based 
approach) has been used to control self-assembly with small structural units 
such as block copolymers,306–308 block copolypeptides,309 and dendritic mole-
cules310 to obtain micelles, co-micelles, polymersomes, dendrosome, and their 
superstructures.43,311–318 Furthermore, larger building blocks such as colloids 
have been shown to form one (1D) and two (2D) dimensional micellar super-
structures, co-micelles, and colloidosomes.34,319–331 However, colloidal self-as-
sembly differs from molecular self-assembly significantly due to several colloi-
dal-level forces that influence the process.34 There have been challenges related 
to controlling the size dispersity and aggregation of the colloidal particles. In 
Publication I, we studied controlled self-assembly within a star-like polymer 
and colloidal and hierarchical structures. A solvent was used to direct the re-
versible self-assembly via hydrogen bonding units. The results of Publication I 
are presented and discussed in Chapter 3.1.1.  

Another approach to controlling interactions between self-assembled mole-
cules involves using temperature and UV irradiation that have been used to con-
trol various self-assembled structures such as micelles,332 colloids,333 vesicles,334 
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brushes,335 and fibers.336 Furthermore, thermo- and UV-responsive compo-
sites337,338 and hydrogels339–346 have been created to obtain smart stimuli-re-
sponsive materials. On the other hand, as a building unit, nanocellulose has gen-
erated immense interest among material scientists due to its natural origin and 
advantageous mechanical properties. Negatively charged cellulose nanocrystals 
(CNC) have been used as a reinforcement in composites and hydrogels.14,347–349 
However, conventional polyelectrolyte complexation easily prompts uncon-
trolled and nonuniform aggregation. In Publication II, UV- and thermorespon-
sive gelation of CNCs and terpolymer was designed. The combination of UV and 
thermoresponsive blocks of the polymer was utilized to trigger self-assembly 
through ionic interactions. The results of Publication II are presented and dis-
cussed in Chapter 3.1.2. 

3.1.1 Hierarchical self-assembly from nanometric micelles to super-
structures 

3.1.1.1 Synthesis of the star-like polymer 

A low molecular weight asymmetric star-like polymer was designed in Publica-
tion I. The final structure of the polymer consisted of three different units: (i) 
hydrophobic rigid cholic acid core (CA), (ii) hydrophilic flexible amine-termi-
nated arms, and (iii) a hydrogen bonding directing unit with a hexyl linker (Fig-
ure 3.1). The polymer was synthesized in three steps (Figure 3.1). First, the hy-
droxyl groups of CA were functionalized with allyl glycidyl ether (AGE). Each of 
the four chains encompassed six repeating units of AGE, which produced the 
star-like structure. Secondly, allylic double bonds of AGE were functionalized 
with cysteamine (HS-(CH2)2-NH2) using thiol-click chemistry. In total, the pol-
ymer included 24 amine groups that were responsible for the amphiphilic na-
ture of the molecule. Thirdly, a variable portion of the amine groups was linked 
with 2-ureido-4[1H]-pyrimidinone hexamethylene isocyanate (UPy-(CH2)6-
NCO, i.e. UPY) using isocyanate chemistry. Three different molar equivalents of 
UPY (n = 3 eq, 6 eq, 9 eq) were used to examine how the number of hydrogen 
bonding units affect the properties and morphologies of the final self-assem-
blies. The final polymer was denoted as CA-[(AGE-NH2)6]-(UPY)n. Synthesis 
products were characterized in each step using nuclear magnetic resonance 
spectroscopy (1H NMR) and Fourier-transform infrared spectroscopy (FT-IR).  
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Figure 3.1. Synthesis of the star-like polymer. Chemical structures of CA-[(AGE-NH2)6]-(UPY)n 
synthesis: CA (1), CA-(AGE6)4 (2), CA-[(AGE-NH2)6 (3), UPy-(CH2)6-NCO (4), and CA-[(AGE-
NH2)6]-(UPY)n (n = equivalent of UPY, 5a: n=3,5b: n =6, 5c; n=9). Representative illustration of 
the final star-like polymer consisting of a rigid hydrophobic core, flexible hydrophilic arms, and a 
hydrogen bonding unit. Adapted from Publication I. Copyright (2017), with permission from Else-
vier. 

3.1.1.2 Mechanisms of the self-assembly and solubility behavior 

Solvent dependent dimerization of UPY provides a method to utilize a solvent-
triggered approach to control the self-assembly of the final polymer. Hence, se-
quential solvent exchange from DMSO to water was performed using dialysis 
(Figure 3.2a-b). Since DMSO is a relatively polar solvent and strong hydrogen 
bond acceptor, it directs UPY to the monomeric form, 6[1H]-pyridinone. Due to 
the amphiphilic surfactant-like structure, the polymer self-assembled into small 
micelles in DMSO (Figure 3.2c). Subsequently, the dimerization of UPY mole-
cules was triggered by the solvent exchange from DMSO to water, which led to 
the hierarchical self-assembly from nanometric micelles to spherical super-
structures (Figure 3.2d). Water directed UPy to the form of 4[1H]-pyrimidinone 
and further toward dimerization via a strong quadruple (DDAA) hydrogen bond 
array, which bound micelles together (Figure 3.1e).  
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Figure 3.2. Mechanisms of self-assembly and solubility behavior. Schematic illustration of 
the suggested mechanism for the self-assembly of CA-[(AGE-NH2)6]-(UPY)n. Solvent exchange 
from a) DMSO to b) water upon dialysis. c) Self-assembly of the star-like polymer to spherical 
micelles in DMSO. d) Self-assembly of spherical superstructures on a hydrophilic surface in wa-
ter. e) Superstructures consisting of small micelles bound together via hydrogen bond dimeriza-
tion of UPY. f) Photograph of the solubility behavior of CA-[(AGE-NH2)6 (3) and CA-[(AGE-NH2)6]-
(UPy)n (5) in water after the solvent exchange. Clear solutions were obtained with all samples at 
0.01% w/v concentration (upper), whereas turbid suspensions were observed with UPY-conju-
gated samples (5a-c) at 1 w/v % concentration (down). Adapted from Publication I. Copyright 
(2017), with permission from Elsevier. 

Solubility behavior of the polymers without UPY, CA[(AGE-NH2)6)]4 (3), and 
with variable equivalent of UPY, CA-[(AGE-NH2)6]-(UPY)n (5a-c), were inves-
tigated. Giguère et al. have already demonstrated that the compound 3 dissolves 
readily in water at lower temperatures.53 However, phase separation was ob-
served upon heating to the cloud point (TCP) due to the disruption of hydrogen 
bonds between the molecules and the solvent. Compounds 3 and 5a-c also dis-
solved in DMSO but required heating. Interestingly, the solubility of compounds 
5a-c decreased with an increasing amount of UPY. This was speculated to be a 
consequence of the synthesis step in chloroform, which most likely caused the 
dimerization of UPY. Heating in DMSO disrupts the hydrogen bonds between 
the dimerized molecules, which led the polymer to dissolve, but longer heating 
was required. All UPY-conjugated molecules were aggregated and phase-sepa-
rated at the bottom of the vials after storing at room temperature for several 
hours. 

Dialysis was performed with two different concentrations: 0.01% w/v and 
1.0% w/v. After dialysis, compound 3 showed a clear solution in water at both 
concentrations due to the polar amine groups (Figure 3.2f). However, the solu-
bility of compounds 5a-c was concentration-dependent. Clear solutions were 
obtained at the lower concentration (0.01 % w/v), whereas the higher concen-
tration (1.0 % w/v) resulted in turbid solutions whose turbidity increased with 
an increasing amount of UPY. Self-assembled structures sedimented at the bot-
tom of the vials at the 1.0 % w/v concentration, which indicated the aggregation 
of particles or relatively large particle size. 
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3.1.1.3 Structure of the self-assemblies 

Morphological features of the self-assemblies were imaged before and after di-
alysis using TEM, ET, and SEM. TEM revealed small micelles of compound 3 in 
DMSO and water, which was expected due to the amphiphilic cone-like struc-
ture of the polymer. Compounds 5a-c self-assembled to nanometric micelles, 
which tend to aggregate into larger assemblies in DMSO (Figure 3.3a). The core 
diameter was estimated using the micrograph to be 8-12 nm.  

Solvent exchange from DMSO to water triggered self-assembly from small mi-
celles to hierarchical superstructures in both concentrations. Importantly, 
spherical morphology was similar for all compounds 5a-5c, indicating that even 
a relatively small amount of UPY can direct the self-assembly to higher-order 
colloidal structures (Figure 3.3b). However, an increasing amount of UPY de-
creased the size of the superstructures. Superstructures were also larger at the 
higher concentration (1.0% w/v) than at the lower concentration (0.01% w/v), 
which is consistent with solubility studies. The size distribution of the assem-
blies was analyzed from TEM micrographs. Smaller size distribution was ob-
served at 0.01% w/v, indicating that the self-assembly was more controlled in 
the lower concentration. In total, the star-like polymer had 24 amine groups, 
but only 3 to 9 of these were reacted with UPY. The isocyanate reaction is rela-
tively rapid, and the location of UPY could not be controlled among the amine 
groups. This might have caused uneven binding; therefore, some of the polymer 
molecules might contain more UPY molecules than the others. This may be one 
reason for large the polydispersity of the structures. In the future, more con-
trolled UPY reactions could most likely be achieved using amine group protec-
tion while binding UPY with the hydroxyl groups of the polymer. TEM also con-
firmed the reversibility of the self-assembly, since dialysis from water to DMSO 
resulted in decomposition of spherical superstructures back to nanometric mi-
celles. 

Conventional TEM only reveals the 2D projection of structures, which does 
not yield information about the internal structure. Hence, 3D reconstruction by 
TEM was used to gain insight into the internal structure of the self-assembled 
superstructure. Electron tomography indicated the 3D spherical morphology of 
the individual superstructure (Figure 3.3c). In addition, the cross-section of the 
sphere revealed an interconnected network, which we hypothesized to be a re-
sult of the dimerization of UPY between the polymer micelles (Figure 3.3d). 

Superstructures 5a-c were also imaged using SEM.  Spherical morphology 
was clearly observed, but superstructures tend to aggregate (Figure 3.3e). In ad-
dition to the spherical appearance, the observed broken sphere allowed us to 
view the internal network structure in SEM. To avoid aggregation, an in situ 
approach was employed, in which hydrophilic mica and silicon surfaces were 
placed in a dialysis to direct the self-assembly of the superstructures directly on 
top of the surfaces. SEM revealed a single layer of spherical superstructures in 
both surfaces without a significant difference between the surfaces (Figure 3.3f). 
Importantly, in situ self-assembly can be utilized as a sample preparation 
method for various aggregating materials for SEM in the future. The method 
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might also have applications as a tool for surface coatings and nano- or micro-
surface patterning.  
 

 

Figure 3.3. Electron micrographs of self-assembled structures. Structure of CA-[(AGE-
NH2)6]-(UPY)n (5a-c) upon solvent exchange from DMSO to water by TEM (a-b), electron tomog-
raphy (c-d), and SEM (e-f). TEM micrograph of a) 0.01% w/v CA-[(AGE-NH2)6]-(UPY)6 (5b) mi-
celles in DMSO and b) 1.0% w/v CA-[(AGE-NH2)6]-(UPY)9 (5c) spherical superstructures in water. 
Electron tomography reconstruction of CA-[(AGE-NH2)6]-(UPY)3 (5a) superstructure with c) snap-
shots from the tilt series at 0° (red arrow shows ~5 nm fiducial gold markers) and cross-section 
of the tomography revealing the highly interconnected network structure. SEM micrographs of 
1.0% w/v CA-[(AGE-NH2)6]-(UPY)6 (5b) samples prepared via e) freeze-drying indicates aggre-
gated superstructures, whereas f) in situ self-assembly on the mica sheet combined with the 
freeze-drying resulted in monolayer-like deposition. Adapted from Publication I. Copyright (2017), 
with permission from Elsevier. 
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3.1.2 Temperature-responsive reversible and irreversible hydrogels 

3.1.2.1 Designing UV-triggered and temperature-responsive gelation 

A random terpolymer poly(di(ethylene glycol) methyl ether methacrylate)-rnd-
poly(oligo(ethylene glycol) methyl ether methacrylate)-rnd-poly(2-((2-)oxycar-
bonyl)aminoethyl methacrylate) (PDEGMA-rnd-POEGMA-rnd-PNBOCAEMA 
was synthesized in Publication II. PDEGMA and POEGMA repeating units in-
volved a lower critical solution temperature (LCST) behavior, which resulted in 
thermoresponsive behavior for the final polymer (Figure 3.4). On the other 
hand, UV-responsive NBOCAEMA could be switched to cationic 2-aminoethyl 
methacrylate (AEMA) via cleavage of 2-nitrobenzaldehyde moieties upon UV 
irradiation. The polymer was characterized using 1H-NMR and size-exclusion 
chromatography (SEC). Cleavage of the 2-nitrobenzaldehyde group was deter-
mined by 1H-NMR and was discovered to be 90% after 2 hours of UV irradiation. 
The final terpolymer was denoted as PDEGMA417-rnd-POEGMA109-rnd-PNBO-
CAEMA54. Cellulose nanocrystals (CNCs) were prepared via sulfuric acid hydrol-
ysis. Zetapotential of CNCs were -56 mV at pH7.351 CNCs were analyzed using 
TEM, yielding the aspect ratio of 14. 
 

 

Figure 3.4. Design of UV-triggered and thermoresponsive gelation. Schematic illustration of 
the mechanism for gelation. a) Mixing negatively charged CNCs with charge neutral PDEGMA417-
rnd-POEGMA109-rnd-PNBOCAEMA54 resulted in homogeneous dispersion. b) The neutral poly-
mer was switched to being positively charged by UV irradiation. Chemical formulas showing ther-
moresponsive PDEGMA and POEGMA blocks, UV-responsive NBOCAEMA block, and UV-trig-
gered cleaving of 2-nitrobenzaldehyde moiety. c) Heating above LCST collapsed the ther-
moresponsive polymer, which led to gelation via ionic crosslinks between the cationic polymer 
and anionic CNCs. Adapted with permission from Publication II. Copyright 2020 American Chem-
ical Society. 

Two-step gelation procedure was designed to form homogeneous and ther-
moresponsive ionic gels. Negatively charged CNCs were combined with the 
charge neutral polymer PDEGMA417-rnd-POEGMA109-rnd-PNBOCAEMA54, 
which led to homogeneous dispersions (Figure 3.4). In the first step, UV-trig-
gered cationization was used to change the neutral polymer to cationic. In the 
second step, a thermoresponsive group of the polymer was used to induce ionic 
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crosslinking between polymer and CNCs. Dispersion was heated above the 
LCST, which collapsed the cationic polymer closer to anionic CNCs, resulting in 
gelation via ionic interactions. 

3.1.2.2 Structure and thermoresponsive properties of gels 

Six different compositions of CNC: PDEGMA417-rnd-POEGMA109-rnd-PNBO-
CAEMA54 (4:1, 2:1, 1:1, 1:2, 1:4, and 1:8 vol:vol) in water with a total solid con-
centration of 3 vol-% were prepared at room temperature. Dispersions remain 
stable at 4°C and 20°C due to the effective solubility of the polymer and repelling 
interactions between negatively charged CNCs. Colloidal CNCs resulted in 
opaque and translucent color for all compositions (Figure 3.5a). Heating to 
above LCST (60°C) collapsed the polymer, which caused white and turbid solu-
tions. However, no gelation was observed. Thermoresponsive phase separation 
was reversible, leading back to translucent dispersion upon cooling. Instead, 
UV-triggered cationization changed the color of the dispersion to yellowish and 
brown due to the cleavage of 2-nitrobenzaldehyde molecules (Figure 3.5b). The 
turbidity of the dispersions increased with increasing polymer fraction, but no 
gelation was observed. 
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Figure 3.5. Temperature responsiveness and structure of hydrogels. Vial inversion test for 
the gelation of CNC:PDEGMA417-rnd-POEGMA109-rnd-PNBOCAEMA54 with a schematic illustra-
tion of the proposed mechanism. a) Without UV irradiation negatively charged CNCs form homo-
geneous and opaque dispersions with the charge neutral polymer. Heating for 30 min at 60°C 
induced reversible phase separation, which led to white and turbid suspension, but no gelation 
was observed.  b-c) After UV irradiation, all dispersion changed to brownish, but still no gelation 
was observed (up). Heating above LCST (60°C) collapsed the polymers, bringing the positive 
charge of the polymers near the negative charge of CNCs, resulting in gel formation (middle). b) 
A short heating time (30 min) resulted in thermoreversible gelation with all the compositions due 
to the small number of ionic interactions that form weak crosslinks between the CNCs and poly-
mer (down). c) A long heating time (60 min) resulted in thermoreversible gelation, with 4:1, 2:1 
and 1:1 vol:vol compositions, but irreversible gelation with 1:2, 1:4 and 1:8 vol:vol compositions 
due to the larger number of ionic interactions that form strong crosslinks between the polymer 
and CNCs (down). d-e) SEM micrographs of CNC:PDEGMA417-rnd-POEGMA109-rnd-PNBO-
CAEMA54 aerogels: d) 1:2 vol:vol composition (inset shows magnification of the surfaces consist-
ing on CNCs) and e) 2:1 vol:vol composition. Adapted with permission from Publication II. Copy-
right 2020 American Chemical Society. 

To achieve thermoresponsive gelation, two heating times were used at 60°C: 
shorter (30 min) and longer (60 min). All different compositions of CNC: 
PDEGMA417-rnd-POEGMA109-rnd-PNBOCAEMA54 yielded gelation with both 
heating times, except for the composition of 4:1 vol:vol (Figure 3.5b-c). This is 
most likely due to the low polymer fraction, which results in insufficient ionic 
crosslinks to form a gel. Interestingly, the reversibility of the gelation could be 
tuned by changing the heating time and the CNC-polymer fraction. In the case 
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of shorter heating time, all compositions changed from gel back to fluid upon 
cooling, indicating thermoreversible gelation (Figure 3.5b). However, longer 
heating time resulted in both reversible and irreversible gelation depending on 
the polymer:CNC ratio (Figure 3.5c). Lower polymer fractions (2:1 and 1:1 
vol:vol) reversed to fluid again upon cooling, whereas higher polymer fractions 
(1:2, 1:4, 1:8 vol:vol) remained gels even when the temperature was decreased. 
We hypothesized that the number of ionic crosslinks between the negatively 
charged CNCs and positively charged polymer was a primary reason for the 
thermoresponsive tunability of the gelation. Fewer ionic interactions resulted in 
only weak crosslinks with the lower polymer fractions, while stronger crosslinks 
could be formed with higher polymer fractions, which increased the number of 
ionic interactions. The influence of ionic interactions on the network crosslink-
ing was confirmed using sodium chloride (NaCl). Various concentrations of 
NaCl  (0,1-1 mol/L) were added to the composition of 1:2 vol:vol at 60°C. Salt 
suppressed the ionic interactions between the polymer and CNCs, leading to gel 
melting, which indicated the presence of the ionic interactions.  

