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HYDROGELS: PROPERTIES AND CLASSIFICATION

The term hydrogel refers to a class of soft materials, which are made of three-dimensional cross-
linked networks of synthetic and/or natural polymers [1–3] swollen with water. Some of the 
most common synthetic water-soluble polymers for hydrogel fabrication are poly(hydroxyethyl 
methacrylate) (pHEMA) [4], poly(ethylene glycol) (PEG) [5,6], poly(vinyl alcohol) (PVA) 
[7,8], poly(vinyl pyrrolidone) (PVP) [9,10] and polyacrylamide (PAAm) [11,12], whereas 
amongst natural polymers we find alginate [13], gelatin [14] and hyaluronic acid [15,16]. 
Hydrophilic groups or domains present in the polymer chains are responsible for the hydration 
and water absorption, whereas cross-linking  provides water retention and resistance to dissolution 
[17–20]. Thus, hydrogels can be thought of as cross-linked polymer chains, with water filling the 
space between the macromolecules. Hydrogels have unusual mechanical properties that combine 
features of solids and liquids in a single material and can be characterized as viscoelastic solids. 
Because of their high-water content, porosity, permeability and soft consistency they can simulate 
natural tissues. These properties make hydrogels highly desirable biomaterials. Therefore, the 
main interest for hydrogels comes from the biomedical field [21–29]. Some of the applications 
of hydrogels include hygienic and cosmetic products [30], contact lenses [31], wound dressings 
[32], pharmaceuticals and drug delivery systems [33–35], constructs for tissue engineering and 
regenerative medicine [29,36–38], as well as superabsorbents in agriculture [39]. In order for 
hydrogels to actually be used in these areas, they must be  biocompatible, meaning they have to 
be safe for application in human body, without causing any type of immunogenic, inflammatory 
or any other adverse reaction [40–43]. The choice of the components (polymers, cross-linking 
agents) or methods used for their fabrication is critical, as it will determine the biocompatibility of 
the final material. For example, residual organic solvent used during the synthesis and fabrication, 
toxic cross-linking agents, or unreacted monomers could leach out of the hydrogel and cause 
cytotoxicity, therefore preventing the material application. 

Hydrogels can be classified according to several parameters, but the most common 
classification is based on the nature of the cross-linking [44]. Thus, two main hydrogel categories 
can be distinguished:

1. Chemical (permanent) hydrogels, which contain covalent cross-links and
2. Physical (reversible, transient) hydrogels, in which the network is held together by chain 

entanglements and/or non-covalent interactions, such as hydrogen bonding [45], hydrophobic 
[46] and ionic [47] interactions. 

The former class contains covalent bonds as cross-links and therefore presents a permanent 
shape. These hydrogels can be deformed only at low temperature and low stress, but within the 
limits of their stability. The irreversible character of the cross-links limits the thermal processability, 
thus making compression or injection molding impossible for these materials. Once the material 
is deformed, with broken covalent bonds, the hydrogel cannot recover its original properties.
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On the other hand, the network in these hydrogels possesses high mechanical strength and 
stability, leading to long degradation times. Chemical hydrogels are often prepared by means of 
radical polymerization reaction between vinyl monomers in the presence of the cross-linking 
agents, or by forming covalent bonds between complementary functional groups present on the 
polymers, such as amide bonds between –NH2 and –COOH or ester bonds between –OH and 
–COOH. Formation of chemical gels is schematically represented in Figure 1.1. 

Physical hydrogels on the other hand, contain transient and reversible cross-links, which make 
them more processable. For example, at higher temperature or under mechanical stress, these 
hydrogels can be reshaped and processed, as the cross-links are able to reform once disrupted. 
Despite their reversibility, physical hydrogels can be highly elastic and as strong as  chemical 
hydrogels when the physical interactions are sufficiently strong and provided the relaxation 
time of the network is longer than the time scale of the mechanical test. Under these conditions, 
elastic properties of physical gels can be nearly indistinguishable from a chemically cross-linked 
gel. However, the reversible character of the cross-links ensures that the gel also exhibits viscous 
flow when critical stress is reached or temperature is high enough, allowing for processability and 
managing of such materials. These properties are particularly important for manufacturing and 
industrial applications of hydrogels.

Some of the preparation methods of physical, transient hydrogels are based on formation of 
ionic interactions between network components which are oppositely charged, such as between 
Ca2+ ions and –COO- in alginate hydrogel [48]. Additionally, amphiphilic block copolymers are 
able to self-assemble in water to form micellar cross-links, due to aggregation between hydrophobic 
segments [49]. These interactions in physical gels are displayed in Figure 1.2.

Figure 1.1. Formation of chemically crosslinked hydrogels. Formation via (a) radical polymerization 
of vinyl monomers, (b) radical polymerization of functionalized macromonomers, (c) reaction between 
complementary functional groups and (d)  high energy radiation. Reprinted with permission from ref. 
[44]. Copyright 2014 Springer Japan.
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Figure 1.2. Formation of physically crosslinked hydrogels. Formation via (a) ionic interactions and 
(b) hydrophobic interactions. Reprinted with permission from ref. [44]. Copyright 2014 Springer Japan.

MECHANICAL PROPERTIES OF HYDROGELS

Hydrogels are by definition highly swollen, soft materials, which are often characterized by poor 
mechanical properties [50]. Despite many favourable characteristics of hydrogels, poor mechanical 
performance can significantly limit their application. Often, depending on the specific application, 
hydrogels are required to be mechanically strong and to exhibit high toughness and elongation, 
especially for load-bearing applications. Overall, mechanical behaviour highly depends on various 
factors, some of the most important being degree of swelling and cross-linking density. It is known 
that as the volume degree of swelling increases, the elastic modulus decreases, resulting in the 
reduction of mechanical strength of the hydrogel [51]. Furthermore, it was shown that cross-
linking density significantly affects mechanical properties of hydrogels. In particular, material 
stiffness is enhanced as the cross-linking density increases [52]. However, altered cross-linking 
density exerts important effects on other properties than only mechanical, such as diffusivity and 
degree of swelling. 

In the past decades there has been significant improvement in the development of 
mechanically strong and tough hydrogels. Some of the most studied strategies include preparation 
of interpenetrating [53] and double network hydrogels [54,55], slide ring [56], nanocomposite 
[57,58] and supramolecular hydrogels. Improvement in mechanical performance is achieved 
when there are mechanisms at the molecular level which allow for energy dissipation during 
deformation. This way, a higher resistance to crack propagation is achieved, resulting in a highly 
deformable and tough material [59,60]. There are many examples of network structures [61] 
responsible for these effects in hydrogels some of which are schematically displayed in Figure 1.3. 

Double network hydrogels [54] are made of two covalently cross-linked and interpenetrating 
networks. Often, the first network is tightly cross-linked, whereas the second one, is loosely 
cross-linked. Combination of the two networks yields gels with extremely favourable mechanical 
properties, as the first network provides sacrificial bonds to toughen the material and increases 
strength, whereas the second one allows for deformation at large strains, giving rise to a very 
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effective way to dissipate energy. This double network hydrogel is given by the poly(2-acrylamido-
2-methylpropanesulfonic acid) (PAMP)/poly(acrylamide) (PAAm) combination, resulting in 
0.1-1.0 MPa tensile modulus, 1.0-10 MPa tensile strength and elongation at break ranging from 
1000-2000%. 

Slide ring hydrogels [62], also known as topological gels, are characterized by the presence of 
a cyclic and movable cross-link. These cross-links are usually polyrotaxane rings and catenanes, 
able to move along the polymer chain during deformation, therefore allowing extensive stretching.

Moreover, nanocomposite hydrogels exhibit high mechanical strength as well. Nanocomposite 
hydrogels are materials composed of at least two constituent components characterized by 
different physicochemical properties [63]. Here, hydrophilic polymers are mixed with inorganic 
nanoparticles in a single material, with individual components remaining distinct. In particular, 
nanosized particles and nanostructures are physically or covalently incorporated in a polymer 
matrix. Therefore, such hydrogels exhibit new properties and functionalities, including mechanical 
enhancement and reinforcement [64–67]. Some of the most commonly used nanoparticles 
include clay or silicate nanoplatelets. In these systems there are additional interactions between 
polymers and nanoparticles, creating new cross-links or even multi-functional cross-links, either 
way resulting in hydrogels with high elongation at break [57,68–70]. Moreover, in the last two 
decades, carbon-based nanoparticles, known to possess high mechanical strength, such as carbon 
nanotubes (CNTs), graphene and fullerenes (C60) have been used to fabricate nanocomposite 
hydrogels with improved mechanical performance, while at the same time providing novel 
properties like thermal and electrical conductivity [71–74]. CNTs and graphene have each been 
combined with various polymers, such as PVA, poly(N-isopropylacrylamide) (PNIPAM), PAAm 
to develop nanocomposite hydrogels with high Young’s modulus, tensile strength, and stiffness 
[75–79].

In the next section we will focus on supramolecular hydrogels, and how physical interactions 
are used to fabricate hydrogels with enhanced mechanical behaviour.

SUPRAMOLECULAR HYDROGELS

Supramolecular hydrogels are physical, reversible hydrogels, in which polymer networks consist 
of macromolecules interconnected via directional, non-covalent interactions, such as ionic 
interactions [47], hydrophobic interactions [46], metal coordination [80–84], hydrogen bonding 
[85], or even pi stacking [86–89]. Because these interactions exhibit different strengths, it is 
possible to achieve properties of both physical and chemical networks, tailored to specific needs 
and applications. Supramolecular hydrogels are considered a versatile class of materials, because 
the polymers can self-assemble into very strong materials, while still retaining their reversibility, 
dynamics and response to external stimuli[90], such as temperature [91] or pH [92]. Other 
than being stimuli-responsive, supramolecular hydrogels can be designed to exhibit self-healing 
properties [93–95]. Self-healing is the ability of a material to reform interactions between polymer 
chains and to allow for healing of material after rupture.
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Figure 1.3. Schematic representation of network structures in tough hydrogels. a) interpenetrating 
network, b) double network, covalently crosslinked, c) double network, inter-crosslinked, d) synthetic 
biopolymer network, e) ionically cross-linked network, f) ionically and covalently crosslinked network, 
g) double crosslinked nanocomposite network, h) physically and covalently crosslinked network, i) 
temperature sensitive composite network, j) composite network, k) slide ring hydrogel network, l) tetra-
PEG hydrogel network, m) micelle forming hydrogel network, n) single polymer hydrogel network, o) 
dendritic polymer hydrogel network, p) cartilage network. Reprinted with permission from ref. [61]. 
Copyright 2013 Springer.
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In order to generate supramolecular hydrogels, polymers need to contain complementary 
motifs or monomers that physically interact with each other. The interactions need to be 
strong enough, so that the formed material is stable and self-supporting. Also, by choosing the 
right combination of polymers and by fine-tuning mutual interactions it is possible to form 
supramolecular hydrogels with high toughness and mechanical strength. We give a brief overview 
on how this can be achieved with reversible interactions, along with some examples.

Hydrogen bonding is one of the most common driving forces responsible for self-assembling 
of macromolecules. Proteins and nucleic acids in cells are able to form complex conformations 
and double helixes respectively, by means of hydrogen bonding [96,97]. This type of interactions 
has been widely investigated in the field of supramolecular hydrogels [45,98,99]. However, 
hydrogen bonding in supramolecular hydrogels was particularly well explored by Meijer and co-
workers [100]. UPy (2-ureido-4[1H]-pyrimidinone) containing polymers allow for formation 
of supramolecular hydrogels via highly directional hydrogen bonding. In a recent work, they 
showed that by including UPy motifs in hydrophobic pockets, therefore creating microphase-
separated network, hydrogels with extraordinary toughness and resilience were obtained [101]. 
Furthermore, Song and co-workers showed that by cooperative hydrogen bonding between 
PAAm and PVP polymers it was possible to create hydrogels with high tensile toughness and 
extensibility [102].

When polymer chains contain moieties with positive and negative charges, electrostatic 
attraction between the opposite charges leads to the formation of self-assembled macromolecular 
structures, including hydrogels. Hydrogels fabricated by this method are often characterized 
by stimuli-responsiveness, such as sensitivity to variations of pH, which is known to greatly 
affect ionic interactions. Ionic interactions make it possible to form hydrogels with improved 
mechanical properties. Because of the very strong interaction between multivalent oppositely 
charged groups, gels created this way are often robust and with similar properties as chemical 
gels [103,104]. An example of a ionically cross-linked network, resulting in a strong hydrogel, 
consists of poly(methacrylate) and poly(methacrylic acid) triblock copolymers cross-linked with 
divalent ions, such as Zn2+, Ca2+, Ni2+ and Co2+ [105]. This hydrogel exhibits mechanical strength 
and toughness comparable to those of double network hydrogels. 

Finally, the hydrophobic effect is another type of reversible interactions employed to generate 
self-assembled materials. The role of such interactions in the development of mechanically strong 
hydrogels will be discussed in the following section. 

HYDROPHOBIC INTERACTIONS IN HYDROGELS - MICELLAR 
HYDROGELS 

Hydrophobic interactions are typical of nonpolar molecules, which via hydrophobic effect tend to 
aggregate in aqueous environment in order to exclude water molecules from their solvation shell. 
Consequently, by interacting between themselves, these nonpolar molecules actually minimize 
the contact area with water [106]. The hydrophobic effect is essential in biological systems. 
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For example, it allows the interaction between proteins and lipid bilayers of cell membranes, so 
that proteins are inserted in the membranes [107,108]. Also, protein folding and formation and 
aggregation of vescicles in cells are governed by hydrophobic interactions [109,110]. 

Since the hydrophobic effect is observed between nonpolar molecules in water and since 
hydrogels are essentially water-based materials, it follows that by incorporating nonpolar moieties 
in the polymers, it should be possible to drive self-assembly via hydrophobic effect between 
nonpolar segments leading to the formation of micellar hydrogels. Micellar hydrogels in a wide 
sense refer to hydrogels containing nanodomains or segments of micellar type. From the point 
of view of their composition, given the different polarity of the constituents, these hydrogels are 
considered to by hybrid materials. 

The importance of hydrophobic interactions was first seen in associative thickeners, such as 
hydrophobically ethoxylated urethanes (HEURs) [111,112]. These are amphiphilic molecules 
with terminal nonpolar moieties, which above critical concentration in water form transient 
networks. Because of the hydrophobic effect, nonpolar segments aggregate in water, forming 
flower-like micelles which bridge hydrophilic chains, thus giving rise to a transient, reversible 
network [113]. 

At first thought, it might seem counter-intuitive to incorporate groups of opposed, nonpolar 
character in water-based hydrophilic materials. However, it was seen that inclusion of hydrophobic 
micelles in hydrogels led to some beneficial features and new properties, ranging from suitability 
for drug delivery to achieving self-healing and improved mechanical properties, as will be 
discussed further in this section.

According to a review published recently by Pekař on micellar hydrogels [114] (hydrogels 
containing hydrophobic domains) and based on the published works describing various micellar 
hydrogels [101,115–126], these materials can actually be classified in several categories. This 
classification is primarily based on how the micellar domains are included in the material.

Micellar hydrogels can be divided in the next three categories:

1. Hydrogels containing micelles dispersed in the matrix [115,116,118,126]
2. Hydrogels with integrated micelles. Here, the micelles are actually anchored to the polymer 

network [125], or are made of the hydrophobic segments present in the block copolymers, 
thus making part of the polymer network [101,117,119,124]

3. Hydrogels in which the micelles actually represent the cross-linking points in the network 
[120–123]. Therefore, the network is created directly by micelle formation.

The advantages of including micelles in hydrogels are various, as already mentioned. First, 
several published works demonstrated the efficiency of such hydrogels in loading and solubilizing 
of nonpolar molecules. Consequently, they show promising applications in drug delivery of drug 
molecules characterized by poor water-solubility, such as docetaxel [118], paclitaxel [116] and 
camptothecin [115]. 
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Furthermore, hydrophobic interactions can impart self-healing and stimuli-responsive 
properties to a hydrogel. Tuncaboylu and co-workers developed such a hydrogel by creating 
hydrophobic interactions (stearyl moiety) between PAAm hydrophilic polymer chains [121]. 
Reversible and dynamic character of these additional interactions in hydrogel is responsible for 
the self-healing effect. Being highly dynamic, these interactions once disrupted are able to reform, 
leading to the autonomous macroscopic repair of a cut hydrogel. These interactions are very strong 
in the presence of surrounding water, but at the same time are reversible and able to reform once 
they are broken. 

Finally, in line with the overall discussion about reversible interactions in the previous sections, 
hydrophobic effect can also significantly contribute to the overall improvement of the mechanical 
properties of hydrogels. Hao and Weiss [120] developed a N,N-dimethylacrylamide (DMA) based 
hydrogel with strong hydrophobic nanodomains between 2-(N-ethylperfluorooctane 
sulfonamido)ethyl acrylate (FOSA)  moieties, which play a role as multifunctional cross-links, 
therefore giving rise to a hydrogel characterized by high stiffness and toughness (Figure 1.4).

Thomas and co-workers [119] prepared a hydrogel with hydrophobic domains by mechanically 
mixing hydrophobic polymer (poly(ethylene-co-vinyl alcohol) with the hydrophilic PVA or PVP. 
Introduction of the hydrophobic component in the material created crystalline-like domains, 
which exerted a positive effect on mechanical properties of the hydrogel. In particular, it was found 
to increase strength and creep resistance of the material.  Also, Meijer’s group designed a tough 
and resilient hydrogel by combining hydrogen bonding interactions with hydrophobic effect in 
the same material [101] (Figure 1.5). These strong and reversible associations contributed to 
enhanced mechanical properties, while preserving processability features. 

These examples show how the hydrophobic interactions either by itself or in combination 
with other interactions are able to significantly improve the mechanical performance of hydrogels, 
thus placing hydrophobic effect next to ionic and hydrogen bonding transient interactions as 
an additional and effective tool for designing next generation supramolecular hydrogels with 
improved mechanical behaviour and multiple functional and stimuli-responsive properties. 
Interestingly, hydrophobes used so far in the micellar hydrogels were mainly small alkyl groups. 
The largest one described in literature was a C22 alkyl moiety [46].

Figure 1.4. Schematic representation of PDMA-FOSA hydrogel with hydrophobic nanodomains. 
Reprinted with permission from ref. [120]. Copyright 2011 American Chemical Society
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Figure 1.5. Network structure of the supramolecular hydrogel formed via UPy mediated hydrogen 
bonding in the segmented multiblock polymer. Reprinted with permission from ref. [101]. Copyright 
2014 American Chemical Society

DIMER FATTY ACID (DFA) AS THE HYDROPHOBIC COMPONENT 
IN MICELLAR HYDROGELS 

Dimer fatty acids (DFA) are bifunctional, nonpolar, alkyl molecules, which are products of the 
dimerization process of the C18 unsaturated fatty acids. Dimerization reactions leading to these 
products are self-condensation, reaction with carbon monoxide followed by oxidation and Diels 
Alder reaction with acrylic acid. The starting material usually derives from the tall oil fatty acids. 
These dimerized fatty acids are unsaturated and as such they are susceptible to extreme oxidative 
and thermal conditions. However, hydrogenated dimer fatty acids are also commercially available, 
therefore making the handling and storage of the material more convenient [127]. 

DFAs have a well-defined molecular weight (570 g/mol) yet they are non-crystalline. This 
is a consequence of the unspecific dimerization process leading to several isomers containing 
branched and cyclic structural elements [127] (Figure 1.6). Therefore, DFA is amorphous and its 
incorporation in polymers prevents crystallization [128,129]. 

Dimer fatty acids are most commonly used as building blocks for preparing polymers and 
resins destined for coating and hot-melt adhesives applications [130]. 

However, considering the size of the nonpolar DFA (C36) and its amorphous character, it is 
of interest to use it as a component in micellar hydrogels and to test its effect on the structural and 
mechanical features of such hydrogels. So far, a hydrophobe as large as DFA (C36) has not been 
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used in formulations of micellar hydrogels. Therefore, we set the DFA as the central element in this 
thesis, with the aim to use this unit for developing a physical hydrogel in which it is responsible for 
creating hydrophobic interactions, as will be discussed below. 
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Figure 1.6. Most common isomers of hydrogenated dimer fatty acid (DFA).

AIM AND OUTLINE OF THE THESIS

Micellar hydrogels, considering their hybrid character, can display specific material and structural 
properties. Tuning the size, content and way of incorporation of the constituents (hydrophilic 
and hydrophobic components) allows for tailoring of the mechanical, viscoelastic and stimuli-
responsive properties of the micellar hydrogels, as described in the previous section. Based on 
the overall discussion on the supramolecular (physical) hydrogels and the micellar hydrogels in 
particular, the work in this thesis is structured in such a way to explore two main goals:
 
1. synthesis and characterization of the micellar hydrogel containing a very large hydrophobe - 

DFA, with particular emphasis on improvement of mechanical properties of the hydrogel
2. investigation of possible applications of such micellar hydrogel.

In Chapter 2, a novel micellar hydrogel is prepared, starting from the readily available and 
cheap components PEG and DFA. The multiblock, segmented copolymer is synthesized in the 
melt, under continuous vacuum. We showed that PEG-DFA polymer gives rise to a physically 
cross-linked hydrogel, due to the self-assembly between DFA segments, governed by the 
hydrophobic effect. In addition, the molecular weight of PEG is varied in order to investigate the 
effect of the hydrogel composition on the physico-chemical properties of the material. Swelling 
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and stability properties of the hydrogels are explored, while small-angle neutron scattering (SANS) 
provided a significant insight into structural characterization of the materials. Moreover, a detailed 
viscoelastic and mechanical characterization of the PEG-DFA micellar hydrogel is described. 

In relation to the viscoelastic and mechanical characterization of the PEG-DFA hydrogel, 
Chapter 3 shows how agents destabilizing the hydrophobic effect, such as sodium dodecyl 
sulphate (SDS) and urea interact with the micellar hydrogel. Additionally, the effects of both 
SDS and urea on hydrogel viscoelastic properties and dynamics are investigated, providing an 
important insight into how they affect the characteristic stress relaxation and stiffness of the PEG-
DFA micellar hydrogel.  

Chapter 4 describes the development of a nanocomposite physical hydrogel. A method for 
easy fabrication of the nanocomposite material between PEG-DFA micellar hydrogel and CNTs 
is described. Hydrogels at different CNT content are prepared and characterized in terms of their 
swelling capacity, stability under physiological conditions and ability to be electrically conductive. 
In particular, the effect of CNT loading on the hydrogel toughness is investigated, showing that 
there is an optimal amount of CNTs able to significantly improve the toughness of the micellar 
PEG-DFA hydrogel. In addition, a detailed study of the cytocompatibility of the prepared 
nanocomposites is performed, indicating their suitability for biomedical applications.

Chapter 5 shows a specific application of the tough PEG-DFA micellar hydrogel in the field 
of mechanically induced luminescence - mechanoluminescence. In particular, the segmented 
PEG-DFA copolymer is covalently functionalized with the mechanophore bis(adamantyl)-1,2-
dioxetane. The mechanoluminescence is recorded in a hydrogel material upon uniaxial tensile 
deformation. Furthermore, we also studied the effect of the strain rate on the intensity of the 
emitted light. Results in this chapter show that dioxetane derived mechanoluminescence can be 
achieved in hydrogels and can possibly be used to study failure mechanisms in such materials. 

Finally, Chapter 6 presents an evaluation of the results reported in this thesis and it shows 
implications and future applications of the PEG-DFA micellar hydrogel. In particular, preliminary 
work suggests that PEG-DFA hydrogel might be used for coating of nonpolar materials via 
hydrophobic interactions.
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ABSTRACT

We report the preparation and structural and mechanical characterization of a tough 
supramolecular hydrogel, based exclusively on hydrophobic associations. The system consists of 
a multiblock, segmented copolymer of hydrophilic polyethylene glycol (PEG) and hydrophobic 
dimer fatty acid (DFA) building blocks. A series of copolymers containing 2, 4 and 8k PEG was 
prepared. Upon swelling in water, a network is formed by self-assembly of hydrophobic DFA units 
in micellar domains, which act as stable physical cross-link points. The resulting hydrogels are non-
eroding and contain 75-92 wt % of water at swelling equilibrium. Small-angle neutron scattering 
(SANS) measurements showed that the aggregation number of micelles ranges from 200 to 600 
DFA units, increasing with PEG molecular weight. Mechanical characterizations indicated that 
the hydrogel containing PEG 2000 is mechanically very stable and tough, possessing a tensile 
toughness of 4.12 MJ/m3. The high toughness, processability and ease of preparation make these 
hydrogels very attractive for applications where mechanical stability and load bearing features of 
soft materials are required.

KEY WORDS: supramolecular hydrogel, segmented copolymer, hydrophobic interactions, 
dimer fatty acid, tensile toughness.

INTRODUCTION

Hydrogels are three-dimensional networks of hydrophilic polymers, able to absorb and retain 
large amounts of water, which makes them a very attractive class of materials for biomedical 
applications. Hydrogels are often biocompatible, primarily because of their hydrophilic character, 
high water content and permeability similar to those of natural tissues. In the last decades, interest 
in hydrogels as drug delivery platforms, artificial implants and scaffolds in tissue engineering has 
increased strongly [1–6]. However, most of the traditional synthetic hydrogels are brittle and 
possess poor mechanical properties [7,8]. These disadvantages can severely limit their application 
as very often they are required to have high toughness and load bearing features. Therefore, 
designing synthetic hydrogels with remarkable mechanical properties is an important task. 

In order to improve mechanical properties of these soft materials, efficient energy dissipation 
mechanisms must be available at the molecular level, because these increase resistance to crack 
propagation and lead to high toughness [9,10]. During the last few decades, many hydrogels with 
excellent mechanical properties have been developed, including hydrogels with homogeneous 
network structure [11,12], topological [13], nanocomposite [14,15], double network [16,17] 
and supramolecular hydrogels. Supramolecular hydrogels, also known as ‘’reversible hydrogels’’, 
feature secondary interactions, such as hydrogen bonding [18], ionic [19] and hydrophobic 
interactions [20]. Because secondary interactions provide intrinsic mechanisms for energy 
dissipation, there is a large potential for designing high-toughness supramolecular hydrogels. 
Furthermore, being reversible, such materials can be handled and processed quite easily, which 
makes this type of hydrogels very attractive for use on a large scale. 
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Hydrophobic interactions have been extensively used in associative thickeners, such as 
hydrophobically ethoxylated urethanes (HEURs) [21,22]. In these amphiphilic macromolecules, 
hydrophobic parts are able to self-assemble in flower-like micelles in aqueous solutions, bridging 
hydrophilic chains. This leads to increased viscosity due to the formation of a temporary physical 
network structure [23,24]. Based on the rheology of HEURs, introduction of hydrophobic 
interactions in hydrogel systems is expected to create reversible cross-links, which give gels the 
capability to flow and provide a mechanism to efficiently dissipate energy, increasing fracture 
toughness [25,26]. Okay and co-workers show that reversible hydrophobic interactions in 
polyacrylamide hydrogels indeed contribute to improved mechanical properties [10,20,27]. 

In analogy to thermoplastic elastomers, multiblock, segmented copolymers with hydrophobic 
segments, are expected to endow gels with higher elasticity and reduced creep. Indeed, in 
hydrogels based on the segmented copolymer between hydrophilic PEG and 2-ureido-4[1H]-
pyrimidinone (UPy) hydrogen-bonding units, developed by Meijer and co-workers, it was shown 
that due to microphase separated network, hydrogels exhibited high strength and resilience 
when deformed [28]. In our group, an injectable, elastic hydrogel was developed, based on the 
segmented copolymer containing PEG and bisurea segments [29]. 

In light of designing hydrogels that are easy to prepare and process, while maintaining high 
toughness, we were inspired by the above mentioned studies and wanted to design a supramolecular 
hydrogel that would include multiblock, segmented polymer architecture and strong hydrophobic 
interactions. We anticipated that by bringing together these two concepts in one system, we could 
produce a single-network, high-toughness supramolecular hydrogel based solely on hydrophobic 
interactions. With this in mind, we chose our building blocks: poly(ethylene glycol) (PEG), a 
water-soluble polymer, widely used in many hydrogel preparations because of its nontoxicity and 
biocompatibility [30–33], and dimer fatty acid (DFA) [34]. DFA is a fully hydrogenated C36 
hydrophobe, a dimer of stearic acid. It has a well-defined molecular weight but it is a mixture of 
different isomers, which prevents crystallization in applications in polymers [35]. The novelty 
of our hydrogels is precisely the use of DFA, and we chose it because of its large size, which we 
anticipated would form stable and robust physical cross-links, leading to improved mechanical 
properties. To the best of our knowledge, so far such a large hydrophobe has not been used in 
hydrogel formulations. 