SEM was used to analyze the network structure of the compositions 1:2 and 
2:1 vol:vol. SEM micrographs revealed a clear difference between the lower pol-
ymer fraction (2:1 vol:vol) and the higher polymer fraction (1:2 vol:vol). Thicker 
fibers were observed in the composition of 1:2 vol:vol due to the higher amount 
of polymer compared to CNCs (Figure 3.5d). However, individual CNCs could 
be distinguished on the surface of the fibers, as illustrated in the inset of Figure 
3.5d. The composition 2:1 vol:vol indicates almost exclusively CNCs that were 
most likely covered or linked with a relatively small amount of the polymer (Fig-
ure 3.5e). 

3.1.2.3 Cloud point and viscoelastic properties 

Turbidity measurements were used to determine the LCST (i.e. cloud points, 
TCP) of the compositions of 2:1, 1:1, 1:2, 1:4 vol:vol (Figure 3.6a).  The cloud point 
of the pure polymer was 43 °C, but the LCST of polymer:CNC decreased with an 
increasing amount of CNCs. The different compositions resulted in a cloud point 
varying between 34-39 °C, which were lower compared to the pure polymer. In 
addition, the gelling temperature (Tgel) of the compositions of 2:1, 1:2, 1:4 1:8 
vol:vol was measured with oscillatory rheology (Figure 3.6b). Temperature 
ramps were applied from 20°C to 60°C, and the intersection of the storage mod-
ulus G’ and the loss modulus G’’ was used as a gelling temperature. If a clear 
intersection was not observed, as in the case of compositions 1:4 vol:vol and 1:8 
vol:vol, the gelling temperature was chosen based on the point in which moduli 
started to clearly increase. Gelling temperatures vary between 23-51 °C and in-
crease with increasing amounts of polymer, in line with the cloud point temper-
atures. 

Further rheological studies were conducted with two compositions, namely 
2:1 and 1:2 vol:vol, representing the reversible and irreversible gelling. Samples 
were prone to slip due to the massive gel contraction upon measurements at 60 
°C. Hence, measurements were performed at 40 °C, since it was above the Tgel, 
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but significant gel contraction was not observed. Due to its lower Tgel, composi-
tion, 2:1 vol:vol formed a gel slightly faster than 1:2 vol:vol. Otherwise, both 
compositions had similar rheological properties. The stiffness of the gels was 
roughly G’~60 Pa, G’’~15 Pa, and both exhibited strain-softening.  

 

 

Figure 3.6. Cloud point and gelling temperature. Turbidity measurements and oscillatory rhe-
ological measurements for different compositions of CNC:PDEGMA417-rnd-POEGMA109-rnd-
PAEMA54. a) Transmission as a function of temperature suggests increasing cloud point temper-
ature (Tcp) with increasing polymer fraction for the compositions of 2:1, 1:1, 1:2, 1:4 vol:vol. b) 
Temperature sweeps indicate increasing gelling temperature (Tgel) with increasing polymer frac-
tion for 2:1, 1:2, 1:4, 1:8 vol:vol. Adapted with permission from Publication II. Copyright 2020 
American Chemical Society. 

3.2 Strain-stiffening of agarose hydrogels (Publications III-IV)   

Agarose hydrogels have been used widely in material technology including for 
food,25,146 environmental,24,149 and biomedical23,146–148,150,151 applications. Since 
agarose hydrogels are biocompatible and bioinert, they have specifically been 
utilized in cell culturing and tissue engineering.156,159 On the other hand, there 
has been immense interest in creating new strain-stiffening materials for bio-
medical applications to mimic properties of the extracellular matrix (ECM). 
Strain-stiffening has been revealed mainly for protein-based198,200,203,207,218–223 
biopolymer gels, but also for a few polysaccharide.224–229 However, synthetic 
materials have faced challenges in terms of achieving similar mechanical behav-
ior. 

Viscoelastic properties of agarose hydrogels have been investigated exten-
sively by oscillatory rheology over the years, but the results are ambiguous. Sev-
eral studies have revealed strain-softening behavior, whereas only a limited 
number of the literature reports have suggested strain-stiffening for agar353,354 
and agarose.355 In addition, the negative normal force (i.e., negative normal 
stress difference) that has been proposed to relate to strain-stiffening has not 
been proven with agarose hydrogels. To resolve these questions, the strain-stiff-
ening of the agarose hydrogels was investigated using oscillatory rheology in 
Publications III and IV.  

To observe strain-stiffening in oscillatory rheology, different sample prepara-
tion methods and geometries were compared in Publication III; the results are 
shown in Chapter 3.2.1. In addition, fiber and network structures were investi-
gated using electron microscopy in Publications III and IV. The comparison of 
the results is discussed in Chapter 3.2.2. We observed slipping of the samples 
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during the rheological measurements in Publication III, and we could not detect 
the negative normal force. Hence, in Publication IV, we compared two different 
rheological protocols: (i) a strain amplitude sweep and (ii) a pre-strain protocol 
to further analyze strain-stiffening and to examine the negative normal force. 
Chapter 3.2.3 combines strain-stiffening analyses yielded from Publications III 
and IV. Finally, studies concerning the negative normal force are presented in 
Chapter 3.2.4. The origin of the strain-stiffening and the negative normal force 
are discussed through the results with the suggested mechanisms. 

3.2.1 Detecting strain-stiffening 

Agarose with a low-gelling temperature of 25°C was used in Publications III and 
IV. Agarose hydrogels were prepared by dissolving the agarose powder upon 
heating, followed by gelling at room temperature. Water was used as the solvent, 
and measurements were executed at 20°C. Phosphate-buffered saline (PBS) and 
37°C were also studied for potential use in biomedical applications. In Publica-
tion III, six different concentrations were measured (1.6, 2.6, 3.6, 5.2, 7.6 and 
10.2 mg/mL, mostly in PBS) using strain amplitude sweep at 20 and 37 °C. In 
Publication IV, four concentrations (2.5, 5.1, 7.5, 10.1 mg/mL, in water) were 
measured using the strain amplitude sweep and the pre-strain protocol at 20°C. 

In Publication III, we used two different sample preparation methods (in situ 
and ex situ) and three different geometries (smooth parallel plate, cross-hatched 
parallel plate, and cone and plate) to study the existence of strain-stiffening 
(Figure 3.7a). In the ex situ method, molded disc-shape gels were pre-prepared 
before the measurements, whereas with the in situ method, agarose was allowed 
to form a gel on the rheometer during the measurements. Strain amplitude 
sweeps were used to measure strain-stiffening, with different combinations of 
the sample preparation methods and geometries. Storage modulus (G’) was nor-
malized with linear viscoelastic moduli G’LVR and presented as a function of 
strain in Figure 3.7b. The in situ samples with the cross-hatched geometry were 
the only combination that exhibited the strain-stiffening behavior. The in situ 
samples with the smooth parallel plate and the cone and plate geometries occa-
sionally resulted in strain-stiffening, but mostly in strain-softening. All the ex 
situ samples invariably displayed strain-softening. We speculated that the po-
tential slipping of the sample during the measurements – wall slip – might cause 
adhesive failure that prevents the observation of the strain-stiffening. Since aga-
rose hydrogels are solid-like and relatively stiff gels, they are prone to slipping. 
In addition, agarose gels have been shown to release water between the gel and 
the plate over time, which further increases the probability of slipping.23  
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Figure 3.7. Detecting strain-stiffening of agarose hydrogels. a) Schematic illustration of the 
sample preparation methods: ex situ (pre-prepared molded gel) and in situ (gelling upon meas-
urement), and different geometries: smooth parallel plate, cross-hatched parallel plate, and cone 
and plate. b) Strain sweep presents G’/G’LVR as a function of strain. The in situ with the cross-
hatched parallel plate was the only combination that showed the strain-stiffening (black dots). c) 
Typical stress waveform with two “additional peaks” for the strain-stiffening was observed only 
the in situ samples with the cross-hatched parallel plate (black dots). d) Typical Lissajous figure 
with upward bending curve for the strain-stiffening was most distinct in the in situ samples with 
the cross-hatched parallel plate (black line). Adapted with permission from Publication III. Copy-
right 2020 American Chemical Society. 

Slipping was further investigated via stress waveform and Lissajous figures. 
Characteristic stress waveform with “two additional peaks”245 for the strain-
stiffening was observed only with the in situ samples combined with the cross-
hatched parallel plate (Figure 3.7c). All other combinations revealed a sinusoi-
dal waveform. The in situ sample with the cross-hatched parallel plate also re-
sulted in the most distinct Lissajous figure for the strain-stiffening, i.e., upward 
bending curve (Figure 3.7d). Interestingly, all other samples aside from the ex 
situ smooth parallel plate exhibited an upward bending figure, although this was 
significantly weaker compared to the figure of the in situ cross-hatched sample. 
This is an important finding that can be used to detect the underlying strain-
stiffening behavior in rheological measurements, particularly with the solid-like 
gels which tend to slip during the measurements. In addition, stress waveform 
and Lissajous figures can be utilized to find the most suitable geometry for cer-
tain samples.  

Strain-stiffening was measured using the in situ cross-hatched geometry with 
two solvents (water and PBS), temperatures (20°C and 37°C), and three types 
of agaroses (Tg: 36°C, 25°C,  8-17°C), which indicates that strain-stiffening is a 
universal behavior for agarose hydrogels. The remaining rheological studies 
were performed with the in situ sample preparation method along with the 
cross-hatched parallel plate. 

3.2.2 Structure of the fibers and networks 

Fiber and network structure of the agarose hydrogels were studied using an 
atomic-force microscope (AFM), Cryo-TEM, and SEM in Publications III and 
IV. All images with different microscope techniques revealed slightly bent fibers 
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(Figure 3.8). Persistence length (lp=1300±500 nm) and contour length 
(Lc=600±300 nm) were determined based on the AMF images. The diameter of 
the fibers was ~10 nm, analyzed from cryo-TEM images and between 6.3–19.7 
nm from SEM images. According to the SEM images, the diameter of the fibers 
was independent of the concentration, which is consistent with previous stud-
ies.180  

Agarose type, concentration, and gelation kinetics have been reported to affect 
to pore-size of the network.180 However, we did not observe a change in the net-
work structure within this concentration range. Although dense (fiber rich) and 
sparse (fiber poor) areas were observed, mesh size varied between 10 and 1,000 
nm. Theorical comparison between entropic and enthalpic spring constant can 
indicate whether the network is enthalpic (mesh size < 75-100 nm) or entropic 
(mesh size > 75-100 nm). The mesh size of the dense regions was in the range 
of tens of nanometers, which indicates that at least the dense parts of the aga-
rose networks are enthalpic. Since persistence length, contour length, and mesh 
size are at similar length scales, the fibers in the sparse region of the network 
are semiflexible by nature. Thus, the semiflexibility of the fibers can explain the 
origin of strain-stiffening in sparse regions of the agarose hydrogels. However, 
in the dense regions of the network, the mesh size and contour length are 
smaller, resulting in fibers that can be rather stiff. 
 

 

Figure 3.8. Structure of agarose fibers. a) AFM height images of dried 5.11 mg/mL agarose 
gel. Helical twist of the fiber is shown in the phase image of the inset. b) Cryo-TEM image of 
frozen0.83 mg/mL agarose hydrogel. c) SEM of 1.6 mg/mL agarose aerogel. All microscope tech-
niques show slightly bent fibers. Adapted with permission from Publication III. Copyright 2020 
American Chemical Society. 

In Publication III, SEM samples were prepared by freeze-drying, whereas criti-
cal point drying was used in Publication IV (Figure 3.9a-c). Interestingly, the 
freeze-dried network revealed larger pore size and merged fibers, especially at 
the higher concertation. This might be due to the formation of ice crystals upon 
freezing. Additionally, the network structure was flatter in the freeze-dried sam-
ple than in the case of the critical point drying. Critical point drying seems to 
retain the shape of the fibers and the 3D-structure of the network more effec-
tively than freeze-drying.  

The connectivity of the network was also analyzed using the SEM images (Fig-
ure 3.9c). This was challenging due to the overlapping fibers and drying arte-
facts, but an estimated value could be achieved. We analyzed connectivity using 
images of the samples prepared using both the freeze-drying and critical point 



Results and discussion 

39 

drying methods. The connectivity was independent of the concentration, being 
mostly z≈3, with a few exceptions. Importantly, the connectivity was observed 
to invariably be below the central-force isostatic point (zCFIP = 6), which can ex-
plain the origin of the strain-stiffening. 
 

 

Figure 3.9. Network structure of agarose aerogels. SEM of aerogels from a) 2.5 mg/mL aga-
rose gel prepared by freeze-drying in Publication III and b) 10.0 mg/mL agarose gel prepared by 
critical point drying in Publication IV. c) Connectivity for different agarose concentrations obtained 
from SEM images in which the aerogels were prepared by freeze-drying in Publication III. Con-
nectivity was mostly z≈3, occasionally higher, but always below zCFIP = 6. Adapted with permission 
from Publications III and IV. Copyright 2020 American Chemical Society. 

3.2.3 Comparison of strain amplitude sweep and pre-strain protocol 

Two different rheological protocols were compared, namely strain amplitude 
sweep and the pre-strain protocol. Differential modulus (K) and normal stress 
difference as a function of shear stress are shown in Figure 3.10a-b. Both proto-
cols successfully induce strain-stiffening and negative normal stress difference.  
Stiffness increased, while the normal stress difference decreased within the in-
creased stress. The negative normal stress difference (i.e., negative normal 
force) is further discussed in Chapter 3.2.4.  Figure 3.10c-d presents Lissajous 
figures plotted from the selected oscillation cycle from the strain-stiffening 
curve of Figure 3.10a-b (colors show corresponding cycles and Lissajous fig-
ures). Strain amplitude sweep resulted in a linear Lissajous figure, with a small 
amplitude (0.05) but shifted to upward-bending figures when the amplitude 
was increased (≥ 0.1) (Figure 3.10c). However, all Lissajous figures were linear 
lines in the pre-strain protocol (Figure 3.10d). This is a consequence of the rel-
atively small and constant strain amplitude (0.5), which resulted in a linear 
stress-strain relationship within an oscillation cycle. Hence, in the pre-strain 
protocol, strain-stiffening cannot be detected from the individual Lissajous fig-
ure, but it can be observed in the increasing slope between the figures.  
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Figure 3.10. Strain-stiffening, negative normal stress difference, and Lissajous figures. a,c) 
2.5 mg/mL agarose hydrogel measured using strain amplitude sweep and b,d) 5.1 mg/mL of aga-
rose hydrogel measured using the pre-strain protocol in Publication IV.  a-b) Differential modulus 
(K) (solid black dots) and normal stress difference (open orange dots) as a function of shear 
stress. Both protocols show strain-stiffening and negative normal stress. c-d) Lissajous figures 
indicate oscillation cycles of selected points from the upper figure (colored symbols correspond 
to the cycles and selected points). Strain amplitude sweep reveals the typical Lissajous figure for 
the strain-stiffening (i.e. upward bending figure) in higher amplitudes. The pre-strain protocol re-
sulted in linear Lissajous figures in all oscillation cycles irrespective of strain amplitude. However, 
strain-stiffening can be observed through the increasing slope between the linear figures. Adapted 
with permission from Publication IV. Copyright 2020 American Chemical Society. 

Strain-stiffening was further analyzed using differential modulus (K), critical 
stress (σc), critical strain (γc), and a plateau modulus (G0). Figure 3.11a presents 
the differential modulus (K) with fitted power law as a function of shear stress 
measured using strain amplitude sweep. Both strain amplitude sweep and pre-
strain protocols indicated power law dependency between the differential mod-
ulus (K) and shear stress (σ). Similar dependency was observed, although the 
strain sweep revealed slightly smaller dependency K ~ σ0.8 than the pre-strain 
protocol K ~ σ1. We speculate that lower values might be caused by possible slip-
ping upon the strain sweep method. However, scaling for the agarose hydrogels 
was quite similar to that for collagen219 K ~ σ1, but lower than the value typically 
reported for biopolymers K ~ σ3/2 such as fibrin and actin.198,203 

Plateau modulus (G0) and critical stress (σc) are plotted as a function of con-
centration measured with strain amplitude sweep in Figure 3.11b. Strain ampli-
tude sweep showed scaling of G0 ~ c3.18 and σc ~ c3.14 at 20°C. However, at 37°C, 
scaling was slightly lower – G0 ~ c3.06 and σc ~ c2.65 – which may be a consequence 



Results and discussion 

41 

of pronounced slipping at higher temperatures. In the pre-strain protocol, plat-
eau modulus and critical stress followed the power law G0 ~ c3.3 and σc ~ c3.4 at 
20°C. Hence, G0 and σc followed roughly the same power law regardless of the 
rheological protocol. These results are consistent with a recent study that 
demonstrated scaling of G’ ~ c3 for 0.1-0.35 w/v % agarose hydrogels.356 How-
ever, the exponent was higher than has been previously observed with agarose 
(G’ ~ c2-2.5)357 and other biopolymer hydrogels, including intermediate fila-
ments200 and collagen.358 Stronger scaling with concentration might indicate 
that the connectivity increases with concentration.200 However, as discussed in 
Chapter 3.2.1, we analyzed connectivity using SEM images, indicating that con-
nectivity is independent of concentration. The critical strain (γc) should de-
crease if the connectivity increases as a function of concentration.243,358 In the 
strain amplitude sweep, critical strain slightly increases both at 20°C and 37°C. 
However, critical strain remained constant when the pre-strain protocol was 
followed (Figure 3.11c). This difference among the observations could be a result 
of the possible slipping upon the strain sweep measurements. Since the strain-
stiffening starts at almost the same strain level, and connectivity was independ-
ent of concentration, this suggests that the connectivity controls the onset of 
strain-stiffening in agarose hydrogels.107,358 
 

 

Figure 3.11. Scaling and onset of strain-stiffening. a) Differential modulus as a function of 
shear stress for 1.6, 2.6, 3.6, 5.2, 7.6 and 10.2 mg/mL agarose hydrogels measured using strain 
sweep at 20 °C and 37 °C in Publication III. b) Plateau modulus (G0) and critical stress (σc) as a 
function of concentration for 1.6, 2.6, 3.6, 5.2, 7.6 and 10.2 mg/mL agarose hydrogels measured 
using strain sweep at 20 °C and 37 °C in Publication III. c) Strain onset, i.e. critical strain (γc), as 
a function of concentration for 2.5, 5.1, 7.5, 10.1 mg/mL agarose hydrogels measured using the 
pre-strain protocol at 20 °C in Publication IV. Adapted with permission from Publications III and 
IV. Copyright 2020 American Chemical Society. 

3.2.4 Negative normal force  

Negative normal force (i.e. negative normal stress difference) was investigated 
in Publication IV. The relationship between the normal force, the shear stress, 
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and strain upon oscillations is illustrated in Figure 3.12. Normal force is already 
negative in the beginning of the measurement, since the gelation of agarose hy-
drogels pulls platelets slightly together. Similar behavior has also been observed 
with agar 182,355 and hyaluronic acid.224 Negative normal force is in the opposite 
phase but the same period as the strain waveform. The magnitude of the normal 
force was concentration-dependent, which led to higher values with increasing 
concentration.  

Figure 3.12b illustrates the ratio between the normal stress difference and the 
shear stress as a function of strain. The normal stress difference is larger than 
the shear stress in all concentrations, which can be used as an indication of the 
enthalpic network elasticity as in the entropic elasticity, normal stress typically 
does not reach the magnitude of the shear stress.28,245,359,360 Overshoot of |N/σ| 
has also been proposed to distinguish the enthalpic elasticity of the stiff fibers 
from the entropic elasticity of flexible fibers.245,359 The peak of the overshoot sig-
nifies the transition from bending-dominated to stretching-dominated defor-
mation, which is typical behavior for enthalpic networks.360 Studies of negative 
normal stress strongly suggest that at least some parts of the agarose networks 
consist of rather stiff fibers with enthalpic elasticity. 

 

 

Figure 3.12. Normal force of agarose hydrogels. a) Relationship of normal force to shear strain 
and shear stress for 5 mg/mL agarose hydrogel, showing that the negative normal stress is in the 
opposite phase but in the same period as the strain waveform. b) Ratio between normal stress 
difference (N) and shear stress (σ) as a function of shear strain, showing that the normal stress 
difference is larger than the shear stress in all concentrations. Lines are drawn to guide the eyes. 
Adapted with permission from Publication IV. Copyright 2020 American Chemical Society. 

The effect of frequency on the normal stress difference was investigated. Sine 
wave of strain was applied in three different steps with increasing frequency: 
0.1, 1.0, and 10 rad/s. Normal stress difference as a function of shear stress is 
revealed in Figure 3.13a-c. Lower frequencies (0.1 and 1.0 rad/s) resulted in pa-
rabolas opening downwards, while a butterfly figure was clearly observed in the 
higher frequency (10 rad/s). Similar results have been demonstrated earlier 
with the fibrin gel.263 Figure 3.13d-f presents normal stress difference, shear 
stress, and strain as a function of time. The minimum peak of the normal stress 
difference can be observed at the maximum peak of the strain, whereas the max-
imum normal stress difference occurs when the strain is zero. Shear stress and 
strain were at the same phase at the lower frequencies (0.1 and 1.0 rad/s) but 
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started to phase shift at the higher frequency (10 rad/s). The normal stress fol-
lows the strain, resulting in the butterfly figure that has been proposed to be an 
indication of water efflux (Figure 3.13c).261,263 These findings also support pre-
vious studies that have proven that agar361 and agarose23 hydrogels release water 
upon syneresis, which has been suggested to play a role in the motion of solvent 
and network relaxation.361 Water efflux might explain the origin of the negative 
normal stress in agarose hydrogels. However, the semiflexible nature (i.e. non-
linear elasticity of fibril) of the fibrils at sparse regions of the network and pos-
sible nonaffine deformation (i.e. nonlinear elasticity of network) might also be 
responsible for the negative normal force.  

 

 

Figure 3.13. Frequency dependence of normal stress difference. Normal stress difference at 
different frequencies: a,d) 0.1 rad/s, b,e) 1.0 rad/s, and c,f) 10 rad/s. a-c) The normal stress dif-
ference as a function of shear stress shows parabolas opening downward figure at lower frequen-
cies and a butterfly shape at higher frequencies. d-f) The normal stress difference as a function 
of time shows that stress and strain waveforms are in phase at lower frequencies. However, they 
phase shift at higher frequencies, in which normal stress difference follows strain. Adapted with 
permission from Publication IV. Copyright 2020 American Chemical Society. 

3.3 Hydrogels as 3D-matrices for breast cancer tissue explant 
culturing (Publication V) 

Breast cancer is one of the leading causes of cancer-related deaths in women. 
Hence, there is a need to develop new therapies and drugs against breast can-
cer.362 The epithelia of the human mammary gland consists of two different cell 
types: basal cells and luminal cells. Together, these cells form a bilayer structure 
wherein the inner layer consists of luminal cells and outer layer of basal cells 
(Figure 3.14a-b). Overall, 80% of breast cancers involve luminal cells (Figure 
3.14c-d). In addition, the majority of these cells are estrogen hormone receptor 
positive (ERα).363,364 These estrogen receptor positive (ERα+) luminal cells have 
been globally interesting not only to study the biology of breast cancers but also 
to investigate patient response to treatment. The aim of the pre-clinical studies 
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is to investigate how cells respond to new drugs. Unfortunately, many treat-
ments fail during the clinical trial due to insufficient efficacy.365 The challenge 
has been to maintain the original identity of the cells during culturing, since 
hydrogel matrices fail to mimic the original microenvironment of breast cancer. 
Typically, under the existing 3D culture systems, the expression of ER is lost 
upon culturing. Overcoming this problem will pave the way for a new preclinical 
model for personalized patient-specific treatment. 

 

 

Figure 3.14. Patient-derived breast explant culturing (PDEC) in a 3D-matrix. a) Schematic 
illustration of breast tissue epithelia consisting of basal and luminal cells, and b) corresponding 
immunofluorescence image of normal breast epithelia (green = basal cell, red = lumina cell). c) 
Schematic illustration PDEC in 3D hydrogel matrix and d) immunofluorescence image showing 
luminal breast cancer cells. Adapted with permission from Publication V. Copyright 2021 Springer 
Nature. 

In Publication V, various hydrogels were utilized as 3D matrices in tissue cul-
turing to mimic the natural microenvironment of the breast tissue. We used a 
patient-derived tumor explant culturing (PDEC) approach, in which small frag-
ments of patient tumor tissues, i.e. explants, were cultured within different hy-
drogels (Figure 3.14c).366 PDEC can enable a personalized drug screening with 
the patient’s own explants. Protein-based hydrogels including Matrigel, colla-
gen, egg white, ovomucin (protein isolated from the egg white), and polysaccha-
ride hydrogels including agarose, alginate, and Growdex were used to study cell 
identity transformation from luminal to basal cells, as well as ER expression in 
breast cancer explants.  

3.3.1 Luminal cell identity 

Normal human mammary epithelia cells (i.e., non-cancerous tissues) and breast 
cancer tissue explants were cultured in different hydrogels for 7 days at 37 °C. 
In Matrigel, both normal and cancer explants failed to preserve luminal cell 
identity. The luminal cells transformed to basal cells in both explants upon cul-
turing (Figure 3.15). However, collagen and Growdex induced a partially 
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changed cell identity (i.e., dual identity) in which half of the luminal cells were 
changed to basal cells. Interestingly, agarose, alginate, egg white, and ovomucin 
hydrogels retain luminal identity both in normal and cancerous explant cul-
tures. Importantly, only bioinert matrices were observed to preserve the luminal 
cell identity. We hypothesized that biochemical cues (the presence of growth 
factors) and the chemical nature of the matrices might affect the cellular transi-
tion.  

 

Figure 3.15. Influence of the matrices on cell identity. SEM images of the network structures 
of Matrigel, collagen and alginate aerogels (up). Cell identity of normal breast explants after 7 
days of culturing in Matrigel, collagen, and alginate hydrogel (lower section): Immunofluorescence 
images stained with cytokeratin-8 (green = basal cells) or cytokeratin-14 (red = luminal cells) 
(down, left) and corresponding schematic illustration (down, right) shows the transformation from 
luminal cells to basal cells in Matrigel, partially transformation (dual) in collagen and luminal cell 
identity preserved in alginate. Adapted with permission from Publication V. Copyright 2021 
Springer Nature. 

Strain-stiffening has been proven to affect cell differentiation215 and  interac-
tions between the cells.216,217 For this reason, its influence for the cell identity 
was also inspected, and both strain-stiffening and strain-softening matrices 
were used. All bioinert matrices preserved the luminal cell identity upon cultur-
ing irrespective of the strain-stiffening (Figure 3.16a). In addition, the stiffness 
of the matrix was not observed to affect the cell identity. 
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Figure 3.16. Influence of the matrix stiffness on cell identity and ERα expression. a) Strain 
sweep presenting storage modulus G’ as a function of strain. Both bioinert strain-stiffening and 
strain-softening matrices preserved the luminal cell identity. b) Immunofluorescence image of 
mouse normal explants in agarose matrices after 7 days of culturing. Softer (10 mg/mL and 20 
mg/mL) hydrogels fail to maintain ER expression, whereas stiffer (30 mg/mL and 70 mg/mL) hy-
drogels show ER expression as green (stained with estrogen receptor α). Adapted with permis-
sion from Publication V. Copyright 2021 Springer Nature. 

3.3.2 Estrogen hormone receptor (ERα) 

In addition to human explants, normal mouse mammary epithelia explants 
were cultured in alginate and agarose hydrogels to compare ERα expression in 
mouse cells and human cells. Mouse explants maintain the ERα expression suc-
cessfully in agarose hydrogel, whereas human explants fail to retain the recep-
tor. Importantly, ERα was found to be regulated independent of cell identity 
since alginate preserves the luminal identity but fails to retain ERα expression. 
Experiments with mouse explants uncovered that genes were expressed differ-
ently in the cells cultured in the agarose hydrogel than in the alginate hydrogel. 
Since these polysaccharide hydrogels were relatively similar in their chemical 
nature, the stiffness of the matrices was suggested to be responsible for the dif-
ferences in ERα expression. 

 Both human and mouse explants were cultured in gradually increasing aga-
rose concentrations (10, 20, 30 and 70 mg/mL) to examine the effect of the ma-
trix stiffness. In the case of mouse explants, softer hydrogels (10 and 20 mg/mL, 
G’ <10 kPa) failed to show Erα, but stiffer hydrogels (30 and 70 mg/mL, G’ >10 
kPa) resulted in distinct hormone receptor expression (Figure 3.16b). Within 
these concentrations, 10 kPa was estimated to be the threshold stiffness (G’) for 
ERα expression in mouse mammary explants. We speculated that hydrogels 
were not sufficiently stiff to maintain ERα expression in human explants. The 
stiffness of human breast tumors has been reported to vary from tens to hun-
dreds of kPa, which is a thousand times higher than normal mouse breast tis-
sue.185,367–371 Since the required stiffness could not be achieved by tailoring the 
stiffness of the hydrogels, external magnetic force was used to induce higher 
pressure for the cells. Human explants were compressed using magnets during 
culturing. Under compressed conditions (G’ ~ 115 kPa), ERα expression was 
successfully maintained in human breast cancer explants as well. These findings 
offer opportunities to culture human breast explants to explore new hormone 
therapies against breast cancer. In addition, PDEC can provide personal drug 
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screening in cultured conditions, i.e. ex vivo before the patient medically 
treated. 
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4. Conclusion 

The main findings of this dissertation can be divided into three categories. First, 
Publications I and II introduced new tools to control self-assembly from mole-
cules to complex network structures. Secondly, Publications III and IV pre-
sented new insights regarding viscoelastic properties of agarose hydrogels 
showing strain-stiffening and negative normal force. Finally, as an application, 
various hydrogels were utilized as a 3D-matrices in patient-derived explant cul-
turing (PDEC) to mimic the natural environment of breast cancer explants in 
Publication V. 

In Publication I, a low molecular weight amphiphilic star-like polymer was 
synthesized to obtain hierarchical structures. The final polymer, denoted as CA-
[(AGE-NH2)6]-(UPY)n, consisted of three different units: rigid lipophilic cholic 
acid core, flexible hydrophilic arms and ureidopyrimidinone (UPY) as a hydro-
gen bond-directing unit. Self-assembly was controlled by solvent exchange from 
DMSO to water that triggered dimerization of UPY via quadruple hydrogen 
bonds. Controlled self-assembly was achieved from nanometric micelles to mi-
crometer sized spheres that consisted of an internal network structure. Spheri-
cal morphology was independent of the amount of the UPY, whereas a larger 
number of UPY molecules decreased the size of the spheres. Lower polymer con-
centration decreased both the size of the spheres and the polydispersity. The 
star-like polymer was shown to be a useful tool to tune and control the self-as-
sembly and the morphology of the colloidal structures. However, polydispersity 
of the spheres was a disadvantage that could be investigated in the future. 

In Publication II, thermo- and UV-responsive gelation of synthetic terpolymer 
and cellulose nanocrystals (CNCs) was designed. The polymer consisted of a 
UV-responsive block (NBOCAEMA) and two LCST-inducible blocks (PDEGMA 
and POEGMA). First, we prepared a homogeneous dispersion of negatively 
charged CNCs and neutral polymer. Secondly, UV irradiation was applied to 
switch the neutral NBOCAEMA unit to become positively charged. Finally, heat-
ing was used to induce aggregation of PDEGMA and POEGMA, which led to 
thermoresponsive gelation via ionic interactions between the CNCs and the pol-
ymers. The small polymer ratio and shorter heating time was insufficient to trig-
ger irreversible gelation, and reversible gelation was observed. Instead, a larger 
polymer ratio with prolonged heating time induced stronger ionic crosslinks, 
which led to irreversible gelation. A new way of preparing homogeneous ionic 
hydrogels was introduced, which is not only limited to gelation. A similar ap-
proach can be utilized when preparing polyelectrolyte complexes, composites, 
and hybrid materials. 
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Publications III-IV studied the strain-stiffening and negative normal force of 
the agarose hydrogels using oscillatory rheology and various electron micro-
scope techniques. Two different sample preparation methods (in situ and ex 
situ) and three different geometries (smooth parallel plate, cross-hatched par-
allel plate, and cone and plate) were compared. Strain-stiffening was observed 
when the slipping of the sample was suppressed using the in situ sample prep-
aration method together with the cross-hatched geometry. Further two different 
rheological protocols (strain amplitude sweep and pre-strain protocol) were 
used to analyze the strain-stiffening. The same scaling exponent of G0 and σc ~ 
c3 was observed regardless of the protocol. However, the differential modulus 
was slightly different for the strain sweep (K ~ σ0.8) compared to the pre-strain 
protocol (K ~ σ1). Strain-stiffening started almost at the same strain level with 
all concentrations. Finally, we showed the negative normal force of the agarose 
hydrogels. 

Agarose fibers at sparse regions of the network were semiflexible, which can 
partly explain the origin of the strain-stiffening and the negative normal force. 
More importantly, fibers at dense regions of the networks were rather stiff and 
network connectivity was z≈3, independent of the concentration. Hence, the 
origin of the strain-stiffening at dense parts can be explained by the low network 
connectivity that controls the onset of the stiffening. During deformation, water 
efflux was observed, which can give rise for the negative normal force. These 
findings can provide new potential applications for agarose hydrogels, espe-
cially in biomedical applications that mimic the properties of natural strain-
stiffening tissues. Further, understanding the origin of the strain-stiffening is 
significant in the field since such behavior has earlier been shown mostly with 
protein-based materials. Information on the strain-stiffening in polysaccharide 
hydrogels can offer new tools to design synthetic strain-stiffening materials in 
the future.  

In Publication V, various hydrogels including agarose, alginate, Growdex, 
Matrigel, collagen, egg white, and ovomucin were used as 3D matrices in pa-
tient-derived breast cancer explant culturing (PDEC). Matrices were used to 
study their ability to preserve the luminal phenotype and expression of estrogen 
hormone receptor (ERα) in human and mice cells. Bioinert matrices including 
agarose, alginate, egg white and ovomucin were obtained to maintain luminal 
cell identity, whereas Matrigel, collagen and Growdex promoted transformation 
to basal cells. ERα was found to be expressed in stiff agarose hydrogels (G’ < 10 
kPa) in mice cells. However, human cells required an external force to create 
pressure enough (G’~115 kPa) to maintain the expression of the hormone recep-
tor. The patent application related to these results was filed in April 2020. These 
significant findings can provide 3D-culturing platforms to develop new hor-
mone therapies against breast cancer, as well as personal drug screening ex 
vivo.  



51 

References 

 

(1)  Ensikat, H. J.; Ditsche-Kuru, P.; Neinhuis, C.; Barthlott, W. 
Superhydrophobicity in Perfection: The Outstanding Properties of the Lotus 
Leaf. Beilstein J. Nanotechnol. 2011, 2, 152–161. 

(2)  Aizenberg, J.; Fratzl, P. Biological and Biomimetic Materials. Adv. Mater. 2009, 
21, 387–388. 

(3)  Bar-Cohen, Y. Biomimetics - Using Nature to Inspire Human Innovation. 
Bioinspiration and Biomimetics. Bioinspir Biomim March 1, 2006. 

(4)  Wegst, U. G. K.; Bai, H.; Saiz, E.; Tomsia, A. P.; Ritchie, R. O. Bioinspired 
Structural Materials. Nat. Mater. 2015, 14, 23–36. 

(5)  Yu, K.; Fan, T.; Lou, S.; Zhang, D. Biomimetic Optical Materials: Integration of 
Nature’s Design for Manipulation of Light. Progress in Materials Science. 
Elsevier Ltd July 1, 2013, pp 825–873. 

(6)  Lehn, J.-M. Supramolecular Chemistry: Concepts and Perspective; VCH: New 
York, 1995. 

(7)  Yue, B. Biology of the Extracellular Matrix: An Overview. Journal of Glaucoma. 
Lippincott Williams and Wilkins December 10, 2014, pp S20–S23. 

(8)  Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. The Self-
Assembly and Dynamic Structure of Cytoskeletal Filaments. 2002. 

(9)  Batista, R. A.; Espitia, P. J. P.; Quintans, J. de S. S.; Freitas, M. M.; Cerqueira, 
M. Â.; Teixeira, J. A.; Cardoso, J. C. Hydrogel as an Alternative Structure for 
Food Packaging Systems. Carbohydrate Polymers. Elsevier Ltd February 1, 
2019, pp 106–116. 

(10)  Klein, M.; Poverenov, E. Natural Biopolymer‐based Hydrogels for Use in Food 
and Agriculture. J. Sci. Food Agric. 2020, 100, 2337–2347. 

(11)  Smagin, Andrey Sadovnikova, Nadezhda Smagina, M. Synthetic Gel Structures 
in Soils for Sustainable Potato Farming. Sci. Rep. 2019, 9, 18588. 

(12)  Wen, J. H.; Vincent, L. G.; Fuhrmann, A.; Choi, Y. S.; Hribar, K. C.; Taylor-
Weiner, H.; Chen, S.; Engler, A. J. Interplay of Matrix Stiffness and Protein 
Tethering in Stem Cell Differentiation. Nat. Mater. 2014, 13, 979–987. 

(13)  Park, N.; Kim, J. Hydrogel‐Based Artificial Muscles: Overview and Recent 
Progress. Adv. Intell. Syst. 2020, 2, 1900135. 

(14)  Li, J.; Mooney, D. J. Designing Hydrogels for Controlled Drug Delivery. Nature 
Reviews Materials. Nature Publishing Group October 18, 2016, pp 1–17. 

(15)  Jung, I. Y.; Kim, J. S.; Choi, B. R.; Lee, K.; Lee, H. Hydrogel Based Biosensors 



 

52 

for In Vitro Diagnostics of Biochemicals, Proteins, and Genes. Adv. Healthc. 
Mater. 2017, 6, 1601475. 