In the present work we report on a simple and fast method to prepare hydrophobically 
associated supramolecular hydrogels, starting from inexpensive and readily available building 
blocks. Segmented copolymers were prepared by polycondensation reaction between PEG 
and DFA (or its diisocyanate derivative, DDI) without adding any surfactant molecules and/
or chemical cross-linking agents. Hydrogels made by this method are expected to display high 
mechanical strength, toughness and stability, due to the multiblock architecture of the polymer 
and strong hydrophobic aggregation between DFA units. We aimed to explore structural, 
viscoelastic and mechanical features of these hydrogels and determine whether a high degree of 
toughness is achieved.
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EXPERIMENTAL SECTION

Materials
Poly(ethylene glycol) (PEG) 4000 and 8000, dimerized fatty acid (DFA), dibutyltin dilaurate 
(DBTDL) (95%) were all purchased from Sigma-Aldrich. Poly(ethylene glycol) (PEG) 2000 
was obtained from Merck. Dimer fatty acid-based diisocyanate (DDI 1410, 92% pure) was kindly 
provided as a free sample by Cognis (now BASF). Tin (II) chloride anhydrous (SnCl2) (99%) was 
purchased from Alfa Aesar. Bulk solvents were obtained from Biosolve BV Chemicals and used as 
received. All PEG compounds were dried by azeotropic distillation with toluene before use. Other 
chemicals were used without further purification.

Synthesis
Segmented PEG-DFA based copolymer - In a 300 mL three neck round-bottom flask flange reactor 
with a magnetically coupled anchor stirrer, PEG 2000 (30.00 g, 15 mmol) was melted at 150 °C 
and the vacuum was applied for 20 min. When completely dry PEG was obtained, DFA (8.55 g, 15 
mmol) and SnCl2 (193 mg, 0.5 wt % of the total amount of monomers) were added to the reaction 
mixture, vacuum was reapplied and cold trap was set. The temperature was increased to 180 °C for 
1 h. Finally, the temperature was increased to 200 °C and the reaction mixture was stirred under 
reduced pressure (0.1-0.2 mbar) for 24-30 h (until the mixture became so viscous that no efficient 
stirring could be observed anymore). After that time, the vessel was slowly cooled down to room 
temperature at atmospheric pressure, and the reaction was quenched by adding approximately 
100 mL of chloroform under stirring. The resulting chloroform solution was then precipitated into 
an excess amount of diethyl ether and centrifuged at 20 000 rpm for 10 min. The final product was 
isolated as a white powder and it was dried under reduced pressure at room temperature overnight.

Segmented PEG-DDI based copolymer - In a typical reaction, previously dried PEG 2000 (7.00 
g, 3.5 mmol) was dissolved in 10 mL of chloroform in a 50 mL two neck round-bottom flask and 
DBTDL (44 μL, 0.5 wt % with respect to the total amount of monomers) was added under argon 
flow. Next, DDI (2.26 g, 3.85 mmol) was dissolved in 3 mL of chloroform and added dropwise to 
the reaction mixture. The reaction mixture was stirred under argon, at reflux (75 °C) for 12h, until 
significant increase in viscosity was observed. At this point, the reaction was stopped by cooling 
down the flask to room temperature and adding small amount of chloroform (10 mL). The 
resulting solution was precipitated in large amount of diethyl ether and centrifuged at 20 000 rpm 
for 10 min. The final product was dried under reduced pressure at room temperature overnight 
and appeared as white powder. The same procedure was employed for the synthesis of PEG 4000-
DDI and PEG 8000-DDI segmented copolymers.

Gel permeation chromatography (GPC) 
GPC (PL-GPC 50 Plus) with integrated refractive index detector (Polymer Laboratories) was 
used to obtain molecular weights (MWs) of the synthesized segmented copolymers. The samples 
were prepared in dimethylformamide (DMF) with 10 mM LiBr at 5 mg/mL and filtered through 
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PTFE syringe filters (from VWR) with average pore size of 0.2 μm. DMF with 10 mM LiBr was 
used as mobile phase at a flow rate of 1.0 mL/min. GPC data reported for the MWs are relative to 
a calibration based on PEG standards (Polymer Source).

NMR spectroscopy 
1H NMR spectra of the samples were obtained by employing a Varian Mercury VX (400 MHz) 
spectrometer. Solutions were prepared in CDCl3 (Cambridge Isotope Laboratories) and 
measurements were performed at room temperature. Chemical shifts are reported as δ in parts per 
million (ppm) and referenced to tetramethylsilane (at 0 ppm). 

Fourier-transformed infrared spectroscopy (FT-IR) 
FT-IR spectra were recorded at room temperature on a Perkin Elmer Spectrum One spectrometer 
equipped with a universal Attenuated Total Reflectance (ATR) sampling accessory. The samples 
were scanned in the range from 450 to 4000 cm-1 with a 8 scan per sample cycle and a resolution 
of 4 cm-1.

Hydrogel preparation
Polymer disks of 25 mm in diameter and 0.5 mm thickness were obtained by compression-molding. 
The powder-like material was melt-pressed at 95 °C at a pressure of 100 bars for 10 minutes using a 
stainless steel mold; within the mold the material was sandwiched between two pieces of Teflon® 
sheets to prevent sticking. After cooling to room temperature, polymer disks were removed from 
the mold and their weight was recorded prior to the subsequent swelling experiments. Hydrogels 
were then obtained after the above-mentioned disks were immersed in a large excess of water at 
ambient temperature for a minimum of 24 h.

Hydrogel swelling, determination of equilibrium water content (EWC) and 
stability studies 
Swelling properties and EWCs of the hydrogels were measured at room temperature using a 
gravimetric method. The discs were placed in distilled water at room temperature and their weight 
gain was measured as a function of time. Each sample was weighed before soaking. At designated 
periods of time, they were taken out of the bath, gently blotted with filter paper to remove surface 
water, immediately weighed and returned to the bath. The water content at different times can be 
calculated by the following equation: 
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were m0 and m are the weights of the dry sample and hydrogel at the time of measurement 
respectively. W (%) is the water content, while EWC (%) indicates the water content when the 
equilibrium is reached. The stability of the hydrogels at swelling equilibrium was investigated by 
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the same method. Hydrogel was stirred in distilled water at room temperature and the weights were 
taken at defined times for the next 50 days. Fresh water was replaced each time the measurement 
took place.

Small angle neutron scattering (SANS) 
SANS measurements were performed at the KWS-2 diffractometer at MLZ, Munich, Germany. 
Data were recorded at different sample-to-detector distances (D = 1.4, 2, 8, 20 m) and 
corresponding collimation lengths covering the scattering vector (q) range between 0.002 and 
0.3 Å-1. The scattering vector is given by q = (4π/λ)sin(θ/2), where θ is the scattering angle. The 
employed neutron wavelength was λ = 5 Å with relative width 20% and the scattering intensity 
was detected by means of a two-dimensional detector consisting of 128 x 128 channels, with the 
size of each channel 6 mm x 6 mm. Data were corrected for detector sensitivity, transmission, 
background, and empty cell scattering, and were radially averaged. The scattering was calibrated 
for absolute intensity using a 1.5 mm thick PMMA standard. 

All samples were prepared in Hellma quartz cells with a 1 mm path length and the 
measurements took place at room temperature. Dry, powder-like materials were dissolved in a 
small amount of acetone in the cells and then the solvent was removed under vacuum at 40 °C 
overnight. The aforementioned dry films were swollen to hydrogel state with deuterium oxide 
(99.9 atom % D, Sigma-Aldrich) at the desired concentration. D2O was chosen as solvent because 
its scattering length density (ρD2O=6.36·1010 cm-2) strongly differs from that of PEG (ρPEG=6.34·109 
cm-2) and the segregating DFA moieties (ρDFA=1.67·109 cm-2). Therefore, the scattering intensity 
from PEG under these conditions is non-zero. These PEG segments could have been matched 
or made ‘’invisible’’ to neutrons if a mixture of about 16% D2O/84% H2O was taken as the 
solvent. However, this would have reduced at the same time the contrast to the DFA units by 
roughly a factor of 240 and increased the incoherent background by about 3, both conditions 
not recommendable for accurate experimenting. The cells were properly sealed to prevent any 
evaporation during the measurement.

Rheology
Viscoelastic properties of the hydrogels were studied by rheology. Oscillatory shear and stress 
relaxation measurements were determined by a stress-controlled rheometer (Anton Paar, Physica 
MCR501). The measuring device was equipped with plate-plate geometry (25 mm in diameter) 
and a temperature unit (Peltier hood accessory), which provides temperature control and prevents 
evaporation during the experiments. All measurements were conducted on hydrogel samples at 25 
wt % concentration and at 25 °C unless otherwise noted. Dynamic measurements were performed 
over a frequency range of 0.1-100 rad/s using a shear strain of 0.1%, whereas in the stress relaxation 
experiments a step strain of 0.1% was applied and the decay of stress in the viscoelastic material 
is monitored as a function of time. The temperature sweep experiment was done at a constant 
heating rate of 2 °C /min over a temperature range between 25 and 75 °C.
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Tensile testing
Mechanical properties were determined by tensile testing, both in uniaxial extension mode and 
cyclic testing mode. Tests were carried out with Zwick Z100 Universal Tensile Tester with the load 
cell of 100 N, at room temperature. For uniaxial extension tests, the crosshead speed was set at 5 
mm/min, while for the cyclic tests at low strains, the speed was 0.5 mm/min. Dog-bone samples 
were cut from rectangular hydrogel films previously brought to swelling equilibrium. They were 
kept in water until the measurements took place. The sample size was 12.5 mm length, 2 mm width 
and 1.5 mm thickness, as measured prior to testing. Sample grips were tightly fixed between the 
clamps to prevent eventual slippage during the loading. The measurements were performed on 
at least 5 samples and the results were averaged. Standard deviations of all recorded parameters 
were less than 10%. From the stress-strain curve, tensile modulus, tensile strength, elongation at 
break and toughness were determined. Tensile modulus was calculated as the slope of the linear 
portion of the curve (1-4%) by using linear regression method. Tensile strength corresponds to 
the maximum stress absorbed by material, while elongation at break is relative to the maximum 
extension of the sample before failure. Tensile toughness was determined by integrating the area 
under the curve from the start of the test until fracture of the sample. 

RESULTS AND DISCUSSION

Synthesis and molecular characterization 
The one-step synthesis of the segmented copolyester based on PEG diol and DFA is schematically 
represented in Figure 2.1 (top) and the adopted synthetic methodology is a modification of a 
literature procedure for esterification of DFA with PEG, consisting of reacting DFA and PEG 
diol in stoichiometric ratio at 200 °C, under vacuum and in the presence of tin(II) chloride as a 
catalyst for 30 h [36]. The reaction is a typical polycondensation polymerization, in which ester 
bonds are formed between hydroxyl groups of PEG diol and carboxylic acid functionalities of 
DFA. In order to study how mechanical and viscoelastic properties of the resulting hydrogels are 
affected by the hydrophobic/hydrophilic balance, we varied the hydrophilicity by incorporating 
different molecular weights of PEG diol. PEG2000, PEG4000 and PEG8000 diols were reacted 
with DFA to give segmented copolymers. However, the literature procedure consistently gave 
low molecular weight polymers when PEG4000 and PEG8000 were used, most likely due to 
the lower concentration of functional groups in the reaction mixture. A successful alternative to 
segmented copolyester was the synthesis of the corresponding polyurethane. In this approach, 
DFA diisocyanate (DDI) was used and the urethane bonds were formed via the addition reaction 
between isocyanate groups of DDI and hydroxyl groups of PEG diol [37] (Figure 2.1, bottom). 
Using this procedure with some modifications, three segmented polyurethanes were prepared, 
with PEG2000, PEG4000 and PEG8000, as summarized in Table 2.1. 
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Figure 2.1. Synthetic procedures for the preparation of the segmented copolymers. Route for (top) 
polyester and (bottom) polyurethanes synthesis.

Table 2.1. Characteristics of the segmented copolymers

sample name Mw (kg/mol) Mn (kg/mol) Mw/Mn bond type PEG MW apolar unit

PE PEG2000 70 29 2.41 ester 2000 DFA

PU PEG2000 35.3 19 1.86 urethane 2000 DDI

PU PEG4000 48.2 33.3 1.45 urethane 4000 DDI

PU PEG8000 84.2 61.5 1.37 urethane 8000 DDI

We use the following nomenclature in order to distinguish the samples by their composition: 
PX PEGY, where X is either E (ester) or U (urethane), and Y is the molecular weight of the PEG in 
g/mol. Four segmented copolymers containing alternating hydrophilic (PEG) and hydrophobic 
(DFA) segments were prepared on a multi-gram scale, and characterized with GPC, IR and 1H 
NMR spectroscopy.

The molecular weights and molecular weight distributions were determined by GPC and are 
listed in Table 2.1. PE PEG2000 and PU PEG2000 have relatively broad distribution of molecular 
weights (2.4 and 1.86, respectively), which is expected for condensation polymerization 
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reactions. In the materials with high molecular weight PEG, polydispersity is below 1.5, but lower 
molecular weight species, corresponding to oligomers, are present in the product (see Supporting 
Information, Figure 2.S1).

Figure 2.2 displays FT-IR spectra of the reactants and resulting segmented copolymers. The 
characteristic peaks of the end –COOH group at 1708 cm-1 and the –OH group at 3400-3500 
cm-1, present in the starting materials have completely disappeared in the spectrum of copolyester 
PE PEG2000, while a new absorption band appeared at 1735 cm-1, due to the –C=O ester stretch 
vibration (Figure 2.2, left). Thus, IR showed that the reaction between COOH of DFA and OH of 
PEG2000 diol was successful and it resulted in the formation of ester bonds.

Similarly, the formation of the urethane bonds was observed in the polymers synthesized 
from DFA diisocyanate. The spectra in Figure 2.2 (right) show the characteristic bands present 
in the reactants, stretch of the isocyanate group (-N=C=O) at 2260 cm-1 and a weak broad band 
of the end –OH groups of PEG diol at 3400-3500 cm-1. In the product, bands of the urethane 
bond (-NH-CO-O-) appeared as a weak signal around 3350 cm-1, attributed to the N-H stretch 
vibration and two characteristic signals at 1721 cm-1 (-C=O stretch) and N-H in-plane bending at 
1532 cm-1. The presence of these bands and the disappearance of the characteristic bands of the 
reactants, confirmed the formation of urethane bonds in these segmented copolymers.

Finally, the copolymers were also characterized by 1H-NMR spectroscopy with the spectra 
shown in Figure 2.S2 (Supporting Information), with all signals in line with the proposed 
structures.

Figure 2.2. Characterization of the polymer chemical composition. FT-IR spectra of: (left) reactants 
DFA (A), PEG2000 diol (B) and segmented polyester PE PEG2000 (C). (right) Reactants DDI (A), 
PEG2000 diol (B) and polyurethane PU PEG2000 (C).
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Swelling behaviour, EWC and stability of hydrogels 
Due to the hydrophilic nature of the PEG segments, PEG-DFA based copolymers absorb water 
when soaked, giving rise to transparent hydrogels, which have mechanical integrity due to 
aggregation of the highly apolar DFA units, which phase separate and act as reversible cross-links 
in the network (Figure 2.3a). 

Water absorption during soaking was measured gravimetrically and is plotted as a function 
of swelling time in Figure 2.3b. All samples were 0.5 mm thick disks with a diameter of 25 mm. 
The equilibrium amount of the absorbed water increased with PEG weight fraction from 75% for 
PE PEG2000 to 92.5% for PU PEG8000. All polymer samples showed similar swelling kinetics – 
86-90% of the amount of water absorbed at equilibrium is taken up in the first 30 minutes upon 
soaking and equilibrium was reached in less than 6 hours for all samples.

The hydrogels are insoluble in water. The stability over longer periods of time was tested 
for PE PEG2000, mechanically the most stable material. A sample stored in water showed 
no weight loss over a time of 50 days (Figure 2.3c). The stability of the same polymer was also 
studied in a 0.1 g/mL solution of sodium dodecyl sulphate (SDS). After 5 days, the hydrogel had 
completely dissolved. This indicates that surfactant molecules were able to significantly weaken 
the hydrophobic interactions, resulting in disruption of the network and solubilization of the 
hydrogel [38].

Figure 2.3. Swelling properties of the prepared hydrogels. (a) Dry and equilibrium-swollen films of PE 
PEG2000. (b) Swelling properties of the segmented copolymers and corresponding EWCs. (c) Stability 
study of PE PEG 2000, plotted as weight variation versus time; segmented copolymers are as follows: (■) 
PE PEG2000, (●) PU PEG2000, (▲) PU PEG4000 and (♦) PU PEG8000.

 (a)            (b)        (c) 



42

Chapter II

Structural characterization – SANS analysis 
Since segmented copolymers are able to form mechanically robust hydrogels, we propose a 
morphology for the micellar network as illustrated in Figure 2.4, in which the network is formed 
via aggregation of hydrophobic (DFA) segments. These units microphase-separate from the 
hydrophilic PEG segments, driven by hydrophobic interactions. Considering that the volume 
fraction of DFA component in the copolymers is relatively low (6.7%, 12.7% and 22.7% for 
PEG8000, PEG4000 and PEG2000 copolymers respectively), and according to the theory of 
block copolymer self-assembly, we may safely assume the morphology of the DFA nanodomains 
to be spherical [39–41]. Then, they act as cross-link points that are bridged and surrounded by 
PEG chains, which results in the formation of a classical multifunctional network. In order to 
investigate in detail the microstructure and nano-scale morphology of the prepared hydrogels, 
SANS measurements were performed. 

SANS data were recorded for four hydrogels (PE PEG2000, PU PEG2000, PU PEG4000 
and PU PEG8000) at room temperature, at their equilibrium swelling state, as well as in a more 
concentrated regime. As we are interested in the size and spacing of the associating DFA domains, 
for reasons of accuracy data were recorded in pure D2O only. These domains are diluted in the gel, 
consisting of PEG and D2O which constitutes thus a three-component system. Absolute scattering 
intensities vs. scattering vector q are shown in Figure 2.5a. Below, the data are first described 
qualitatively, followed by discussion in full detail. 

Figure 2.4. Physically cross-linked network of PEG-DFA hydrogels. DFA hydrophobic aggregates (in 
red) and PEG chains (in black). RHS is equivalent hard sphere radius according to Percus-Yevick model, RM 
is mean micellar radius.
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All spectra exhibit similar intensity profiles, even at different concentrations, which suggests 
that all hydrogels have similar nanoscale structures. All profiles show the presence of a distinct peak 
at a characteristic q value varying between 0.03 Å-1 and 0.09 Å-1 as a function of the parameters of 
the gels. The position of the peak maximum qmax is indicative of a characteristic distance in real 
space and can be related to an average spacing between DFA nanodomains [29,42,43]. According 
to Bragg’s law, the spacing D, is given by D = 2π/qmax. Similar diffraction peaks have been observed 
in PEG based hydrogels with high functionality cross-link points[44]. In the present hydrogels, 
DFA domains act as massive cross-link points with concentrated scattering length density and 
therefore show up as distinct scattering objects. 

It is evident from Figure 2.5b that the position of the peak varies among the samples and 
depends on both concentration and composition. Upon dilution of PE PEG2000 from 50 to 25 
wt % (swelling equilibrium), the spacing increases from D = 70 Å to D = 78 Å. Similarly, for PU 
PEG4000 the spacing increases from D = 108 Å at 25 wt % to D = 134 Å at 12.5 wt % (swelling 
equilibrium), and for PU PEG8000 D increases from 165 Å at 25 wt % to 175 Å at 7.5 wt % 
(swelling equilibrium). 

For each of these polymers, the number density of the nanodomains (which is proportional 
to 1/D3) decreases more slowly than the weight fraction of polymer, indicating that the size of the 
domains decreases with dilution (see below for a detailed discussion).

Since the D spacing depends on the weight fraction of DFA segments in the polymer, it will 
depend on the PEG chain length as well. The profiles plotted in Figure 2.5b indeed show that qmax 
shifts to lower values as the molecular weight of PEG is increased. The correlation of peak position 
and spacer length indicate that the PEG spacers primarily set the characteristic D spacing (Figure 
2.5b, inset). Similar dependency of D spacing on concentration and PEG molecular weight has 
been reported for other PEG based networks or gels [45–47]. 

In addition, all spectra show a smooth, featureless upturn towards the lowest q scattering 
vectors, which is most likely due to network defects or structural heterogeneities on larger length 
scale. In related works on gels, thermal and frozen-in concentration fluctuations have been made 
responsible for this extra scattering intensity [48]. Whereas a semi-dilute solution of chains in a 
solvent is typically described by an Ornstein-Zernicke model in terms of the mesh-size ζ~20Å 
typically of the blob-network and would imply I(q)~IOZ/(1+(qζ)2)~q-2, the introduction of 
crosslinks intrinsically leads to regions which are less accessible or fully deprived of solvent [42]. 
Their scattering contributions are caught by a Debye-Bueche law, I(q)~IDB/(1+(qζ)2)2~q-4, where 
now the correlation length corresponds to frozen inhomogeneities. Anticipating the evaluation, 
since none of these limiting power laws can be recognized and experimentally an exponent 
between 2 and 3 is observed, we may already conclude that both length scales are probably of the 
same order of magnitude. In Figure 2.5c we presented the SANS data in so-called Kratky plots, 
where the inter-domain peak is emphasized and parasitic scattering, corresponding to any type of 
inhomogeneities encountered in polymer gels, is minimized [49].
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In a study performed by Saffer et al. [47] a SANS analysis of covalently cross-linked, 
tetrafunctional PEG hydrogels was also examined. In several aspects the system is similar to 
the present, in terms of exploring the effect of different chain length of PEG on the hydrogel 
microstructure. However, the characteristic D spacing is only observed for the shortest PEG used 
(4k) at sufficiently high concentration and it was not considered in the fitting to the correlation 
length model. In our hydrogels, due to a large hydrophobic moiety used, the correlation peak is 
present even at lower concentrations, because the phase separation is much more pronounced, 
therefore we were able to go further and analyse in detail the morphology of the phase-separated 
domains as well as the interaction distances between them.

Figure 2.5. SANS analysis of the prepared hydrogels. (a) SANS intensity profiles for hydrogel samples 
in D2O at different concentrations; spectra have been shifted vertically for clarity. The symbols represent 
experimental data, while the red solid curves represent model fits. (b) SANS profiles of three samples 
with different PEG chain lengths (2k, 4k and 8k), inset shows correlation between D and PEG molecular 
weight. (c) Kratky plots of all samples.

 (a)     (b)

 (c)
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Quantitatively, more insight into the nanostructure of the hydrogel networks can be obtained 
by fitting the experimental SANS data to a theoretical model. The total scattering intensity of a 
general three-component mixture can be written as
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where the indices 1,2 and 3 here refer to the DFA clusters, PEG chains and D2O solvent respectively 
[50–52]. The solvent was used as the background component and was eliminated, so only its 
contrast remained.

The partial structure factor Sii(q) is defined as ϕiViPii(q) for non-interacting components with 
volume fraction ϕ, volume of the scatterer V and (intra-particle or intra-chain) form factor P(q). 
Interaction between the DFA clusters is included by multiplying their P(q) by the hard-sphere 
Percus-Yevick (PY) structure factor SHS(q). The latter is well discussed in the literature and is 
not repeated here [53–55]. The cross-term Sij(q) which describes the correlation between DFA 
and PEG is considered low, not only due to the √ϕ1ϕ2 front factor that can be neglected in the 
present concentration range of DFA, but also to the missing structural correlation between the 
morphology of the cluster and the PEG chains. This assumption of putting S12(q) ~0 corresponds 
thus to dispersing unattached DFA clusters, characterized by S11(q), into the gel. Latter is equivalent 
to a small-angle X-ray (SAXS) experiment which does not distinguish between D2O and PEG, due 
to comparable electron densities. 

To estimate the contribution of the PEG chains, given by the S22(q) terms, in view of the 
dilution degrees, we may average the gel phase over PEG and D2O, yielding an average <ρs> = ϕ2ρ2 
+ ϕ3ρ3. If ρ3 is substituted by <ρs > and using (1 - ϕ2) = ϕ1 + ϕ3, we obtain
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The second part of the intensity is identified with the gel scattering and S22(q) leads to the previously 
discussed extra scattering i.e. S22(q) = S22(0)/(1 + (qζ)m)~S22(0)(1 - qζ)m) at low q. Here, m is 
the generalized exponent, experimentally 2 < m < 3. For qζ = 1 this contribution vanishes. If we 
set the lower bound of intensity which can be reliably detected as about 0.01 cm-1, i.e., 5 times 
lower than the experimental incoherent scattering level of the D2O solvent, the correlation length 
is of the order of ~100 Å (~D from the qualitative description). Assuming that in these networks 
spherical aggregates of DFA are formed, interacting according to a Percus-Yevick hard sphere 
interaction potential, the distance between their centers of mass can be obtained from a fit to the 
eq 4, including SHS(q) in S11(q) and taking into account an additional incoherent background of 
the hydrogenous components. The solvent was subtracted before. In the evaluation of S11(q), we 
have assumed that the DFA clusters have a Gaussian distribution:
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with w being the weight, R the DFA cluster radius. Rm is the mean radius of the distribution with 
standard deviation σR . 

The resulting spherical form factor <P(q)>, accounted for polydispersity, is given as
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with
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Although the distribution is normalized by definition, and the integration is performed numerically, 
the denominator corrects for eventual cut-offs. In the local monodisperse approximation, the PY 
structure factor is independent of the polydispersity. 

In total, a description with the above form and structure factor provides values for the mean 
radius of the DFA micelles Rm, their distribution width σR and the equivalent hard sphere radius 
RHS. As can be seen from Figure 2.5a, a reasonable agreement was found between experimental 
data and the model function, except for the sample PU PEG2000 at 25 wt %, which is most likely 
due to some larger macroscopic inhomogeneities present in the sample. However, even though 
the fit is not perfect, by qualitative analysis we assessed that the scattering profile, being similar 
to the rest of the samples, describes the same structural features. Good fits were obtained for our 
samples over the large q region, including the medium q range, which contains the most important 
information on the structure, unlike in the work of Saffer et al. [47] where the peaks were left out 
of consideration. The fitted parameters are shown in Table 2.2. Whereas we mostly relied on the 
q-dependence of the intensity, we further emphasize the complementary power of the calibration 
of scattering in absolute units. If the forward scattering intensity at q = 0 of the DFA cluster S11(0) 
is calculated, using the former assumption of the pre-averaged solvent mixture, and from this 
volume the average radius <R>, then an agreement with Rm within 5% is obtained. This internal 
consistency sustains the value of the absolute calibration as well as the used model. 

Furthermore, from the average intermicellar distances, and by applying the law describing the 
distribution of the nearest neighbour in a random packing of particles (micelles), it was possible to 
estimate the number density of micelles. The following equation was employed:
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where n is the number density of micelles [56]. Moreover, from the micellar concentration and 
known volume fractions of the DFA component in the samples, it was also possible to derive the 
volume of a single micelle of DFA and consequently its mean radius R. Finally, the aggregation 
number of micelles Nagg, corresponding to the number of DFA units per micelle was obtained from 
the additivity of volumes:
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where, dDFA, NA and MW(DFA) are the density of the DFA, Avogadro’s number and the molecular 
weight of DFA respectively and R is the micelle core radius calculated from the average 
intermicellar distance. The calculated values for micelle core radius R and aggregation number Nagg 
are listed in Table 2.2. From the calculated values, we observe that DFA micelles are characterized 
by an increase in the mean core radius R as a function of both, polymer concentration and PEG 
molecular weight, going from 35.1 to 52.5 Å . In most of the samples the radius obtained by fitting 
the full q-range with the PY model is within error range (σR) of the radius calculated from the D 
spacing. As expected, Nagg show similar dependencies on the concentration and PEG molecular 
weight, ranging from 188 to 632.

Table 2.2. Fitted and calculated structure parameters of PEG-DFA hydrogels

Sample

Mean micellar 
radius

Rm [Å]a σR [Å]a

Micellar equivalent 
hard sphere radius

RHS [Å]a

Micellar 
radius
R [Å]b

Aggregation 
number

Nagg
b

PE PEG2000 25wt% 32.9 ± 0.3 4.6 ± 0.2 40.8 ± 0.2 35.1 ± 1.8 188 ± 30

PE PEG2000 50wt% 26.8 ± 0.6 2.7 ± 0.5 38.7 ± 0.2 40.2 ± 3.8 283 ± 82

PU PEG2000 50wt% 29.3 ± 0.4 2.9 ± 0.4 42.2 ± 0.2 43.7 ± 3.9 363 ± 93

PU PEG4000 12.5wt% 56.0 ± 0.7 11.6 ± 0.3 58.3 ± 0.2 38.9 ± 4.3 258 ± 86

PU PEG4000 25wt% 40.0 ± 0.6 7.3 ± 0.4 57.9 ± 0.2 41.5 ± 2.2 310 ± 49

PU PEG8000 7.5wt% 63.6 ± 1.0 18.6 ± 0.5 82.2 ± 0.3 35.6 ± 2.2 196 ± 36

PU PEG8000 25wt% 65.6 ± 1.2 19.6 ± 0.6 80.7 ± 0.2 52.5 ± 3.4 632 ± 124

a - Percus-Yevick fit parameters to SANS data from hydrogels in D2O at room temperature; b – calculated from the average 
intermicellar distances from the scattering profiles.

Overall, the SANS analysis suggests that the present hydrogel networks are formed via the self-
assembly of DFA units into spherical domains, representing the cross-link points. Considering that 
the density number of micelles is in the range of 1019-1020 micelles/L and the average aggregation 
numbers are large, we can conclude that there is a strong phase separation between DFA domains 
and PEG swollen matrix. These results provide strong support for the network structure proposed 
in Figure 2.4. 
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Chapter II

Viscoelastic properties of hydrogels and cross-link density 
The viscoelastic properties of the PEG-DFA based hydrogels were determined via oscillatory shear 
rheology measurements. Figure 2.6a,b displays log-log plots of the shear moduli as a function of 
strain (γ) and angular frequency (ω) respectively. Strain sweep measurements (γ=0.01-100%) 
were performed in order to determine the extension of the linear viscoelastic region for these 
materials. With the exception of PU PEG8000, which only starts yielding at around 15% strain, 
the hydrogels have moduli independent of the strain amplitude up to 4%, after which they start 
yielding. This is most likely due to the presence of long PEG8000 chains which contributes to 
increased flexibility of the system. Unless stated otherwise, in the rheological measurements, 
maximum strain was 0.1%, to stay within the linear viscoelastic regime. Figure 2.6b shows the 
frequency dependence of the moduli. The pattern is typical of that of chemical and other strongly 
interacting physical hydrogels [29,57,58]. At a concentration of 25 wt %, the storage modulus 
G’(ω) is frequency independent, whereas the loss modulus G’’(ω) has very weak dependence in 
the frequency range of 0.1 to 100 rad/s for all hydrogels. Nonetheless, G’’(ω) displayed a slight 
upturn towards lower frequencies, indicating a structural relaxation process and therefore a 
certain dynamic, non-permanent nature of these hydrogels [58,59]. This is also evident when the 
loss tangent (tan δ = G’’/G’) is plotted against frequency, which shows an upturn of tan δ with a 
decrease of frequency (Figure 2.6c). This feature indicates an increase of viscous contributions 
to the material’s response. However, given that for all samples G’ is larger than G’’, our hydrogels 
show predominant solid-like, elastic behaviour within the range of frequencies studied. This 
indicates that the lifetime of the reversible cross-links in the system is longer than the slowest time 
scales accessed in our oscillatory rheology experiments. 

The mechanical properties of the gels depend strongly on their composition, in particular on 
the molecular weight of PEG incorporated in the system. This dependence is shown in Figure 
2.6d. The hydrogel with the shortest PEG segments (PEG2000) has higher values of G’ and G’’ 
than the other gels. This observation is in good agreement with the previously discussed swelling 
and EWC studies, which show similar trends. In fact, as the molecular weight of PEG decreases, 
the amount of the retained water is also lower, reflected in a lower EWC. As a consequence, the 
resulting hydrogel is stiffer.

The rheological measurements show that indeed G’ decreases with increasing molecular 
weight of PEG. In general, the elastic shear modulus G’ of a network depends on the density of 
elastically active segments and on the cross-link functionality as expressed in eq 10 [60,61].

Therefore, assuming that all DFA segments are aggregated, we estimated the modulus of 
each gel based on the density of PEG chains, which can be calculated directly from the degree of 
swelling and the composition of each segmented copolymer. 
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Figure 2.6. Viscoelastic characterization of the hydrogels. (a) Strain sweep at ω=1 rad/s at 25 °C and 
25 wt % concentration of all hydrogels. (b) Frequency sweep at γ=0.1% at 25 °C (■PE PEG2000, ●PU 
PEG2000, ▲PU PEG4000, ♦PU PEG8000, black symbols G’, red symbols G’’). (c) Loss factor tan δ as a 
function of angular frequency, calculated from the data in the present Figure b. (d) Dependence of G’ and 
G’’ on the molecular weight of PEG (closed symbols G’, open symbols G’’).

where υe is the cross-link density due to chains, υ2 is the volume fraction of the segmented copolymer, 
R is the gas constant, T is the absolute temperature and f is the functionality of the cross-links. This 
is valid if we assume that the present system is a phantom network, which generally is true for the 
transient and non-entangled networks. Furthermore, according to the SANS analysis (Table 2.2), 
aggregation numbers are large in these hydrogels, so the cross-link functionality f is expected to be 
large as well. Therefore, (1-2/f)~1 and virtually affine behaviour is observed [27,61]. The volume 
fraction υ2 was calculated by using the equation described by Gundogan [62]:
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where qf is the ratio of the weights of the swollen gel and originally dried sample, dp is the polymer 
density and ds is the density of water (1.00 g/mL). The values of different parameters, including 
calculated chain densities and resulting moduli are listed in Table 2.3. 

The predicted modulus G’ for PU PEG4000 and PU PEG8000 is very close to experimentally 
observed values. At the same volume fraction of the polymer, the modulus of the hydrogel is 
inversely proportional to PEG segment molecular weight. Indeed, PU PEG4000 is twice as stiff 
as PU PEG8000 (49.9 kPa compared to 26.6 kPa). However, according to this observation, the 
modulus for PE PEG2000 and PU PEG2000 hydrogels is expected to be around 89 kPa, whereas 
experimentally found values are 194 kPa and 172 kPa respectively. Crowding of the hard spheres 
of the DFA micellar clusters may contribute to the higher modulus of the gel with the shortest 
PEG segments. These spheres have an effective radius that is increased by crowding of the PEG 
chains at the interface of the micelles. In the PEG2000 gels these spheres form a larger volume 
fraction than in the PEG4000 and the PEG 8000 gels. 

Table 2.3. Parameters, cross-link densities and moduli of hydrogels at 25 °C

Sample qf

υ2 (volume 
fraction)

dp

[g/mL]
υe (chain density)

[mol/m3]
G’ predicted 

[kPa]
G’ measured 

[kPa]

PE PEG2000 25wt% 4 0.22 1.15 98 89.1 194

PU PEG2000 25wt% 4 0.22 1.15 98 89.1 172

PU PEG4000 25wt% 4 0.22 1.17 54.9 49.9 55.5

PU PEG8000 25wt% 4 0.22 1.18 29.2 26.6 26.8

Transient and reversible nature of the hydrogel networks
Dynamic properties and transient character of these hydrogels were investigated with rheology 
measurements, in particular stress relaxation and dynamic amplitude tests. Figure 2.7 shows 
stress relaxation profiles of all four hydrogels. An initial step strain of 0.1% was applied and in 
all hydrogels the stress relaxation response was similar. Two regimes could be distinguished: at 
short times, stress decreased fast. This response at short time scales can be related to the changes 
occurring in the chain conformations in the network. A second regime indicated relatively slow 
response, but the stress had a decreasing trend even beyond the probed timescale. In this phase, 
structural changes were taking place. We propose that relaxation in the slow regime corresponds to 
a structural reorganization enabled by escape of DFA units from micelles. Since the hydrophobic 
segments are quite large, the interactions are very favourable, and it is expected that the 
disengagement of the DFA segments from the micellar cores is slow.

Stress relaxation is different for the four samples. In particular, the PU PEG8000 showed a 
stronger contribution of the fast component to the overall stress relaxation than the PEG2000 
gels. For the former, 50% of stress was released after 30 s, whereas for the latter gel it took 76 s. 
After instantaneous application of strain, relaxation of the longer PEG segments in PU PEG8000
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a step strain of 0.1%.

dissipate a larger fraction of the elastic energy than in the gels with shorter PEG segments. Overall, 
the relaxation profiles are typical of transient networks [58,63], but here the relaxation process 
related to the dynamics of hydrophobic cross-links occurs at times longer than the experimental 
timescale of 1000 s.

In order to assess reversible character of the associations present in the network, dynamic 
strain amplitude test was performed on PE PEG2000 hydrogel and the response is displayed in 
Figure 2.8. The test consisted of performing alternating time and strain sweep measurements. 
Firstly, time sweep was done at constant frequency (ω=1 rad/s) and strain (γ=0.1%), within the 
linear viscoelastic regime (Figure 2.8a). No variations in G’ and G’’ were observed over 600 s, 
indicating stable structure and consistent solid-like behaviour of the hydrogel. When the sample 
was subjected to an increasing strain, ranging from 0.1 to 100% at 1 rad/s frequency (Figure 2.8b), 
G’ and G’’ were constant at small strains, but above a critical strain of 4%, G’ and G’’ strongly 
decreased. At 25% strain, a crossover point was observed, and the gel started to exhibit fluid-like 
character. However, when the strain was reduced back to 0.1%, the original moduli were almost 
immediately and fully recovered, with G’> G’’ (Figure 2.8c). Thus, the gel shows yield behaviour 
which is completely reversible (Figure 2.8d-g).

Temperature-dependent rheology
In order to investigate the effect of temperature on the viscoelastic properties of the hydrogels, 
a temperature sweep experiment was performed on the PE PEG2000 saturated hydrogel. Shear 
moduli were monitored at 1 rad/s while the temperature was varied from 25-75 °C. Figure 2.9a 
shows that G’ decreased with temperature, whereas G’’ almost remained constant, although 
G’ > G’’ up to 65 °C, at which temperature the gel became fluid-like. The gel to sol transition is 
completely reversible. Upon cooling at the same rate, both moduli increased toward higher values,
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Figure 2.8. Recovery of hydrogel stiffness. Dynamic strain amplitude test of PE PEG2000 at 25 °C for 
three alternating time sweep-strain sweep cycles(a-g).

as the hydrophobic associations were being reformed. At 25 °C the stiffness was fully recovered and 
no hysteresis was observed during cooling. This indicates that the hydrogel presents thermoplastic 
properties [64,65].

To get more insight into thermal viscoelastic behaviour of these materials, frequency 
sweeps were performed at temperatures ranging from 25 °C to 65 °C and a time-temperature 
superposition (TTS) master curve was constructed, which makes it possible to obtain frequency 
dependent viscoelastic response over much larger frequency range. Construction of such a master 
curve is usually not possible for supramolecular dynamic networks, where multiple processes 
with different activation energies contribute to the relaxation [66]. However, for the PE PEG2000 
hydrogel, a fairly decent superposition of viscoelastic responses at different temperatures was 
obtained, by applying both vertical and horizontal shifts (Figure 2.9b). The crossover point was 
observed at ω = 6∙10-4 rad/s. From this value, a relaxation time of 10470 s is derived, confirming 
therefore long relaxation times of the present systems. This is in accordance with the previously 
discussed stress relaxation data. 

Frequency (horizontal) shift factors (αT), plotted against 1/T followed typical Arrhenius 
behaviour (Figure 2.9c). The activation energy Ea for stress relaxation in the gel can be estimated 
to be 140 kJ/mol using eq 12. 
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It is tempting to correlate this activation energy to the activation energy for escape of a DFA unit 
from a micelle. In the temperature-dependent rheology studies on HEUR derivatives performed 
by Annable [21], a linear relation was derived between the activation energy (Ea in kJ/mol) 
and the number of carbon atoms (n) present in the linear alkyl segments. The relationship was 
successfully applied by Kadam and co-workers in their studies on associating polymers [67]. 
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The equation predicts an activation energy of 197 kJ/mol for a DFA segment, which has 34 carbon 
atoms, a somewhat higher value than the value of 140 kJ/mol determined from the Arrhenius plot. 
Part of this difference may be related to the smaller hydrophobic surface area per carbon atom 
for DFA than for the linear alkanes from which the relationship was derived. It should be noted 
that this activation energy, while still significantly smaller than a typical sp3-sp3 single covalent 
C-C bond (~350 kJ/mol), it is close to the bond energy of weaker covalent bonds, therefore 
approaching the highest levels of activation energy that can be accommodated without irreversibly 
breaking covalent bonds.

Figure 2.9. Temperature-dependent viscoelastic characterization of the PE PEG2000. (a) 
Temperature dependence of G’(closed symbols), G’’(open symbols) for PE PEG2000 with heating and 
cooling rates of 2 °C/min and at ω=1 rad/s and γ=0.1%; (b) master curve obtained by time-temperature 
superposition, based on frequency sweeps recorded at 15,25,35 and 50 °C, with 25 °C taken as reference; 
(c) horizontal shift factors (αT) plotted as a function of 1/T (dashed red line is the exponential fit to 
Arrhenius equation).

 (a)     (b)

 (c)
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Tensile properties
Uniaxial tensile and cyclic loading tests were performed on equilibrium swollen PE PEG2000 (25 
wt % in water), the gel which proved to be the most robust during handling. The results of tensile 
testing are displayed in Figure 2.10a as the stress-strain response, whereas derived parameters 
are listed in Table 2.4. The hydrogel displayed following results: tensile modulus ET = 0.55 MPa, 
elongation at break εB = 1055%, tensile strength σT = 0.51 MPa and tensile toughness UT = 4.12 
MJ/m3. 

Note that the rubberlike elasticity [61] of the hydrogel is corroborated by the classical theory 
with ET = 2G(1+v), where v is the Poisson ratio. If we take v=1/2 (incompressible rubbers) for the 
present system, we get ET = 0.58 MPa. This is comparable to the value obtained from the stress-
strain curve, suggesting a good agreement between rheology and tensile testing. 

Table 2.4. Mechanical tensile properties of PE PEG2000 at 25 wt %

ET – tensile modulus
(MPa)

σT – tensile strength
(MPa)

εB – elongation at break
(%)

UT – tensile toughness
(MJ/m3)

0.55 ± 0.05 0.51 ± 0.05 1055 ± 42 4.12 ± 0.22

The mechanical properties are similar to those observed for other hydrogels based on segmented 
copolymers. In particular, the hydrogel developed by Cui et al. [68], based on hydrophobically 
modified linear polyurethane-urea copolymers, exhibited similar elongation at break and 
toughness (ε

B
 = 570-1130% and U

T 
= 4.2-7.55 MJ/m3). Remarkable mechanical behaviour was 

also seen in the hydrogel system described by Meijer and co-workers [28]. Both referenced 
hydrogels are based on a synergistic effect of H-bonding and hydrophobic interactions. The present 
PEG-DFA hydrogel, however, is entirely based on hydrophobic associations, which proves that if 
the interactions are sufficiently strong, tough hydrogels can still be obtained. The incompatibility 
between copolymer segments (PEG and DFA) results in phase-segregated DFA nanodomains, 
which act as robust physical-crosslinks.

The overall mechanical response and toughness of the present hydrogel were greater than 
those of other hydrophobically modified hydrogels [10,69], with σ

T
 = 71 kPa, ε

B
 = 313% for 

polyacrylamide hydrogels modified with N-octylacrylamide and σ
T
 = 78-212 kPa , ε

B
 = 980-

1830% for polyacrylamide hydrogels modified with octylphenol polyoxyethylene acrylate. Okay’s 
group also showed that it was possible to make use of large hydrophobes, such as C18 and C22, 
which contributed to stronger hydrophobic associations in the network and therefore improved 
toughness (σ

T
 = 15 kPa, ε

B 
= 2500%) [20]. With the current polymers, high-toughness hydrogels 

are obtained by using even larger units (C36). Moreover, these properties are obtained without 
the use of micellar copolymerization preparation method to incorporate hydrophobic units, and 
therefore the hydrogels are stable for a longer time at the swelling equilibrium state, without 
dissolving or becoming more fragile.
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Recovery under cyclic loading at different maximum strains (inset plot shows more closely the behavior 
at 5 and 10% strain).

Interestingly, PE PEG2000 hydrogel approaches some of the mechanical properties of the 
PAMPS/PAAm double-network (DN) hydrogel [17]. The PAMPS/PAAm DN is quite strong 
mechanically and is characterized by the following parameters: E

T
 = 0.1-1.0 MPa, σ

T
 = 1.0-10.0 

MPa and ε
B
 = 1000-2000%. This is remarkable, considering that PE PEG2000 is a single-network, 

supramolecular hydrogel. 
These excellent mechanical properties are primarily due to DFA phase-separated domains 

acting as physical cross-links. In particular, the high modulus is due to a high cross-link density of 
PE PEG2000, as estimated previously. The DFA aggregates are multifunctional cross-linkers, as 
domains are composed of many DFA units. The high elongation at break is a result of the ability 
of DFA domains to dissipate energy. As the material is strained, DFA units dissipate energy by 
escaping the hydrophobic domains, yet the multifunctionality of the micelles maintains integrity 
of the network and keeps permanent deformation due to viscous flow. The energy dissipation 
provides toughness because it creates resistance to crack propagation [10,58] and therefore allows 
elongation of the gel up to 10 times its original length.

Furthermore, cyclic loading-unloading tensile tests were performed on the same material at 
maximum strains between 5 and 100%, at low strain rates (0.5 mm/min). The results of these 
measurements are shown in Figure 2.10b. Interestingly, PE PEG2000 showed completely 
reversible, elastic behaviour without permanent set at strains up to 10% (Figure 2.10b, inset). At 
larger strains the hydrogel did not completely recover its original dimensions and showed some 
permanent set, probably due to break-up of part of the DFA aggregates. The large hysteresis in 
these cyclic tests corresponds to a significant amount of dissipated energy (63 kJ/mol at 100% 
strain) and confirms the role of the physical cross-links in the viscoelastic properties of the gels.

 (a)     (b)



56

Chapter II

CONCLUSIONS

We have developed an easy and scalable, surfactant-free preparation method for single network, 
tough physical hydrogels based on hydrophobic interactions. SANS measurements helped 
elucidate the micellar microstructure of the hydrogels, while rheology was used to establish 
reversible, yet long lived cross-links. PE PEG2000 has excellent mechanical properties, including 
a high tensile strength (0.51 MPa), high elongation at break (1055%), toughness (4.12 MJ/m3) 
and full recovery following deformations up to 10% strain. Such a high toughness is among the 
highest described for physical hydrogels based entirely on hydrophobic associations. The high 
strength of the hydrophobic interactions of the DFA units in the micelles is responsible for a high 
activation energy for viscous flow of 140 kJ/mol. Upon straining, this results in a large dissipation 
of energy without breaking covalent bonds, contributing to the toughness of the material. The 
high functionality of the micellar cross-links limits structural changes, leading to little permanent 
set, even though there are no covalent cross-links. 

The purely physical nature of the network in segmented PEG-DFA hydrogels offers the 
advantages of being easily handled, recyclable and processable, which increases potential use of 
this material, in particular in applications where the hetero-phase structure in aqueous media 
could be exploited for potential controlled delivery applications of hydrophobic and amphiphilic 
therapeutic agents [70].

The high modulus of PEG-DFA hydrogels, especially PE PEG2000, makes it potentially 
suitable for load-bearing applications in tissue engineering, such as in cartilage replacement [71]. 
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SUPPLEMENTARY INFORMATION

Gel permeation chromatography traces of the synthesized segmented copolymers

Figure 2.S1. Gel permeation chromatography (GPC) traces of the segmented copolymers from 
PEG diol and DFA or DDI as shown in Table 2.1. The traces correspond to the following samples: (a) 
PE PEG2000, (b) PU PEG2000, (c) PU PEG4000, (d) PU PEG8000.

1H NMR spectra of the segmented copolymers
The proton signals of the PE PEG2000 (Figure 2.S2 top) in CDCl3 are as follows: δ 4.22 ppm 
(-CO-O-CH2-), δ 3.64 ppm (PEG backbone, -CH2-CH2-O-), δ 2.32 ppm (-CH2-CO-O-), δ 1.62-
1.01 ppm (DFA, isomeric aliphatic peaks), δ 0.88 ppm (-CH2-CH3). The formation of new ester 
bond is proved by the presence of the proton signal at 4.22 ppm, which corresponds to the protons 
next to the ester moiety. 

The signals of polyurethanes (PU PEG2000) in CDCl3 (Figure 2.S2 bottom) are as follows: 
δ 4.84 ppm (-O-CO-NH-), δ 4.21 ppm (-NH-CO-O-CH2-), δ 3.64 ppm (PEG backbone, -CH2-
CH2-O-), δ 3.15 ppm (-CH2-NH-CO-O-), δ 1.60-1.03 ppm (DDI, isomeric aliphatic peaks), δ 
0.88 ppm (-CH2-CH3). The formation of the urethane linkage is confirmed by the presence of the 
proton signal positioned at 4.84 ppm, which is attributed to the proton attached to nitrogen atom 
in the urethane bond [1].
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Figure 2.S2. 1H-NMR spectra of the segmented copolymers: PE PEG2000 (top) and PU PEG2000 
(bottom).
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ABSTRACT

Physically associated hydrogels based on strong hydrophobic interactions often have attractive 
mechanical properties that combine processability with elasticity. However, in order to achieve 
their full potential, there is a need to study such interactions and understand their relation to 
the macroscopic hydrogel properties. In this work, we use the surfactant sodium dodecyl sulfate 
(SDS) and urea as reagents that disrupt hydrophobic interactions. The model hydrogel is based 
on a segmented copolymer between polyethylene glycol (PEG) and hydrophobic dimer fatty 
acid (DFA). We have studied the effects of SDS and urea on the viscoelastic properties, dynamics 
and relaxation processes of this model hydrogel and we show that both agents significantly 
change its mechanical properties. In particular, the stress relaxation time is reduced significantly 
by urea, as compared to SDS, while the latter is able to decrease the modulus of the hydrogel 
more efficiently. These effects are attributed to the different mechanisms by which SDS and urea 
disrupt and weaken hydrophobic association. The reversibility of the effects of SDS and urea can 
be exploited for instance by using an injectable sol that solidifies when the SDS or urea diffuses 
out of the sample. Surfactant-induced processability may be advantageous in future applications 
of hydrophobically assembled physical hydrogels.

KEY WORDS: supramolecular hydrogel, viscoelasticity, surfactant, urea, stress relaxation.

INTRODUCTION

Supramolecular hydrogels represent a group of hydrogel materials which are characterized by 
the transient nature of their networks. This is usually achieved through physical, non-covalent 
interactions, such as hydrogen bonding [1–3], ionic interactions [4] or hydrophobic associations 
[5,6]. Recently, there has been an increasing interest in this class of soft materials as they can 
offer some unique advantages, the most important of which are their easy processability and 
shaping. This is due to their transient character and the reversible nature of the cross-links. As 
such, supramolecular hydrogels can be easily assembled or even disassociated, depending on the 
conditions applied. Consequently, they hold great potential as drug delivery, biomimetic, self-
healing, shape-memory or adaptive materials [5,7–13].

A very important category of supramolecular hydrogels is entirely based on hydrophobic 
association. In such gels, the network is held together by the self-assembly of phase separated 
hydrophobic blocks in water. Depending on the size of the hydrophobic units the strength of the 
association will vary and therefore so will the resultant dynamics and material properties. However, 
in order to fully exploit the potential of such hydrogels, it is of crucial importance to understand 
the relation between the molecular interactions, and the dynamics, structure and macroscopic 
properties. One way to study hydrophobically assembled gels is to modify the strength of the 
interactions by the addition of surfactants or urea. 
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The effect of surfactants, in particular sodium dodecyl sulfate (SDS) on hydrophobically-
modified ethoxylated urethanes (HEURs ), a class of associative polymers, has been studied [14]. 
It was shown that at sufficiently high concentrations, surfactant is able to dissolve the transient 
network completely. Amphiphilic surfactant molecules are able to interact with both hydrophilic 
PEG segments and hydrophobic flower-like micelles, resulting in micelle solubilisation and 
network disintegration. Moreover, the effect of SDS has been seen in hydrophobically modified 
hydrogels as well. It was shown that SDS is able to facilitate the diffusion of polymer chains by 
interacting with hydrophobic micelles, thereby inducing self-healing [5,15]. Urea on the other 
hand is known as a molecule able to disintegrate hydrogen bonds and induce protein denaturation 
[16–18]. In addition, it has been reported that urea influences hydrophobic interactions, but the 
mechanisms by which this occurs are still under debate. It has been proposed that urea acts as a 
chaotrope, breaking the structure of water and increasing hydrocarbon solubility [19,20]. However, 
recent results suggest that this indirect mechanism is not very likely to play an important role in 
the denaturation process [21,22]. In particular, it was seen that in the systems based exclusively 
on hydrophobic interactions, it is most likely that urea actuates a direct way of interacting with 
the polymer structure. It appears that this mechanism is based on the preferential binding of urea 
to the hydrophobic structures and the formation of hydrogen bonds with water, resulting in a 
weakening of the hydrophobic associations [21]. 

A study on the mechanisms by which SDS and urea alter the mechanics and properties of 
transient hydrogels thus may provide useful insights. The effects of SDS on some hydrogels 
containing hydrophobic modifications have been investigated [5,12,15,23], and a limited amount 
of research has been done on the interaction of urea with hydrogels [17,24–26]. However, to the 
best of our knowledge there are no studies in which the effects of surfactants and urea on physical 
hydrogels are systematically compared. It is expected that, since the network is transient, these 
molecules are able to significantly alter the strength of the associations and thereby change the 
macroscopic material properties.

Recently, we have developed a supramolecular hydrogel, entirely assembled via hydrophobic 
interactions [6]. We used large hydrophobic dimer fatty acid (DFA) segments with 36 carbon 
atoms, copolymerized with poly(ethylene glycol) (PEG2000) in a one-step polycondensation 
reaction in the melt. The DFA units in the segmented block copolymer interact via hydrophobic 
interactions to form phase-separated nanodomains ~ 3 nm in size consisting of ~ 200 DFA units 
that act as physical cross-linking points, giving rise to a supramolecular hydrogel. As a result, these 
solid-like hydrogels displayed remarkable elasticity due to the strong hydrophobic association. 

In the present work, we characterize PEG-DFA hydrogel swollen in aqueous surfactant and 
urea solutions. We compare the effects of these agents on the dynamics, viscoelastic properties 
and mechanics of this purely hydrophobically assembled supramolecular hydrogel. We rely on 
oscillatory rheology to study the viscoelasticity of the hydrogels. Both SDS and urea affect the 
viscoelastic properties by changing the number and the lifetime of cross-links in a concentration-
dependent manner. We find that SDS has a stronger effect on the plateau modulus than does urea.
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EXPERIMENTAL SECTION

Materials
The segmented copolymer PE PEG2000 was synthesized as described previously [6]. Poly 
(ethylene glycol) 2000  (PEG2000) was purchased from Merck. Tin (II) chloride anhydrous was 
obtained from Alfa Aesar. Dimerized fatty acid (DFA), sodium dodecyl sulfate (SDS), and urea 
were all purchased from Sigma Aldrich. Bulk solvents were obtained from Biosolve BV Chemicals. 
PEG was dried by azeotropic distillation with toluene before use, all other reagents were used 
without further purification. The segmented copolymer was synthesized by a polycondensation 
reaction in the melt under vacuum and its characteristics are listed in Table 3.S1.  

Hydrogel preparation 
Dry PE PEG2000 was compression-molded at 95°C, at 100 bar for 10 min. Teflon® sheets were used 
to prevent the material from sticking. Upon cooling, the disks were removed from the mold and 
were used for hydrogel preparation. The size of the prepared polymer disks was 25 mm diameter, 
with a thickness of 0.5 mm. In general, hydrogels were prepared either by immersing the disks in 
solution until reaching 75 wt % water content, or by adding the amount of solution to a polymer 
disk in order to form the gel at the same polymer fraction. Reference samples were prepared by 
using deionized water for swelling, while surfactant and urea containing hydrogels were prepared 
by swelling dry disks with SDS/urea aqueous solutions at designated concentrations, as described 
in the main text. Prior to all measurements, hydrogels were kept in a humid chamber for several 
hours to ensure complete equilibration. 

Rheology
Oscillatory shear and stress relaxation measurements were performed on a stress-controlled 
rheometer (Anton Paar, Physica MCR 501), equipped with 25 mm parallel plates and an anti-
evaporation accessory to maintain the samples hydrated and to minimize water evaporation. All 
measurements were conducted on hydrogels at 25 wt % polymer fraction and at a temperature 
of 25°C. The linear viscoelastic regime was determined using a strain sweep measurement at an 
oscillation frequency of 1 rad/s, establishing a strain of 0.1% as safely within the linear viscoelastic 
regime. As a consequence, dynamic measurements in the frequency range between 0.1 and 100 
rad/s were carried out at a strain amplitude of 0.1%. Finally, stress relaxation experiments were 
performed, applying a step strain of 0.1%.
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RESULTS AND DISCUSSION

Viscoelastic behaviour of PEG-DFA hydrogel in the presence of surfactant and 
urea
In order to study how the surfactant (SDS) and urea influence the viscoelastic properties of 
the PE PEG2000 hydrogels and the lifetime of the hydrophobic cross-links, oscillatory shear 
measurements were performed. 