(16)  Biswas, A.; Bayer, I. S.; Biris, A. S.; Wang, T.; Dervishi, E.; Faupel, F. Advances 
in Top-down and Bottom-up Surface Nanofabrication: Techniques, Applications 
& Future Prospects. Advances in Colloid and Interface Science. Elsevier January 
15, 2012, pp 2–27. 

(17)  Zhang, S. Building from the Bottom Up. Materials Today. Elsevier May 1, 2003, 
pp 20–27. 

(18)  Vincent, J. F. .; Bogatyreva, O. A.; Bogatyrev, N. R.; Bowyer, A.; Pahl, A.-K. 
Biomimetics: Its Practice and Theory. J. R. Soc. Interface 2006, 3, 471–482. 

(19)  Cohen, M. A. S.; Huck, W. T. S.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; 
Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban, M.; et al. Emerging 
Applications of Stimuli-Responsive Polymer Materials. Nat. Mater. 2010, 9, 
101–113. 

(20)  Ikkala, O.; Ten Brinke, G. Functional Materials Based on Self-Assembly of 
Polymeric Supramolecules. Science. VCH March 29, 2002, pp 2407–2409. 

(21)  Yao, C.; Wang, X.; Liu, G.; Hu, J.; Liu, S. Distinct Morphological Transitions of 
Photoreactive and Thermoresponsive Vesicles for Controlled Release and 
Nanoreactors. Macromolecules 2016, 49, 8282–8295. 

(22)  Klaikherd, A.; Nagamani, C.; Thayumanavan, S. Multi-Stimuli Sensitive 
Amphiphilic Block Copolymer Assemblies. J. Am. Chem. Soc. 2009, 131, 4830–
4838. 

(23)  Rinaudo, M. Main Properties and Current Applications of Some Polysaccharides 
as Biomaterials. Polym. Int. 2008, 57, 397–430. 

(24)  Buffi, N.; Merulla, D.; Beutier, J.; Barbaud, F.; Beggah, S.; Van Lintel, H.; 
Renaud, P.; Roelof Van Der Meer, J. Development of a Microfluidics Biosensor 
for Agarose-Bead Immobilized Escherichia Coli Bioreporter Cells for Arsenite 
Detection in Aqueous Samples. Lab Chip 2011, 11, 2369–2377. 

(25)  Saha, D.; Bhattacharya, S. Hydrocolloids as Thickening and Gelling Agents in 
Food: A Critical Review. Journal of Food Science and Technology. Springer 
December 2010, pp 587–597. 

(26)  Bahram, M.; Mohseni, N.; Moghtader, M. An Introduction to Hydrogels and 
Some Recent Applications. In Emerging Concepts in Analysis and Applications 
of Hydrogels; InTech, 2016. 

(27)  Storm, C.; Pastore, J. J.; MacKintosh, F. C.; Lubensky, T. C.; Janmey, P. A. 
Nonlinear Elasticity in Biological Gels. Nature 2005, 435, 191–194. 

(28)  Janmey, P. A.; McCormick, M. E.; Rammensee, S.; Leight, J. L.; Georges, P. C.; 
MacKintosh, F. C. Negative Normal Stress in Semiflexible Biopolymer Gels. Nat. 
Mater. 2007, 6, 48–51. 

(29)  McNaught, A. .; Wilkinson, A. IUPAC Compendium of Chemical Terminology; 
Blackwell Scientific Publications: Oxford, 1997. 

(30)  Mattia, E.; Otto, S. Supramolecular Systems Chemistry. Nature 
Nanotechnology. Nature Publishing Group January 1, 2015, pp 111–119. 

(31)  Steed, J. W.; Atwook, J. L. Supramolecular Chemistry, Second Edition.; Wiley:  
Wiltshire, 2009. 

(32)  Muthukumar, M.; Ober, C. K.; Thomas, E. L. Competing Interactions and Levels 
of Ordering in Self-Organizing Polymeric Materials. Science (80-. ). 1997, 277, 
1225–1232. 



Conclusion 

53 

(33)  Appel, E. A.; Dyson, J.; del Barrio, J.; Walsh, Z.; Scherman, O. A. Formation of 
Single-Chain Polymer Nanoparticles in Water through Host-Guest Interactions. 
Angew. Chemie Int. Ed. 2012, 51, 4185–4189. 

(34)  Liang, Y.; Hilal, N.; Langston, P.; Starov, V. Interaction Forces between Colloidal 
Particles in Liquid: Theory and Experiment. Advances in Colloid and Interface 
Science. Elsevier October 31, 2007, pp 151–166. 

(35)  Amabilino, D. B.; Smith, D. K.; Steed, J. W. Supramolecular Materials. Chemical 
Society Reviews. Royal Society of Chemistry May 7, 2017, pp 2404–2420. 

(36)  Sijbesma, R. P.; Meijer, E. W. Quadruple Hydrogen Bonded Systems. Chemical 
Communications. Royal Society of Chemistry January 1, 2003, pp 5–16. 

(37)  Appel, E. A.; del Barrio, J.; Loh, X. J.; Scherman, O. A. Supramolecular 
Polymeric Hydrogels. Chem. Soc. Rev. 2012, 41, 6195–6214. 

(38)  Mammen, M.; Choi, S.-K.; Whitesides, G. M. Polyvalent Interactions in 
Biological Systems: Implications for Design and Use of Multivalent Ligands and 
Inhibitors. Angew. Chemie Int. Ed. 1998, 37, 2754–2794. 

(39)  Steed, J. W.; Turner, D. R.; Wallace, K. J. Core Concepts in Supramolecular 
Chemistry and Nanochemistry, 1 st.; Wiley, 2007. 

(40)  Klok, H.-A.; Lecommandoux, S. Supramolecular Materials via Block Copolymer 
Self-Assembly. Adv. Mater. 2001, 13, 1217. 

(41)  Bates, F. S.; Fredrickson, G. H. Block Copolymers—Designer Soft Materials. 
Phys. Today 1999, 52, 32–38. 

(42)  Riess, G. Micellization of Block Copolymers. Progress in Polymer Science 
(Oxford). Pergamon July 1, 2003, pp 1107–1170. 

(43)  Löbling, T. I.; Borisov, O.; Haataja, J. S.; Ikkala, O.; Gröschel, A. H.; Müller, A. 
H. E. Rational Design of ABC Triblock Terpolymer Solution Nanostructures with 
Controlled Patch Morphology. Nat. Commun. 2016, 7, 1–10. 

(44)  Hiekkataipale, P.; Löbling, T. I.; Poutanen, M.; Priimagi, A.; Abetz, V.; Ikkala, 
O.; Gröschel, A. H. Final Draft Controlling the Shape of Janus Nanostructures 
through Supramolecular Modification of ABC Terpolymer Bulk Morphologies. 

(45)  Alexandridis, P.; Lindman, B. Amphiphilic Block Copolymers; Elsevier, 
Amsterdam, 2000. 

(46)  Thomas, E. L.; Anderson, D. M.; Henkee, C. S.; Hoffman, D. Periodic Area-
Minimizing Surfaces in Block Copolymers. Nature 1988, 334, 598–601. 

(47)  Bates, F. S. Polymer-Polymer Phase Behavior. Science (80-. ). 1991, 4996, 898–
905. 

(48)  Zhang, L.; Yu, K.; Eisenberg, A. Ion-Induced Morphological Changes in “crew-
Cut” Aggregates of Amphiphilic Block Copolymers. Science (80-. ). 1996, 272, 
1777–1779. 

(49)  Zhang, L.; Eisenberg, A. Multiple Morphologies of “Crew-Cut” Aggregates of 
Polystyrene-b-Poly(Acrylic Acid) Block Copolymers. Science (80-. ). 1995, 268, 
1728–1731. 

(50)  Van Hest, J. C. M.; Delnoye, D. A. P.; Baars, M. W. P. L.; Van Genderen, M. H. 
P.; Meijer, E. W. Polystyrene-Dendrimer Amphiphilic Block Copolymers with a 
Generation-Dependent Aggregation. Science (80-. ). 1995, 268, 1592–1595. 

(51)  Mai, Y.; Eisenberg, A. Self-Assembly of Block Copolymers. Chem. Soc. Rev. 
2012, 41, 5969–5985. 



 

54 

(52)  Virtanen, E.; Kolehmainen, E. Use of Bile Acids in Pharmacological and 
Supramolecular Applications. European J. Org. Chem. 2004, 2004, 3385–
3399. 

(53)  Giguère, G.; Zhu, X. X. Functional Star Polymers with a Cholic Acid Core and 
Their Thermosensitive Properties. Biomacromolecules 2010, 11, 201–206. 

(54)  Hofmann, A. F. The Continuing Importance of Bile Acids in Liver and Intestinal 
Disease. Archives of Internal Medicine. Arch Intern Med December 27, 1999, pp 
2647–2658. 

(55)  Mukhopadhyay, S.; Maitra, U. Chemistry and Biology of Bile Acids. Curr. Sci. 
2004, 87. 

(56)  Enhsen, A.; Kramer, W.; Wess, G. Bile Acids in Drug Discovery. Drug Discovery 
Today. Elsevier Current Trends September 1, 1998, pp 409–418. 

(57)  Hofmann, A. F. Bile Acids as Drugs: Principles, Mechanisms of Action and 
Formulations - PubMed. Ital J Gastroenterol   1992, 27, 106–113. 

(58)  Criado, J. J.; Manzano, J. L.; Rodríguez-Fernández, E. New Organotropic 
Compounds: Synthesis, Characterization and Reactivity of Pt(II) and Au(III) 
Complexes with Bile Acids: DNA Interactions and “in Vitro” Anticancer Activity. 
J. Inorg. Biochem. 2003, 96, 311–320. 

(59)  Janout, V.; Di Giorgio, C.; Regen, S. L. Molecular Umbrella-Assisted Transport 
of a Hydrophilic Peptide across a Phospholipid Membrane [14]. Journal of the 
American Chemical Society.  American Chemical Society  March 22, 2000, pp 
2671–2672. 

(60)  Blagbrough, I. S.; Al-Hadithi, D.; Geall, A. J. Cheno-, Urso- and Deoxycholic Acid 
Spermine Conjugates: Relative Binding Affinities for Calf Thymus DNA. 
Tetrahedron 2000, 56, 3439–3447. 

(61)  Berlati, F.; Ceschel, G.; Clerici, C.; Pellicciari, R.; Roda, A.; Ronchi, C. Use of Bile 
Acids as Antiviral Agents, 1994. 

(62)  Gauthier, M. A.; Simard, P.; Zhang, Z.; Zhu, X. . Bile Acids as Constituents for 
Dental Composites: In Vitro Cytotoxicity of (Meth)Acrylate and Other Ester 
Derivatives of Bile Acids. J. R. Soc. Interface 2007, 4, 1145–1150. 

(63)  Kritchevsky, D.; Nair, P. P. The Bile Acids, Chemistry, Physiology, and 
Metabolism: Volume 2: Physiology ... - Google Books; Plenum,: New York, 1979. 

(64)  Schefer, L.; Sánchez-Ferrer, A.; Adamcik, J.; Mezzenga, R. Resolving Self-
Assembly of Bile Acids at the Molecular Length Scale. Langmuir 2012, 28, 
5999–6005. 

(65)  Alcalde, M. A.; Jover, A.; Meijide, F.; Galantini, L.; Pavel, N. V.; Antelo, A.; Tato, 
J. V. Synthesis and Characterization of a New Gemini Surfactant Derived from 
3α,12α-Dihydroxy-5β-Cholan-24-Amine (Steroid Residue) and 
Ethylenediamintetraacetic Acid (Spacer). Langmuir 2008, 24, 6060–6066. 

(66)  Terech, P.; De Geyer, A.; Struth, B.; Talmon, Y. Self-Assembled Monodisperse 
Steroid Nanotubes in Water. Adv. Mater. 2002, 14, 495–498. 

(67)  Terech, P.; Velu, S. K. P.; Pernot, P.; Wiegart, L. Salt Effects in the Formation of 
Self-Assembled Lithocholate Helical Ribbons and Tubes. J. Phys. Chem. B 2012, 
116, 11344–11355. 

(68)  Tamhane, K.; Zhang, X.; Zou, J.; Fang, J. Assembly and Disassembly of Tubular 
Spherulites. Soft Matter 2010, 6, 1224–1228. 

(69)  Myllymäki, T. T. T.; Nonappa; Yang, H.; Liljeström, V.; Kostiainen, M. A.; Malho, 
J. M.; Zhu, X. X.; Ikkala, O. Hydrogen Bonding Asymmetric Star-Shape 



Conclusion 

55 

Derivative of Bile Acid Leads to Supramolecular Fibrillar Aggregates That Wrap 
into Micrometer Spheres. Soft Matter 2016, 12, 7159–7165. 

(70)  Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. 
K. K.; Lange, R. F. M.; Lowe, J. K. L.; Meijer, E. W. Reversible Polymers Formed 
from Self-Complementary Monomers Using Quadruple Hydrogen Bonding. 
Science (80-. ). 1997, 278, 1601–1604. 

(71)  Beijer, F. H.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E. W. Strong 
Dimerization of Ureidopyrimidones via Quadruple Hydrogen Bonding. J. Am. 
Chem. Soc. 1998, 120, 6761–6769. 

(72)  Biyani, M. V.; Foster, E. J.; Weder, C. Light-Healable Supramolecular 
Nanocomposites Based on Modified Cellulose Nanocrystals. ACS Macro Lett. 
2013, 2, 236–240. 

(73)  McKee, J. R.; Huokuna, J.; Martikainen, L.; Karesoja, M.; Nykänen, A.; Kontturi, 
E.; Tenhu, H.; Ruokolainen, J.; Ikkala, O. Molecular Engineering of Fracture 
Energy Dissipating Sacrificial Bonds Into Cellulose Nanocrystal 
Nanocomposites. Angew. Chemie Int. Ed. 2014, 53, n/a-n/a. 

(74)  Xu, J. F.; Niu, L. Y.; Chen, Y. Z.; Wu, L. Z.; Tung, C. H.; Yang, Q. Z. Hydrogen 
Bonding Directed Self-Assembly of Small-Molecule Amphiphiles in Water. Org. 
Lett. 2014, 16, 4016–4019. 

(75)  Guo, M.; Pitet, L. M.; Wyss, H. M.; Vos, M.; Dankers, P. Y. W.; Meijer, E. W. 
Tough Stimuli-Responsive Supramolecular Hydrogels with Hydrogen-Bonding 
Network Junctions. J. Am. Chem. Soc. 2014, 136, 6969–6977. 

(76)  Kushner, A. M.; Gabuchian, V.; Johnson, E. G.; Guan, Z. Biomimetic Design of 
Reversibly Unfolding Cross-Linker to Enhance Mechanical Properties of 3D 
Network Polymers. J. Am. Chem. Soc. 2007, 129, 14110–14111. 

(77)  Kieltyka, R. E.; Pape, A. C. H.; Albertazzi, L.; Nakano, Y.; Bastings, M. M. C.; 
Voets, I. K.; Dankers, P. Y. W.; Meijer, E. W. Mesoscale Modulation of 
Supramolecular Ureidopyrimidinone-Based Poly(Ethylene Glycol) Transient 
Networks in Water. J. Am. Chem. Soc. 2013, 135, 11159–11164. 

(78)  Bosman, A. W.; Sijbesma, R. P.; Meijer, E. W. Supramolecular Polymers at Work. 
Mater. Today 2004, 7, 34–39. 

(79)  Hentschel, J.; Kushner, A. M.; Ziller, J.; Guan, Z. Self-Healing Supramolecular 
Block Copolymers. Angew. Chemie - Int. Ed. 2012, 51, 10561–10565. 

(80)  Wietor, J. L.; Dimopoulos, A.; Govaert, L. E.; Van Benthem, R. A. T. M.; De With, 
G.; Sijbesma, R. P. Preemptive Healing through Supramolecular Cross-Links. 
Macromolecules 2009, 42, 6640–6646. 

(81)  Ware, T.; Hearon, K.; Lonnecker, A.; Wooley, K. L.; Maitland, D. J.; Voit, W. 
Triple-Shape Memory Polymers Based on Self-Complementary Hydrogen 
Bonding. Macromolecules 2012, 45, 1062–1069. 

(82)  Li, J.; Viveros, J. A.; Wrue, M. H.; Anthamatten, M. Shape-Memory Effects in 
Polymer Networks Containing Reversibly Associating Side-Groups. Adv. Mater. 
2007, 19, 2851–2855. 

(83)  El-Ghayoury, A.; Peeters, E.; Schenning, A. P. H. J.; Meijer, E. W. Quadruple 
Hydrogen Bonded Oligo(p-Phenylene Vinylene) Dimers. Chem. Commun 
2000. 

(84)  Blight, B. A.; Hunter, C. A.; Leigh, D. A.; McNab, H.; Thomson, P. I. T. An AAAA-
DDDD Quadruple Hydrogen-Bond Array. Nat. Chem. 2011, 3, 244–248. 

(85)  Jorgensen, W. L.; Pranata, J. Importance of Secondary Interactions in Triply 
Hydrogen Bonded Complexes: Guanine-Cytosine vs Uracil-2,6-



 

56 

Diaminopyndine. J. Am. Chem. Soc. 1990, 112, 2008–2010. 

(86)  Söntjens, S. H. M.; Sijbesma, R. P.; Van Genderen, M. H. P.; Meijer, E. W. 
Stability and Lifetime of Quadruply Hydrogen Bonded 2-Ureido-4[1H]-
Pyrimidinone Dimers. J. Am. Chem. Soc. 2000, 122, 7487–7493. 

(87)  Ramaekers, M.; De Feijter, I.; Bomans, P. H. H.; Sommerdijk, N. A. J. M.; 
Dankers, P. Y. W.; Meijer, E. W. Self-Assembly of Chiral Supramolecular Ureido-
Pyrimidinone-Based Poly(Ethylene Glycol) Polymers via Multiple Pathways. 
Macromolecules 2014, 47, 3823–3828. 

(88)  Li, Y.; Gao, G. H.; Lee, D. S. Stimulus-Sensitive Polymeric Nanoparticles and 
Their Applications as Drug and Gene Carriers. Adv. Healthc. Mater. 2013, 2, 
388–417. 

(89)  De las Heras Alarcón, C.; Pennadam, S.; Alexander, C. Stimuli Responsive 
Polymers for Biomedical Applications. Chem. Soc. Rev. 2005, 34, 276–285. 

(90)  Paula de Almeida, M. J.; Vaessen, S.; Tagit, O.; Portale, G.; Rowan, A. E.; 
Kouwer, P. H. J. Cytoskeletal Stiffening in Synthetic Hydrogels. Nat. Commun. 
2019, 10, 609. 

(91)  Fernández-Castano Romera, M.; Göstl, R.; Shaikh, H.; Ter Huurne, G.; Schill, J.; 
Voets, I. K.; Storm, C.; Sijbesma, R. P. Mimicking Active Biopolymer Networks 
with a Synthetic Hydrogel. J. Am. Chem. Soc. 2019, 141, 1989–1997. 