The hydrogels were prepared at a polymer concentration of 25 wt %, using aqueous solutions 
of SDS or urea at designated concentrations. The polymer fraction was kept constant throughout 
all the measurements, unless otherwise specified. A series of hydrogel samples was prepared, 
including one of PE PEG2000 swollen in water, which was used as control. Hydrogels were swollen 
in SDS solutions at 6 different concentrations from around its critical micelle concentration [27] 
0.002 to 0.1 g/mL. Urea containing hydrogels were swollen with solutions at 4 concentrations 
from 0.09 to 0.54 g/mL. 

The most important information about the structure and dynamics can be obtained by 
measuring the frequency dependent dynamic moduli G’(ω) and G’’(ω) in the frequency range of 
ω= 0.1-100 rad/s and at a constant strain γ= 0.1%, where the material has a linear response (Figure 
3.S1). Figure 3.1 displays the viscoelastic response of the samples.

Figure 3.1a shows the frequency dependence of shear moduli of the SDS containing hydrogels. 
As seen in our previous work [6], in the reference hydrogel sample we notice that at the plateau 
region, the storage modulus G’(ω) is larger by an order of magnitude than the loss modulus 
G’’(ω). This indicates the elastic, solid-like nature of the hydrogel. The large value of G’(ω)  is also 
an indication of a high cross-link density of the network. Moreover, G’(ω) and G’’(ω) show no 
significant variation upon changes in frequency, which showcases a typical viscoelastic response 
of strong physical hydrogels [3,28,29] or permanently cross-linked chemical gels. 

Upon introduction of SDS in the system, it is expected that the hydrophobic DFA micelles 
become weaker due to interactions with amphiphilic surfactant molecules. This would result in 
local solubilisation of the micelles and a decrease of the energy barrier for escape of DFA units 
from the hydrophobic cores, thus speeding up the dynamics of the network [23]. However, at 
SDS concentrations of 0.002 and 0.01 g/mL (corresponding to DFA to SDS weight ratio of 7:1) 
(Figure 3.1a) the hydrogels exhibit properties quite similar to those of the reference sample, 
suggesting that the corresponding surfactant concentrations are not sufficient to induce drastic 
changes in material properties at the probed time scale. When SDS concentration was raised to 
0.02 and 0.03 g/mL different features started to appear. The hydrogel with 0.02  g/mL SDS has 
a slightly narrower gap between G’(ω) and G’’(ω) at low frequencies, indicating that the viscous 
response is becoming more significant compared to the three previously tested samples. At 0.03 
g/mL SDS the change is even more clear; firstly, at very low frequency, G’(ω) and G’’(ω) are very 
close, indicating that the modulus cross-over takes place at slightly longer time scale than probed 
by this experiment and secondly, G’(ω) is reduced nearly 5-fold compared to the samples tested 
at lower SDS concentrations. According to rubber network theory, the plateau value of G’(ω) 
is directly proportional to the cross-link density [30], and therefore a lowering of this modulus 
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indicates that the cross-link density of the network has decreased. Since reduction of the size of 
the micelles would preserve the number of active cross-links (being the number of chains that 
connect different micelles), a reduction in cross-link density implies that free, non-associated DFA 
units are formed by the addition of SDS.

Figure 3.1. Viscoelasticity of the hydrogels in the presence of SDS and urea. Frequency sweep at 
γ=0.1% at 25°C of the PE PEG2000 at (a) varying SDS concentrations and (b) varying urea concentrations, 
as indicated in the panels (closed symbols G’, open symbols G’’). Red lines are data obtained from Fourier 
transforming stress-relaxation data from Figure 3.5b. 

(a)

(b)
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The response of the samples containing 0.02 or 0.03 g/mL SDS, is still predominantly elastic 
(G’ > G’’), but the elastic modulus is reduced by SDS. At even higher SDS concentrations (SDS 
0.05 and 0.1 g/mL) the response was predominantly viscous in the entire frequency range probed, 
as G’’(ω) was larger than G’(ω). While some DFA units are completely dissociated, reducing the 
modulus, the dynamics of DFA exchange from micelles is also strongly affected by the presence 
of surfactant molecules, giving rise to a liquid-like sample. The timescale of exchange is shorter 
than the fastest time scale probed in this experiment (10 ms). This is also in accordance with our 
previous observation that the PE PEG2000 gel kept in large volume of SDS 0.1 g/mL solution 
dissolved completely after 5 days [6].

In addition to surfactant, we also examine the effect of another agent influencing hydrophobic 
associations – urea. Urea is known as a molecule able to disrupt hydrogen bonds and cause protein 
denaturation, but it has been seen that it also affects pure hydrophobic interactions. Even though 
there are different plausible mechanisms described by which urea affects hydrophobic interactions, 
it is most probably due to urea’s binding to hydrophobic species. In fact, by strong dispersion 
interactions it interacts with hydrophobic cores, making hydrogen bonding with water and urea 
from the next shell. That way, it penetrates in the hydrophobic core causing the weakening of the 
interactions [21]. Since our system is entirely based on non-directional hydrophobic interactions, 
with no hydrogen bonds present, we aim to investigate in more detail whether urea is able to 
induce changes in material properties and correlate them to those caused by SDS. To do so, we 
prepared a series of 4 hydrogels swollen with aqueous solutions of urea at different concentrations: 
0.09, 0.18, 0.36 and 0.54 g/mL. The reference sample is the same used in the study with SDS, 
swollen with pure water. The composition of all hydrogels was kept at 25 wt % of polymer.

When urea is introduced in the system, the general shape of the response does not change 
significantly between the gels containing different amounts of urea, with G’(ω) larger than G’’(ω) 
over the whole range of frequency, indicating that all samples are elastic and solid-like. The most 
prominent change, however, is observed in the value of the plateau modulus. The trend is the same 
as observed with SDS: there is a remarkable decrease in Gplateau with increasing urea concentration, 
as shown in Figure 3.1b.

From the frequency-dependent measurements we observe that urea indeed appears to 
influence the hydrophobic associations, as it exerts a notable effect on both the plateau modulus 
and on the association energy of DFA, similar to SDS. Therefore, we believe that urea is indeed 
able to significantly weaken the hydrophobic interactions, probably by having strong dispersion 
interactions with DFA segments, which allows for urea’s binding to DFA micelles and eventually 
penetrating into them, as proposed by Zangi et al [21]. There could also be the effect of increased 
solubility of DFA, since large hydrocarbons have better solubility in concentrated urea solutions 
than in water [31]. 

Additionally, we performed Fourier transformation of the stress relaxation data to obtain 
G’(ω) and G’’(ω) of the urea containing hydrogels and the results are displayed in the Figure 
3.1b as solid red lines (also shown in Figure 3.S2). The data agree remarkably well with the 
experimental frequency sweep and we are confident that the same holds true for the remaining 
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urea and SDS containing hydrogels. This proves the reliability of the stress relaxation experiments 
reported further in the text. The procedure of the mentioned Fourier transformation is described 
in the Supplementary Information.

Furthermore, the loss tangent (tan δ = G’’/G’) is plotted against the angular frequency ω 
(Figure 3.2). In Figure 3.2a, it is evident that tan δ < 0.1 for the largest part of the frequency range, 
confirming the strong, elastic nature of the material (reference gel, SDS 0.002 and 0.01 g/mL 
gels). However, tan δ > 0.1 at lower frequencies (ω= 0.3 rad/s), indicating a weak dynamic, non-
permanent character of the cross-links for these samples at longer time scales. At SDS 0.02 g/mL, 
tan δ> 0.1 at frequency of ω= 0.7 rad/s, whereas at SDS 0.03 g/mL it is even more evident, as tan 
δ > 0.1 at much higher frequencies (ω= 6.3 rad/s). This shows that surfactant indeed increases the 
viscous contribution of the present PE PEG2000 hydrogel and thereby its dynamics. These results 
thus show that surfactant is able to influence and disturb the strong DFA hydrophobic interactions 
in the material, thereby speeding up the hydrogel’s dynamics, as previously observed for other, 
similar systems [23].

For the samples with urea, a less pronounced concentration dependence is observed (Figure 
3.2b). This suggests that the dynamics of the network is not as strongly affected by urea as it is by 
the SDS surfactant. We attribute this lack of a larger increase of viscous character to a different 
mechanism by which urea interacts with hydrophobic micelles. In Figure 3.2c we show the 
comparison between the effects of SDS and urea, relative to the pure PE PEG2000. The increase 
of tanδ at low frequencies is much more pronounced for SDS (0.03 g/mL), compared to both the 
reference hydrogel and urea (0.54 g/mL). Therefore, we can conclude that the dynamics of the PE 
PEG2000 hydrogel is greatly increased by SDS at 0.03 g/mL, whereas the effect by urea is weaker.

Interestingly, we tried to construct the corresponding master curves by shifting the obtained 
frequency dependent responses. We do so because the general shape of the response remains 
remarkably similar among different samples. By applying both, horizontal and vertical shift factors 
it was possible to obtain the master curve, as shown in Figure 3.3a,d. It can be noticed from Figure 
3.3b,e that the horizontal shift factors scale exponentially with SDS and urea concentrations, 
indicating that the activation energy (Ea), corresponding to the association energy of hydrophobic 
blocks, is inversely proportional to the amount of the reagent used.

Figure 3.2. Viscous contribution in the hydrogels with SDS and urea. Loss factor tan δ as a function 
of angular frequency, determined from the data in the Figure 3.1; (a) SDS containing hydrogels; (b) 
urea containing hydrogels; (c) comparison between  the reference hydrogel and samples at the highest 
investigated SDS and urea concentrations;

       (a)    (b)      (c)
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By comparing the changes in the characteristic relaxation time (the horizontal shift factor α), 
to those of the modulus (corresponding to the vertical shift factor β) it is possible to highlight 
the effect of SDS and urea on these parameters. In particular, from Figures 3.3b,c,e,f it can be 
concluded that the changes in the relaxation time of a factor of 2 in the presence of SDS and urea 
correspond to the changes in the modulus of a factor of 2.7 and 1.7 respectively. Therefore, we 
notice that the effect of SDS on G’(ω) is larger than urea, whereas urea exerts stronger effect on 
the relaxation time compared to SDS. 

In order to assess the nonlinear mechanical properties of these gels, the samples were 
subjected to large amplitude oscillatory shear measurements (LAOS), performed at varying strain 
amplitudes (0.01 to 100%), at a constant frequency ω= 1 rad/s. Figure 3.S1a displays the results 
of these measurements.

As expected from the frequency dependent measurements, the linear elastic modulus 
decreases upon addition of SDS. At low strains, G’(ω) and G’’(ω) are independent of strain, 
indicating linear response. In this region, the gels deform elastically, with G’(ω) larger than G’’(ω). 
However, beyond a certain strain value, the gels start to display increasingly viscous behavior. This 
implies that the cross-links are broken by mechanical force more quickly than they are able to 
reform, leading to a break-down of the network structure. This is obviously a reversible process, 
as we tested in our previous work [6]. However, here we are interested in the critical strain value 
and how it is affected by SDS. In the nonlinear regime, the sample without SDS exhibited a yield 
strain of γc= 2%, which is in accordance with previously observed results [6]. However, as SDS is 
added to the system, the critical yield strain shifts to larger values. For the gel with 0.002 g/mL 
SDS it goes up to ~ 7%, whereas for 0.01, 0.02 and 0.03 g/mL SDS gels γc increases to ~ 15%. The 
explanation for this is most likely related to the solubilisation of DFA micelles by SDS. Some of the 
DFA micelles are becoming elastically inactive, causing the PEG segments between the next two 
active cross-links to be longer than in the reference sample (PEG 2000). 

In fact, in our previous study, the same hydrogel, containing PEG8000, showed the same 
critical strain of 15%, confirming the network is more flexible [6]. It seems that the disruption of 
DFA micelles has a twofold effect on these gels: firstly, the chain segment between active cross-
links appears significantly longer than PEG2000, resulting in a higher γc, and secondly, it results in 
decreased cross-link density and therefore stiffness.

The trend of increasing γc  as a function of SDS concentration is displayed in Figure 3.4. 

As opposed to SDS, in urea containing hydrogels we failed to observe a clear increasing trend of 
the critical strain γc as a function of urea concentration. The critical strain for all measured samples 
is in the range of 1-3%. The lack of γc increasing with urea might be due to the fact that urea, when 
interacting with the micelles, is not dissolving them significantly in order to result in apparent 
longer PEG intermicellar segments which give rise to a more flexible network and increased γc. 

Influence of SDS and urea on stress relaxation
Stress relaxation of the hydrogels was studied to get more insight into the lifetime of the cross-
links at varying SDS and urea concentrations.
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shifting the frequency sweep measurements when different amounts of SDS were added; (b) horizontal 
shift factor; (c) vertical shift factor, at varying SDS concentrations; (d) master curve obtained after shifting 
the responses when urea was used; (e) horizontal shift factor; (f) vertical shift factor, at varying urea 
concentrations. The dashed red lines in (b), (c), (e) and (f) are the fitting.

Figure 3.4. Yielding strain against SDS concentration. Values are determined from the strain sweep 
experiment (Figure 3.S1a).

Here, we discuss how the stress relaxes in these physical hydrogels, when a step strain γ= 0.1% 
is applied. Several samples were tested and the results are displayed in Figure 3.5. It is evident from 
Figure 3.5 that as SDS and urea concentrations increase, there is also a faster stress relaxation. This 
is due to a more dynamic network, which is able to rearrange at both structural and conformational 
levels in order to release the stress. The DFA micelles lifetime is reduced, allowing them to break 

       (a)               (b)      (c)

       (d)               (e)      (f)
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and reform faster. Also, this partial disassociation of the micelles leads to detachment of PEG 
chains from the micellar core, which results in a more flexible system and allows for relaxation of 
the stress through the network more quickly compared to the reference hydrogel.

Since the network is transient and there are distributions of chain lengths, topology and DFA 
micelle sizes, the systems in question are most likely characterized by a distribution of relaxation 
times, and not by a single relaxation process. Moreover, there is also the relaxation process related 
to DFA associations. The same has been seen in other transient networks [28,32]. Therefore, as 
has been often successfully applied to viscoelastic materials with transient cross-links [33,34], we 
fit the obtained data using a stretched exponential, as
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where τ is the mean relaxation time, corresponding  to the average residence time of a hydrophobic 
unit in the micelle, β is the exponent associated with the moments, as described previously [35], 
and A is the initial value of the relaxation modulus G(t). The resulting fits are shown as solid red 
curves in Figure 3.5, while derived fitting parameters are listed in Table 3.1. 

It has been shown that stress relaxation requires dissociation of mechanically active chains 
bound to micelles [36]. Since SDS and urea cause solubilisation of single DFA units and 
weakening of the DFA domains, we expect this to result in a faster stress relaxation. Indeed, it is 
clear from the figure that the relaxation time τ decreases as the amount of SDS present is raised, 
meaning that the lifetime of the hydrophobic associations in the sample swollen with SDS 0.03 g/
mL is much shorter compared to the reference hydrogel. The mean relaxation time for the sample 
without SDS is 270 s, whereas it drops to 102 s when SDS 0.03 g/mL is used. This implies that 
the stress is dissipated more quickly, which is in line with previous rheological experiments. When 
urea is present, because of the urea-dependent weakening of hydrophobic interactions and the 
increased solubility of hydrocarbons, we obtain the same effect on the stress relaxation as seen for 
the surfactant system. In fact, the urea-free hydrogel is characterized by a mean relaxation time of 
270 s, whereas 0.18 g/mL urea hydrogel has a mean relaxation time of 47 s. 

From the obtained parameters it is possible to correlate the change in relaxation time to the 
change in modulus between different samples. When the relaxation times are changed by a factor of 
2 in SDS and urea-containing hydrogels, the moduli change by a factor of 2.9 and 0.8 respectively. 
Therefore, the stress relaxation data suggest that SDS has a very significant effect on the modulus. 
This is due to the amphiphilic structure and detergent-like properties of SDS, hence its ability to 
solubilize and isolate single DFA units more effectively than urea. On the one hand, urea displays 
a weaker effect on the modulus, but, on the other hand, it exhibits a more pronounced effect on 
the relaxation time than does SDS. The effect of urea on the stress relaxation can be explained 
by the fact that it is able to increase the solubility of large hydrocarbons [31], but also to interact 
with DFA micelles and weaken the hydrophobic interactions [21]. The trends in the variation of 
relaxation time and modulus, caused by SDS and urea are comparable to those observed from the 
superimposed frequency measurements discussed above, thus indicating consistency between the 
frequency-dependent and the stress relaxation measurements.
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Figure 3.5. Stress relaxation responses in the presence of SDS and urea. Stress relaxation of PE 
PEG2000 hydrogel at varying (a) SDS and (b) urea contents, plotted as relaxation modulus G(t) versus 
time, at step strain of 0.1%. The specific samples are listed in the panels.

Table 3.1. Fitted parameters based on stretched exponential for PE PEG2000 hydrogels at various 
SDS and urea amounts

Sample
(g/mL) A [Pa] τ [s] β r2

Sample
(g/mL) A [Pa] τ [s] β r2

no SDS 180 000 270 0.239 0.99 no urea 180 000 270 0.239 0.99

0.002 SDS 87 000 243 0.319 0.99 0.09 urea 143 000 70 0.251 0.99

0.03 SDS 46 000 102 0.257 0.99 0.18 urea 77 000 47 0.251 0.99

Qualitative assessment of reversibility and application
When PE PEG2000 hydrogel was treated with SDS, it became more viscoelastic and it was liquid-
like if swollen with 0.05 or 0.10 g/mL SDS. The liquid state is expected to go back to its original, 
elastic and solid-like state upon removal of surfactant. Gelation by removal of SDS was tested on 
a solution in 0.05 g/mL SDS. The liquid-like nature of this system was demonstrated by casting 
the solution directly onto a glass plate.  Figure 3.6a shows that the hydrogel flows and has no 
fixed shape. However, if the same hydrogel was injected directly into a large volume of water, 
the material maintained the elongated shape assumed during injection. Due to diffusion of SDS 
into the water, a gel with fixed shape was formed (Figure 3.6b), of which the shape persistence 
after approximately 5 minutes is shown in contrast with the freely flowing behavior of the parent 
solution in Figure 3.6c. The use of SDS can thus be a useful way to increase processability of the 
material for specific applications, and to restore gel-like properties afterwards. Similar observations 
regarding mechanical properties were described by Okay and co-workers [23].

 (a)     (b)
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Figure 3.6. Injectability properties in the presence of SDS. (a) Hydrogel at SDS 0.05 g/mL being 
injected onto a glass plate; (b) the same hydrogel being injected in water; (c) comparison between the two 
samples. Red dye was used for easier visualization of samples.

The most striking differences between the SDS- and urea-containing hydrogels are related to 
the degree to which these agents influence the plateau modulus and the relaxation time. This is 
evident from frequency-dependent measurements, as well as from stress relaxation experiments. In 
Figure 3.7, a direct comparison between the effects of SDS and urea on the modulus and relaxation 
time is shown. Both relaxation time and plateau modulus decrease when the concentration of 
interacting agents is increased. However, the effect on the plateau modulus caused by SDS is much 
stronger than that of urea (Figure 3.7b). 

These differences between surfactant and urea can be explained by a different way in which 
they interact with the network. SDS micelles solubilize isolated DFA units from the aggregates, 
leading to a decrease in network density. Urea does not form micelles and has a weaker capacity to 
solubilize isolated DFA units, but it does weaken hydrophobic interactions and in that way lowers 
the activation energy for removal of DFA units from DFA aggregates, which results in shorter 
relaxation times.

Figure 3.7. Main effects on viscoelastic behavior of hydrogels, caused by SDS and urea. (a) Relaxation 
time derived from data in Figure 3.5 (b) plateau modulus, taken at ω= 100 rad/s, plotted as a function of 
SDS/urea concentration.

 (a)       (b)  (c)

 (a)     (b)
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CONCLUSIONS

We have studied in detail the viscoelastic properties and changes in dynamics of a purely 
hydrophobic supramolecular hydrogel when external chemical stimuli are applied, such as the 
presence of surfactant molecules or urea in the background liquid. Worth noticing is the fact that 
the surfactant SDS in particular was able to drastically decrease the plateau modulus of the PEG-
DFA hydrogel. Our results strongly indicate that these significant changes caused by SDS are 
due to its ability to interact with and isolate DFA segments. Moreover, our work shows that urea 
indeed alters the hydrophobic interactions, and surprisingly, while affecting the material’s stiffness 
with the same trend as SDS, exhibits a significantly more pronounced effect on the relaxation time. 
These findings could potentially be very significant also for other hydrogel systems based either 
fully or partially on hydrophobic associations, as the addition of either surfactant or urea might 
help tune their mechanical and viscoelastic properties. These reversible changes in dynamics and 
viscoelasticity caused by SDS and urea suggest that under optimized and suitable conditions, 
properties of supramolecular hydrogels could be tailored to fit a variety of needs. This might widen 
the range of useful applications of supramolecular hydrogels by helping to induce or improve self-
healing, processability or even injectability of hydrogels with hydrophobic cross-links [1,37–40].  

ACKNOWLEDGMENTS

This project was supported by the Marie Curie ITN project SASSYPOL (grant no. 607602, 
EU-FP7-PEOPLE-2013-ITN) and by the Ministry of Education, Culture and Science of the 
Netherlands (Gravity program 024.001.035). 



80

Chapter III

REFERENCES

1.  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, 
doi:10.1021/ja500205v.

2.  Pape, A. C. H.; Bastings, M. M. C.; Kieltyka, 
R. E.; Wyss, H. M.; Voets, I. K.; Meijer, E. W.; 
Dankers, P. Y. W. Mesoscale Characterization 
of Supramolecular Transient Networks Using 
SAXS and Rheology. Int. J. Mol. Sci. 2014, 15, 
1096–1111, doi:10.3390/ijms15011096.

3.  Pawar, G. M.; Koenigs, M.; Fahimi, Z.; Cox, 
M.; Voets, I. K.; Wyss, H. M.; Sijbesma, R. P. 
Injectable Hydrogels from Segmented PEG-
Bisurea Copolymers. Biomacromolecules 2012, 
13, 3966–3976, doi:10.1021/bm301242v.

4.  Sun, J.-Y.; Zhao, X.; Illeperuma, W. R. K.; 
Chaudhuri, O.; Oh, K. H.; Mooney, D. J.; 
Vlassak, J. J.; Suo, Z. Highly stretchable and 
tough hydrogels. Nature 2012, 489, 133–136, 
doi:10.1038/nature11409.

5.  Tuncaboylu, D. C.; Sari, M.; Oppermann, W.; 
Okay, O. Tough and Self-Healing Hydrogels 
Formed via Hydrophobic Interactions. 
Macromolecules 2011, 44, 4997–5005, 
doi:10.1021/ma200579v.

6.  Mihajlovic, M.; Staropoli, M.; Appavou, M.-S.; 
Wyss, H. M.; Pyckhout-Hintzen, W.; Sijbesma, 
R. P. Tough Supramolecular Hydrogel 
Based on Strong Hydrophobic Interactions 
in a Multiblock Segmented Copolymer. 
Macromolecules 2017, 50, 3333–3346, 
doi:10.1021/acs.macromol.7b00319.

7.  Sangeetha, N. M.; Maitra, U. Supramolecular 
gels: Functions and uses. Chem. Soc. Rev. 2005, 
34, 821–836, doi:10.1039/B417081B.

8.  Van Vlierberghe, S.; Dubruel, P.; Schacht, E. 
Biopolymer-Based Hydrogels As Scaffolds for 
Tissue Engineering Applications: A Review. 
Biomacromolecules 2011, 12, 1387–1408, 
doi:10.1021/bm200083n.

9.  Drury, J. L.; Mooney, D. J. Hydrogels for tissue 

engineering: scaffold design variables and 
applications. Biomaterials 2003, 24, 4337–
4351, doi:10.1016/S0142-9612(03)00340-5.

10.  Lee, K. Y.; Mooney, D. J. Hydrogels for Tissue 
Engineering. Chem. Rev. 2001, 101, 1869–
1880, doi:10.1021/cr000108x.

11.  Akay, G.; Hassan-Raeisi, A.; Tuncaboylu, 
D. C.; Orakdogen, N.; Abdurrahmanoglu, 
S.; Oppermann, W.; Okay, O. Self-healing 
hydrogels formed in catanionic surfactant 
solutions. Soft Matter 2013, 9, 2254–2261, 
doi:10.1039/c2sm27515e.

12.  Gulyuz, U.; Okay, O. Self-Healing Poly(acrylic 
acid) Hydrogels with Shape Memory Behavior 
of High Mechanical Strength. Macromolecules 
2014, 47, 6889–6899, doi:10.1021/
ma5015116.

13.  Li, G.; Yan, Q.; Xia, H.; Zhao, Y. Therapeutic-
Ultrasound-Triggered Shape Memory of a 
Melamine-Enhanced Poly(vinyl alcohol) 
Physical Hydrogel. ACS Appl. Mater. Interfaces 
2015, 7, 12067–12073, doi:10.1021/
acsami.5b02234.

14.  Zhang, K.; Xu, B.; Winnik, M. A.; Macdonald, 
P. M. Surfactant Interactions with HEUR 
Associating Polymers. J. Phys. Chem. 1996, 100, 
9834–9841, doi:10.1021/jp953558f.

15.  Argun, A.; Algi, M. P.; Tuncaboylu, D. C.; 
Okay, O. Surfactant-induced healing of tough 
hydrogels formed via hydrophobic interactions. 
Colloid Polym. Sci. 2014, 292, 511–517, 
doi:10.1007/s00396-013-3121-8.

16.  Hopkins, F. G. Denaturation of Proteins by 
Urea and Related Substances. Nature 1930, 
126, 328–330.

17.  Ratner, B. D.; Miller, I. F. Interaction of urea 
with poly(2-hydroxyethyl methacrylate) 
hydrogels. J. Polym. Sci. [A1] 1972, 10, 2425–
2445, doi:10.1002/pol.1972.150100818.

18.  Tanford, C. Isothermal Unfolding of Globular 
Proteins in Aqueous Urea Solutions. J. Am. 
Chem. Soc. 1964, 86, 2050–2059, doi:10.1021/
ja01064a028.



81

Effects of surfactant and urea on hydrophobically assembled hydrogel

III

19.  Rupley, J. A. The Effect of Urea and Amides 
upon Water Structure1. J. Phys. Chem. 1964, 68, 
2002–2003, doi:10.1021/j100789a503.

20.  Finer, E. G.; Franks, F.; Tait, M. J. Nuclear 
magnetic resonance studies of aqueous urea 
solutions. J. Am. Chem. Soc. 1972, 94, 4424–
4429, doi:10.1021/ja00768a004.

21.  Zangi, R.; Zhou, R.; Berne, B. J. Urea’s Action 
on Hydrophobic Interactions. J. Am. Chem. 
Soc. 2009, 131, 1535–1541, doi:10.1021/
ja807887g.

22.  Rezus, Y.; Bakker, H. J. Effect of urea on the 
structural dynamics of water. Proc. Natl. Acad. 
Sci. U. S. A. 2006, 103, 18417–18420.

23.  Tuncaboylu, D. C.; Sahin, M.; Argun, A.; 
Oppermann, W.; Okay, O. Dynamics and Large 
Strain Behavior of Self-Healing Hydrogels with 
and without Surfactants. Macromolecules 2012, 
45, 1991–2000, doi:10.1021/ma202672y.

24.  Sagle, L. B.; Zhang, Y.; Litosh, V. A.; Chen, 
X.; Cho, Y.; Cremer, P. S. Investigating 
the Hydrogen-Bonding Model of Urea 
Denaturation. J. Am. Chem. Soc. 2009, 131, 
9304–9310, doi:10.1021/ja9016057.

25.  Wang, J.; Liu, B.; Ru, G.; Bai, J.; Feng, 
J. Effect of Urea on Phase Transition of 
Poly(N-isopropylacrylamide) and Poly(N,N-
diethylacrylamide) Hydrogels: A Clue for 
Urea-Induced Denaturation. Macromolecules 
2016, 49, 234–243, doi:10.1021/acs.
macromol.5b01949.

26.  Fahimi, Z. Structure and mechanics of 
physically cross-linked hydrogels. Eindhoven 
University of Technology 2014.

27.  Mukerjee, P.; Mysels, K. J. Critical micelle 
concentrations of aqueous surfactant systems; U.S. 
National Bureau of Standards; for sale by the 
Supt. of Docs., U.S. Govt. Print. Off., 1971;

28.  Hao, J.; Weiss, R. A. Viscoelastic and 
Mechanical Behavior of Hydrophobically 
Modified Hydrogels. Macromolecules 2011, 44, 
9390–9398, doi:10.1021/ma202130u.

29.  Wu, J.; Ge, Q.; Mather, P. T. PEG-POSS 
Multiblock Polyurethanes: Synthesis, 
Characterization, and Hydrogel Formation. 

Macromolecules 2010, 43, 7637–7649, 
doi:10.1021/ma101336c.

30.  Mark, J. E.; Erman, B. Rubberlike Elasticity: A 
Molecular Primer; Cambridge University Press, 
2007; ISBN 978-1-139-46156-6.

31.  Graziano, G. On the Solubility of Aliphatic 
Hydrocarbons in 7 M Aqueous Urea. J. Phys. 
Chem. B 2001, 105, 2632–2637, doi:10.1021/
jp004335e.

32.  Meng, F.; Pritchard, R. H.; Terentjev, E. M. 
Stress Relaxation, Dynamics, and Plasticity of 
Transient Polymer Networks. Macromolecules 
2016, 49, 2843–2852, doi:10.1021/acs.
macromol.5b02667.

33.  Gurtovenko, A. A.; Blumen, A. Relaxation of 
disordered polymer networks: Regular lattice 
made up of small-world Rouse networks. 
J. Chem. Phys. 2001, 115, 4924–4929, 
doi:10.1063/1.1395562.

34.  Baeurle, S. A.; Hotta, A.; Gusev, A. A. A new 
semi-phenomenological approach to predict 
the stress relaxation behavior of thermoplastic 
elastomers. Polymer 2005, 46, 4344–4354, 
doi:10.1016/j.polymer.2004.07.034.

35.  Williams, G.; Watts, D. C. Non-symmetrical 
dielectric relaxation behaviour arising from 
a simple empirical decay function. Trans. 
Faraday Soc. 1970, 66, 80–85, doi:10.1039/
TF9706600080.

36.  Li, Q.; Barrett, D. G.; Messersmith, P. B.; Holten-
Andersen, N. Controlling Hydrogel Mechanics 
via Bio-Inspired Polymer–Nanoparticle Bond 
Dynamics. ACS Nano 2016, 10, 1317–1324, 
doi:10.1021/acsnano.5b06692.

37.  Tuncaboylu, D. C.; Argun, A.; Algi, M. P.; 
Okay, O. Autonomic self-healing in covalently 
crosslinked hydrogels containing hydrophobic 
domains. Polymer 2013, 54, 6381–6388, 
doi:10.1016/j.polymer.2013.09.051.

38.  Thomas, B. H.; Craig Fryman, J.; Liu, K.; Mason, 
J. Hydrophilic–hydrophobic hydrogels for 
cartilage replacement. J. Mech. Behav. Biomed. 
Mater. 2009, 2, 588–595, doi:10.1016/j.
jmbbm.2008.08.001.

39.  Tedeschi, A.; Auriemma, F.; Ricciardi, R.; 



82

Chapter III

Mangiapia, G.; Trifuoggi, M.; Franco, L.; De 
Rosa, C.; Heenan, R. K.; Paduano, L.; D’Errico, 
G. A Study of the Microstructural and Diffusion 
Properties of Poly(vinyl alcohol) Cryogels 
Containing Surfactant Supramolecular 
Aggregates. J. Phys. Chem. B 2006, 110, 23031–
23040, doi:10.1021/jp061941m.

40.  Liu, J.; Li, L. SDS-aided immobilization and 
controlled release of camptothecin from 
agarose hydrogel. Eur. J. Pharm. Sci. Off. J. 
Eur. Fed. Pharm. Sci. 2005, 25, 237–244, 
doi:10.1016/j.ejps.2005.02.013.



83

Effects of surfactant and urea on hydrophobically assembled hydrogel

III

SUPPLEMENTARY INFORMATION

Characteristics of the synthesized segmented copolymer PE PEG2000

Table 3.S1. Characteristics of the segmented copolymer (obtained by Gel Permeation 
Chromatography)

sample Mw (kg/mol) Mn (kg/mol) Mw/Mn

PE PEG2000 87 42 2.07

Strain-dependent measurements

Figure 3.S1. Viscoelastic properties of hydrogels in the presence of SDS and urea. Strain sweep at ω=1 
rad/s, at 25°C of the PE PEG2000 at (a) varying SDS concentrations and (b) varying urea concentrations, 
as indicated in the panels (closed symbols G’, open symbols G’’). 

 (a)

 (b)



84

Chapter III

Analysis stress relaxation data
The frequency-dependent viscoelastic moduli G’(ω) and G’’(ω) can be derived directly from the 
Fourier transform of a stress relaxation test, as
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where G(t) = σ(t)/γ0 is the time-dependent modulus, with σ(t) the time dependent stress after 
a step in the strain of magnitude γ0. G’(ω) and G’’(ω) are the real and imaginary parts of G*(ω), 
respectively.

Brief description of the Matlab function ‘Gstar_from_G_t’

The MATLAB function Gstar_from_G_t.m calculates G*(ω) from G(t), using Eq.2. As the 
experimental data for G(t) is always limited to a finite range of time scales, the code extrapolates 
G(t) at short and long times, beyond the range that was measured experimentally. To do so, the 
code uses a power-law fit to both the upper and the lower end of the measured G(t)1. The data in 
between are integrated exactly from the experimental data, assuming power-law behavior between 
consecutive data points. In each section, including the initial and final power-law regimes, the 
relevant contribution to the integral in Eq.2 is calculated, using the incomplete gamma function2, 
which allows us to calculate the definite integral for each section.

Function description:

DESCRIPTION: Function that calculates the frequency-dependent storage and loss moduli from 
the time-dependent modulus.
The data (on a time interval [t_min .. t_max] is divided into sections, which are each approximated 
as a power-law function. The relevant Fourier integral for each of these sections can be calculated 
using the incomplete gamma function gammainc(x,a)
INPUT PARAMETERS:
t: Time array [s]
G_t: Time-dependent modulus G(t) [Pa]
OUTPUT PARAMETERS:
omega: Array of angular frequency [rad/s]
G_stor: Array of Storage modulus [Pa]
G_loss: Array of Loss modulus [Pa]

1. The width of this upper and lower end of time scales is controlled by the parameter sectionspan, which is currently set to 
a value of 5 (which means that the width of the sections used for the power law fit spans over a factor of 5.
2. in Matlab, this is implemented by the built-in igamma function.
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Figure 3.S2. Fourier transform of the stress-relaxation responses in urea-containing samples. 
Storage and loss modulus G’(ω) and G’’(ω) as a function of frequency. Comparison of experimental data 
obtained from a frequency sweep (symbols), and data obtained from Fourier transforming the stress-
relaxation data shown in Figure 3.5b in the main text (red lines). Varying urea concentrations are indicated 
in the panels (closed symbols G’, open symbols G’’). 
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ABSTRACT

Nanocomposite hydrogels based on carbon nanotubes (CNTs) are known to possess remarkable 
properties, such as high stiffness, or electrical and thermal conductivity. However, most of such 
nanocomposites make use of CNTs as fillers in covalently cross-linked hydrogel networks or 
involve direct cross-linking between CNTs and polymer chains. In these gels, the processability is 
limited because the cross-links are not reversible. 

In this work, we developed CNT-based hydrogels in which CNTs are fillers in a physically 
cross-linked hydrogel. Nanocomposites were prepared at various CNT concentrations, ranging 
from 0.5 to 6 wt % relative to the polymer. Incorporation of 3 wt % of CNTs led to an increase of 
the material’s toughness by over 80%. Additionally, gels displayed excellent electrical conductivity, 
which was increased by an order of magnitude compared to CNT-free hydrogel. Meanwhile, the 
nanocomposite hydrogels maintained thixotropy typical of the parent hydrogel. This study also 
demonstrates that all prepared hydrogels display remarkable biocompatibility with two cell types. 
Moreover, they also support cell growth and proliferation, while preserving their functional 
activities. 

These biocompatible nanocomposite hydrogels are stable, with tunable mechanical and 
electrical properties, and can be easily prepared and processed. Due to their versatility, they are 
promising candidates for biomedical applications.

KEY WORDS: nanocomposite hydrogels, multi-walled carbon nanotubes, mechanical properties, 
electrical conducitivity, cytocompatibility.

INTRODUCTION

Hydrogels are materials composed of hydrophilic polymers cross-linked into a three dimensional 
network [1]. They represent a very attractive class of materials due to their soft nature and ability to 
absorb water. Hydrogels mimic biological environments and, as such, they are promising materials 
for constructing scaffolds for biomedical applications [2–5]. To this end, it is required to develop 
hydrogels that are both biocompatible and mechanically tough. 

There is a large demand for hydrogels which are easy to prepare, and which have multiple 
functionalities, and  tunable properties. In the past decades, a new class of hydrogels, known as 
nanocomposite hydrogels [6], has been designed to improve mechanical performance. These 
gels, next to the polymeric network, contain inorganic particles, such as clay, graphene, carbon 
nanotubes (CNTs) and/or silica [7]. Besides improving mechanical properties, new optical, 
electrical and thermal properties were imparted to the nanocomposite material due to the 
inorganic component [8–10]. 

CNTs are widely used to make nanocomposite hydrogels because of their unique properties, 
such as electrical and thermal conductivity, high mechanical strength, high specific area and 
low mass density [11]. CNTs are often used as reinforcing agents to enhance the mechanical 
properties of hydrogels. By incorporating CNTs in hydrogel formulations, it is possible to obtain 
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very tough [12,13] and electrically conductive hydrogels [14–16]. CNT-based nanocomposites 
represent a versatile platform for developing hydrogels with multiple responsive properties and 
remarkable mechanical performance. However, there is a concern about the toxic effects of CNTs 
and, therefore, hydrogel biocompatibility. Studies reported CNT toxicity that seemed to be dose-
dependent, but which could be reduced when CNTs are functionalized and incorporated in 
networks [15,17]. 

Most of the reported CNT-based nanocomposite hydrogels contain covalent cross-links 
between CNTs and polymer chains, or between polymer chains, with CNTs being only physically 
embedded in the network [13,14,18–21]. In addition, some of the preparation procedures are quite 
complicated and laborious due to the challenges in dispersing CNTs efficiently in the matrix. In 
addition to improved mechanical behaviour, various responsive properties and biocompatibility, 
it would be an asset to have completely physically cross-linked networks, which in contrast to 
covalent systems, would allow for easy processability, manipulation and reshaping features of the 
hydrogels. To the best of our knowledge, there are limited studies on physical nanocomposite 
gels containing CNTs. Some of the described systems are based on PVA [22] or alginate [23]. 
However, these gels are either not tested for biocompatibility or lack significant improvement 
in physical or mechanical properties of the polymer counterpart, with processability not being 
discussed.   

In the present work, we targeted these properties in a single, fully physically cross-linked 
nanocomposite hydrogel, whose fabrication is simple and easy. The aim was to develop a CNT-
based hydrogel that is characterized by high toughness, electrical conductivity, processability and 
biocompatibility, as all of these features are essential for bioapplications. We chose to work with 
a hydrophobically associating physical hydrogel that we developed previously [24]. The polymer 
forming the gel is a segmented copolyester of polyethylene glycol (PEG, Mw 2000) and dimer 
fatty acid (DFA). The segmented copolymer gives rise to a stable and free-standing hydrogel 
due to strong hydrophobic associations between DFA segments. It was estimated that each DFA 
nanodomain is composed of approximately 200 DFA units. We showed that this hydrogel is 
processable and displays high toughness, therefore we combined it with CNTs in order to improve 
the toughness and to achieve new functionalities and properties. In particular, short multi-walled 
carbon nanotubes (MWNTs) were employed, so as to achieve easier functionalization and 
dispersion in the hydrogel. We anticipated that this PEG/DFA/MWNT nanocomposite hydrogel 
would result in a material with tunable physical, mechanical and biochemical properties.

We present the development and easy fabrication of purely physically assembled 
nanocomposite hydrogels at different MWNT content, with no covalent cross-links. In addition, 
detailed physical and mechanical characterization, hydrogel’s biocompatibility and interaction 
with conditionally immortalized renal proximal tubule epithelial cells (ciPTEC) and cervical 
adenocarcinoma epithelial cells (HeLa) were also addressed.
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EXPERIMENTAL SECTION

Materials 
Multi-walled nanotubes (MWNT) were purchased from Nanoamor Inc. (stock# 1237YJS, 95%, 
OD 20-30 nm, length 0.5-2 μm). The segmented copolymer PE PEG2000 was synthesized as 
described previously [24]. Poly (ethylene glycol) 2000  (PEG 2000) was purchased from Merck. 
Tin (II) chloride anhydrous (SnCl2) (99%) was obtained from Alfa Aesar. Dimerized fatty acid 
(DFA) was purchased from Sigma Aldrich. Concentrated sulfuric acid (H2SO4, 98%), nitric acid 
(HNO3, 65%) and bulk solvents were obtained from Biosolve BV Chemicals. PEG was dried 
by azeotropic distillation with toluene before use, all other reagents were used without further 
purification. 

Oxidation of MWNT 
Oxidized MWNT (ox-MWNT) were prepared according to the reported procedure [25]. Briefly, 
350 mg of pristine MWNT were dispersed in the mixture of sulfuric and nitric acid (3:1, v/v) and 
sonicated for 24 h at room temperature (RT). Deionized water was then slowly added (at 0°C) to 
dilute the mixture and ox-MWNT were filtered (Millipore, JHWP 0.45 μm filter), re-suspended 
in water and washed until the pH of the filtrate was neutral. The black powder was dried under 
vacuum overnight to yield 304 mg of ox-MWNT. 

Fabrication of nanocomposite hydrogel 
PE PEG2000 was synthesized by a polycondensation reaction in the melt, under vacuum, between 
PEG2000 and DFA. Segmented copolymer and oxidized multi-walled nanotubes were used to 
prepare the nanocomposite hydrogels at 4 different carbon nanotube contents (0.5, 1.5, 3 and 
6 wt % relative to the weight of PE PEG2000). In order to embed ox-MWNT homogeneously 
within the polymer network, we made use of the following procedure: typically, 0.5 wt % MWNT 
sample was prepared by dispersing 1.5 mg of ox-MWNTs in 0.8 mL water and sonication at RT 
for 2 h. PE PEG2000 copolymer (300 mg) was dissolved in 2 mL of acetone. Next, the aqueous 
solution of ox-MWNT was added to the acetone solution of PE PEG2000 and the resulting blend 
was mixed thoroughly. Additional 0.5 mL of water was added, until semisolid gel was formed. At 
this point, ox-MWNT were completely absent from the liquid and incorporated in the gel phase. 
After blending, the gel was kept in a large amount of deionized water for a day, with water changed 
several times in order to remove the remaining acetone. The hydrogel was then dried in an oven, 
under reduced pressure, at 40°C for 24 h. The obtained dry material was then used for making 
homogeneous samples by compression molding. The material was press-melted at 95°C and at 
100 bar for 10 min, using a stainless steel mold. Teflon® sheets were used to prevent the material 
from sticking. After cooling down to ambient temperature, polymer nanocomposite disks were 
removed from the mold, weighed and placed in water for at least 24 h to yield 0.5 wt % MWNT 
nanocomposite hydrogel. The prepared polymer disks were 0.5 mm thick, with 25 mm diameter. 
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Following the same procedure, hydrogels at 1.5, 3 and 6 wt % MWNT content were prepared, using 
the appropriate amount of ox-MWNT and adjusting the volume of water. The control sample was 
fabricated in the same way, with the exception that pure water instead of CNT solution was used.

Equilibrium water content (EWC) and stability of hydrogels 
EWCs of the hydrogels was determined by the gravimetric method. Dry polymer disks were 
weighed and placed in large amount of water for at least 24 h until they reached the equilibrium 
swelling state. The amount of water absorbed by materials was determined by taking the disks 
from the water bath and gently blotting with paper to remove the surface water. Then, the weight 
was recorded and the amount of water determined with the following equation:
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were md and m are the weights of the dry sample and hydrogel at the moment of measurement 
respectively, and EWC is the equilibrium water content. 

The stability of the nanocomposite hydrogels at swelling equilibrium was investigated by the 
same method. The stability was tested in different conditions. In the first case, hydrogels were 
stirred in deionized water at RT and the weights were recorded at defined times for the next 20 
days. Fresh water was replaced each time the measurement took place. Additionally, their stability 
was assessed in physiological conditions. Hydrogels were swollen and then stirred in large volume 
of PBS, at 37°C and the weight was monitored over a period of 20 days. 

Thermogravimetric analysis (TGA) 
The measurements were performed on a TGA Q500 instrument using the following procedure: 
1 mg of either pristine MWNT or ox-MWNT was subjected to an isotherm at 100°C for 20 min, 
then it was heated from 100 to 700°C at a heating rate of 10°C/min and under the N2 flow (90 
mL/min). Data were analyzed with the TA Universal Analysis 2000 software. 

Transmission electron microscopy (TEM) 
TEM analysis of carbon nanotubes was performed on a Tecnai Sphera electron microscope (FEI 
Company), equipped with an LaB6 filament that was operated at an accelerating voltage of 200 
kV. Images were acquired  using a bottom mounted 1024 x 1024 Charge-coupled device (CCD) 
camera. Samples were prepared by dispersing nanotubes in DMF at a concentration of 0.1 mg/
mL. After sonicating the dispersion for 1 h, one drop was deposited on a carbon-coated copper 
grid (CF300-Cu, Electron Microscopy Sciences) and dried in a vacuum oven at 40°C overnight. 

Scanning electron microscopy (SEM)
Morphology of nanocomposite hydrogels was studied by SEM (FEI Quanta™ 3D FEG), at an 
accelerating voltage of 5.00 kV. Equilibrium-swollen hydrogels were frozen in liquid nitrogen, 
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immediately cut with a sharp scalpel to expose the cross-section, and then freeze-dried for 48 h. 
Prior to imaging, samples were sputtered with a thin layer of gold for 120 s.

Conductivity measurements  
Hydrogel samples were prepared by swelling and keeping nanocomposite polymer films in Milli-Q 
purified water for 14 days, with water changed at least 10 times, to remove ions and impurities 
derived from the fabrication and preparation process. Resistivity of the hydrogels was assessed 
via the four-point method with parallel electrodes, separated by 5 mm.  The current at different 
intensities was applied through the external electrodes by a Keithley 237 source, and the voltage 
between the inner electrodes was recorded by a Keithely 6517A electrometer. Data were plotted in 
a V-I graph, and the resistance was calculated as the slope of the linear response (Ohmic region). 
Conductivity σ, expressed in S/m, was calculated by using the following equation:
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where d is the distance between the electrodes (5 mm), R is the resistance obtained from the V-I  
plot, H is the sample thickness (0.85 mm) and W is the sample width (15.5 mm). Conductivity 
was determined in 3 different parts of the sample and the value was averaged. 

Rheology 
Viscoelastic properties of the PE PEG2000 and nanocomposite hydrogel were measured by 
a stress-controlled rheometer (Anton Paar, Physica MCR501), equipped with a 25 mm plate 
geometry and a Peltier chamber, to control the temperature and protect the samples from drying. 
All measurements were conducted on hydrogel samples at swelling equilibrium, either at 25°C 
or 37°C, as will be specified further in the text. For measurements at 37 °C the hydrogels were 
swollen with PBS solution. Frequency sweep measurements were performed over a frequency 
range of 0.1-100 rad/s, at 0.1% strain, both at 25°C and 37°C. During the dynamic amplitude test 
the frequency was kept constant at 1 rad/s, the strain was alternated between 0.1 and 200% and 
the duration of one cycle was set at 200 s. 

Tensile testing 
The tensile mechanical properties of the hydrogels were measured using a Zwick Z100 Universal 
Tensile Tester machine, equipped with the load cell of 100 N. All measurements were done at 
RT and at the crosshead speed of 10 mm/min. Equilibrium-swollen hydrogel disks were cut in 
dog-bone shaped samples, whose size was 12.5 mm length, 2 mm width and 0.85 mm thickness. 
Each sample was tightly fixed between the clamps, with the overall gage length of 20 mm. The 
measurements were performed on at least 3 samples for each hydrogel composition and the results 
were averaged. From the stress-strain curve, tensile modulus was determined as the slope of the 
linear response (4-10%), by linear regression method. The tensile strength corresponds to the 
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maximum stress experienced by the material before breaking, whereas the elongation at break 
was defined as displacement λ (ratio between the sample length at break and its original length). 
Tensile toughness was calculated by integrating the area under the curve.

Cell culture 
Urine-derived and organic anion transporter 1 (OAT1) protein overexpressing conditionally 
immortalized proximal tubule epithelial cells (ciPTEC-OAT1) were cultured in Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 (1:1 DMEM/F-12) (Gibco, Life Technologies, 
Paisly, UK) supplemented with 10% (v/v) fetal calf serum (FCS) (Greiner Bio-One, Alphen aan 
den Rijn, the Netherlands), 5 μg/mL insulin, 5 μg/mL transferrin, 5 μg/mL selenium, 35 ng/mL 
hydrocortisone, 10 ng/mL epidermal growth factor and 40 pg/mL tri-iodothyronine (all from 
Sigma Aldrich, Zwijndrecht, the Netherlands), creating complete cell culture medium, as reported 
previously[26]. CiPTEC-OAT1 were cultured up to 60 passages. Since the cells were conditionally 
immortalized with a temperature-sensitive SV40 large T antigen[27], cells were cultured at 33°C 
and 5% (v/v) CO2 to allow proliferation, while the differentiation and maturation was achieved 
after 7 days of incubation at 37°C, 5% (v/v) CO2, changing the medium every second day. 

Preparation of gel extracts 
In order to test the effects of hydrogel extracts on cell viability, elution test method was performed 
according to ISO 10993-5 [28] protocols for cytotoxicity of biomedical devices. Extracts were 
obtained by incubating all hydrogel samples separately in complete cell culture medium for either 
1 or 7 days at 37°C, 5% (v/v) CO2, respecting a surface area/volume ratio equal to 3 cm2/ml. Latex 
was used as a negative control. The obtained culture medium was applied on cell monolayers for 
a period of 24 h and 48 h, during and after which cells were monitored for morphological changes 
and viability. 

Cell viability assay 
Cells were seeded on 96-well plates (Costar 3599; Corning, NY, USA) at a density of 55.000 cell/
cm2, allowed to adhere and proliferate for 24 h at 33°C, 5% (v/v) CO2, and incubated at 37°C, 
5% (v/v) CO2 for 7 days to allow maturation. Afterwards, the cells were co-incubated either with 
PE PEG2000 control and CNT containing hydrogel samples (disks of 1.5 mm diameter and 0.85 
mm thickness) or with gel extracts (obtained as already mentioned) for 24 h and 48 h, at 37°C, 
5% (v/v) CO2. Following the incubation period, cell viability was determined using PrestoBlue® 
cell viability reagent (LifeTechnologies, Paisly, UK) as suggested by the manufacturer. Briefly, 
100 μl of the PrestoBlue® reagent (1:10 in complete cell culture medium) was added to each well 
and the cells were incubated for additional 1 h at 37°C, 5% (v/v) CO2 in the dark. Finally, the 
fluorescence was measured using a fluorescent microplate reader (Fluoroskan Ascent FL, Thermo 
Fisher Scientific, Vantaa, Finland), at excitation wavelength of 530 nm and emission wavelength of 
590 nm. The obtained fluorescence values were corrected for the background, normalized to the 
untreated cells control and plotted as relative cell viability. 
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CiPTEC-OAT1 culture on hydrogels
For cell culture, round-shaped pieces of the hydrogels (diameter 6 mm, thickness 0.85 mm, 
approximate surface growth area 0.28 cm2) were cut out from compressed molded samples, 
sterilized with 0.2% (v/v) solution of peracetic acid (Sigma Aldrich, Zwijndrecht, the Netherlands) 
in 4% (v/v) ethanol for 45 min, and then extensively rinsed three times with HBSS and left in 
HBSS for additional 24 h. Afterwards, small disks of hydrogels were introduced in empty wells 
of 96-well plates and the L-DOPA (L-3,4-dihydroxyphenylalanine, Sigma Aldrich, Zwijndrecht, 
the Netherlands) coating was applied on the gels to support cell attachment and growth, based 
on previously published studies [29,30]. L-DOPA was dissolved in 10 mM Tris buffer (pH 8.5) 
at 37°C for 45 min with occasional mixing, filter sterilized and applied on hydrogel surface at 2 
mg/ml final concentration for 5 h at 37°C, as described previously [31]. Following the coating 
procedure, hydrogels were washed in HBSS and used further for cell seeding. 

Cell proliferation on hydrogels 
For cell proliferation assay, a total of 18.000 cells per hydrogel sample were seeded and incubated at 
33°C, 5% (v/v) CO2. PrestoBlue® cell viability reagent was applied after 1, 4 and 7 days to determine 
cell proliferation, as described previously for the cell viability assay. Measured fluorescence values 
for each sample, proportional to the number of viable cells, were corrected for the background and 
presented as relative a.u. of fluorescence. 

CiPTEC-OAT1 visualization on hydrogels 
In order to visualize ciPTEC-OAT1 cells on different hydrogel samples, cells were seeded at a 
density of 45.000 cells per hydrogel, on 96-well plates, and incubated at 33°C, 5% (v/v) CO2 
for 24 h followed by 7 days incubation at 37°C, 5% (v/v) CO2, as mentioned previously. After 
7 days incubation cell were stained for actin filaments using Phalloidin-FITC (Sigma Aldrich, 
Zwijndrecht, the Netherlands) to visualize cell distribution and morphology. Briefly, cells were 
washed with HBSS three times, fixed with 2% (w/v) paraformaldehyde in PBS containing 4% 
(w/v) sucrose (Sigma Aldrich, Zwijndrecht, the Netherlands) for 10 min, then washed three 
times with 0.1% (v/v) Tween (Sigma Aldrich, Zwijndrecht, the Netherlands) solution in PBS and 
permeabilized with 0.3% (v/v) Triton (Merck, Darmstadt, Germany) solution for 15 min. After 
another three washing steps with 0.1% (v/v) Tween-PBS, cells were incubated with phalloidin-
FITC (1:250 in PBS) for 1 h at RT and in the dark. Finally, hydrogel disks were mounted on the 
Willco glass bottom dishes (WillCo Wells B.V., Amsterdam, The Netherlands), using ProLong™ 
Gold antifade reagent containing DAPI  (Life Technologies, Eugene, OR, USA), and cells were 
imaged using confocal microscope (Leica TCS SP8 X, Leica Microsystems CMS GmbH, Wetzlar, 
Germany). Analysis was performed using Leica Application Suite X software (Leica Microsystems 
CMS GmbH). 
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Live/dead viability assay 
CiPTEC-OAT1 cells were seeded on hydrogel disks on 96-well plates at a density of 45.000 cells 
per hydrogel and incubated at 33°C, 5% (v/v) CO2 for 24 h.  Following 7 days maturation at 
37°C, 5% (v/v) CO2, cells were washed twice with warm HBSS and incubated with calcein-AM 
(2 μM; Life Technologies, Eugene, OR, USA) and ethidium homodimer-1 (EthD-1; 2 μM; Life 
Technologies, Eugene, OR, USA) diluted in HBSS, for 1 h at 37°C in the dark. Next, cells were 
washed once with HBSS and hydrogel samples were mounted on the Willco glass bottom dishes 
using Dako Fluorescence mounting medium (DAKO, Carpinteria, CA, USA). Visualization was 
performed using confocal microscope (Leica TCS SP8 X) and analysis using Leica Application 
Suite X software.  

Fluorescein assay for OAT1 activity measurement 
The fluorescein uptake assay was used to determine the OAT1 activity of ciPTEC-OAT1 cultured 
on hydrogels. In brief, cells were seeded on hydrogel disks (45.000 cells per hydrogel sample) 
on 96-well plates and incubated at 33°C, 5% (v/v) CO2 for 24 h, followed by 7 days maturation 
at 37°C, 5% (v/v) CO2. Afterwards, cells were washed twice with warm HBSS and incubated 
with HBSS supplemented with HEPES (10 mM; Acros Organics, New Jersey, USA), pH 7.4 
and containing fluorescein (1 μM; Sigma Aldrich, Zwijndrecht, the Netherlands), in absence or 
presence of OAT1 inhibitor, probenecid (500 μM; Sigma Aldrich, Zwijndrecht, the Netherlands) 
for 10 min at 37°C, 5% (v/v) CO2. Next, fluorescein was removed, cells washed quickly with ice-
cold HBSS to terminate the transport activity and lysed with 0.1 M NaOH. Fluorescence was 
measured using Fluoroskan Ascent FL fluorescent microplate reader at excitation wavelength of 
492 nm and emission wavelength of 518 nm. The measured fluorescence values were corrected for 
the background (NaOH), and plotted as relative fluorescein uptake. 

Data analysis 
All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was 
performed using one-way ANOVA followed by Dunnett’s multiple comparison test or, where 
appropriate, Tukey’s multiple comparison test, and a p-value <0.05 was considered significant. 
Software used for statistical analysis was GraphPad Prism (version 5.03; GraphPad software, La 
Jolla, CA, USA). All experiments were repeated independently at least three times, unless stated 
differently.