(92)  Kim, Y. J.; Matsunaga, Y. T. Thermo-Responsive Polymers and Their 
Application as Smart Biomaterials. Journal of Materials Chemistry B. Royal 
Society of Chemistry June 14, 2017, pp 4307–4321. 

(93)  Zhang, Q.; Weber, C.; Schubert, U. S.; Hoogenboom, R. Thermoresponsive 
Polymers with Lower Critical Solution Temperature: From Fundamental 
Aspects and Measuring Techniques to Recommended Turbidimetry Conditions. 
Materials Horizons. Royal Society of Chemistry March 1, 2017, pp 109–116. 

(94)  Ieong, N. S.; Hasan, M.; Phillips, D. J.; Saaka, Y.; O’Reilly, R. K.; Gibson, M. I. 
Polymers with Molecular Weight Dependent LCSTs Are Essential for 
Cooperative Behaviour. Polym. Chem. 2012, 3, 794–799. 

(95)  Hoogenboom, R.; Thijs, H. M. L.; Jochems, M. J. H. C.; Van Lankvelt, B. M.; 
Fijten, M. W. M.; Schubert, U. S. Tuning the LCST of Poly(2-Oxazoline)s by 
Varying Composition and Molecular Weight: Alternatives to Poly(N-
Isopropylacrylamide)? Chem. Commun. 2008, No. 44, 5758–5760. 

(96)  Zhang, Y.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. Specific Ion Effects on the 
Water Solubility of Macromolecules: PNIPAM and the Hofmeister Series. J. Am. 
Chem. Soc. 2005, 127, 14505–14510. 

(97)  Sivudu, K. S.; Rhee, K. Y. Preparation and Characterization of PH-Responsive 
Hydrogel Magnetite Nanocomposite. Colloids Surfaces A Physicochem. Eng. 
Asp. 2009, 349, 29–34. 

(98)  Popescu, M. T.; Mourtas, S.; Pampalakis, G.; Antimisiaris, S. G.; Tsitsilianis, C. 
PH-Responsive Hydrogel/Liposome Soft Nanocomposites for Tuning Drug 
Release. Biomacromolecules 2011, 12, 3023–3030. 

(99)  Li, H.; Go, G.; Ko, S. Y.; Park, J. O.; Park, S. Magnetic Actuated PH-Responsive 
Hydrogel-Based Soft Micro-Robot for Targeted Drug Delivery. Smart Mater. 
Struct. 2016, 25, 027001. 

(100)  Lee, Y.; Song, W. J.; Sun, J. Y. Hydrogel Soft Robotics. Materials Today Physics. 
Elsevier Ltd December 1, 2020, p 100258. 

(101)  Yuk, H.; Lin, S.; Ma, C.; Takaffoli, M.; Fang, N. X.; Zhao, X. Hydraulic Hydrogel 
Actuators and Robots Optically and Sonically Camouflaged in Water. Nat. 



Conclusion 

57 

Commun. 2017, 8, 1–12. 

(102)  Zhang, H.; Zeng, H.; Priimagi, A.; Ikkala, O. Programmable Responsive 
Hydrogels Inspired by Classical Conditioning Algorithm. 2019, 10, 3267. 

(103)  Alemán, J.; Chadwick, A. V.; He, J.; Hess, M.; Horie, K.; Jones, R. G.; Kratochvíl, 
P.; Meisel, I.; Mita, I.; Moad, G.; et al. Definitions of Terms Relating to the 
Structure and Processing of Sols, Gels, Networks, and Inorganic-Organic Hybrid 
Materials (IUPAC Recommendations 2007). Pure Appl. Chem. 2007, 79, 1801–
1829. 

(104)  Larson, R. G. The Structure and Rheology of Complex Fluids; Oxford University 
Press, 1998. 

(105)  Hacker, M.; Mikos, A. Principles of Regenerative Medicine - 2nd Edition, 
second.; 2011. 

(106)  Hough, L. A.; Islam, M. F.; Janmey, P. A.; Yodh, A. G. Viscoelasticity of Single 
Wall Carbon Nanotube Suspensions. Phys. Rev. Lett. 2004, 93, 168102. 

(107)  Wen, Q.; Basu, A.; Janmey, P. A.; Yodh, A. G. Non-Affine Deformations in 
Polymer Hydrogels. Soft Matter. Royal Society of Chemistry August 21, 2012, pp 
8039–8049. 

(108)  Taylor, D. L.; in het Panhuis, M. Self-Healing Hydrogels. Advanced Materials. 
Wiley-VCH Verlag November 2, 2016, pp 9060–9093. 

(109)  Campanella, A.; Döhler, D.; Binder, W. H. Self-Healing in Supramolecular 
Polymers. Macromolecular Rapid Communications. Wiley-VCH Verlag 
September 1, 2018. 

(110)  Appel, E. A.; Loh, X. J.; Jones, S. T.; Biedermann, F.; Dreiss, C. A.; Scherman, O. 
A. Ultrahigh-Water-Content Supramolecular Hydrogels Exhibiting Multistimuli 
Responsiveness. J. Am. Chem. Soc. 2012, 134, 11767–11773. 

(111)  Appel, E. A.; Biedermann, F.; Rauwald, U.; Jones, S. T.; Zayed, J. M.; Scherman, 
O. A. Supramolecular Cross-Linked Networks via Host-Guest Complexation 
with Cucurbit[8]Uril. J. Am. Chem. Soc. 2010, 132, 14251–14260. 

(112)  McKee, J. R.; Appel, E. A.; Seitsonen, J.; Kontturi, E.; Scherman, O. A.; Ikkala, 
O. Healable, Stable and Stiff Hydrogels: Combining Conflicting Properties Using 
Dynamic and Selective Three-Component Recognition with Reinforcing 
Cellulose Nanorods. Adv. Funct. Mater. 2014, 24, 2706–2713. 

(113)  Shao, C.; Wang, M.; Meng, L.; Chang, H.; Wang, B.; Xu, F.; Yang, J.; Wan, P. 
Mussel-Inspired Cellulose Nanocomposite Tough Hydrogels with Synergistic 
Self-Healing, Adhesive, and Strain-Sensitive Properties. Chem. Mater. 2018, 
30, 3110–3121. 

(114)  Zhang, R.; Yan, T.; Lechner, B. D.; Schröter, K.; Liang, Y.; Li, B.; Furtado, F.; 
Sun, P.; Saalwächter, K. Heterogeneity, Segmental and Hydrogen Bond 
Dynamics, and Aging of Supramolecular Self-Healing Rubber. Macromolecules 
2013, 46, 1841–1850. 

(115)  Bode, S.; Zedler, L.; Schacher, F. H.; Dietzek, B.; Schmitt, M.; Popp, J.; Hager, 
M. D.; Schubert, U. S. Self-Healing Polymer Coatings Based on Crosslinked 
Metallosupramolecular Copolymers. Adv. Mater. 2013, 25, 1634–1638. 

(116)  Talebian, S.; Mehrali, M.; Taebnia, N.; Pennisi, C. P.; Kadumudi, F. B.; Foroughi, 
J.; Hasany, M.; Nikkhah, M.; Akbari, M.; Orive, G.; et al. Self-Healing Hydrogels: 
The Next Paradigm Shift in Tissue Engineering? Advanced Science. John Wiley 
and Sons Inc. August 1, 2019. 

(117)  Saunders, L.; Ma, P. X. Self-Healing Supramolecular Hydrogels for Tissue 
Engineering Applications. Macromolecular Bioscience. Wiley-VCH Verlag 



 

58 

January 1, 2019. 

(118)  Guvendiren, M.; Lu, H. D.; Burdick, J. A. Shear-Thinning Hydrogels for 
Biomedical Applications. Soft Matter. The Royal Society of Chemistry January 
14, 2012, pp 260–272. 

(119)  Huynh, C. T.; Nguyen, M. K.; Lee, D. S. Injectable Block Copolymer Hydrogels: 
Achievements and Future Challenges for Biomedical Applications. 
Macromolecules. American Chemical Society September 13, 2011, pp 6629–
6636. 

(120)  Domingues, R. M. A.; Silva, M.; Gershovich, P.; Betta, S.; Babo, P.; Caridade, S. 
G.; Mano, J. F.; Motta, A.; Reis, R. L.; Gomes, M. E. Development of Injectable 
Hyaluronic Acid/Cellulose Nanocrystals Bionanocomposite Hydrogels for 
Tissue Engineering Applications. Bioconjug. Chem. 2015, 26, 1571–1581. 

(121)  Stile, R. A.; Burghardt, W. R.; Healy, K. E. Synthesis and Characterization of 
Injectable Poly(N-Isopropylacrylamide)-Based Hydrogels That Support Tissue 
Formation in Vitro. Macromolecules 1999, 32, 7370–7379. 

(122)  Ruel-Gariépy, E.; Leroux, J. C. In Situ-Forming Hydrogels - Review of 
Temperature-Sensitive Systems. European Journal of Pharmaceutics and 
Biopharmaceutics. Elsevier September 1, 2004, pp 409–426. 

(123)  Chatterjee, S.; Hui, P. C. L.; Kan, C. wai. Thermoresponsive Hydrogels and Their 
Biomedical Applications: Special Insight into Their Applications in Textile Based 
Transdermal Therapy. Polymers. MDPI AG April 27, 2018. 

(124)  Jeong, B.; Kim, S. W.; Bae, Y. H. Thermosensitive Sol-Gel Reversible Hydrogels. 
Advanced Drug Delivery Reviews. Elsevier December 1, 2012, pp 154–162. 

(125)  Zhang, X.; Xu, X.; Chen, L.; Zhang, C.; Liao, L. Multi-Responsive Hydrogel 
Actuator with Photo-Switchable Color Changing Behaviors. Dye. Pigment. 
2020, 174, 108042. 

(126)  Kettunen, M.; Silvennoinen, R. J.; Houbenov, N.; Nykänen, A.; Ruokolainen, J.; 
Sainio, J.; Pore, V.; Kemell, M.; Ankerfors, M.; Lindström, T.; et al. 
Photoswitchable Superabsorbency Based on Nanocellulose Aerogels. Adv. 
Funct. Mater. 2011, 21, 510–517. 

(127)  Sun, X.; Yao, F.; Li, J. Nanocomposite Hydrogel-Based Strain and Pressure 
Sensors: A Review. Journal of Materials Chemistry A. Royal Society of 
Chemistry September 28, 2020, pp 18605–18623. 

(128)  Wang, Z.; Cong, Y.; Fu, J. Stretchable and Tough Conductive Hydrogels for 
Flexible Pressure and Strain Sensors. Journal of Materials Chemistry B. Royal 
Society of Chemistry April 28, 2020, pp 3437–3459. 

(129)  Wu, C. H.; Sun, M. K.; Shieh, J.; Chen, C. S.; Huang, C. W.; Dai, C. A.; Chang, S. 
W.; Chen, W. S.; Young, T. H. Ultrasound-Responsive NIPAM-Based Hydrogels 
with Tunable Profile of Controlled Release of Large Molecules. Ultrasonics 
2018, 83, 157–163. 

(130)  Su, X.; Thomas, R. G.; Bharatula, L. D.; Kwan, J. J. Remote Targeted 
Implantation of Sound-Sensitive Biodegradable Multi-Cavity Microparticles 
with Focused Ultrasound. Sci. Rep. 2019, 9, 1–13. 

(131)  Liu, Z.; Liu, J.; Cui, X.; Wang, X.; Zhang, L.; Tang, P. Recent Advances on 
Magnetic Sensitive Hydrogels in Tissue Engineering. Frontiers in Chemistry. 
Frontiers Media S.A. March 6, 2020, p 124. 

(132)  Namdeo, M.; Bajpai, S. K.; Kakkar, S. Preparation of a Magnetic-Field-Sensitive 
Hydrogel and Preliminary Study of Its Drug Release Behavior. J. Biomater. Sci. 
Polym. Ed. 2009, 20, 1747–1761. 



Conclusion 

59 

(133)  Xu, L.; Qiu, L.; Sheng, Y.; Sun, Y.; Deng, L.; Li, X.; Bradley, M.; Zhang, R. 
Biodegradable PH-Responsive Hydrogels for Controlled Dual-Drug Release. J. 
Mater. Chem. B 2018, 6, 510–517. 

(134)  Westhaus, E.; Messersmith, P. B. Triggered Release of Calcium from Lipid 
Vesicles: A Bioinspired Strategy for Rapid Gelation of Polysaccharide and 
Protein Hydrogels. Biomaterials 2001, 22, 453–462. 

(135)  Huang, H.; Han, L.; Fu, X.; Wang, Y.; Yang, Z.; Pan, L.; Xu, M. Multiple Stimuli 
Responsive and Identifiable Zwitterionic Ionic Conductive Hydrogel for Bionic 
Electronic Skin. Adv. Electron. Mater. 2020, 6, 2000239. 

(136)  He, M.; Duan, B.; Xu, D.; Zhang, L. Moisture and Solvent Responsive 
Cellulose/SiO2 Nanocomposite Materials. Cellulose 2015, 22, 553–563. 

(137)  Wang, J.; Zhang, X.; Wang, A.; Hu, X.; Deng, L.; Lou, L.; Shen, H. The Synthesis 
and Simulations of Solvent-Responsive Bilayer Hydrogel. Polymer (Guildf). 
2020, 204, 122801. 

(138)  Downs, F. G.; Lunn, D. J.; Booth, M. J.; Sauer, J. B.; Ramsay, W. J.; Klemperer, 
R. G.; Hawker, C. J.; Bayley, H. Multi-Responsive Hydrogel Structures from 
Patterned Droplet Networks. Nat. Chem. 2020, 12, 363–371. 

(139)  Knipe, J. M.; Peppas, N. A. Multi-Responsive Hydrogels for Drug Delivery and 
Tissue Engineering Applications. Regen. Biomater. 2014, 1, 57–65. 

(140)  Ahmed, E. M. Hydrogel: Preparation, Characterization, and Applications: A 
Review. J. Adv. Res. 2015, 6, 105–121. 

(141)  Flory, P. J. Principles of Polymer Chemistry  - Google-Kirjat; Corrnell 
University Press, 1953. 

(142)  Pritchard, R. H.; Shery Huang, Y. Y.; Terentjev, E. M. Mechanics of Biological 
Networks: From the Cell Cytoskeleton to Connective Tissue. Soft Matter 2014, 
10, 1864–1884. 

(143)  Khodadadi Yazdi, M.; Taghizadeh, A.; Taghizadeh, M.; Stadler, F. J.; Farokhi, 
M.; Mottaghitalab, F.; Zarrintaj, P.; Ramsey, J. D.; Seidi, F.; Saeb, M. R.; et al. 
Agarose-Based Biomaterials for Advanced Drug Delivery. Journal of Controlled 
Release. Elsevier B.V. October 10, 2020, pp 523–543. 

(144)  Ghanbari Adivi, F.; Hashemi, P. Ultrafine Agarose-Coated Superparamagnetic 
Iron Oxide Nanoparticles (AC-SPIONs): A Promising Sorbent for Drug Delivery 
Applications. J. Iran. Chem. Soc. 2018, 15, 1145–1152. 

(145)  Rochas, C.; Lahaye, M. Average Molecular Weight and Molecular Weight 
Distribution of Agarose and Agarose-Type Polysaccharides. Carbohydr. Polym. 
1989, 10, 289–298. 

(146)  Wu, S.; Wang, W.; Yan, K.; Ding, F.; Shi, X.; Deng, H.; Du, Y. Electrochemical 
Writing on Edible Polysaccharide Films for Intelligent Food Packaging. 
Carbohydr. Polym. 2018, 186, 236–242. 

(147)  Weston, M.; Kuchel, R. P.; Chandrawati, R. Digital Analysis of Polydiacetylene 
Quality Tags for Contactless Monitoring of Milk. Anal. Chim. Acta 2021, 1148, 
238190. 

(148)  Zhao, G.; Xing, F.; Deng, S. A Disposable Amperometric Enzyme Immunosensor 
for Rapid Detection of Vibrio Parahaemolyticus in Food Based on 
Agarose/Nano-Au Membrane and Screen-Printed Electrode. Electrochem. 
commun. 2007, 9, 1263–1268. 

(149)  Seow, W. Y.; Hauser, C. A. E. Freeze-Dried Agarose Gels: A Cheap, Simple and 
Recyclable Adsorbent for the Purification of Methylene Blue from Industrial 
Wastewater. J. Environ. Chem. Eng. 2016, 4, 1714–1721. 



 

60 

(150)  Haziyamin, T.; Hamid, A.; Azzar, A. Investigation on Plasmid DNA Separation 
under Vacuum Suction Using Cellulose Generated and Polyethersulfone Ultra 
Filters ARTICLE INFO ABSTRACT. J. Appl. Pharm. Sci. 2017, 7, 46–050. 

(151)  Lee, P. Y.; Costumbrado, J.; Hsu, C. Y.; Kim, Y. H. Agarose Gel Electrophoresis 
for the Separation of DNA Fragments. J. Vis. Exp. 2012, No. 62, 3923. 

(152)  Borkenhagen, M.; Clémence, J. F.; Sigrist, H.; Aebischer, P. Three-Dimensional 
Extracellular Matrix Engineering in the Nervous System. J. Biomed. Mater. Res. 
1998, 40, 392–400. 

(153)  Salati, M. A.; Khazai, J.; Tahmuri, A. M.; Samadi, A.; Taghizadeh, A.; 
Taghizadeh, M.; Zarrintaj, P.; Ramsey, J. D.; Habibzadeh, S.; Seidi, F.; et al. 
Agarose-Based Biomaterials: Opportunities and Challenges in Cartilage Tissue 
Engineering. Polymers. MDPI AG May 1, 2020, p 1150. 

(154)  Grolman, J. M.; Singh, M.; Mooney, D. J.; Eriksson, E.; Nuutila, K. Antibiotic-
Containing Agarose Hydrogel for Wound and Burn Care. J. Burn Care Res. 
2019, 40, 900–906. 

(155)  Felfel, R. M.; Gideon-Adeniyi, M. J.; Zakir Hossain, K. M.; Roberts, G. A. F.; 
Grant, D. M. Structural, Mechanical and Swelling Characteristics of 3D Scaffolds 
from Chitosan-Agarose Blends. Carbohydr. Polym. 2019, 204, 59–67. 

(156)  López-Marcial, G. R.; Zeng, A. Y.; Osuna, C.; Dennis, J.; García, J. M.; O’Connell, 
G. D. Agarose-Based Hydrogels as Suitable Bioprinting Materials for Tissue 
Engineering. ACS Biomater. Sci. Eng. 2018, 4, 3610–3616. 

(157)  Varoni, E.; Tschon, M.; Palazzo, B.; Nitti, P.; Martini, L.; Rimondini, L. Agarose 
Gel as Biomaterial or Scaffold for Implantation Surgery: Characterization, 
Histological and Histomorphometric Study on Soft Tissue Response. Connect. 
Tissue Res. 2012, 53, 548–554. 