RESULTS AND DISCUSSION

Preparation of nanocomposite hydrogels
Pristine multi-walled carbon nanotubes (p-MWNT) were treated with acid to introduce 
carboxylic functionalities on the surface and to increase their solubility and dispersibility in 
water. The prepared ox-MWNT were characterized prior to being incorporated in the PE 
PEG2000 polymer matrix. The ox-MWNT were analyzed by several techniques which confirm 
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their successful functionalization, as shown in Figure 4.S1. In order to prepare homogeneous 
nanocomposite supramolecular hydrogels, aqueous solution of ox-MWNT was added to the 
acetone solution of PE PEG2000. Water from the CNT solution is able to replace the acetone 
and induce the self-assembly of DFA nanodomains of the segmented copolymer, resulting in 
hydrogel formation with included CNTs. Nanocomposite gels were prepared at 4 different 
concentrations of ox-MWNT: 0.5, 1.5, 3 and 6 wt % relative to the amount of PE PEG2000. 
Figure 4.1a shows the components used to obtain nanocomposite hydrogels. In this work, CNTs 
are embedded and physically dispersed in the hydrogel matrix, with no covalent cross-links or 
any other type of specific interactions between carbon nanotubes and segmented copolymer. The 
network structure is displayed in Figure 4.1b, showing that the nanotubes are dispersed in the 
polymer matrix of the PE PEG2000, where chain adsorption and hydrophobic interactions take 
place. Dried, pressed films of PE PEG2000 copolymer and four nanocomposite materials, were 
immersed in a large excess of water for 24 h, until swollen hydrogels were obtained. PE PEG2000 
gave rise to a transparent hydrogel, while all of the nanocomposite hydrogels were completely 
black, due to the incorporation of CNTs. At all CNT concentrations, we observed homogeneous 
black disks, which confirms good dispersion of the nanotubes within the gel matrix (Figure 4.1c). 
The FT-IR spectra are displayed in Figure 4.1d. The spectrum of the dried PE PEG2000 hydrogel 
shows the characteristic peak at 1735 cm-1, corresponding to the ester carbonyl stretch [24]. The 
same vibrational stretch was observed in all of the nanocomposite hydrogels, confirming that they 
are based on PE PEG2000. The reference MWNT spectrum displays the stretching band at 1705 
cm-1, which indicates the presence of the COOH groups on their surface. However, the vibrational 
stretch at 1705 cm-1 was too weak to be detected in the nanocomposite gels, due to the very low 
concentration of MWNTs in the nanocomposites. 

Equilibrium water content (EWC) and stability of the nanocomposite hydrogels
Figure 4.2a shows EWC for all nanocomposite hydrogels prepared and for the bare PE PEG2000 
hydrogel, as determined by the gravimetric method upon swelling of disks for at least 24 h. 
Compared to the PE PEG2000, all nanocomposite gels, regardless of the amount of the CNTs 
were able to absorb the same amount of water at room temperature (RT). EWC was determined to 
be between 72 and 74 wt % for all samples. This suggests that dispersed nanotubes in the polymer 
network do not significantly alter the network structure. Therefore, the EWC is predominantly 
determined by the PEG to DFA ratio and by the cross-linking density. Since the bare PE 
PEG2000 hydrogel proved to be stable and non-eroding for a long time at ambient conditions 
[24], we studied the stability of the nanocomposite gels in order to assess whether incorporated 
nanomaterial affects these properties. Figure 4.2b shows the variation of sample weight over time 
when hydrogels are immersed in water at RT. As expected, the robust nanocomposite gels showed 
the same stability and solubility resistance as the parent PE PEG2000. In addition, the same 
experiment was performed at 37°C with samples immersed in PBS (Figure 4.2c). It can be seen 
that the response is the same at 37°C as at RT for all gels, with no significant decrease in weight 
over time period of 20 days. This confirms the extraordinary stability of the present gels under 
physiological conditions, making them suitable for biomedical applications where high stability 
is desired [32].
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Figure 4.1. Fabrication and characterization of nanocomposite hydrogels. (a) Structure of the 
components: segmented copolymer PE PEG2000 and ox-MWNT; (b) Schematic representation of the 
network of the nanocomposite gels; (c) Hydrogel disks, swollen in water for 24 h, from left to right: PE 
PEG2000 hydrogel, 0.5 wt %, 1.5 wt %, 3 wt % and 6 wt % MWNT nanocomposites; (d) ATR-FTIR 
spectra of ox-MWNT and  hydrogels as indicated in the panel; inset displays a magnified portion of the 
spectra.

Figure 4.2. Swelling and stability of hydrogels. (a) EWC determined for PE PEG2000 and at different 
MWNT amounts; (b) Stability of hydrogels determined in water, at RT and expressed as weight variation 
in time; (c) Stability of hydrogels in PBS, at 37°C. All samples are indicated in individual panels.

 (a)               (b)

                (d)

 (c)

 (a)     (b)          (c)
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Internal structure of hydrogels
To investigate the presence of CNTs in the material structure and changes caused by their 
inclusion, the cross sections of all hydrogels were imaged by SEM. Freeze drying method was 
employed to create porous structure and the results are displayed in Figure 4.3. Clearly, the 
PE PEG2000 gel and nanocomposites at low MWNT content (0.5 and 1.5 wt %) appear to be 
porous. However, the pore size did not seem to be related to the amount of MWNT. In addition, 
the nanocomposites also displayed some filamentous elements, which are typical of the MWNT 
morphology, confirming their presence in the network. Moreover, at higher MWNT content (3 
and 6 wt %), the structure appeared to be somewhat less porous, with an overall denser and more 
compact architecture. We also observed rougher pore walls due to the higher MWNT loading and 
at 6 wt % we observed the presence of CNT aggregates. It has been reported that CNTs are able 
to affect the porosity of hydrogels [15,33,34]. The observed decrease of porosity could be related 
to the hydrophobic nature of MWNT which allows them to interact and aggregate with DFA 
domains, displacing PEG components and thus reducing the network density [15,34], although 
we do not exclude the possibility that the freeze drying could have caused mechanical disruption 
of the network structure. Overall, from SEM imaging we can conclude that MWNT were indeed 
successfully incorporated and dispersed in the PEG-DFA matrix [20,34,35].

Figure 4.3. SEM micrographs of hydrogels cross sections. (a) PE PEG2000, (b) 0.5, (c) 1.5, (d) 3, (e) 
6 wt % MWNT hydrogels.

 (a)        (b)            (c)

 (d)        (e)
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Viscoelastic properties and reversibility of physical interactions
The viscoelastic behavior of PE PEG2000 and MWNT 3 wt % nanocomposite hydrogel was 
studied at equilibrium swelling state and frequency sweep test was performed to evaluate the 
general viscoelastic behavior, both at RT and at 37°C. The results are displayed in Figure 4.4a,b. 
For both gels G’(ω) was higher than G’’(ω) over the entire frequency range probed, which confirms 
the elastic nature of hydrogels under both conditions. Surprisingly, we did not observe any 
significant increase of stiffness of the nanocomposite as compared to the bare hydrogel. According 
to the theory of rubber elasticity [36], inclusion of any type of solid particles (such as CNTs) 
should result in increase of stiffness, as was seen in other studies [13,35]. In our case, however, the 
stiffness of PE PEG2000 and 3 wt % MWNT hydrogel was quite similar (in the order of ~105 Pa 
at 25°C). Interestingly, the opposite effect has also been reported, where upon addition of CNT 
to the hydrogel the stiffness was reduced [15,37]. This was attributed to the high aspect ratio of 
CNTs, which creates a large surface for interaction with polymer chains, reducing their mobility 
next to CNTs and, consequently, decreasing cross-linking density [38]. 

We hypothesize that in our system MWNT are embedded very efficiently in the PEG-DFA 
matrix. PEG-DFA hydrogel is characterized by apolar nanodomains within the hydrophilic PEG 
environment. Being characterized by COOH hydrophilic groups and by the apolar surface due 
to extensive C=C structure, we suggest that MWNT are able to interact with DFA aggregates, 
while still being efficiently dispersed within the PEG matrix. Therefore, they most likely do not 
affect cross-link density, which is why the nanocomposite hydrogel exhibits the same stiffness 
as the control. A similar conclusion was drawn from EWC measurements, which showed that 
EWC did not change upon adition of MWNT, suggesting that they do not disturb the network 
structure and cross-link density. This observation might be related to the purely physical nature 
of the interactions in this nanocomposite system, whereas most reported studies on CNT-based 
nanocomposites are covalently cross-linked. We do not consider the lack of stiffening by the 
MWNT as a drawback because a stiffness of ~105 Pa of the nanocomposite is sufficient for many 
applications [39]. 

Subsequently, the ability of the nanocomposite hydrogel to recover its original stiffness after 
cessation of shear was tested. Recoverability is very important if the gel is to be processable. To test 
recovery, we compared large amplitude strain response of the MWNT 3 wt % and PE PEG2000 
hydrogels, the results of which are displayed in Figure 4.4c,d respectively. First, G’(ω) and G’’(ω) 
were monitored at a constant strain γ=0.1% and at a frequency ω=1 rad/s for 200 s. As seen in 
Figure 4.4a, G’(ω) was higher than G’’(ω) for both gels, confirming that the gels are solid-like. 
Next, the strain was increased to γ=200% and kept constant, while frequency remained unchanged 
for 200 s. In this phase, the network structure was broken, G’’(ω) was higher than G’(ω) and the 
samples were in a liquid-like, viscous state. In the next step, the strain was reduced back to 0.1% to 
assess recovery of the stiffness. For the PE PEG2000 sample, full recovery took ~100 s, whereas 
the MWNT 3 wt % nanocomposite recovered in  ~125 s. This behavior was reproducible for the 
second consecutive deformation cycle for both samples. Based on these findings, we conclude 
that the presence of MWNTs does not interfere with the process of reformation of hydrophobic 
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associations between DFA when the strain is removed. Therefore, nanocomposites prepared in 
this way are fully reversible and can be processed like PE PEG2000 [24], which widens their 
potential applications.

Figure 4.4. Viscoelastic properties and reversible character of nanocomposite hydrogels. Frequency 
sweep of PE PEG2000 and 3 wt % MWNT nanocomposite at ω=1 rad/s and γ= 0.1%, at (a) 25°C and 
(b) 37°C; Large amplitude strain test for (c) PE PEG2000 and (d) 3 wt % MWNT nanocomposite. 
Red symbols, PE PEG2000; black symbols, 3 wt % MWNT nanocomposite; closed symbols, G’; open 
symbols, G’’. 

Mechanical properties and toughness
To assess the effect that CNTs exert on the mechanical properties and toughness of the hydrogels, 
uniaxial tensile testing was performed on both PE PEG2000 and MWNT containing hydrogels, 
at equilibrium swelling and at a strain rate of 10 mm/min. The results are plotted as stress versus 
displacement and are reported in Figure 4.5a. The values of the determined parameters tensile 
modulus (ET), tensile strength (σT), displacement (λ) and tensile toughness (UT)  for all samples 
are listed in Table 4.1.

 (a)     (b)

 (c)     (d)
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Figure 4.5. Tensile properties of nanocomposites. (a) Stress versus displacement of PE PEG2000 and 
nanocomposite hydrogels at different MWNT contents, as indicated in the panel; (b) Comparison of 
tensile toughness of PE PEG2000 as a function of MWNT concentration. 

Table 4.1. Tensile properties of PE PEG2000 and nanocomposite hydrogels

sample ET (MPa) σT (MPa) λ (mm/mm) UT (MJ/m3)

PE PEG2000 0.73 ± 0.03 0.80 ± 0.06 8.27 ± 0.29 4.28 ± 0.48

0.5 wt % MWNT 0.75 ± 0.03 0.81 ± 0.03 10.40 ± 0.34 5.96 ± 0.39

1.5 wt % MWNT 0.72 ± 0.07 0.80 ± 0.02 10.29 ± 0.34 5.82 ± 0.37

3 wt % MWNT 0.88 ± 0.02 0.96 ± 0.01 11.37 ± 0.81 7.76 ± 0.56

6 wt % MWNT 0.72 ± 0.04 0.51 ± 0.03 5.35 ± 0.52 2.02 ± 0.23

The tensile modulus for 0.5 wt % MWNT and 1.5 wt % MWNT samples barely show any 
improvement compared to the PE PEG2000. The same was observed for the tensile strength. 
However, a significant increase for both ET and σT was found for 3 wt % MWNT nanocomposite, 
as compared to the PE PEG2000, with ET increasing from 0.73 MPa to 0.88 MPa and σT increasing 
from 0.80 MPa for PE PEG2000 to 0.96 MPa for 3 wt % MWNT, respectively. This effect is 
most likely due to favorable physical interactions between MWNT and polymer chains, creating 
additional entanglements at 3 wt %. Furthermore, elongation at break (expressed as displacement 
λ) increased as a function of MWNT content, with elongation at break increasing from 8.27 for PE 
PEG2000 to 11.37 at 3% MWNT content corresponding to an increase of 37%. Other mechanical 
parameters ET, σT and UT showed a similar trend, with toughness increasing from 4.28 MJ/m3 for 
PE PEG2000 (in accordance with previous results [24]) to 7.76 MJ/m3 in the 3 wt % MWNT 
hydrogel, an increase of  more than 80% ( Figure 4.5b and Table 4.1). 

 (a)     (b)
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However, if the concentration of MWNT was increased further to 6 wt %, a significant 
deterioration of all of the tensile parameters was observed. The toughness was reduced in 
particular, to a value of  just 2 MJ/m3, less than half of the value for the non-reinforced control gel 
PE PEG2000. Similar CNT-dependent trends were reported for other nanocomposite materials 
[22]. We suggest that  at higher CNT concentrations, carbon nanotubes are less well dispersed 
in the matrix [23] and form bundled aggregates which may even compromise self-assembly of 
DFA nanodomains, resulting in a less uniform network. SEM images (Figure 4.3e) of 6 wt % 
nanocomposite hydrogel indeed show the presence of CNT aggregates. Rather than reinforcing 
the gel, these aggregates act as defects, which lead to stress concentration and  material failure at 
lower strain. Most likely, the combined effects of hydrogel porosity, amount of CNTs, uniformity of 
their dispersion and their physical interaction with PE PEG2000 are responsible for the observed 
trends in tensile performance [22]. 

In conclusion,  improvement of mechanical performance by increasing CNT content, 
as reported in other works on nanocomposites [12,40,41] is confirmed in our CNT-based 
nanocomposite hydrogels, but the effect is lost at a CNT content of more than 3% .

Electrical conductivity of the nanocomposites
It is known that carbon nanotube based materials are able conduct electricity [14,15], due to 
the formation of conductive pathways of dispersed carbon nanotubes [15,16]. In order to fully 
characterize the nanocomposites in this work, resistivity measurements were performed and the 
conductivity was calculated. The results are shown in Figure 4.6. As expected, the nanocomposites 
showed an increasing trend in conductivity in MWNT concentration-dependent manner. The 
hydrogel without MWNT had a conductivity of 2.4 · 10-3 S/m, and increased to 4.7 · 10-3 S/m 
upon inclusion of 1.5 wt % of MWNT. At 3 and 6 wt % MWNT content, the conductivities 
were 1.1·10-2 S/m and 1.6·10-2 S/m respectively, the latter corresponding to a total increase by 
566%. The observed conductivity values are in line with other work, where similar conductivity 
was shown to be relevant for biological systems [14]. The increased electrical conductivity upon 
inclusion of CNTs, might be useful for a variety of applications, such as biosensors and electrically 
conductive scaffolds [14,42–44]. 

Cytocompatibility of the PE PEG2000 and MWNT nanocomposite hydrogels
In order to determine cytocompatibility of the nanocomposites, ciPTEC and HeLa cells were 
employed. HeLa cells were used as suggested by ISO 10993-5 [28,45,46] because of their wide use 
in biocompatibility studies. In addition, we opted for kidney epithelial cells as an example of less 
robust cell line compared to HeLa, given their susceptibility to many toxic agents and substances, 
including drugs such as cisplatin [47]. Also, ciPTEC represent a good choice considering that 
CNTs are in part excreted by kidneys [48]. Moreover, it has been shown that human proximal 
tubule epithelial cells are able to adhere and grow on substrates characterized by high stiffness 
[49], such as the present hydrogels.
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Figure 4.6. Electrical conductivity of PE PEG2000 and nanocomposite hydrogels at different 
MWNT concentrations.

To evaluate hydrogels effect on ciPTEC viability, the gel extract test was performed. 
According to ISO 10993-5 [28], gels were incubated at 37°C, CO2 5% in complete culture 
medium (containing 10% FCS) for either 1 or 7 days, allowing for eventual elution of hydrogel 
components in the medium. Prior to the viability assay, ciPTEC were allowed to mature at 37°C 
for 7 days as reported previously [26,27]. Upon maturation, the cells were exposed to complete 
cell culture media containing eventual gel leachables. Latex was used as negative control. As shown 
in Figure 4.7a, ciPTEC viability was hardly affected by hydrogel components derived from a 1 
day elution test, regardless of the incubation time (24 or 48 h), with values remaining well above 
90%. However, when ciPTEC cells were exposed to medium derived from 7 days elution test, 
cell viability was slightly reduced, especially after 48 h of exposure (Figure 4.7b). In this case, we 
observed a MWNT dose-dependent trend, with nanocomposites at 3 wt % and 6 wt % MWNT 
reducing cell viability by nearly 20 and 25%, respectively. We also performed the same viability 
tests with HeLa cells and the results are displayed in Figure 4.S2. HeLa cells did not present any 
alterations in viability, regardless of the hydrogel composition, elution time or exposure time.

In addition to the elution test indicated by ISO 10993-5 for cytotoxicity, we also performed 
the viability assay upon direct contact of cells with hydrogel pieces (1 mm diameter, 0.85 mm 
thickness). The co-incubation of cells with hydrogels was done for 24 h and 48 h and the results are 
displayed in Figure 4.S3. As expected, also in this case cell viability was maintained at high levels 
compared to the untreated controls. However, it should be noted that in this test hydrogel disks 
might have had exerted external pressure on cell monolayers, thus slightly affecting cell viability 
[50].

Furthermore, to observe cell viability when grown on top of the hydrogels, a live/dead assay 
was carried out. Prior to cell seeding, all hydrogels were coated with L-DOPA to allow ciPTEC 
cell adhesion on the surface, as previously reported for other types of biomaterials [29,30,51]. 
After 7 days of maturation, cells were stained with calcein-AM and ethidium homodimer-1 to 
distinguish live (green) from dead (red) cells. Obtained images show that none of the gels caused 
any significant cell death, as the majority of cells were stained green, confirming cytocompatibility 
of all examined hydrogels (Figure 4.7c).
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Figure 4.7. Cytocompatibility of the nanocomposite hydrogels at different MWNT concentrations. 
ciPTEC-OAT1 viability after 24 h and 48 h exposure to the culture medium containing hydrogel extracts 
following (a) 1 day and (b) 7 days elution test; Latex is used as a negative control; (c) Representative 
images (10 × magnification) of live/dead of ciPTEC-OAT1 cultured on hydrogel samples; Scale bar 20 
μm. ** p < 0.01, *** p < 0.001, as compared to the corresponding 24 h untreated controls; # p < 0.05, ## 
p < 0.01, ### p < 0.001, as compared to the corresponding 48 h untreated controls (One-way ANOVA, 
Tukey’s multiple comparison test).

Additionally, we aimed to assess the ability of cells to proliferate when grown on all types of 
hydrogels. Gels were first coated with L-DOPA, as discussed previously and cells were seeded 
at a low density of 18.000 cells/gel piece. Cell metabolic activity, reflecting the number of cells, 
was evaluated after 1, 4 and 7 days of culture on hydrogels. As shown in Figure 4.8a, increased 
fluorescent signal and, therefore, increased metabolic activity over time was observed, indicating 
the ability of cells to proliferate on the hydrogel surface, regardless of the composition. After 1 
day of culture there was higher activity observed on CNT-based hydrogels, compared to the pure 
PE PEG2000. Following 4 days of culture, higher number of cells was observed on all hydrogels, 

 (a)     (b)

 (c)



106

Chapter IV

with the highest values for PE PEG2000 and 0.5 wt % MWNT. Anyway, after culturing for 7 days 
all numbers were nearly similar, suggesting a comparable cell proliferation rate on all hydrogels. 
These results support the findings regarding nanocomposites cytocompatibility. 

Next to proliferation and cytotoxicity studies, we also visualized cells grown on top of the 
hydrogels to assess their distribution, adherence and morphology. Following cell growth for 7 
days  on hydrogels they were stained for nuclei and actin filaments as shown in Figure 4.8b. All 
hydrogels were able to support cell growth, adhesion and spreading, leading to a complete surface 
coverage.

Figure 4.8. Cell proliferation on the nanocomposite hydrogels at different MWNT concentrations. 
(a) ciPTEC-OAT1 proliferation on L-DOPA coated hydrogels, after 1, 4 and 7 days; (b) Representative 
images (25 × magnification) of ciPTEC-OAT1 cultured on L-DOPA coated hydrogels for 7 days; Actin 
filaments (green) and DAPI nuclear staining (blue); Scale bar 10 μm; ** p < 0.01, *** p < 0.001, compared 
to the corresponding gel sample with the cell proliferation of 1 day (One-way ANOVA, Dunnett’s multiple 
comparison test).

 (a)

 (b)
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Finally, in order to show that ciPTEC maintain their normal function when grown on hydrogels, 
OAT-1 activity was assessed. As described, OAT-1 is located at the basolateral membrane of PTEC 
and is responsible for the uptake of many drugs, xenobiotics and uremic waste molecules from the 
blood compartment [26,27,52]. Its activity can easily be measured using a fluorescent substrate, 
such as fluorescein, via determination of its intracellular accumulation [51]. This measurement 
in the presence or absence of the OAT-1 inhibitor – probenecid, directly relates to the OAT-1 
uptake activity. Results in Figure 4.9a indicate that ciPTEC grown on all gels, retained their OAT-1 
activity, which is supported by the reduction of fluorescein uptake in the presence of probenecid 
as compared to the uptake in normal conditions. 

Observed results of cytocompatibility are in line with previous literature, showing good 
compatibility of CNT-based hydrogels with different cell types, such as neurons, cardiomyocytes 
and hMSC [14,53,54]. Here, we show that our novel nanocomposite hydrogels are also 
cytocompatible, support cell growth and proliferation and do not compromise cell activity 
and function, which are highly desired features when hydrogels are intended for biomedical 
applications.

Figure 4.9. Cell function on the nanocomposite hydrogels at different MWNT concentrations. (a) 
OAT1 activity determined by 10 min fluorescein (1 μM) uptake in the absence or presence of probenecid 
(500 μM); (b) Schematic representation of ciPTEC-OAT1 transport activity; ** p < 0.01, *** p < 0.001 
(One-way ANOVA, Tukey’s multiple comparison test).

 (a)

 (b)
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CONCLUSIONS

We have successfully fabricated physical nanocomposite hydrogels based on CNTs. MWNTs 
were homogeneously incorporated in the matrix of supramolecular PEG-DFA hydrogel and 
the resulting nanocomposites were fully characterized. Hydrogels presented fully reversible 
shear thinning, demonstrating flow processability even in the presence of MWNT, which is an 
advantageous feature in combination with an easy and scalable preparation procedure.

Furthermore, we showed that hydrogels presented increasing electrical conductivity, due to 
the presence of CNTs. A remarkable increase of 80% in toughness was achieved by incorporating 
3 wt % of MWNT. 

Overall, the hydrogels displayed some highly desirable features, including tunable mechanical 
and electrical properties, while maintaining other features characteristic of the parent PEG-
DFA supramolecular hydrogel, such as recoverability. These nanocomposites also exhibited 
remarkable biocompatibility, regardless of the CNT content, suggesting their safe use for 
biomedical applications. We speculate that due to very favourable interactions with cells, good 
cytocompatibility and electrical conductivity, these gels could be used in future as supporting 
scaffolds for different cell types, in particular electrically active cells, such as cardiomyocytes and 
neurons.  
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SUPPLEMENTARY INFORMATION

Functionalization and characterization of MWNT

COOH COOH

COOH

H2SO4/HNO3 (3:1,v/v)

sonication, 24 h, RT

t=0 h t=96 h 

Figure 4.S1. Functionalization of MWNTs and characterization. (a) Functionalization scheme of 
pristine MWNT; (b) TGA analysis of p-MWNT and ox-MWNT under N2 atmosphere; (c) p-MWCNT 
(left) and MWNT-COOH (right) dispersions in deionized water at 0.1 mg/mL after 30 minutes of 
sonication at t = 0 h and t = 96 h; (d) TEM image of p-MWNT and (e) ox-MWNT; scale bar 100 nm.

 (a)

 (b)     (c)

 (d)     (e)



114

Chapter IV

Pristine MWNT, with 20-30 nm diameter and 0.5 to 2 μm length were treated in the mixture 
of sulfuric and nitric acids to introduce COOH groups on the surface. In Figure 4.S1a, the 
reaction scheme for the modification of pristine MWNT is shown, as described previously [1]. 
This procedure leads to the formation of shortened and open nanotubes, which results in better 
solubility properties. Thermogravimetric analysis (TGA) was employed to quantify the degree of 
functionalization (Figure 4.S1b). Both, pristine and ox-MWNT were tested for thermal stability, 
under nitrogen atmosphere, at increasing temperature (from 100 to 700⁰C). Pristine MWNT 
(black curve) are quite stable even at temperatures up to 600⁰C, showing no significant weight loss. 
However, the ox-MWNT (red curve) display a gradual decrease in weight loss starting from 200⁰C. 
This indicates that there are functional organic moieties, which are being burned. In general, in the 
range between 350 and 500⁰C all organic groups attached to MWNT should be lost. At higher 
temperatures there might be a contribution from the oxidation of MWNT themselves, therefore 
in order to estimate the degree of functionalization of ox-MWNT we determine the weight loss 
at approximately 500⁰C. TGA shows a weight loss of 11.5% at 500⁰C, which corresponds to the 
amount of COOH of 2.5 mmol/g. Furthermore, Figure 4.S1c shows the solubility of pristine and 
ox-MWNT in water. Pristine MWNT, when dispersed in water tend to precipitate quickly, as can 
be seen from the pictures. On the other side, ox-MWNT present very good dispersibility due to 
hydrophilic groups attached on the surface. They remain homogeneously dispersed in water for 
a long time, which is crucial if they are intended to be incorporated in the water-based material, 
such as hydrogels. Finally, TEM was performed to observe the morphology of the nanotubes. 
Figure 4.S1d shows the TEM image of pristine MWNT, indicating the presence of bundles 
and aggregates, whereas the modified nanotubes (Figure 4.S1e) are more dispersed, with fewer 
bundles. Also, they maintain the characteristic tubular structure. Based on these findings, we 
conclude that MWNT were successfully functionalized. 

HeLa viability upon elution test

Figure 4.S2. Cytocompatibility of the nanocomposite hydrogels at different MWNT concentrations. 
HeLa viability after 24 h and 48 h exposure to the culture medium containing hydrogel extracts following 
(a) 1 day and (b) 7 days elution test; Latex is used as a negative control; ** p < 0.01, *** p < 0.001, as 
compared to the corresponding 24 h untreated controls; ### p < 0.001, as compared to the corresponding 
48 h untreated controls (One-way ANOVA, Tukey’s multiple comparison test).

 (a)     (b)
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ciPTEC-OAT1 and HeLa viability upon direct contact with hydrogel pieces

Figure 4.S3. Cell compatibility upon direct contact with nanocomposite hydrogels. (a) ciPTEC-
OAT1 and (b) HeLa cell viability after 24 h and 48 h co-incubation with hydrogel pieces (1 mm diameter 
and 0.85 mm thickness); * p < 0.05, ** p < 0.01, as compared to the corresponding 24 h untreated controls; 
## p < 0.01, ### p < 0.001, as compared to the corresponding 48 h untreated controls (One-way ANOVA, 
Tukey’s multiple comparison test). 

Supplementary method 1
HeLa cells (obtained from ECACC, Salisbury, UK) were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco, Life Technologies, Paisly, UK) supplemented with 10% (v/v) FCS, 
at 37°C, 5% (v/v) CO2. All experiments performed with HeLa were done in the same manner as 
described previously for ciPTEC-OAT1 cells.
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ABSTRACT

Mechanically-induced chemiluminescence from bis(adamantyl)-1,2-dioxetane has been 
developed into an important tool for detecting and monitoring force and damage in materials, 
such as thermoplastic elastomers (TPE’s) and poly(methyl acrylate) (PMA) and poly(methyl 
methacrylate) (PMMA) linear and network polymers. In this work, the same mechanophore is 
covalently incorporated in a poly(ethylene glycol) (PEG) and dimer fatty acid (DFA) segmented 
copolymer. The functionalized PEG-DFA polymer gives rise to a supramolecular hydrogel, 
due to hydrophobic association between DFA moieties. By deforming dioxetane-containing 
hydrogel, emission of a transient light signal is observed at failure, with light intensity increasing 
as a function of strain rate. The results show that bis(adamantyl)-1,2-dioxetane can be employed 
as a mechanophore in water-based systems, thus generating mechanoresponsive hydrogels and 
constituting a valuable tool for studying failure mechanisms in hydrogels. 