(158)  Stokols, S.; Tuszynski, M. H. Freeze-Dried Agarose Scaffolds with Uniaxial 
Channels Stimulate and Guide Linear Axonal Growth Following Spinal Cord 
Injury. Biomaterials 2006, 27, 443–451. 

(159)  Zarrintaj, P.; Manouchehri, S.; Ahmadi, Z.; Saeb, M. R.; Urbanska, A. M.; 
Kaplan, D. L.; Mozafari, M. Agarose-Based Biomaterials for Tissue Engineering. 
Carbohydrate Polymers. Elsevier Ltd May 1, 2018, pp 66–84. 

(160)  George, A.; Shah, P. A.; Shrivastav, P. S. Natural Biodegradable Polymers Based 
Nano-Formulations for Drug Delivery: A Review. International Journal of 
Pharmaceutics. Elsevier B.V. April 20, 2019, pp 244–264. 

(161)  Kim, C.; Jeong, D.; Kim, S.; Kim, Y.; Jung, S. Cyclodextrin Functionalized 
Agarose Gel with Low Gelling Temperature for Controlled Drug Delivery 
Systems. Carbohydr. Polym. 2019, 222, 115011. 

(162)  Marras-Marquez, T.; Peña, J.; Veiga-Ochoa, M. D. Agarose Drug Delivery 
Systems Upgraded by Surfactants Inclusion: Critical Role of the Pore 
Architecture. Carbohydr. Polym. 2014, 103, 359–368. 

(163)  Kolanthai, E.; Abinaya Sindu, P.; Thanigai Arul, K.; Sarath Chandra, V.; 
Manikandan, E.; Narayana Kalkura, S. Agarose Encapsulated Mesoporous 
Carbonated Hydroxyapatite Nanocomposites Powder for Drug Delivery. J. 
Photochem. Photobiol. B Biol. 2017, 166, 220–231. 

(164)  Parupudi, T.; Rahimi, R.; Ammirati, M.; Sundararajan, R.; Garner, A. L.; Ziaie, 
B. Fabrication and Characterization of Implantable Flushable Electrodes for 
Electric Field-Mediated Drug Delivery in a Brain Tissue-Mimic Agarose Gel. 
Electrophoresis 2018, 39, 2262–2269. 

(165)  Guo, J.; Zhang, R.; Zhang, L.; Cao, X. 4D Printing of Robust Hydrogels Consisted 
of Agarose Nanofibers and Polyacrylamide. ACS Macro Lett. 2018, 7, 442–446. 



Conclusion 

61 

(166)  Fan, R.; Piou, M.; Darling, E.; Cormier, D.; Sun, J.; Wan, J. Bio-Printing Cell-
Laden Matrigel-Agarose Constructs. J. Biomater. Appl. 2016, 31, 684–692. 

(167)  Shin, H. J. Agarose-Gel-Immobilized Recombinant Bacterial Biosensors for 
Simple and Disposable on-Site Detection of Phenolic Compounds. Appl. 
Microbiol. Biotechnol. 2012, 93, 1895–1904. 

(168)  Liu, A.; Chen, X.; Wang, K.; Wei, N.; Sun, Z.; Lin, X.; Chen, Y.; Du, M. 
Electrochemical DNA Biosensor Based on Aldehyde-Agarose Hydrogel Modified 
Glassy Carbon Electrode for Detection of PML/RARa Fusion Gene. Sensors 
Actuators, B Chem. 2011, 160, 1458–1463. 

(169)  Bertula, K.; Martikainen, L.; Munne, P.; Hietala, S.; Klefström, J.; Ikkala, O.; 
Nonappa. Strain-Stiffening of Agarose Gels. ACS Macro Lett. 2019, 8, 670–675. 

(170)  Ramzi, M.; Rochas, C.; Guenet, J. M. Structure-Properties Relation for Agarose 
Thermoreversible Gels in Binary Solvents. Macromolecules 1998, 31, 6106–
6111. 

(171)  Barrangou, L. M.; Daubert, C. R.; Foegeding, E. A. Textural Properties of Agarose 
Gels. I. Rheological and Fracture Properties. In Food Hydrocolloids; Elsevier, 
2006; Vol. 20, pp 184–195. 

(172)  Arnott, S.; Fulmer, A.; Scott, W. E.; Dea, I. C. M.; Moorhouse, R.; Rees, D. A. The 
Agarose Double Helix and Its Function in Agarose Gel Structure. J. Mol. Biol. 
1974, 90, 269–284. 

(173)  Norton, I. T.; Goodall, D. M.; Austen, K. R. J.; Morris, E. R.; Rees, D. A. 
Dynamics of Molecular Organization in Agarose Sulphate. Biopolymers 1986, 
25, 1009–1029. 

(174)  Guenet, J.-M.; Bru^let, A.; Rochas, C. Agarose Chain Conformation in the Sol 
State by Neutron Scattering. Int. J. Biol. Macromol. 1993, 15, 131–132. 

(175)  Foord, S. A.; Atkins, E. D. Y. New X‐ray Diffraction Results from Agarose: 
Extended Single Helix Structures and Implications for Gelation Mechanism. 
Biopolymers 1989, 28, 1345–1365. 

(176)  Rees, D. A. Structure, Conformation, and Mechanism in the Formation of 
Polysaccharide Gels and Networks. Adv. Carbohydr. Chem. Biochem. 1969, 24, 
267–332. 

(177)  Emanuele, A.; Di Stefano, L.; Giacomazza, D.; Trapanese, M.; Palma-Vittorelli, 
M. B.; Palma, M. U. Time-Resolved Study of Network Self-Organization from a 
Biopolymeric Solution. Biopolymers 1991, 31, 859–868. 

(178)  San Biagio, P. L.; Bulone, D.; Emanuele, A.; Palma-Vittorelli, M. B.; Palma, M. 
U. Spontaneous Symmetry-Breaking Pathways: Time-Resolved Study of Agarose 
Gelation. Food Hydrocoll. 1996, 10, 91–97. 

(179)  Pines, E.; Prins, W. Structure-Property Relations of Thermoreversible 
Macromolecular Hydrogels. Macromolecules 1973, 6, 888–895. 

(180)  Aymard, P.; Martin, D. R.; Plucknett, K.; Foster, T. J.; Clark, A. H.; Norton, I. T. 
Influence of Thermal History on the Structural and Mechanical Properties of 
Agarose Gels. Biopolymers 2001, 59, 131–144. 

(181)  Rüther, A.; Forget, A.; Roy, A.; Carballo, C.; Mießmer, F.; Dukor, R. K.; Nafie, L. 
A.; Johannessen, C.; Shastri, V. P.; Steffen, L. Unravelling a Direct Role for 
Polysaccharide b -Strands in the Higher Order Structure of Physical Hydrogels. 
Angewnadte Chemie Int. Ed. 2017, 56, 4603–4607. 

(182)  Mao, B.; Divoux, T.; Snabre, P. Normal Force Controlled Rheology Applied to 
Agar Gelation. J. Rheol. (N. Y. N. Y). 2016, 60, 473–489. 



 

62 

(183)  Frantz, C.; Stewart, K. M.; Weaver, V. M. The Extracellular Matrix at a Glance. 
Journal of Cell Science. The Company of Biologists Ltd December 15, 2010, pp 
4195–4200. 

(184)  Wozniak, M. A.; Chen, C. S. Mechanotransduction in Development: A Growing 
Role for Contractility. Nature Reviews Molecular Cell Biology. NIH Public 
Access January 2009, pp 34–43. 

(185)  Paszek, M. J.; Zahir, N.; Johnson, K. R.; Lakins, J. N.; Rozenberg, G. I.; Gefen, 
A.; Reinhart-King, C. A.; Margulies, S. S.; Dembo, M.; Boettiger, D.; et al. 
Tensional Homeostasis and the Malignant Phenotype. Cancer Cell 2005, 8, 
241–254. 

(186)  Paszek, M. J.; Weaver, V. M. The Tension Mounts: Mechanics Meets 
Morphogenesis and Malignancy. Journal of Mammary Gland Biology and 
Neoplasia. J Mammary Gland Biol Neoplasia October 2004, pp 325–342. 

(187)  Georges, P. C.; Hui, J. J.; Gombos, Z.; McCormick, M. E.; Wang, A. Y.; Uemura, 
M.; Mick, R.; Janmey, P. A.; Furth, E. E.; Wells, R. G. Increased Stiffness of the 
Rat Liver Precedes Matrix Deposition: Implications for Fibrosis. Am. J. Physiol. 
- Gastrointest. Liver Physiol. 2007, 293. 

(188)  Discher, D. E.; Janmey, P.; Wang, Y. L. Tissue Cells Feel and Respond to the 
Stiffness of Their Substrate. Science. Science November 18, 2005, pp 1139–1143. 

(189)  Lin, L.; Zhu, J.; Kottke-Marchant, K.; Marchant, R. E. Biomimetic-Engineered 
Poly (Ethylene Glycol) Hydrogel for Smooth Muscle Cell Migration. Tissue Eng. 
- Part A 2014, 20, 864–873. 

(190)  Bhattacharya, M.; Malinen, M. M.; Lauren, P.; Lou, Y. R.; Kuisma, S. W.; 
Kanninen, L.; Lille, M.; Corlu, A.; Guguen-Guillouzo, C.; Ikkala, O.; et al. 
Nanofibrillar Cellulose Hydrogel Promotes Three-Dimensional Liver Cell 
Culture. In Journal of Controlled Release; Elsevier, 2012; Vol. 164, pp 291–298. 

(191)  Tibbitt, M. W.; Anseth, K. S. Hydrogels as Extracellular Matrix Mimics for 3D 
Cell Culture. Biotechnology and Bioengineering. John Wiley & Sons, Ltd July 1, 
2009, pp 655–663. 

(192)  Lin, H.; Yin, C.; Mo, A.; Hong, G. Applications of Hydrogel with Special Physical 
Properties in Bone and Cartilage Regeneration. Materials (Basel). 2021, 14, 
235. 

(193)  Drury, J. L.; Mooney, D. J. Hydrogels for Tissue Engineering: Scaffold Design 
Variables and Applications. Biomaterials. Elsevier BV November 1, 2003, pp 
4337–4351. 

(194)  Lutolf, M. P.; Hubbell, J. A. Synthetic Biomaterials as Instructive Extracellular 
Microenvironments for Morphogenesis in Tissue Engineering. Nature 
Biotechnology. Nature Publishing Group January 1, 2005, pp 47–55. 

(195)  Qiu, Y.; Park, K. Environment-Sensitive Hydrogels for Drug Delivery. Advanced 
Drug Delivery Reviews. Elsevier December 31, 2001, pp 321–339. 

(196)  Sepantafar, M.; Maheronnaghsh, R.; Mohammadi, H.; Radmanesh, F.; Hasani-
sadrabadi, M. M.; Ebrahimi, M.; Baharvand, H. Engineered Hydrogels in Cancer 
Therapy and Diagnosis. Trends in Biotechnology. Elsevier Ltd November 1, 
2017, pp 1074–1087. 

(197)  Hoffman, A. S. Applications of Thermally Reversible Polymers and Hydrogels in 
Therapeutics and Diagnostics. J. Control. Release 1987, 6, 297–305. 

(198)  Gardel, M. L.; Shin, J. H.; MacKintosh, F. C.; Mahadevan, L.; Matsudaira, P.; 
Weitz, D. A. Elastic Behavior of Cross-Linked and Bundled Actin Networks. 
Science (80-. ). 2004, 304, 1301–1305. 



Conclusion 

63 

(199)  Janmey, P. A.; Hvidt, S.; Lamb, J.; Stossel, T. P. Resemblance of Actin-Binding 
Protein/Actin Gels to Covalently Crosslinked Networks. Nature 1990, 345, 89–
92. 

(200)  Lin, Y. C.; Yao, N. Y.; Broedersz, C. P.; Herrmann, H.; MacKintosh, F. C.; Weitz, 
D. A. Origins of Elasticity in Intermediate Filament Networks. Phys. Rev. Lett. 
2010, 104, 058101. 

(201)  Lieleg, O.; Claessens, M. M. A. E.; Heussinger, C.; Frey, E.; Bausch, A. R. 
Mechanics of Bundled Semiflexible Polymer Networks. Phys. Rev. Lett. 2007, 
99, 088102. 

(202)  Chaudhuri, O.; Parekh, S. H.; Fletcher, D. A. Reversible Stress Softening of Actin 
Networks. Nature 2007, 445, 295–298. 

(203)  Piechocka, I. K.; Bacabac, R. G.; Potters, M.; Mackintosh, F. C.; Koenderink, G. 
H. Structural Hierarchy Governs Fibrin Gel Mechanics. Biophys. J. 2010, 98, 
2281–2289. 

(204)  Kasza, K. E.; Rowat, A. C.; Liu, J.; Angelini, T. E.; Brangwynne, C. P.; 
Koenderink, G. H.; Weitz, D. A. The Cell as a Material. Current Opinion in Cell 
Biology. Elsevier Current Trends February 1, 2007, pp 101–107. 

(205)  Bausch, A. R.; Kroy, K. A Bottom-up Approach to Cell Mechanics. Nat. Phys. 
2006, 2, 231–238. 

(206)  Xu, J.; Tseng, Y.; Wirtz, D. Strain Hardening of Actin Filament Networks: 
Regulation by the Dynamic Cross-Linking Protein α-Actinin. J. Biol. Chem. 
2000, 275, 35886–35892. 

(207)  Brown, A. E. X.; Litvinov, R. I.; Discher, D. E.; Purohit, P. K.; Weisel, J. W. 
Multiscale Mechanics of Fibrin Polymer: Gel Stretching with Protein Unfolding 
and Loss of Water. Science (80-. ). 2009, 325, 741–744. 

(208)  Shadwick, R. E. Mechanical Design in Arteries. J. Exp. Biol. 1999, 202, 3305–
3313. 

(209)  Shah, J.; Janmey, P. Strain Hardening of Fibrin Gels and Plasma Clots. Rheol. 
Acta 1997, 36, 262–268. 

(210)  Fung, Y. A First Course in Continuum Mechanics; Prentie Hall, Englewood 
Cliffs: New Jersey, 1994. 

(211)  Karakaplan, A. D.; Bieniek, M. P.; Skalak, R. A Mathematical Model of Lung 
Parenchyma. J Biomech Eng. 1980, 102, 124–136. 

(212)  Hjortdal, J. Ø. Extensibility of the Normo‐hydrated Human Cornea. Acta 
Ophthalmol. Scand 1995, 73, 12–17. 

(213)  Broedersz, C. P.; Kasza, K. E.; Jawerth, L. M.; Münster, S.; Weitz, D. A.; 
MacKintosh, F. C. Measurement of Nonlinear Rheology of Cross-Linked 
Biopolymer Gels. Soft Matter 2010, 6, 4120. 

(214)  Wen, Q.; Janmey, P. A. Effects of Nonlinearity on Cell-ECM Interactions. Exp. 
Cell Res. 2013, 319, 2481–2489. 

(215)  Das, R. K.; Gocheva, V.; Hammink, R.; Zouani, O. F.; Rowan, A. E. Stress-
Stiffening-Mediated Stem-Cell Commitment Switch in Soft Responsive 
Hydrogels. Nat. Mater. 2016, 15, 318–325. 

(216)  Winer, J. P.; Oake, S.; Janmey, P. A. Non-Linear Elasticity of Extracellular 
Matrices Enables Contractile Cells to Communicate Local Position and 
Orientation. PLoS One 2009, 4, e6382. 

(217)  Rudnicki, M. S.; Cirka, H. A.; Aghvami, M.; Sander, E. A.; Wen, Q.; Billiar, K. L. 



 

64 

Nonlinear Strain Stiffening Is Not Sufficient to Explain How Far Cells Can Feel 
on Fibrous Protein Gels. Biophys. J. 2013, 105, 11–20. 

(218)  Gardel, M. L.; Shin, J. H.; MacKintosh, F. C.; Mahadevan, L.; Matsudaira, P. A.; 
Weitz, D. A. Scaling of F-Actin Network Rheology to Probe Single Filament 
Elasticity and Dynamics. Phys. Rev. Lett. 2004, 93, 188102. 

(219)  Licup, A. J.; Münster, S.; Sharma, A.; Sheinman, M.; Jawerth, L. M.; Fabry, B.; 
Weitz, D. A.; MacKintosh, F. C. Stress Controls the Mechanics of Collagen 
Networks. PNAS 2015, 112, 9573–9578. 

(220)  Kurniawan, N. A.; Wong, L. H.; Rajagopalan, R. Early Stiffening and Softening 
of Collagen: Interplay of Deformation Mechanisms in Biopolymer Networks. 
Biomacromolecules 2012, 13, 691–698. 

(221)  Motte, S.; Kaufman, L. J. Strain Stiffening in Collagen i Networks. Biopolymers 
2013, 99, 35–46. 

(222)  Piechocka, I. K.; Jansen, K. A.; Broedersz, C. P.; Kurniawan, N. A.; MacKintosh, 
F. C.; Koenderink, G. H. Multi-Scale Strain-Stiffening of Semiflexible Bundle 
Networks. Soft Matter 2016, 12, 2145–2156. 

(223)  Yao, N. Y.; Braedersz, C. P.; Lin, Y. C.; Kasza, K. E.; MacKintosh, F. C.; Weitz, D. 
A. Elasticity in Lonically Cross-Linked Neurofilament Networks. Biophys. J. 
2010, 98, 2147–2153. 

(224)  Burla, F.; Tauber, J.; Dussi, S.; van der Gucht, J.; Koenderink, G. H. Stress 
Management in Composite Biopolymer Networks. Nat. Phys. 2019, 15, 549–
553. 

(225)  McKee, J. R.; Hietala, S.; Seitsonen, J.; Laine, J.; Kontturi, E.; Ikkala, O. 
Thermoresponsive Nanocellulose Hydrogels with Tunable Mechanical 
Properties. ACS Macro Lett. 2014, 3, 266–270. 

(226)  McAllister, J. W.; Lott, J. R.; Schmidt, P. W.; Sammler, R. L.; Bates, F. S.; Lodge, 
T. P. Linear and Nonlinear Rheological Behavior of Fibrillar Methylcellulose 
Hydrogels. ACS Macro Lett. 2015, 4, 538–542. 

(227)  Schuster, E.; Lundin, L.; Williams, M. A. K. Investigating the Relationship 
between Network Mechanics and Single-Chain Extension Using Biomimetic 
Polysaccharide Gels. Macromolecules 2012, 45, 4863–4869. 

(228)  Vincent, R. R. R.; Mansel, B. W.; Kramer, A.; Kroy, K.; Williams, M. A. K. Micro-
Rheological Behaviour and Nonlinear Rheology of Networks Assembled from 
Polysaccharides from the Plant Cell Wall. New J. Phys. 2013, 15, 1–21. 

(229)  Hashemnejad, S. M.; Kundu, S. Strain Stiffening and Negative Normal Stress in 
Alginate Hydrogels. J. Polym. Sci., Part B Polym. Phys. 2016, 54, 1767–1775. 

(230)  Tung, S.-H.; Raghavan, S. R. Strain-Stiffening Response in Transient Networks 
Formed by Reverse Wormlike Micelles. Langmuir 2008, 24, 8405–8408. 

(231)  Kouwer, P. H. J.; Koepf, M.; Le Sage, V. A. A.; Jaspers, M.; van Buul, A. M.; 
Eksteen-Akeroyd, Z. H.; Woltinge, T.; Schwartz, E.; Kitto, H. J.; Hoogenboom, 
R.; et al. Responsive Biomimetic Networks from Polyisocyanopeptide Hydrogels. 
Nature 2013, 493, 651–655. 

(232)  Jaspers, M.; Pape, A. C. H.; Voets, I. K.; Rowan, A. E.; Portale, G.; Kouwer, P. H. 
J. Bundle Formation in Biomimetic Hydrogels. Biomacromolecules 2016, 17, 
2642–2649. 

(233)  Schoenmakers, D. C.; Rowan, A. E.; Kouwer, P. H. J. Crosslinking of Fibrous 
Hydrogels. Nat. Commun. 2018, 9, 1–8. 

(234)  Fernandez-Castano Romera, M.; Lafleur, R. P. M.; Guibert, C.; Voets, I. K.; 



Conclusion 

65 

Storm, C.; Sijbesma, R. P. Strain Stiffening Hydrogels through Self-Assembly 
and Covalent Fixation of Semi-Flexible Fibers. Angew. Chem. Int. Ed. 2017, pp 
8771–8775. 

(235)  Fernández-Castaño Romera, M.; Lou, X.; Schill, J.; Ter Huurne, G.; Fransen, P. 
P. K. H.; Voets, I. K.; Storm, C.; Sijbesma, R. P. Strain-Stiffening in Dynamic 
Supramolecular Fiber Networks. J. Am. Chem. Soc. 2018, 140, 17547–17555. 

(236)  Thiele, J.; Ma, Y.; Bruekers, S. M. C.; Ma, S.; Huck, W. T. S. 25th Anniversary 
Article: Designer Hydrogels for Cell Cultures: A Materials Selection Guide. 
Advanced Materials. John Wiley & Sons, Ltd January 8, 2014, pp 125–148. 

(237)  Place, E. S.; Evans, N. D.; Stevens, M. M. Complexity in Biomaterials for Tissue 
Engineering. Nat. Mater. 2009, 8, 457–470. 

(238)  Picu, R. C. Mechanics of Random Fiber Networks - A Review. Soft Matter. The 
Royal Society of Chemistry August 7, 2011, pp 6768–6785. 

(239)  Wagner, B.; Tharmann, R.; Haase, I.; Fischer, M.; Bausch, A. R. Cytoskeletal 
Polymer Networks: The Molecular Structure of Cross-Linkers Determines 
Macroscopic Properties. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 13974–13978. 

(240)  Martikainen, L.; Bertula, K.; Turunen, M.; Ikkala, O. Strain Stiffening and 
Negative Normal Force of Agarose Hydrogels. Macromolecules 2020. 

(241)  Pujol, T.; Du Roure, O.; Fermigier, M.; Heuvingh, J. Impact of Branching on the 
Elasticity of Actin Networks. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 10364–
10369. 

(242)  Rubinstein, M.; Colby, R. H. Polymer Physics; Oxford University Press, 2003. 

(243)  Sharma, A.; Licup, A. J.; Jansen, K. A.; Rens, R.; Sheinman, M.; Koenderink, G. 
H.; MacKintosh, F. C. Strain-Controlled Criticality Governs the Nonlinear 
Mechanics of Fibre Networks. Nat. Phys. 2016, 12, 584–587. 

(244)  Broedersz, C. P.; MacKintosh, F. C. Modeling Semiflexible Polymer Networks. 
Rev. Mod. Phys. 2014, 86, 995–1036. 

(245)  Kang, H.; Wen, Q.; Janmey, P. A.; Tang, J. X.; Conti, E.; MacKintosh, F. C. 
Nonlinear Elasticity of Stiff Filament Networks: Strain Stiffening, Negative 
Normal Stress, and Filament Alignment in Fibrin Gels. J. Phys. Chem. B 2009, 
113, 3799–3805. 

(246)  Macosko, C. W. RHEOLOGY Principles, Measurements and Applications; 
Wiley-VCH: New York, 1994. 

(247)  Maxwell, J. C. On the Calculation of the Equilibrium and Stiffenss of Frames. 
Philos. Mag. J. Sci. 1864, 27, 294–299. 

(248)  Broedersz, C. P.; Mao, X.; Lubensky, T. C.; MacKintosh, F. C. Criticality and 
Isostaticity in Fibre Networks. Nat. Phys. 2011, 7, 983–988. 

(249)  Feng, J.; Levine, H.; Mao, X.; Sander, L. M. Nonlinear Elasticity of Disordered 
Fiber Networks. Soft Matter 2016, 12, 1419–1424. 

(250)  Maxwell, J. C. On the Calculation of the Equilibrium and Stiffness of Frames. 
Philos. Mag. 1864, 27, 294. 

(251)  Heussinger, C.; Schaefer, B.; Frey, E. Nonaffine Rubber Elasticity for Stiff 
Polymer Networks. Phys. Rev. E 2007, 76, 031906. 

(252)  Wilhelm, J.; Frey, E. Elasticity of Stiff Polymer Networks. Phys. Rev. Lett. 2003, 
91, 108103. 

(253)  Head, D. A.; Levine, A. J.; MacKintosh, F. C. Deformation of Cross-Linked 



 

66 

Semiflexible Polymer Networks. Phys. Rev. Lett. 2003, 91, 108102. 

(254)  Alexander, S. Amorphous Solids: Their Structure, Lattice Dynamics and 
Elasticity. Physics Report. Elsevier March 1, 1998, pp 65–236. 

(255)  Sheinman, M.; Broedersz, C. P.; MacKintosh, F. C. Actively Stressed Marginal 
Networks. Phys. Rev. Lett. 2012, 109, 238101. 

(256)  Wyart, M.; Liang, H.; Kabla, A.; Mahadevan, L. Elasticity of Floppy and Stiff 
Random Networks. Phys. Rev. Lett. 2008, 101, 215501. 

(257)  Dennison, M.; Sheinman, M.; Storm, C.; Mackintosh, F. C. Fluctuation-
Stabilized Marginal Networks and Anomalous Entropic Elasticity. Phys. Rev. 
Lett. 2013, 111, 095503. 

(258)  Sheinman, M.; Broedersz, C. P.; MacKintosh, F. C. Nonlinear Effective-Medium 
Theory of Disordered Spring Networks. Phys. Rev. E 2012, 85, 21801. 

(259)  Poynting, J. H. On Pressure Perpendicular to the Shear Planes in Finite Pure 
Shears, and on the Lengthening of Loaded Wires When Twisted. Proc. R. Soc. 
London. Ser. A, Contain. Pap. a Math. Phys. Character 1909, 82, 546–559. 

(260)  An Introduction to Rheology; Barnes, H. A., Hutton, J. F., Walters, K., Eds.; 
Elsevier, 1989; Vol. 3. 

(261)  Vahabi, M.; Vos, B. E.; de Cagny, H. C. G. De; Bonn, D.; Koenderink, G. H.; 
MacKintosh, F. C. Normal Stresses in Semiflexible Polymer Hydrogels. Phys. 
Rev. E 2018, 97, 032418. 

(262)  Cioroianu, A. R.; Storm, C. Normal Stresses in Elastic Networks. Phys. Rev. E 
2013, 88, 052601. 

(263)  de Cagny, H. C. G.; Vos, B. E.; Vahabi, M.; Kurniawan, N. A.; Doi, M.; 
Koenderink, G. H.; MacKintosh, F. C.; Bonn, D. Porosity Governs Normal 
Stresses in Polymer Gels. Phys. Rev. Lett. 2016, 117, 217802. 

(264)  Yamamoto, T.; Masubuchi, Y.; Doi, M. Large Network Swelling and Solvent 
Redistribution Are Necessary for Polymer Gels to Show Negative Normal Stress. 
ACS Macro Lett. 2017, 6, 512–514. 

(265)  Yamamoto, T.; Masubuchi, Y.; Doi, M. Relaxation Dynamics of the Normal 
Stress of Polymer Gels. Macromolecules 2017, 50, 5208–5213. 

(266)  Korhonen, J. T.; Hiekkataipale, P.; Malm, J.; Karppinen, M.; Ikkala, O.; Ras, R. 
H. A. Inorganic Hollow Nanotube Aerogels by Atomic Layer Deposition onto 
Native Nanocellulose Templates. ACS Nano 2011, 5, 1967–1974. 

(267)  Epstein, M. H.; O’Connor, J. S. Comparison of Liquid Propane and Liquid 
Nitrogen in Tissue Preservation. Cryobiology 1966, 2, 342–344. 

(268)  Zierold, K. Cryofixation of Tissue Specimens Studied by Cooling Rate 
Measurements and Scanning Electron Microscopy - PubMed. Microsc Acta. 
1980, 83, 25–32. 

(269)  Leidenfrost, J. G. On the Fixation of Water in Diverse Fire. Int. J. Heat Mass 
Transf. 1966, 9, 1153–1166. 

(270)  Inoué, T.; Osatake, H. A New Drying Method of Biological Specimens for 
Scanning Electron Microscopy: The t-Butyl Alcohol Freeze-Drying Method. 
Arch. Histol. Cytol. 1988, 51, 53–59. 

(271)  Nonappa; Engelhart, P. Electron Tomography of Whole Mounts . Imaging 
Microsc. 2019, 2, 22–24. 

(272)  Das Murtey, M.; Ramasamy, P. Modern Electron Microscopy in Physical and 



Conclusion 

67 

Life Sciences; Janecek, M., Kral, R., Eds.; InTech, 2016. 

(273)  Moreno-Arotzena, O.; Meier, J. G.; Amo, C. Del; García-Aznar, J. M. 
Characterization of Fibrin and Collagen Gels for Engineering Wound Healing 
Models. Materials (Basel). 2015, 8, 1636–1651. 

(274)  Dekker, N. P.; Lammel, C. J.; Brooks, G. F. Scanning Electron Microscopy of 
PiliatedNeisseria Gonorrhoeae Processed with Hexamethyldisilazane. J. 
Electron Microsc. Tech. 1991, 19, 461–467. 

(275)  Araujo, J. C. Comparison of Hexamethyldisilazane and Critical Point Drying 
Treatments for SEM Analysis of Anaerobic Biofilms and Granular Sludge. J. 
Electron Microsc. (Tokyo). 2003, 52, 429–433. 

(276)  Botes, L.; Price, B.; Waldron, M.; Pitcher, G. C. A Simple and Rapid Scanning 
Electron Microscope Preparative Technique for Delicate “Gymnodinioid” 
Dinoflagellates. Microsc. Res. Tech. 2002, 59, 128–130. 

(277)  Fratesi, S. E.; Lynch, F. L.; Kirkland, B. L.; Brown, L. R. Effects of SEM 
Preparation Techniques on the Appearance of Bacteria and Biofilms in the 
Carter Sandstone. J. Sediment. Res. 2004, 74, 858–867. 

(278)  Hochberg, R.; Litvaitis, M. K. Hexamethyldisilazane for Scanning Electron 
Microscopy of Gastrotricha. Biotech. Histochem. 2000, 75, 41–44. 

(279)  Lee, J. T. Y.; Chow, K. L. SEM Sample Preparation for Cells on 3D Scaffolds by 
Freeze-Drying and HMDS. Scanning 2012, 34, 12–25. 

(280)  Hyun, K.; Wilhelm, M.; Klein, C. O.; Cho, K. S.; Nam, J. G.; Ahn, K. H.; Lee, S. 
J.; Ewoldt, R. H.; McKinley, G. H. A Review of Nonlinear Oscillatory Shear Tests: 
Analysis and Application of Large Amplitude Oscillatory Shear (LAOS). Prog. 
Polym. Sci. 2011, 36, 1697–1753. 

(281)  Osswald, T.; Rudolph, N. Polymer Rheology Fundamentals and Applications; 
Strohm, C., Ed.; Hanser Publisher: Munich, 2015. 

(282)  Barnes, H. A. A Handbook of Elementary Rheology; University of Wales 
Institute of Non-Newtonian Fluid Mechanics: Wales, 200AD. 

(283)  Hyun, K.; Nam, J.; Wilhelm, M.; Ahn, K.; Lee, S. Nonlinear Response of Complex 
Fluids under LAOS (Large Amplitude Oscillatory Shear) Flow. undefined 2003. 

(284)  Ptaszek, P. Large Amplitude Oscillatory Shear (LAOS) Measurement and 
Fourier-Transform Rheology: Application to Food. In Advances in Food 
Rheology and Its Applications; Elsevier Inc., 2017; pp 87–123. 

(285)  Jaspers, M.; Dennison, M.; Mabesoone, M. F. J.; MacKintosh, F. C.; Rowan, A. 
E.; Kouwer, P. H. J. Ultra-Responsive Soft Matter from Strain-Stiffening 
Hydrogels. Nat. Commun. 2014, 5, 5808. 

(286)  Gardel, M. L.; Nakamura, F.; Hartwig, J.; Crocker, J. C.; Stossel, T. P.; Weitz, D. 
A. Stress-Dependent Elasticity of Composite Actin Networks as a Model for Cell 
Behavior. Phys. Rev. Lett. 2006, 96, 088102. 

(287)  Walter, B. L.; Pelteret, J. P.; Kaschta, J.; Schubert, D. W.; Steinmann, P. On the 
Wall Slip Phenomenon of Elastomers in Oscillatory Shear Measurements Using 
Parallel-Plate Rotational Rheometry: I. Detecting Wall Slip. Polym. Test. 2017, 
61, 430–440. 

(288)  Mooney, M. Explicit Formulas for Slip and Fluidity. J. Rheol. (N. Y. N. Y). 1931, 
2, 210–222. 

(289)  Walter, B. L.; Pelteret, J. P.; Kaschta, J.; Schubert, D. W.; Steinmann, P. On the 
Wall Slip Phenomenon of Elastomers in Oscillatory Shear Measurements Using 
Parallel-Plate Rotational Rheometry: II. Influence of Experimental Conditions. 



 

68 

Polym. Test. 2017, 61, 455–463. 

(290)  Barnes, H. A. A Review of the Slip (Wall Depletion) of Polymer Solutions, 
Emulsions and Particle Suspensions in Viscometers: Its Cause, Character, and 
Cure. Journal of Non-Newtonian Fluid Mechanics. Elsevier March 1, 1995, pp 
221–251. 

(291)  Russel, W. B.; Grant, M. C. Distinguishing between Dynamic Yielding and Wall 
Slip in a Weakly Flocculated Colloidal Dispersion. Colloids Surfaces A 
Physicochem. Eng. Asp. 2000, 161, 271–282. 

(292)  Aral, B. K.; Kalyon, D. M. Effects of Temperature and Surface Roughness on 
Time‐dependent Development of Wall Slip in Steady Torsional Flow of 
Concentrated Suspensions. J. Rheol. (N. Y. N. Y). 1994, 38, 957–972. 

(293)  Denkov, N. D.; Subramanian, V.; Gurovich, D.; Lips, A. Wall Slip and Viscous 
Dissipation in Sheared Foams: Effect of Surface Mobility. In Colloids and 
Surfaces A: Physicochemical and Engineering Aspects; Elsevier, 2005; Vol. 
263, pp 129–145. 

(294)  Hatzikiriakos, S. G. Wall Slip of Molten Polymers. Progress in Polymer Science 
(Oxford). Pergamon April 1, 2012, pp 624–643. 

(295)  Walls, H. J.; Caines, S. B.; Sanchez, A. M.; Khan, S. A. Yield Stress and Wall Slip 
Phenomena in Colloidal Silica Gels. J. Rheol. (N. Y. N. Y). 2003, 47, 847–868. 

(296)  Ma, L.; Barbosa-Cánovas, G. V. Rheological Characterization of Mayonnaise. 
Part I: Slippage at Different Oil and Xanthan Gum Concentrations. J. Food Eng. 
1995, 25, 397–408. 

(297)  Graham, M. D. Wall Slip and the Nonlinear Dynamics of Large Amplitude 
Oscillatory Shear Flows. J. Rheol. (N. Y. N. Y). 1995, 39, 697–712. 

(298)  Yoshimura, A. S.; Prud’homme, R. K. Wall Slip Effects on Dynamic Oscillatory 
Measurements. J. Rheol. (N. Y. N. Y). 1988, 32, 575–584. 

(299)  Hatzikiriakos, S. G.; Dealy, J. M. Wall Slip of Molten High Density Polyethylene. 
I. Sliding Plate Rheometer Studies. J. Rheol. (N. Y. N. Y). 1991, 35, 497–523. 

(300)  Reimers, M. J.; Dealy, J. M. Sliding Plate Rheometer Studies of Concentrated 
Polystyrene Solutions: Nonlinear Viscoelasticity and Wall Slip of Two High 
Molecular Weight Polymers in Tricresyl Phosphate. J. Rheol. (N. Y. N. Y). 1998, 
42, 527–548. 

(301)  Buscall, R.; Mcgowan, J. I.; Morton-Jones, A. J. The Rheology of Concentrated 
Dispersions of Weakly Attracting Colloidal Particles with and without Wall Slip. 
Cit. J. Rheol. 1993, 37, 621. 

(302)  Nickerson, C. S.; Kornfield, J. A. A “Cleat” Geometry for Suppressing Wall Slip. 
J. Rheol. (N. Y. N. Y). 2005, 49, 865–874. 

(303)  Aida, T.; Meijer, E. W.; Stupp, S. I. Functional Supramolecular Polymers. 
Science. American Association for the Advancement of Science February 17, 
2012, pp 813–817. 

(304)  Whitesides, G. M.; Grzybowski, B. Self-Assembly at All Scales. Science. Science 
March 29, 2002, pp 2418–2421. 

(305)  Cademartiri, L.; Bishop, K. J. M.; Snyder, P. W.; Ozin, G. A. Using Shape for Self-
Assembly. Philosophical Transactions of the Royal Society A: Mathematical, 
Physical and Engineering Sciences. Royal Society June 28, 2012, pp 2824–
2847. 

(306)  Erhardt, R.; Böker, A.; Zettl, H.; Kaya, H.; Pyckhout-Hintzen, W.; Krausch, G.; 
Abetz, V.; Müller, A. H. E. Janus Micelles. Macromolecules 2001, 34, 1069–



Conclusion 

69 

1075. 

(307)  Cameron, N. S.; Eisenberg, A.; Brown, G. R. Amphiphilic Block Copolymers as 
Bile Acid Sorbents: 2. Polystyrene-b-Poly(N,N,N-Trimethylammoniumethylene 
Acrylamide Chloride): Self-Assembly and Application to Serum Cholesterol 
Reduction. Biomacromolecules 2002, 3, 124–132. 