KEY WORDS: mechanochemistry, mechanoluminescence in hydrogels, dioxetane 
mechanophore, supramolecular hydrogel, strain rate. 

INTRODUCTION

Mechanoresponsive polymers contain functional groups that can be mechanically activated. 
These functional groups are often referred to as mechanophores, which upon activation give a 
visual output. By incorporating mechanophores into polymer chains, mechanical deformation 
transfers a force to these specific moieties. At this point they are activated by scission of weak 
covalent bonds or by isomerization [1–7].

In the past years, a lot of effort has been put into developing novel type of mechanophores and 
their inclusion in polymeric materials in order to produce optical output as response to force and 
deformation. This way, it becomes possible to detect and monitor damage and failure of materials 
by visual observation, such as in self-healing and self-sensing materials [4,8–15]. It becomes 
clear that making the materials mechanoresponsive is very advantageous for applications where 
monitoring materials integrity is important. Mechanophores in polymers also provide a useful 
method to  study failure mechanisms in materials subjected to deformation. The optical response 
of the mechanophore may give detailed insights into failure mechanisms, and can help to develop 
materials with improved mechanical performance. 

Amongst various mechanophores with  optical output upon activation, bis(adamantyl)-1,2-
dioxetane has gained a lot of attention. This thermally most stable dioxetane [1,16] was introduced 
as a mechanophore by our group in 2012. Its stability makes it versatile and compatible with many 
materials. When sufficient force is applied to 1,2-dioxetanes its four-membered ring opens, yielding 
two ketones, one of which is in the excited state [17,18] and can relax to the ground state under 
emission of blue light [19], which can easily be detected, thus giving rise to mechanically induced 
chemiluminescence (Figure 5.1.) In this manner, due to the transient nature of the emission, it is 
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possible to detect in real time where bonds are breaking in a polymeric material. Bis(adamantyl)-
1,2-dioxetane is very sensitive mechanophore, which is characterized by high spatial and temporal 
resolution, making it a very useful probe for applications in force sensing at molecular level. 

O O

mechanical force

O O*

Figure 5.1. Mechanically induced chemiluminescence from bis(adamantyl)-1,2-dioxetane 
incorporated in the polymer.

The bis(adamantyl)-1,2-dioxetane mechanophore was successfully employed in a number 
of applications, such as tracking of stress in poly(methyl acrylate) (PMA) and poly(methyl 
methacrylate) (PMMA) linear and network polymers [1], investigating failure mechanisms in 
thermoplastic elastomers [20] and probing fracture behavior in supramolecular organogels [21]. 
More recently, 1,2-dioxetane was used to shed light on the Mullins effect in filled elastomers [22], 
as well as to visualize damage determined by osmotic swelling of PMMA in organic solvents [23].

Hydrogels represent an important class of soft materials, with promising applications as 
scaffolds for cell growth and tissue engineering [24–29]. This is due to their biomimetic features 
and the ability to absorb water. However, very often their application is limited, as hydrogels are 
soft, fragile and susceptible to failure [30,31]. In order to achieve their full potential, hydrogels 
have to be designed in such a way to significantly improve their mechanical toughness. This can 
be achieved by introducing effective energy dissipation mechanisms at molecular level. In the 
last decades, different classes of tough hydrogels have been developed, such as nanocomposite 
[32,33], supramolecular [34–37], topological [38] and double network hydrogels [39,40]. 

Hydrogels are cross-linked materials and as such they display similar failure mechanisms 
to other elastic polymers [39,41], which have been made mechanoresponsive by covalent 
incorporation of mechanophores as a way to study failure mechanisms. 

In the work of Fitch and Goodwin [42] a strategy for detecting covalent bond breakage in 
hydrogels was reported based on the production of radicals which form reactive oxygen species 
with water. Fluorophores sensitive to these are then activated, generating a signal. However, their 
strategy is an indirect method, which indicate early breakage of covalent bonds. Mechanically 
induced chemiluminescence displays several advantages compared to fluorescence, as the signal is 
transient and there is no need for an excitation signal.
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Despite  the use of bis(adamantyl)-1,2-dioxetane use in other polymers, it has not previously 
been used in water-containing materials such as hydrogels. Therefore we decided to incorporate 
bis(adamantyl)-1,2-dioxetane in a hydrogel and study whether mechanoluminescence can be 
induced by deformation. To this end, we chose to work with a tough supramolecular hydrogel 
previously developed in our group [35]. The hydrogel is composed of the segmented block 
copolymer of poly(ethylene glycol) (PEG) and dimer fatty acid (DFA). Due to the self-assembly 
of DFA units, physical cross-links are formed, giving rise to a free-standing hydrogel. PEG-DFA 
hydrogel is a tough material which can be extended up to 10 times its original length [35]. These 
mechanical features make it a suitable candidate for testing mechanical activation of 1,2-dioxetane 
in a hydrogel. 

In this study, we incorporated bis(adamantyl)-1,2-dioxetane in the chain of the PEG-DFA 
segmented copolyester. Upon its inclusion in the material, the hydrogels were prepared and then 
mechanically deformed to test for dioxetane activation and luminescence detection. Moreover, we 
investigated the effect of the strain rate on luminescence intensity  in PEG-DFA hydrogel.

EXPERIMENTAL SECTION

Materials 
Unless otherwise stated, all starting materials and reagents were used as received. 
5,5’/7’-(2-hydroxyethylenoxy) adamantylideneadamantane 1,2-dioxetane [1] (compound 1), 
4-(dimethylamino) pyridinium-4-toluenesulfonate (DPTS) [43] and high molecular weight 
segmented copolymer based on poly(ethylene glycol) (PEG: Mn=2000 g/mol) and dimer fatty 
acid (DFA) [35] were prepared according to literature procedures. PEG2000 was obtained from 
Merck and prior to use was dried by azeotropic distillation in toluene. DFA (98%) and N,N′-
diisopropylcarbodiimide (DIC) (99%) were purchased from Sigma-Aldrich. Bulk solvents were 
obtained from Biosolve BV Chemicals and used as received unless otherwise stated. Anhydrous 
CH2Cl2 was obtained from MBRAUN Solvent Purification System (MB SPS-800). All glassware 
was oven dried before use.

Synthesis
Dioxetane-functionalized segmented PEG-DFA copolymer. 1,2-dioxetane containing segmented 
polyester was prepared according to literature procedure [20]. Compound 1 (36.2 mg, 0.086 
mmol) was dissolved in 3 mL anhydrous CH2Cl2, charged into a three-neck round bottom flask 
and brought under Ar atmosphere. DFA (1023.2 mg, 1.795 mmol) dissolved in 3 mL anhydrous 
CH2Cl2 was then added to the mixture, followed by DPTS (18.6 mg, 0.063 mmol). Once DPTS 
was fully dissolved, DIC (0.28 mL, 1.79 mmol) was added and the reaction was stirred under 
Ar for 24 h. PEG (Mn=2000 g/mol) (3.45 g, 1.727mmol) was dissolved in 3 mL of anhydrous 
CH2Cl2 and added to the reaction mixture, followed by adding DPTS (111.7 mg, 0.381 mmol) 
and DIC (0.53 mL, 3.39 mmol). The solution was allowed to stir for additional 24 h, after which 
3.5 mL of anhydrous CH2Cl2 were added to dilute the reaction mixture. Then, DFA (108.3 mg, 
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0.190 mmol) was added in the flask. A dramatic increase in viscosity of the mixture after 30 min 
was observed, therefore additional 7.5 mL of CH2Cl2 were added to compensate for the viscosity 
increase and the mixture was allowed to stir for another 5 h.  The polymer was then precipitated 
from CH2Cl2 into diethyl ether to yield a gum-like white solid, which was afterwards dried under 
vacuum. Yield was determined to be 90% (4.09g).

Segmented PEG-DFA copolymer. Non-functionalized PEG-DFA segmented copolymer was 
synthesized according to the previously reported procedure [35].

Gel permeation chromatography (GPC)
GPC (PL-GPC 50 Plus) with integrated refractive index detector (Polymer Laboratories) was used 
to obtain molecular weights of the synthesized segmented copolymers, using dimethylformamide 
(DMF) as an eluent, at a flow rate of 1.0 mL/min. Molecular weights were calculated relative to 
PEG standards (Polymer Source).  

NMR spectroscopy
1H NMR spectra of the samples were obtained from a 400 MHz Bruker Advance III HD 
spectrometer. Solutions were prepared in CDCl3 (Cambridge Isotope Laboratories) and 
measurements were performed at room temperature (RT). Chemical shifts are reported as δ in 
parts per million (ppm) and referenced to deuterated solvent.

Fourier-transformed infrared spectroscopy (FT-IR)
FT-IR spectra were recorded at RT on a PerkinElmer Spectrum One spectrometer equipped with 
a universal attenuated total reflectance (ATR) sampling accessory. The samples were scanned in 
the range from 450 to 4000 cm-1 with a 4 scan per sample cycle and a resolution of 4 cm-1.

Hydrogel preparation for optomechanical measurements
Polymer films for optomechanical testing were prepared by drop-casting procedure. A sample 
composed of both 1,2-dioxetane functionalized and non-functionalized polymer was prepared 
by dissolving around 200 mg of each component in 6 mL of CHCl3. Also, for the quantitative 
comparison of light intensity, more sensitive results were necessary, therefore samples containing 
acceptor molecule 9,10-diphenylanthracene (DPA) were prepared. In this case, polymers were 
dissolved in CHCl3, together with a suitable amount of DPA (0.13 or 1 wt % relative to the total 
polymer amount). Mixture solutions were drop-casted in a Teflon mold (25 mm  50 mm), followed 
by slow evaporation at RT. Rectangular polymer films were then immersed in water for 24 h to give 
rise to equilibrium-swollen, transparent hydrogel films. Sample bars for tensile deformation were 
cut out from the rectangular hydrogel films using a dog-bone shaped die cutter (length 12.5 mm, 
width 2 mm). The thickness of the samples was 0.31±0.05 mm. 
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Optomechanical testing
Tensile tests of the hydrogels were performed using a Zwick Z100 Universal Tensile Tester 
machine, equipped with the load cell of 100 N. All measurements were done at RT and at the 
crosshead speed of 1, 5 or 25 min-1, as indicated in the main text. Each sample was tightly fixed 
between the clamps, with the overall gage length of 20 mm. The measurements were performed on 
3-10 samples for each condition and hydrogel composition. Dioxetane emission was recorded with 
a sCMOS pco.edge monochrome camera, fitted with a Nikon AF NIKKOR 50 mm 1:1.4D lenses. 
Videos were recorded with a shooting rate of 24 fps and exposure time of 40 ms. The camera was 
positioned in front of the sample in such a way to visualize the entire sample for strain deformation 
between 0% and 1000%. The distance between the camera and the sample was kept constant at 
0.42 m. To minimize background light, the measurements were performed in a dark room, with no 
other light sources present. Upon breaking of the sample, blue light was readily observed by eye. 

MATLAB script and image analysis
Image sequences were exported from TIF-files by Andor Solis imaging software and light intensity 
was analyzed using a homemade program in MATLAB. First, the clamps were cropped from the 
image. The median value for the brightness of all pixels in the frame was subtracted from every pixel 
to compensate for background illumination. A black and white mask was then created by setting 
all pixels of value greater than three times the standard deviation to 1, and all those with a lower 
value to 0. This correction was done to erase noise caused by the electron multiplier, while actual 
luminescent events remained unaffected. A disk-shaped dilate function then set all pixels within 
radius of 4 from an active pixel to 1, so that they were taken into account when calculating the 
intensity of the event. Total intensity of the luminescent event was then calculated by summation 
of the intensity values of all active pixels over the course of the measurement.

RESULTS AND DISCUSSION

Synthesis and molecular characterization of the mechanoresponsive PEG-DFA 
segmented copolymer
Mechanoresponsive multiblock copolymer was synthesized by using hydroxyl bifunctionalized 
bis(adamantyl)-1,2-dioxetane (compound 1) [1], PEG (Mn=2000) and DFA as the building 
blocks, as represented in  Figure 5.2a.

The synthetic procedure is schematically displayed in Figure 5.2b, whereas the corresponding 
amounts used in the reaction of each of the components are listed in Table 5.1.

A simple step growth polycondensation approach, under mild conditions [20,43] was 
employed to successfully prepare 1,2-dioxetane containing polymer. In this two-step condensation 
reaction, first compound 1 was reacted with excess of DFA in anhydrous CH2Cl2 to produce bis-
DFA-functionalized bis(adamantyl)-1,2-dioxetane. Next, it was reacted with PEG diol as the 
chain extender to give rise to high molecular weight copolyester in which dioxetane functionality 
was included between two DFA segments. The amount of bis(adamantyl)-1,2-dioxetane in the 
polymer was set at 5 mol% relative to PEG.
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Figure 5.2. Dioxetane-functionalized segmented copolymer. (a) Structures of the building blocks 
used for synthesis; (b) Synthetic scheme of the mechanoresponsive polymer.
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Table 5.1. Feed ratios and molecular weights of PEG-DFA non-functionalized and 
mechanoresponsive polymers. 

polymer
Synthesis
method

PEG2000
(equiv)

DFA
(equiv)

compound 1
(equiv)

Mn

(kDa) PDI

PE PEG2000 melt, 180°C 1 1.1 0 54 1.75

Dioxetane-PE PEG2000 solvent, RT 1 1.1 0.05 33 2.3

Figure 5.3. Characterization of the functionalized polyester. FT-IR spectrum of the mechanoresponsive 
polymer prepared by polyesterification reaction at RT.

In addition, a reference PEG-DFA segmented polymer was prepared, according to the 
previously reported method [35]. Briefly, PEG and DFA were reacted in the melt at 180°C, 
under continuous vacuum to produce high molecular weight polymer without 1,2-dioxetane 
functionality. 

The prepared polymers were characterized by GPC, IR and 1H NMR. Characteristic number 
average molecular weight (Mn) and polydispersity index (PDI) for the two polymers are listed 
in Table 5.1. Furthermore, IR and 1H NMR were used to determine chemical composition of 
the samples, as well as to confirm ester bond formation and dioxetane inclusion in the polymer 
chains. For the non-functionalized PEG-DFA segmented copolymer, prepared in the melt, IR 
and 1H NMR spectra are in accordance with the previously reported results [35], confirming the 
successful synthesis of the polymer. 

IR spectrum of dioxetane-containing polymer is displayed in Figure 5.3. The presence of the 
ester carbonyl stretch at 1734 cm-1 confirms the formation of ester bonds between compound 1 
and DFA, and between DFA and PEG. 

Finally, 1H NMR spectrum of the mechanoresponsive polymer is displayed in Figure 5.4a. 
The presence of the 4.2 ppm peak is indicative of the ester bond formation (also present in the 
non-functionalized polymer). In Figure 5.4b a magnified portion of the spectrum is shown, as 
compared to dioxetane-free polymer. It is evident that a small peak at 2.83 ppm appears in the 
polymer with mechanophore, although it is hardly detectable due to a very low concentration 
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of bis(adamantyl)-1,2-dioxetane in the sample (2.5 mol%). The peak at 2.8 ppm is indicative of 
bis(adamantyl)-1,2-dioxetane [20], therefore confirming its successful inclusion in the polymer, 
as compared to the reference sample in which the peak is absent. In both polymers, all peaks 
assigned to PEG and DFA protons are in line with the proposed structures [35].

Mechanical activation of bis(adamantyl)-1,2-dioxetane in supramolecular 
hydrogel
Since 1,2-dioxetane also undergoes thermal activation, as a first step towards testing 
mechanoluminscence in hydrogel, we heated at around 200°C both, dioxetane containing 
polymer and non-functionalized polymer. Thermally induced chemiluminescent decomposition 
of dioxetane was indeed observed only in the sample containing the mechanophore. Furthermore, 
thin films of each material were allowed to swell in water and form transparent hydrogels. 
Subsequently, the samples were quickly pulled by hand to fracture, and light was observed for 
the mechanophore-containing sample. These experiments confirm that bis(adamantyl)-1,2-
dioxetane is indeed covalently incorporated in the polymer and can be mechanically activated by 
force, generating chemiluminescence.

To investigate in more detail the chemiluminescent behavior of PEG-DFA hydrogel, we 
subjected it to uniaxial tensile deformation. In order to make sure that the material was sufficiently 
robust for these measurements, mechanoresponsive polymer was blended with the high 
molecular weight PEG-DFA polymer prepared in the melt (at 50 wt % ratio). In this way, due to 
the supramolecular nature of the polymers and identical building blocks, a single homogeneous 
network would be formed, combining the strength of the high molecular weight non-functionalized 
polymer with the luminescent properties of the 1,2-dioxetane-functionalized polymer. Segmented 
copolymers were dissolved in CHCl3 and drop-cast to form a polymer film, which was then swollen 
in water until equilibrium swelling state. In order to boost the quantum yield during emission, a 
specific acceptor molecule was added in the sample – 9,10-diphenylanthracene (DPA). DPA was 
incorporated at two different concentrations, 0.13 and 1 wt % relative to the polymer amount. 
The role of DPA is to accept excitation energy from the excited ketones (adamantanones), which 
are known to display low fluorescence efficiency. By adding DPA, there is energy transfer from 
the adamantanone to DPA via Förster resonance energy transfer (FRET) phenomenon [44,45] 
(Figure 5.5). Consequently, DPA emits fluorescence at higher quantum yield, which makes it 
easier to detect the event, both by eye and camera. 

Optomechanical tests were performed on hydrogel samples containing dioxetane, so 
that chemiluminescence events could be localized in the sample [1,20,22]. In order to detect 
dioxetane emission and quantify the light intensity, tensile measurements were performed, while 
simultaneously recording the sample with a sCMOS pco.edge monochrome camera. From these 
measurements it emerges that the light emission from the hydrogel samples could only be detected 
at the breaking point of the material. Chemiluminescence was only visible in the fracture region of 
the samples, as opposed to other reported materials where light was detected also throughout the 
sample during deformation [1,20]. This is attributed to the differences in the material composition 
and strength. Luminescence was not detected after the material was broken.
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Figure 5.4. Characterization of the dioxetane-functionalized segmented copolymer. (a) 1H NMR 
spectrum of the mechanoresponsive polymer prepared by polyesterification reaction at room temperature; 
(b) Magnified part of spectrum, in comparison to the non-functionalized PEG-DFA polymer. 
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Figure 5.5. Schematic representation of FRET, taking place between an excited adamantanone and 
DPA. Adapted with permission from ref. [22]. Copyright 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, 
Weinheim.
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Figure 5.6. Recorded mechanoluminescence of hydrogel samples at the breaking point, at 
designated DPA content and strain rate. (A) 0 wt % DPA, 1 min-1, (B) 0 wt % DPA, 5 min-1, (C) 0 wt % 
DPA, 25 min-1, (D) 0.13 wt % DPA, 1 min-1, (E) 0.13 wt % DPA, 5 min-1, (F) 0.13 wt % DPA, 25 min-1, (G) 
1 wt % DPA, 1 min-1, (H) 1 wt % DPA, 5 min-1, (I) 1 wt % DPA, 25 min-1.  

Luminescence was analyzed in samples without DPA, as well as at DPA concentrations of 0.13 
and 1 wt %. The results however, indicate that the sample without DPA did not emit observable 
light, regardless of the strain rate at which it was extended. Since the light intensity is directly 
related to the amount of photons emitted, that is the amount of broken dioxetane molecules, this 
implies that the fraction of activated dioxetane units is very low to be detected in the absence of 
the acceptor at low strain rate of 1 min-1. In fact, as soon as DPA was added in the system, quantum 
yield of luminescence was increased and consequently the light was observed. Representative 
images of the samples recorded at the moment of breaking, as a function of DPA content and 
strain rate, are reported in Figure 5.6. 

Furthermore, we were interested into investigating whether there was a dependency of the light 
intensity on the strain rate at which the sample was extended, as already seen with thermoplastic 
elastomers [20]. Therefore, each of the samples was deformed at three different strain rates: 1, 5 
and 25 min-1. Representative results of the stress-strain response of the samples (0.13 wt %) are 
displayed in Figure 5.7a. It is evident that the stress at the breaking point increases as the strain 
rate is increased. A similar trend is observed for the samples at 1 wt % DPA and samples without 
DPA. The relation between the stress at break and strain rate for all DPA concentrations is shown 
in Figure 5.7b-d, indicating that by increasing the strain rate of deformation, samples are subjected 
to a higher stress.
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Figure 5.7. Tensile deformation of mechanoresponsive hydrogels. (a) Representative stress-strain 
responses of the hydrogel samples at 0.13 wt % DPA at different strain rates, as indicated in the panel; 
Stress at break experienced by material as a function of the strain rate for (b) 0 wt % DPA, (c) 0.13 wt % 
DPA and (d) 1 wt % DPA.

A  possible explanation for the observed luminescence events as a function of strain rate lies 
in the viscoelastic nature of hydrogels. The straining behavior of viscoelastic materials is time 
dependent, so stress-strain plots measured at different strain rates are expected to be different, 
considering different experimental timescales (Figure 5.7a). At low strain rates, the viscous 
properties of the material are more dominant, which becomes evident when comparing the 
stress at break for various strain rates (Figure 5.7b-d). At 1 min-1, the recorded tensile strength is 
generally lower than for samples measured at strain rates of 5 min-1 or 25 min-1. The hydrogel, being 
viscoelastic in nature, displays a characteristic relaxation time. Consequently, when deformed at 
low rate, the material can relax some of the stress by changing the chain conformation, thus overall 
experiencing less stress. In contrast, when the material is strained quickly, it does not have time to 
relax stress, therefore it is subjected to a larger stress (experimental timescale is shorter than the 
characteristic relaxation time). The influence of the strain rate (and stress) on the intensity of the 
mechanoluminescence can  then be easily explained. Because the rupture of the 1,2-dioxetane 
bond is accomplished by applying mechanical force, a lower amount of force translates to a lower 
activation rate [46]. The mechanophores in a sample strained at a rate of 1 min-1 experience less 
force than one strained at 5 min-1 or 25 min-1, fewer mechanophores are activated and  less light 

 (a)     (b)

 (c)     (d)
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is emitted. The relaxation effect at low strain rates, in the combination with low quantum yield 
results in no signal detection (Figure 5.6A-D). In contrast, at higher strain rates that we tested, the 
material is deformed faster, therefore the total light intensity also increased as a function of strain, 
indicating that at higher strain rates more stress is transferred to dioxetane. The relation between 
light intensity and strain is shown in Figure 5.8. However, the comparison of the light intensity 
between samples deformed at 5 and 25 min-1 seems not to give a clear trend, considering the fact 
that the margin errors are high. Similar trend was observed when thermoplastic elastomers were 
extended at increasing strain rates [20]. We hypothesize that it might be related to the saturation 
of the camera detector and the time resolution of the camera shutter.

Relation to DFA association strength
Due to the synthetic design of the mechanoresponsive PEG-DFA polymer (Figure 5.2b), the 
1,2-dioxetane units are located between two DFA moieties in the polymer chain. Thus, it is 
likely that once the hydrogel is formed, mechanophores are located near or even inside the 
hydrophobic domains. It can be hypothesized that dioxetane would not experience enough stress 
to be activated, unless the DFA micelle is being strained. Once sufficient stress is applied to the 
micelle, it will be transferred to the neighboring dioxetane ring as well. At this point, dioxetane 
ring is cleaved, leading to the observed light emission. In all tested specimens, light was emitted 
at failure, implying that the mechanophore was cleaved during the breaking of DFA micelles. As 
reported previously, energy barrier for decomposition of 1,2-dioxetane is 150 kJ/mol [47].  For 
disassociation of a DFA moiety from a hydrophobic micelle, an activation energy of 140 kJ/mol 
was reported [35]. By introducing the mechanoluminescent moiety into the system, the prediction 
for DFA escaping from the micelles was further verified. The fact that 1,2-dioxetane bonds break 
suggests that the strength of the hydrophobic interactions in the hydrogel were strong enough to 
allow for 1,2-dioxetane activation. Therefore, mechanoluminescence measurements performed in 
this work indicate that the activation energy for DFA pullout from micelles is indeed the same 
order of magnitude as the energy barrier for 1,2-dioxetane scission.

Figure 5.8. Recorded intensity of luminescence plotted against the strain rate. Luminescence was 
recorded from samples containing either 0.13 wt % DPA or 1.0 wt % DPA, as indicated in the panel.
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CONCLUSIONS

The present work confirms that the bis(adamantyl)-1,2-dioxetane is a sensitive mechanophore 
for probing force at molecular level, indicating its suitability for detecting damage and failure of 
materials by generating a transient light signal. 

It was shown that its incorporation in the polymer chain is straightforward and readily 
applicable. A simple polycondensation reaction under mild conditions yielded bis(adamantyl)-
1,2-dioxetane functionalized PEG-DFA segmented polymer. Furthermore, this material upon 
contact with water formed a free-standing hydrogel. It was demonstrated that upon extensional 
deformation until failure, the hydrogel emitted a transient light signal, due to mechanically 
induced chemiluminescence. The intensity of light signal was strain rate dependent. At increasing 
strain rate, the light intensity increased, until it seemed to saturate at a strain rate of 5 min-1. This 
behavior is in line with the viscoelastic nature of the hydrogel, which like in the thermoplastic 
elastomers studied before [20], allows dissipation of stresses at low strain rates, but leads to a peak 
force that is sufficient to break the dioxetane mechanically at higher strain rates. 

The activation energy required to pull DFA units out of micelles derived from rheology 
measurements is similar to the BDE of dioxetanes. Because activation of both processes is strain 
rate dependent, the correlation between these parameters is not straightforward, but the results 
presented here clearly show that the force required to break covalent dioxetane bonds are surpassed 
when the physical hydrogel is strained at a sufficiently high rate. We therefore expect that the 
dioxetane unit can become a valuable tool to study failure mechanisms in physical hydrogels by 
means of mechanoluminescence.
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The aim of the work described in this thesis has been to prepare a hydrogel, physically cross-linked 
by means of hydrophobic interactions. In particular, we aimed to investigate the effect of a large 
nonpolar component, such as DFA, on the properties of a micellar hydrogel, with the emphasis on 
mechanical and viscoelastic properties. This chapter gives a general discussion about the prepared 
PEG-DFA micellar hydrogel, its properties and applications, as well as important conclusions 
on micellar hydrogels. Additionally, this chapter describes the next steps towards potential 
applications and improvement of mechanical properties of the micellar hydrogel developed in this 
work. 

GENERAL DISCUSSION

Hydrogels containing nanodomains of hydrophobic nature, more specifically micelles, are 
denoted as micellar hydrogels [1]. It has been demonstrated that because of the dual polarity of 
the components – hydrophilic network and hydrophobic micelles, these hybrid hydrogels have 
several important features, such as delivery of lipophilic drugs [2–4], self-healing [5], and most 
importantly, high mechanical strength [6–8]. 

This thesis describes the preparation and characterization of a micellar hydrogel based on PEG 
and DFA. So far, the largest hydrophobic component used in micellar gels was an alkyl moiety, 
22 carbon atoms long [9]. Here, we showed that even larger group could be successfully used to 
prepare micellar hydrogel, as reported in Chapter 2. The advantage of having large hydrophobe 
in this case proved to be the formation of strong interactions, leading to robust cross-links and 
a stable material. Mechanoluminescence data reported in Chapter 5 indeed suggest that the 
interactions are strong, in fact comparable to the strength of weak covalent bonds. In relation to 
the classification of micellar hydrogels reported by Pekař [1], we can allocate PEG-DFA hydrogel 
to the third category, namely micellar hydrogels in which micelles are actually the cross-linking 
points and the network is only formed upon micelle assembly (Chapter 2). 

According to literature reports on micellar hydrogels [1], not much is known about their 
physico-chemical properties, such as long-term stability. In this thesis we also investigated the 
stability of the hydrogels, which is very important considering transient nature of the cross-links. 
In fact, we observed that PEG-DFA hydrogel displayed very good long–term stability, as the 
hydrogel did not undergo erosion or degradation for the entire period of the experiment (50 days), 
as reported in Chapter 2. Additionally, in Chapter 4 hydrogel stability was investigated under 
physiological conditions (pH 7.4 and 37°C). Results indicate that also under these conditions 
material displays stability and solubility-resistance. These data suggest that PEG-DFA hydrogel 
can actually be used for applications where long-term stability is required (e.g. implantable 
hydrogel for extended period [10]).

As already seen with micellar hydrogels, it is possible to design them in a way to be self-healing 
materials [5]. Chapter 3 explores possibilities of manipulating the strength of the hydrophobic 
interactions in DFA micelles, thus changing material dynamics and viscoelastic properties. This 
was done by introducing surfactant or urea into hydrogel formulation. Indeed, we showed that 
surfactant in particular was able to increase processability of material in a reversible manner. This 
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could be of great importance for designing micellar hydrogels with injectable properties. However, 
self-healing was not observed, most likely because of the strong interactions and large hydrophobic 
groups.