(308)  Erhardt, R.; Zhang, M.; Böker, A.; Zettl, H.; Abetz, C.; Frederik, P.; Krausch, G.; 
Abetz, V.; Müller, A. H. E. Amphiphilic Janus Micelles with Polystyrene and 
Poly(Methacrylic Acid) Hemispheres. J. Am. Chem. Soc. 2003, 125, 3260–3267. 

(309)  Hanson, J. A.; Li, Z.; Deming, T. J. Nonionic Block Copolypeptide Micelles 
Containing a Hydrophobic Rac -Leucine Core. Macromolecules 2010, 43, 
6268–6269. 

(310)  Percec, V.; Wilson, D. A.; Leowanawat, P.; Wilson, C. J.; Hughes, A. D.; Kaucher, 
M. S.; Hammer, D. A.; Levine, D. H.; Kim, A. J.; Bates, F. S.; et al. Self-Assembly 
of Janus Dendrimers into Uniform Dendrimersomes and Other Complex 
Architectures. Science (80-. ). 2010, 328, 1009–1014. 

(311)  Schacher, F. H.; Rupar, P. A.; Manners, I. Functional Block Copolymers: 
Nanostructured Materials with Emerging Applications. Angew. Chemie Int. Ed. 
2012, 51, 7898–7921. 

(312)  Qiu, H.; Russo, G.; Rupar, P. A.; Chabanne, L.; Winnik, M. A.; Manners, I. 
Tunable Supermicelle Architectures from the Hierarchical Self-Assembly of 
Amphiphilic Cylindrical B-A-B Triblock Co-Micelles. Angew. Chemie Int. Ed. 
2012, 51, 11882–11885. 

(313)  Gröschel, A. H.; Walther, A.; Löbling, T. I.; Schacher, F. H.; Schmalz, H.; Müller, 
A. H. E. Guided Hierarchical Co-Assembly of Soft Patchy Nanoparticles. Nature 
2013, 503, 247–251. 

(314)  Walther, A.; Müller, A. H. E. Janus Particles: Synthesis, Self-Assembly, Physical 
Properties, and Applications. Chemical Reviews. American Chemical Society 
July 10, 2013, pp 5194–5261. 

(315)  Gould, O. E. C.; Qiu, H.; Lunn, D. J.; Rowden, J.; Harniman, R. L.; Hudson, Z. 
M.; Winnik, M. A.; Miles, M. J.; Manners, I. Transformation and Patterning of 
Supermicelles Using Dynamic Holographic Assembly. Nat. Commun. 2015, 6, 
1–7. 

(316)  Li, X.; Gao, Y.; Boott, C. E.; Winnik, M. A.; Manners, I. Non-Covalent Synthesis 
of Supermicelles with Complex Architectures Using Spatially Confined 
Hydrogen-Bonding Interactions. Nat. Commun. 2015, 6, 1–8. 

(317)  Li, X.; Gao, Y.; Boott, C. E.; Hayward, D. W.; Harniman, R.; Whittell, G. R.; 
Richardson, R. M.; Winnik, M. A.; Manners, I. “Cross” Supermicelles via the 
Hierarchical Assembly of Amphiphilic Cylindrical Triblock Comicelles. J. Am. 
Chem. Soc. 2016, 138, 4087–4095. 

(318)  Hong, H.; Mai, Y.; Zhou, Y.; Yan, D.; Cui, J. Self-Assembly of Large 
Multimolecular Micelles from Hyperbranched Star Copolymers. Macromol. 
Rapid Commun. 2007, 28, 591–596. 

(319)  Velev, O. D.; Lenhoff, A. M. Colloidal Crystals as Templates for Porous Materials. 
Curr. Opin. Colloid Interface Sci. 2000, 5, 56–63. 

(320)  Nonappa; Lahtinen, T.; Haataja, J. S.; Tero, T.-R.; Häkkinen, H.; Ikkala, O. 
Template-Free Supracolloidal Self-Assembly of Atomically Precise Gold 
Nanoclusters: From 2D Colloidal Crystals to Spherical Capsids. Angew. Chemie 
Int. Ed. 2016, 55, 16035–16038. 

(321)  Nonappa; Haataja, J. S.; Timonen, J. V. I.; Malola, S.; Engelhardt, P.; Houbenov, 
N.; Lahtinen, M.; Häkkinen, H.; Ikkala, O. Reversible Supracolloidal Self-



 

70 

Assembly of Cobalt Nanoparticles to Hollow Capsids and Their Superstructures. 
Angew. Chemie Int. Ed. 2017, 56, 6473–6477. 

(322)  Wang, Y.; Wang, Y.; Breed, D. R.; Manoharan, V. N.; Feng, L.; Hollingsworth, A. 
D.; Weck, M.; Pine, D. J. Colloids with Valence and Specific Directional Bonding. 
Nature 2012, 491, 51–55. 

(323)  Wang, T.; Zhuang, J.; Lynch, J.; Chen, O.; Wang, Z.; Wang, X.; LaMontagne, D.; 
Wu, H.; Wang, Z.; Cao, Y. C. Self-Assembled Colloidal Superparticles from 
Nanorods. Science (80-. ). 2012, 338, 358–363. 

(324)  Dinsmore, A. D.; Hsu, M. F.; Nikolaides, M. G.; Marquez, M.; Bausch, A. R.; 
Weitz, D. A. Colloidosomes: Selectively Permeable Capsules Composed of 
Colloidal Particles. Science (80-. ). 2002, 298, 1006–1009. 

(325)  Leunissen, M. E.; Christova, C. G.; Hynninen, A. P.; Royall, C. P.; Campbell, A. 
I.; Imhof, A.; Dijkstra, M.; Van Roij, R.; Van Blaaderen, A. Ionic Colloidal 
Crystals of Oppositely Charged Particles. Nature 2005, 437, 235–240. 

(326)  Wang, Y.; Wang, Y.; Zheng, X.; Ducrot, É.; Lee, M. G.; Yi, G. R.; Weck, M.; Pine, 
D. J. Synthetic Strategies Toward DNA-Coated Colloids That Crystallize. J. Am. 
Chem. Soc. 2015, 137, 10760–10766. 

(327)  Chen, Q.; Bae, S. C.; Granick, S. Directed Self-Assembly of a Colloidal Kagome 
Lattice. Nature 2011, 469, 381–384. 

(328)  Xu, L.; Ma, W.; Wang, L.; Xu, C.; Kuang, H.; Kotov, N. A. Nanoparticle 
Assemblies: Dimensional Transformation of Nanomaterials and Scalability. 
Chem. Soc. Rev. 2013, 42, 3114–3126. 

(329)  Kostiainen, M. A.; Hiekkataipale, P.; Laiho, A.; Lemieux, V.; Seitsonen, J.; 
Ruokolainen, J.; Ceci, P. Electrostatic Assembly of Binary Nanoparticle 
Superlattices Using Protein Cages. Nat. Nanotechnol. 2013, 8, 52–56. 

(330)  Manoharan, V. N. Colloidal Matter: Packing, Geometry, and Entropy. Science 
(80-. ). 2015, 349, 1253751–1253751. 

(331)  Pàmies, P. Colloidal Self-Assembly: Programmable Competitive Binding. Nature 
Materials. Nature Publishing Group March 24, 2015, p 368. 

(332)  Wei, H.; Zhang, X. Z.; Zhou, Y.; Cheng, S. X.; Zhuo, R. X. Self-Assembled 
Thermoresponsive Micelles of Poly(N-Isopropylacrylamide-b- Methyl 
Methacrylate). Biomaterials 2006, 27, 2028–2034. 

(333)  Hocine, S.; Li, M. H. Thermoresponsive Self-Assembled Polymer Colloids in 
Water. Soft Matter. The Royal Society of Chemistry July 10, 2013, pp 5839–
5861. 

(334)  Mccoy, T. M.; Marlow, J. B.; Armstrong, A. J.; Clulow, A. J.; Garvey, C. J.; 
Manohar, M.; Darwish, T. A.; Boyd, B. J.; Routh, A. F.; Tabor, R. F. Spontaneous 
Self-Assembly of Thermoresponsive Vesicles Using a Zwitterionic and an 
Anionic Surfactant. Biomacromolecules 2020, 21, 4569–4576. 

(335)  Petre, D. G.; Nadar, R.; Tu, Y.; Paknahad, A.; Wilson, D. A.; Leeuwenburgh, S. C. 
G. Thermoresponsive Brushes Facilitate Effective Reinforcement of Calcium 
Phosphate Cements. ACS Appl. Mater. Interfaces 2019, 11, 26690–26703. 

(336)  Graisuwan, W.; Puthong, S.; Zhao, H.; Kiatkamjornwong, S.; Theato, P.; Hoven, 
V. P. Thermoresponsive and Active Functional Fiber Mats for Cultured Cell 
Recovery. Biomacromolecules 2017, 18, 3714–3725. 

(337)  Yassine, O.; Zaher, A.; Li, E. Q.; Alfadhel, A.; Perez, J. E.; Kavaldzhiev, M.; 
Contreras, M. F.; Thoroddsen, S. T.; Khashab, N. M.; Kosel, J. Highly Efficient 
Thermoresponsive Nanocomposite for Controlled Release Applications. Sci. 
Rep. 2016, 6, 1–7. 



Conclusion 

71 

(338)  Xu, X.; Liu, Y.; Fu, W.; Yao, M.; Ding, Z.; Xuan, J.; Li, D.; Wang, S.; Xia, Y.; Cao, 
M. Poly(N-Isopropylacrylamide)-Based Thermoresponsive Composite 
Hydrogels for Biomedical Applications. Polymers. MDPI AG March 1, 2020. 

(339)  Hua, M.; Wu, D.; Wu, S.; Ma, Y.; Alsaid, Y.; He, X. 4D Printable Tough and 
Thermoresponsive Hydrogels. ACS Applied Materials and Interfaces. American 
Chemical Society 2020, pp 12689–12697. 

(340)  Song, X.; Zhang, Z.; Zhu, J.; Wen, Y.; Zhao, F.; Lei, L.; Phan-Thien, N.; Khoo, B. 
C.; Li, J. Thermoresponsive Hydrogel Induced by Dual Supramolecular 
Assemblies and Its Controlled Release Property for Enhanced Anticancer Drug 
Delivery. Biomacromolecules 2020, 21, 1516–1527. 

(341)  Nuttelman, C. R.; Rice, M. A.; Rydholm, A. E.; Salinas, C. N.; Shah, D. N.; Anseth, 
K. S. Macromolecular Monomers for the Synthesis of Hydrogel Niches and Their 
Application in Cell Encapsulation and Tissue Engineering. Progress in Polymer 
Science (Oxford). Pergamon February 1, 2008, pp 167–179. 

(342)  Raeburn, J.; Mc Donald, T. O.; Adams, D. J. Dipeptide Hydrogelation Triggered 
via Ultraviolet Light. Chem. Commun. 2012, 48, 9355–9357. 

(343)  Torgersen, J.; Qin, X. H.; Li, Z.; Ovsianikov, A.; Liska, R.; Stampfl, J. Hydrogels 
for Two-Photon Polymerization: A Toolbox for Mimicking the Extracellular 
Matrix. Adv. Funct. Mater. 2013, 23, 4542–4554. 

(344)  Frkanec, L.; Žinić, M. Chiral Bis(Amino Acid)- and Bis(Amino Alcohol)-
Oxalamide Gelators. Gelation Properties, Self-Assembly Motifs and Chirality 
Effects. Chemical Communications. Royal Society of Chemistry January 11, 
2010, pp 522–537. 

(345)  Yang, Y.; Zhang, J.; Liu, Z.; Lin, Q.; Liu, X.; Bao, C.; Wang, Y.; Zhu, L. Tissue-
Integratable and Biocompatible Photogelation by the Imine Crosslinking 
Reaction. Adv. Mater. 2016, 28, 2724–2730. 

(346)  Tung, S.-T.; Cheng, H.-T.; Inthasot, A.; Hsueh, F.-C.; Gu, T.-J.; Yan, P.-C.; Lai, 
C.-C.; Chiu, S.-H. Interlocked Photo-Degradable Macrocycles Allow One-Off 
Photo-Triggerable Gelation of Organo- and Hydrogelators. Chem. - A Eur. J. 
2018, 24, 1522–1527. 

(347)  Yang, J.; Han, C. R.; Xu, F.; Sun, R. C. Simple Approach to Reinforce Hydrogels 
with Cellulose Nanocrystals. Nanoscale 2014, 6, 5934–5943. 

(348)  Habibi, Y.; Lucia, L. A.; Rojas, O. J. Cellulose Nanocrystals: Chemistry, Self-
Assembly, and Applications. Chem. Rev. 2010, 110, 3479–3500. 

(349)  Larsson, E.; Boujemaoui, A.; Malmström, E.; Carlmark, A. Thermoresponsive 
Cryogels Reinforced with Cellulose Nanocrystals. RSC Adv. 2015, 5, 77643–
77650. 

(350)  Bertula, K.; Nonappa; Myllymäki, T. T. T.; Yang, H.; Zhu, X. X.; Ikkala, O. 
Hierarchical Self-Assembly from Nanometric Micelles to Colloidal Spherical 
Superstructures. Polymer (Guildf). 2017, 126, 177–187. 

(351)  Lin, K. H.; Hu, D.; Sugimoto, T.; Chang, F. C.; Kobayashi, M.; Enomae, T. An 
Analysis on the Electrophoretic Mobility of Cellulose Nanocrystals as Thin 
Cylinders: Relaxation and End Effect. RSC Adv. 2019, 9, 34032–34038. 

(352)  Hörenz, C.; Bertula, K.; Tiainen, T.; Hietala, S.; Hynninen, V.; Ikkala, O. UV-
Triggered On-Demand Temperature-Responsive Reversible and Irreversible 
Gelation of Cellulose Nanocrystals. Biomacromolecules 2020, 21, 830–838. 

(353)  Altmann, N.; Cooper-White, J. J.; Dunstan, D. E.; Stokes, J. R. Strong through 
to Weak ‘Sheared’ Gels. J. Non-Newtonian Fluid Mech. 2004, 124, 129–136. 

(354)  Sousa, A. M. M.; Gonçalves, M. P. The Influence of Locust Bean Gum on Native 



 

72 

and Alkali-Modified Agar Gels. Food Hydrocoll. 2015, 44, 461–470. 

(355)  Mao, B.; Bentaleb, A.; Louerat, F.; Divoux, T.; Snabre, P. Heat-Induced Aging of 
Agar Solutions: Impact on the Structural and Mechanical Properties of Agar 
Gels. Food Hydrocoll. 2017, 64, 59–69. 

(356)  Le Goff, K. J.; Gaillard, C.; Helbert, W.; Garnier, C.; Aubry, T. Rheological Study 
of Reinforcement of Agarose Hydrogels by Cellulose Nanowhiskers. Carbohydr. 
Polym. 2015, 116, 117–123. 

(357)  Fujii, T.; Yano, T.; Kumagai, H.; Miyawaki, O. Scaling Analysis of the 
Concentration Dependence on Elasticity of Agarose Gel. Biosci. Biotechnol. 
Biochem. 2000, 64, 1618–1622. 

(358)  Jansen, K. A.; Licup, A. J.; Sharma, A.; Rens, R.; MacKintosh, F. C.; Koenderink, 
G. H. The Role of Network Architecture in Collagen Mechanics. Biophys. J. 
2018, 114, 2665–2678. 

(359)  Conti, E.; MacKintosh, F. C. Cross-Linked Networks of Stiff Filaments Exhibit 
Negative Normal Stress. Phys. Rev. Lett. 2009, 102, 088102. 

(360)  Shivers, J. L.; Feng, J.; Sharma, A.; MacKintosh, F. C. Normal Stress Anisotropy 
and Marginal Stability in Athermal Elastic Networks. Soft Matter 2019, 15, 
1666–1675. 

(361)  Boral, S.; Saxena, A.; Bohidar, H. B. Syneresis in Agar Hydrogels. Int. J. Biol. 
Macromol. 2010, 46, 232–236. 

(362)  Jemal, A.; Bray, F.; Center, M. M.; Ferlay, J.; Ward, E.; Forman, D. Global 
Cancer Statistics. CA. Cancer J. Clin. 2011, 61, 69–90. 

(363)  Cheang, M. C. U.; Chia, S. K.; Voduc, D.; Gao, D.; Leung, S.; Snider, J.; Watson, 
M.; Davies, S.; Bernard, P. S.; Parker, J. S.; et al. Ki67 Index, HER2 Status, and 
Prognosis of Patients With Luminal B Breast Cancer. JNCI J. Natl. Cancer Inst. 
2009, 101, 736–750. 

(364)  Dai, X.; Li, T.; Bai, Z.; Yang, Y.; Liu, X.; Zhan, J.; Shi, B. Breast Cancer Intrinsic 
Subtype Classification, Clinical Use and Future Trends. American Journal of 
Cancer Research. E-Century Publishing Corporation 2015, pp 2929–2943. 

(365)  Harrison, R. K. Phase II and Phase III Failures: 2013-2015. Nat. Rev. Drug 
Discov. 2016, 15, 817–818. 

(366)  Powley, I. R.; Patel, M.; Miles, G.; Pringle, H.; Howells, L.; Thomas, A.; 
Kettleborough, C.; Bryans, J.; Hammonds, T.; MacFarlane, M.; et al. Patient-
Derived Explants (PDEs) as a Powerful Preclinical Platform for Anti-Cancer 
Drug and Biomarker Discovery. British Journal of Cancer. Springer Nature 
March 17, 2020, pp 735–744. 

(367)  Wu, H.; Liang, W.; Jiao, Y.; Song, H.; Peng, Q.; Luo, H.; Zhang, Y.; Xu, J.; Dong, 
F. A Preliminary Comparative Study of Young’s Modulus Versus Shear Modulus 
in the Diagnosis of Breast Cancer. Ultrasound Q. 2019, 35, 88–92. 

(368)  Ramião, N. G.; Martins, P. S.; Rynkevic, R.; Fernandes, A. A.; Barroso, M.; 
Santos, D. C. Biomechanical Properties of Breast Tissue, a State-of-the-Art 
Review. Biomech. Model. Mechanobiol. 2016, 15, 1307–1323. 

(369)  Goliwas, K. F.; Marshall, L. E.; Ransaw, E. L.; Berry, J. L.; Frost, A. R. A 
Recapitulative Three-Dimensional Model of Breast Carcinoma Requires 
Perfusion for Multi-Week Growth. J. Tissue Eng. 2016, 7. 

(370)  Van Houten, E. E. W.; Doyley, M. M.; Kennedy, F. E.; Weaver, J. B.; Paulsen, K. 
D. Initial in Vivo Experience with Steady-State Subzone-Based MR Elastography 
of the Human Breast. J. Magn. Reson. Imaging 2003, 17, 72–85. 



Conclusion 

73 

(371)  McKnight, A. L.; Kugel, J. L.; Rossman, P. J.; Manduca, A.; Hartmann, L. C.; 
Ehman, R. L. MR Elastography of Breast Cancer: Preliminary Results. Am. J. 
Roentgenol. 2002, 178, 1411–1417. 

 