Furthermore, there is a lack of detailed studies on biocompatibility and cell-related studies 
of micellar hydrogels [1]. Biocompatibility is an important aspect of any hydrogel material or 
device that is intended for application in the biomedical field [11], such as tissue engineering 
or drug delivery. Given the importance of such properties, in the present thesis we also studied 
hydrogel cytocompatibility according to ISO 10993 [11]. In addition, material-cell interaction 
was investigated. Data reported in Chapter 4 indeed indicate that the PEG-DFA micellar hydrogel 
(also in the nanocomposite formulation with carbon nanotubes) is cytocompatible with two 
different cell lines employed in the study. When cells were grown on the hydrogel surface, we 
observed that the hydrogel supported cell growth and proliferation. The results in Chapter 4 
suggest that the present PEG-DFA hydrogel is suitable for biomedical applications. 

Finally, this work also proves that incorporating hydrophobic interactions in hydrogels can 
lead to high mechanical strength and toughness. With other micellar gels [7,8] it was seen that 
high strength, resilience and improved mechanical properties were achieved. PEG-DFA hydrogel, 
due to the high cross-linking density exhibits stiffness in the order of 105 Pa. Because of the robust 
and strongly interacting DFA micelles (cross-links) and their multifunctional character, significant 
energy is dissipated during deformation, leading to a highly stretchable and tough hydrogel 
(Chapter 2). Therefore, by designing hydrogels either entirely based on hydrophobic interactions 
or in combination with other interactions, high stability and toughness can be obtained. In addition, 
by forming a nanocomposite material between PEG-DFA and CNTs additional improvement in 
toughness is observed (Chapter 4), suggesting that there is a lot of potential for developing high-
toughness micellar nanocomposite hydrogels.

PEG-DFA micellar gel, like other physically cross-linked hydrogels [12] exhibits good 
processability, reshaping and recycling features. These properties, in addition to inexpensive 
building blocks, ease and scalability of preparation, high toughness and biocompatibility make it a 
promising candidate for industrial and biomedical applications.

FUTURE PERSPECTIVES OF PEG-DFA MICELLAR HYDROGEL

The work described in this thesis showed some of the possible applications and uses of PEG-
DFA micellar hydrogel, leaving however a lot more to be investigated. Some of the additional 
applications and future studies are discussed in the following section.

PEG-DFA coating of hydrophobic surfaces via supramolecular interactions
Many materials used in the fabrication of biomedical devices, such as PDMS [13] are intrinsically 
hydrophobic. Because of the hydrophobicity and low wettability of such materials, several 
complications can arise. For instance, biofouling, such as non-specific protein adsorption on 
material surface or bacterial adhesion can occur [14]. If the material is intended for biomedical 
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applications, fouling represents severe limitations. To overcome this, the material surface can be 
made more hydrophilic. Many studies on biomedical materials have been done in this regard, 
employing both physical and chemical methods [13,15]. However, an efficient, fast and simple 
way of creating hydrophilic surfaces on hydrophobic substrates is needed in order to obtain anti-
fouling features. 

One of the possibilities is to use a hydrogel material to make a coating on hydrophobic 
substrates and therefore make the surface hydrophilic. In a proof of concept study, we have used 
PEG-DFA micellar hydrogel as the coating, while DFA-based hydrophobic polymer Priplast™ was 
used as the model substrate (Figure 6.1).

Priplast™ is a DFA and UPy-containing hydrophobic polymer, based on Priplast™, an 
amorphous polyester polyol. Because of its UPy moieties it was used for supramolecular 
functionalization with UPy-DOPA polymers for creating cell adhesive materials [16].  

Interestingly, the Priplast™ polymer, contains DFA segments in addition to UPy motifs, thus 
making it an attractive model system for testing PEG-DFA adhesion. Since both components 
contain the same hydrophobic segments (DFA), the idea was to investigate whether adhesion 
between Priplast™ and PEG-DFA hydrogel can be obtained via hydrophobic interactions formed  
between DFA moieties (Figure 6.1c).
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Figure 6.1. Hydrogel coating of hydrophobic substrate. (a) PEG-DFA segmented copolymer; (b) 
Priplast™ substrate; (c) proposed mechanism of adhesion between the two layers. DFA and hydrophobic 
segments are indicated in red.
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142

Chapter VI

The first step was to obtain a stable adhesion of the hydrogel layer on top of the Priplast™ film. 
In order to do so, drop-casting and spin-coating methods were employed. After some optimization, 
the desired result was obtained by combining both techniques. In particular, Priplast™ material 
was drop-casted from CHCl3 (100 mg/mL) and subsequently, a solution of PEG-DFA segmented 
polymer was dissolved in CHCl3 (150 mg/mL) and it was spin-coated on top of the dry Priplast™ 
film. The procedure is shown in Figure 6.2.

From the qualitative analysis of adhesion, after the swelling step, it seems that the interaction 
between the two layers is quite stable. Upon twisting and bending of the bilayer, no signs of cracks 
and/or detachment of the gel were observed. The same was noticed after keeping the bilayer in 
water for several days. These observations indicate a stable adhesion.

spin-coating H2O 

Figure 6.2. Procedure steps for adhesion between PEG-DFA and Priplast™. Drop-casted layer of 
Priplast™ (left), spin-coated layer of PEG-DFA polymer on top of the Priplast™ film (center), addition 
of water in order to form a hydrogel of the top PEG-DFA layer (right). A dye was added to PEG-DFA for 
easier visualization.

Figure 6.3. Characterization of the bilayer. IR spectra of the bilayer (at both, top and bottom sides, as 
indicated in the graph) and of the individual components, Priplast™ and PEG-DFA polymer.
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After the bilayer was prepared, it was characterized by FT-IR spectroscopy and by contact 
angle measurements. The chemical composition of the bilayer (prior to swelling) was investigated 
by means of IR spectroscopy (Figure 6.3). The aim was to confirm that the surface of both layers 
correspond to one component and that there is no mixing between the Priplast™ and PEG-DFA 
(considering that CHCl3 is a common solvent for both of them). Reference spectra, corresponding 
to Priplast™ and PEG-DFA copolymer are also reported.

From the spectra it emerges that no mixing between the two components took place at the 
surface of the bilayer. This confirms that even though a common solvent was used for drop-casting 
and spin-coating, the mixing occurs just at the interface, bringing into contact DFA groups more 
easily, but not affecting the composition of each layer.   

Furthermore, we tested the wettability of the Priplast™ substrate and of the hydrogel layer after 
the adhesion. To this end we measured the water contact angle on the pure Priplast™ layer and on 
the hydrogel layer (in its swelling equilibrium). The results are shown in Figure 6.4. Measurements 
showed that Priplast™ is a relatively hydrophobic material with a contact angle of 105.2±1.8 which 
upon coating with hydrogel, significantly decreases (63.6±4.2). This confirms that the current 
approach of hydrogel coating can indeed improve material hydrophilicity.

The next step will be to quantify the adhesion forces between these two layers. In particular, a 
peel-off test could be used to this end. However, there are some limitations to this, as the bilayer 
prepared in this way is very thin, with the hydrogel layer not sufficiently robust to sustain the 
peeling process. In addition, with thicker hydrogel layers, spontaneous detachment from the 
Priplast™ occurred. This indicates that the swelling forces are stronger than the adhesion.  At this 
point, it seems that quantifying adhesion forces is challenging, due to the preparation method. In 
addition, the adhesion procedure should be repeated with another hydrophobic substrate, with 
no DFA units in its structure. This will help to understand whether the adhesion is due to specific 
DFA-DFA hydrophobic interactions.

Figure 6.4. Surface properties. Water contact angle images of Priplast™ (left) and PEG-DFA hydrogel on 
top of the Priplast™(right). 
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The results of this study are preliminary, but they indicate that this approach, if optimized, 
might be a very convenient way of coating hydrophobic surfaces, therefore drastically changing 
material surface properties. 

Hydrophobic polymer Priplast™ used in this study was kindly provided by Sergio Spaans and 
Prof. Dr. Patricia Dankers.

PEG-DFA in physical or hybrid double network (DN) hydrogels
In addition to the appealing application of PEG-DFA hydrogel described above, we propose other 
possibilities where this hydrogel could be used to develop functional and mechanically strong 
materials.

In particular, double network (DN) hydrogels can be very tough, as reported by Gong et al. [17]. 
In order to develop a DN hydrogel, two independent networks should be made interpenetrated 
with or without additional mutual cross-link points. We can think of using PEG-DFA as one of the 
networks and combine it with different partners in order to investigate the effects on mechanical 
properties, such as tensile modulus, strength and elongation at break.

There is a plethora of possible networks to combine with PEG-DFA, so it would require 
some optimization in order to achieve tough hydrogels. In fact, PEG-DFA could be combined 
either with a covalent network (PAAm, PNIPAM, PAA) or with another physically cross-linked 
polymer, thus generating hybrid [18] or physical [19] DN hydrogels. 

Overall, the results reported in this work on the micellar hydrogel based on PEG and DFA 
provide significant insight into micellar gels in general, their properties and applications. Due to 
intrinsic versatility of such materials, we expect the field of micellar hydrogels to expand, giving 
rise to novel functional materials.
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SUMMARY

Dimer fatty acid micellar hydrogels: synthesis, structure and properties
Hydrogels are three-dimensional materials that contain significant amounts of water. They constitute 
a very important class of soft materials. Due to their hydrophilicity, mechanical properties and 
porosity they are particularly attractive for biological applications, where the interaction between 
biological components (i.e. cells) and material is required. Consequently, this has led to their use 
in drug delivery and tissue engineering applications. However, considering their soft nature, more 
often than not the hydrogels possess insufficient mechanical properties to actually be used. There 
are many strategies that lead to improvement of the mechanical performance of such soft materials. 
One way of achieving high toughness and resilience in hydrogels is by making use of supramolecular 
chemistry. In fact, by designing hydrogels which contain non-covalent interactions and cross-
links, hydrogels are imparted with good mechanical behaviour and responsiveness to stimuli. An 
example of such interactions in gels are hydrogen bonding and electrostatic interactions. However, 
slightly overlooked way of designing supramolecular hydrogels, characterized by high stiffness and 
toughness, is incorporation of hydrophobic interactions in the network. Hydrogels based on such 
interactions are referred to as micellar hydrogels, since they often contain nanodomains of micellar 
type. In these hydrogels improved mechanical properties are observed, due to the multifunctional 
and robust phase-separated cross-links. 

This thesis focuses on micellar hydrogels which are characterized by high toughness and 
improved mechanical properties. This is achieved by implementing an unusual and very large 
hydrophobic block in the system. The micellar hydrogel is studied in all of the chapters. In 
particular, the work has two main goals, the first one being the preparation of the micellar hydrogel 
and its characterization, with particular emphasis on its mechanical properties, and the second 
one being the investigation of possible applications of such hydrogel. 

Chapter 2 shows that the micellar hydrogel based on poly(ethylene glycol) (PEG) and 
dimer fatty acid (DFA) is successfully synthesized via polycondensation in the melt. DFA blocks 
are aggregated through strong hydrophobic interactions, leading to the formation of robust 
multifunctional cross-links. Molecular weight of PEG is varied (from 2000 to 8000) to test its 
influence on the properties of the hydrogel, while hydrophobic block remains the same. The 
results show that the hydrogels are obtained via self-assembly between DFA units in the segmented 
copolymer. The size distribution of the resulting micelles is determined by small-angle neutron 
scattering (SANS), as well as the aggregation numbers, indicating that the number of DFAs 
per micelle ranges from around 200 to 600. Moreover, mechanical tests reveal that the gels are 
predominantly elastic and solid-like, due to the strong association within micelles, while retaining 
the transient character, typical of physical hydrogels. This is due to the reversible character of 
the hydrophobic association. Thixotropic behaviour and thermoplasticity indicate suitability 
of this gel towards processability and reshaping. Uniaxial tensile testing reveals that the PEG-
DFA hydrogel, containing PEG 2000, exhibits a toughness of 4.12 MJ/m3. The high toughness, 
processability and ease of preparation of the micellar hydrogel makes it a versatile material. 
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In Chapter 3, PEG-DFA micellar hydrogel is exposed to external agents able to interfere with 
the hydrophobic interactions present in the gel. In particular, surfactant sodium dodecyl sulfate 
(SDS) and urea are investigated. The study is prevalently based on viscoelastic studies of the gel in 
the presence of the aforementioned molecules. The results from rheology clearly indicate that both 
molecules exert significant effects on material properties. SDS is known for its detergent properties 
and in view of that it is able to solubilize DFA micelles, bringing down the network density. Urea, 
on the other hand, is known to disrupt and weaken hydrophobic interactions, but it does not have 
the solubilizing effect on micelles. Therefore, by reducing the strength of the association within 
the micelles, it lowers the activation energy for removal of DFA from the micelles, resulting in 
shorter relaxation times of the network. The most important finding in this chapter is the effect 
that SDS and urea exert on the model PEG-DFA hydrogel, the former affecting significantly the 
stiffness of the gel, whereas the latter has an influence on relaxation times. The results indicate that 
it is possible to use these agents to temporarily change the viscoelastic and mechanical properties 
of micellar hydrogels for specific applications such as injectability. 

Chapter 4 describes the development of a nanocomposite physical hydrogels between PEG-
DFA micellar gel and carbon nanotubes (CNTs). The amount of embedded CNTs is varied from 
0.5 to 6 wt % compared to the amount of polymer. The results suggest that by incorporating as 
little as 3 wt % of CNTs, tensile toughness is improved by over 80% as compared to the reference 
PEG-DFA system. More importantly, the reversibility, with resulting thixotropy and processability 
are not compromised. Also, the work done in this chapter proves that the nanocomposite gels are 
very stable and resistant to dissolution over a long period of time, under physiological conditions. 
Another important feature studied in these nanocomposites is their electrical conductivity, which 
increases by more than 560% when containing 6 wt % of CNTs. One of the most important 
goals of this chapter is investigation of the cytocompatibility properties of the hydrogels. The 
findings show that all gels, nanocomposite and pure PEG-DFA, are cytocompatible with two 
different cell types. In addition, all samples support cell growth and proliferation. Therefore, these 
highly versatile nanocomposite hydrogels are considered as potentially suitable biomaterials for 
applications in tissue engineering.

The high strength of hydrophobic interactions in DFA micelles investigated in Chapter 2, 
is further explored in Chapter 5. In fact, the work in this chapter describes the use of 
mechanochemistry as the means towards probing hydrogel rupture and strength. PEG-
DFA segmented copolymer is covalently functionalized with a mechanoresponsive unit, first 
reported by our group in 2012, bis(adamantyl)-1,2-dioxetane. The resulting hydrogel displays 
mechanically induced chemiluminescence, observed by straining a sample. Optomechanical 
measurements performed in this chapter show that PEG-DFA functionalized hydrogel exhibits 
chemiluminescence upon breaking, with an intensity that is dependent on strain rate. The main 
conclusion from this work is twofold: first, it demonstrates for the first time that bis(adamantyl)-
1,2-dioxetane can be efficiently used in water-based systems, such as hydrogels, next to traditionally 
employed polymers, and second, it shows that the bond dissociation energy in dioxetane ring is 
close to the activation energy required to pull DFA unit out of micelle. The force necessary to 
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break covalent dioxetane bond is reached when the physical hydrogel is strained at a sufficiently 
high rate. Therefore, it opens new possibilities for using this particular mechanophore for studying 
failure mechanisms in physically cross-linked hydrogels by means of mechanochemistry. 

Finally, Chapter 6 gives a short discussion on the obtained results and suggests possible 
further applications of the developed micellar hydrogel. In particular, preliminary results reported 
in this chapter indicate that PEG-DFA micellar hydrogel can be used to coat hydrophobic surfaces 
via physical, non-covalent interactions. As a model for such application, a hydrophobic polymer 
Priplast™ is used. It is shown that under certain conditions, this material is coated with a thin 
hydrogel layer, without chemical modifications. Finally, it is envisioned that by combining PEG-
DFA network with other networks, either physical or covalent, further improvement in mechanical 
performance of micellar hydrogels will be achieved.
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Micelarni hidrogelovi bazirani na dimerizovanoj masnoj kiselini: sinteza, 
struktura i svojstva
Hidrogelovi su sačinjeni od vodorastvornih (hidrofilnih) polimera, sposobnih da apsorbuju 
velike količine vode. Oni čine veoma bitnu kategoriju mekanih materijala i zahvaljujući njihovim 
mehaničkim svojstvima, hidrofilnosti i poroznosti mogu biti veoma korisni u biološkim 
primenama, pogotovo gde je prioritet imati pozitivne interakcije između bioloških komponenti 
(npr. ćelija) i samog materijala. Stoga, neke od najvažnijih primena hidrogelova su u oblastima 
otpuštanja lekova i tkivnog inženjeringa. Međutim, neretko je potrebno da hidrogelovi poseduju 
jača mehanička svojstva, pre nego što se mogu upotrebiti u takve svrhe. Postoji više načina i 
strategija koje mogu dovesti do poboljšanja izdržljivosti i elastičnosti hidrogelova. Jedan od načina 
je primena principa supramolekularne hemije, odnosno implementacija fizičkih veza u samoj 
mrežnoj strukturi gelova. Primeri takvih fizičkih, nekovalentnih veza jesu vodonično vezivanje, 
elektrostatičke i hidrofobne sile. Upravo inkorporacijom hidrofobnih veza moguće je postići 
mehaničko poboljšanje hidrogelova. Ovakvi gelovi su poznati i kao micelarni gelovi, budući da 
sadrže nanodomene micelarnog tipa usled postojećih hidrofobnih sila. Jaka mehanička svojstva 
micelarnih gelova potiču od jako efikasnog izdvajanja ovih domena od hidrofilnog matriksa gela, 
kao i od multifunkcionalnog karaktera samih micela. 

Ova disertacija je u velikoj meri usmerena na micelarne gelove koji su odlikovani velikom 
izdržljivošću i generalno poboljšanim mehaničkim osobinama. To je postignuto ubacivanjem jedne 
velike i nekarakteristične hidrofobne monomerne komponente u strukturu gela. Sva poglavlja se 
primetno bave studiranjem ovog micelarnog gela, s tim što disertacija ima dva bitna cilja. Prvi cilj 
je sinteza, priprema i karakterizacija gela, sa posebnim naglaskom na njegove mehaničke osobine, 
dok je drugi cilj istraživanje potencijalnih primena ovakvog materijala. 

Drugo poglavlje se bavi micelarnim hidrogelovima sačinjenim od kopolimera polietilen 
glikola (PEG) i dimerizovane masne kiseline (DMK). Kopolimer je sintetisan tokom reakcije 
polikondenzacije na visokoj temperaturi. Jedinice DMK su u stanju da se uzajamno združuju 
posredstvom jakih hidrofobnih sila, stvarajući tako čvrste, multifunkcionalne mrežne čvorove. 
Pripremljeno je nekoliko gelova, koristeći različite molekularne mase od PEG polimera (od 
2000 do 8000), kako bi se ocenio efekat na fizička svosjtva gelova. Hidrofobna komponenta 
nije menjana i ostaje ista u svim gelovima. Rezultati pokazuju da je gel formiran zahvaljujući 
međusobnom združivanju DMK blokova u kopoliumeru. Veličina tako stvorenih micela, kao i 
broj DMK jedinica koji sačinjavaju jednu micelu, su procenjeni pomoću neutronske difrakcije. 
Dobijeni rezultati ukazuju da je jedna DMK micela sačinjena od oko 200-600 jedinica. Dalje, 
mehanička testiranja pokazuju da su pripremljeni gelovi uglavnom čvrsti i elastični, zahvaljujući 
jakim interakcijama unutar micela, dok su u stanju da zadrže tranzicioni karakter koji inače 
odlikuje fizičke hidrogelove. Ova osobina se pripisuje reverzibilnom karakteru hidrofobnih 
interakcija. Prema tome, tiksotropija i termoplastične osobine gela ukazuju na mogućnost 
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procesiranja i oblikovanja istog, dok tenzilna merenja pokazuju izrazitu izdržljivost materijala. 
Dakle, pripremljeni micelarni hidrogelovi su veoma raznovrsni, budući da ih je lako pripremiti i da 
su odlikovani velikom izdržljivošću i mogućnošću oblikovanja.

U trećem poglavlju, pripremljeni micelarni gel je izložen uticaju agenasa koji su u stanju da 
kompromituju hidrofobne interakcije prisutne u samom materijalu. U ovom projektu su korišćena 
dva različita agensa: sapun (natrijum dodecil sulfat) i urea. Glavni cilj je merenje viskoelastičnih 
svojstava micelarnog gela u prisustvu pomenutih molekula. Reološka merenja ukazuju da oba 
agensa ispoljavaju značajan efekat na gel. Poznato je da je sapun u stanju da rastvara i razlaže 
hidrofobne skupine, poput micela prisutnih u hidrogelu. U ovom slučaju sapun dovodi do sniženja 
gustine umrežavanja u strukturi gela. S druge strane, urea može značajno da oslabi hidrofobne 
sile i tako poremeti agregaciju DMK jedinica, tako da ne poseduje isti efekat kao sapun. S tim 
u vezi, urea slabi postojeće interakcije unutar micela i tako snižava energiju aktivacije potrebnu 
za uklanjanje jednog molekula DMK iz micele. Rezultat toga su kraća relaksaciona vremena 
ovog sistema. Najznačajniji zaključci ovog poglavlja su različiti efekti koje sapun i urea uzrokuju 
u micelarnom gelu: sapun smanjuje čvrstinu gela, dok urea skraćuje relaksaciono vreme mrežne 
strukture. Rezultati dakle pokazuju da ovi agensi mogu biti upotrebljeni da privremeno izmene 
viskoelastična i mehanička svojstva micelarnih gelova i tako omoguće nove primene, poput 
ubrizgavanja. 

Četvrto poglavlje ispituje razvoj nanokompozitnih fizičkih gelova, zasnovanih na micelarnom 
gelu PEG-DMK i višeslojnim ugljeničnim nanocevima. Količina umetnutih nanocevi u matriksu 
gela je varirana između 0,5 i 6% masenog udela (u odnosu na masu polimera). Rezultati ukazuju da 
inkorporacijom svega 3% masenog udela nanocevi, izdržljivost nanokompozitnog gela je uvećana 
za preko 80% u odnosu na izvorni gel. Štaviše, reverzibilan karakter koji uzrokuje tiksotropiju i 
mogućnost procesiranja gela nije izmenjen u prisustvu ugljeničnih nanocevi. Ovaj rad ima za cilj 
da detaljno ispita fizička svojstva nanokompozitnih materijala. Svi pripremljeni gelovi su veoma 
stabilni i nerastvorljivi tokom dugog vremenskog perioda, čak i u fiziološkim uslovima. Još jedna 
osobina nanokompozita koji sadrže ugljenične nanocevi jeste električna provodljivost. Merenja 
pokazuju da je moguće uvećati provodljivost za preko 560% prilikom inkorporacije 6% masenog 
udela nanocevi. Najzad, svi pripremljeni gelovi su testirani za citotoksičnost i biokompatibilnost. 
Rezultati pokazuju da su hidrogelovi citokompatibilni i da dopuštaju ćelijama da rastu i 
razmnožavaju se na površini materijala, bez ikakvih posledica po osnovne ćelijske funkcije. 
Zahvaljujući raznovrsnosti ovakvih nanokompozita i njihovoj citokompatibilnosti, smatraju se 
potencijalno korisnim biomaterijalima u svrhe tkivnog inženjeringa. 

Kao što je već pomenuto u drugom poglavlju, interakcije između DMK jedinica u micelama 
su izrazito jake, i ovo je, između ostalog, predmet istraživanja i petog poglavlja. U te svrhe smo 
pribegli primeni posebne i relativno nove vrste hemije – mehanohemije. Cilj je ispitivanje snage i 
frakture micelarnog gela. PEG-DMK hidrogel je dakle modifikovan sa jedinicom koju je moguće 
aktivirati mehanohemijskim metodama. Jedinica koja je korišćena je prvi put upotrebljena u svrhe 
mehanohemije 2012 godine u našoj grupi. U pitanju je bis(adamantan)-1,2-dioksetan, koji usled 
mehaničke sile emituje hemoluminescenciju. Zapravo, prilikom deformisanja modifikovanog 
hidrogela, hemoluminescencija, čiji intenzitet zavisi od brzine izduženja, je zaista emitovana. Dalja 
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optomehanička merenja pokazuju da se ovaj fenomen događa samo tokom frakture hidrogela. 
Iz ovoga sledi zaključak da je moguće koristiti bis(adamantan)-1,2-dioksetan u mekanim 
materijalima koji sadrže vodu, poput hidrogelova, što do sada nije bilo opisano. Takođe, može 
se zaključiti i da je sila, neophodna za otvaranje prstena dioksetana, približna energiji aktivacije 
za uklanjanje jednog molekula DMK iz micele, potvrđujući da su hidrofobne sile toliko jake da 
se mogu uporediti sa jačinom slabijih kovalentnih veza. Stoga se zaključuje da mehanohemija u 
budućnosti može igrati bitnu ulogu u određivanju jačine hidrogelova.

Najzad, šesto poglavlje daje kratak pregled i diskusiju o dobijenim rezultatima i istražuje 
moguće buduće primene proizvedenog micelarnog gela. Zapravo, nekoliko preliminarnih rezultata 
ukazuju na to da PEG-DMK gel može biti upotrebljen u svrhe oblaganja površina hidrofobnih 
materijala pomoću nekovalentnih, fizičkih interakcija. Takođe, dat je predlog kako je moguće 
postići dalje poboljšanje mehaničkih osobina, ako se micelarni gel ukrsti sa nekom drugom 
umreženom hidrofilnom strukturom, bilo da je ona fizičke ili hemijske (kovalentne) prirode.
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ATR Attenuated total reflectance
BDE Bond-dissociation energy
Ca2+ Calcium
CDCl3 Deuterated chloroform
CH2Cl2 Dichloromethane
CHCl3 Chloroform
ciPTEC Conditionally immortalized proximal tubule epithelial cells
CNTs Carbon nanotubes
Co2+ Cobalt
D2O Deuterated water
DAPI 4’,6-diamidino-2-phenylindole
DBTDL Dibutyltin dilaurate
DDI Dimer fatty acid diisocyanate derivative
DFA Dimer fatty acid
DIC N,N’-diisopropylcarbodiimide
DMA N,N-dimethylacrylamide
DMEM Dulbecco’s modified eagle medium
DMF Dimethylformamide
DN Double-network hydrogel
DPA 9,10-diphenylanthracene
DPTS 4-(dimethylamino)pyridinium-4-toluenesulfonate
Ea Activation energy
ET Tensile modulus
EWC Equilibrium water content
FCS Fetal calf serum
FITC Fluorescein isothiocyanate
FOSA 2-(N-ethylperfluorooctanesulfonamide)ethyl acrylate
FRET Förster resonance energy transfer
FT-IR Fourier-Transform infrared spectroscopy
G(t) Relaxation modulus
G’(ω) Storage modulus
G’’(ω) Loss modulus
GPC Gel permeation chromatography
H2SO4 Sulfuric acid
HBSS Hank’s balanced salt solution
HeLa Cervical adenocarcinoma epithelial cells
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HEUR Hydrophobically ethoxylated urethane
hMSC Human mesenchymal stem cells
HNO3 Nitric acid
LAOS Large amplitude oscillatory shear
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L-DOPA L-3,4-dihydroxyphenylalanine
LiBr Lithium bromide
Mw Molecular weight
MWNTs Multi-walled carbon nanotubes
Nagg Aggregation number
Ni2+ Nickel
NMR Nuclear magnetic resonance
OAT1 Organic anion transporter 1
ox-MWNT Oxidized carbon nanotubes
PAAm Polyacrylamide
PAMP Poly(2-acrylamido-2-methylpropanesulfonic acid)
PBS Phosphate-buffered saline
PDI Polydispersity index
PDMS Polydimethylsiloxane
PEG Poly(ethylene glycol)
PEG-DFA Poly(ethylene glycol)-dimer fatty acid based hydrogel
pHEMA Poly(hydroxyethyl methacrylate)
PMA Poly(methylacrylate)
PMMA Poly(methyl methacrylate)
p-MWNT Pristine multi-walled carbon nanotubes
PNIPAM Poly(N-isopropylacrylamide)
ppm Part per million
PTEC Proximal tubule epithelial cells
PTFE Polytetrafluoroethylene
PVA Poly(vinyl alcohol)
PVP Poly(vinyl pyrrolidone)
SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
SDS Sodium dodecyl sulfate
SEM Scanning electron microscopy
SnCl2 Tin(II)chloride
tan δ Loss factor
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TPEs Thermoplastic elastomer
TTS Time-Temperature superposition
UPy 2-ureido-4[1H]-pyrimidinone
UT Tensile toughness
Zn2+ Zinc
εB Strain at break
λ Displacement
σT Tensile strength
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