Bis-urea based supramolecular hydrogels as extracellular
matrix mimics
Citation for published version (APA):
Liu, J. (2022). Bis-urea based supramolecular hydrogels as extracellular matrix mimics. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Eindhoven University of Technology.

Document status and date:
Published: 03/03/2022
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 10. Jan. 2023

Bis-urea Based Supramolecular Hydrogels as
Extracellular Matrix Mimics

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit
Eindhoven, op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens, voor
een commissie aangewezen door het College voor Promoties, in het openbaar
te verdedigen op donderdag 3 maart 2022 om 16:00 uur

door

Jie Liu

geboren te Anhui, China

Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de
promotiecommissie is als volgt:
voorzitter:

prof.dr. F. Gallucci

1e promotor:

prof.dr. R.P. Sijbesma

copromotor(en):

prof.dr.dr. P.P.W. Dankers

leden:

prof.dr. O.A. Scherman (University of Cambridge)
prof.dr.ir. J.C.M. van Hest
prof.dr. C. Storm
prof.dr.ir. I.K. Voets

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening.

道生一， 一生二， 二生三，三生万物。
—老子—

Dedicated to my family

Bis-urea Based Supramolecular Hydrogels as Extracellular Matrix Mimics
Jie Liu

This research was funded by the Dutch Ministry of Education, Culture and
Science, Gravity program 024.001.035.

A catalogue record is available from the Eindhoven University of Technology
Library.
ISBN: 978-90-386-5455-3

Copyright © 2022 by Jie Liu
Cover design: Shujie Yang & Qian Wang
Printed by Gildeprint, the Netheralnds

Table of Contents
Chapter 1

1

Introduction
1.1. Supramolecular hydrogels

2

1.2. Urea-based molecular gelators

3

1.3. Carbohydrate amphiphile based molecular gelators

6

1.4. Multicomponent self-assembly of molecular gelators

7

1.5. Extracellular matrix and its components

10

1.6. Extracellular matrix mimics

11

1.7. Carbohydrate-hepatic receptor interaction

13

1.8. Spheroid formation mechanism

15

1.9. Strain-stiffening in supramolecular hydrogels

17

1.10. Aim and outline of this thesis

21

1.11. References

23

Chapter 2

29

Effects of structural variation on self-assembly and gelation behavior of bis-urea
based amphiphiles
2.1. Introduction

30

2.2. Results and discussion

31

Synthesis of OEG amphiphiles

31

Characterization of aqueous solution behaviors

32

Study of self-assembled morphology

35

Dynamics of M8-10 OH

38

Thermo-induced gelation

40

2.3. Conclusions

42

2.4. Experimental section

42

2.5. References

48

Chapter 3

51

Photo-crosslinked coumarin-containing bis-urea amphiphile hydrogels
3.1. Introduction

52

3.2. Results and discussion

53

Model reaction

53

Synthesis of coumarin-based photo-crosslinker

55

Solution preparation and UV-vis absorption measurements

56

Mass spectroscopy and dynamic light scattering

57

SAXS and cryo-TEM determine size change upon irradiation

59

Photo-induced gelation and its reversibility

60

3.3. Conclusions

61

3.4. Experimental section

62

3.5. References

66

Chapter 4

69

Hepatic spheroid formation on carbohydrate-functionalized supramolecular hydrogels
4.1. Introduction

70

4.2. Results and discussion

72

Synthesis of carbohydrate functionalized bis-urea amphiphiles

72

Self-assembly in water

73

Hydrogel formation

76

Inhibition of spheroid formation

83

Cell migration on carbohydrate hydrogels

86

4.3. Conclusions

89

4.4. Experimental section

90

4.5. References

97

Chapter 5

101

Bioactive, strain-stiffening supramolecular hydrogels
5.1. Introduction

102

5.2. Results and discussion

104

Dilution and crosslinking induced strain-stiffening

104

Effect of crosslinking density and aging time

106

Aging induced dissociation

109

Effect of LBA starting concentration and ultrasonication time

113

Spheroid formation of supramolecular strain-stiffening gels

114

5.3. Conclusions

117

5.4. Experimental section

118

5.5. References

121

Chapter 6

125

Unraveling co-assembly of carbohydrate based and oligo(ethylene glycol) based bis-urea
amphiphiles
6.1. Introduction

126

6.2. Results and discussion

127

Gelation test and their rheological properties

127

FT-IR and CD spectroscopy

129

Morphological characterization: AFM and Cryo-TEM

133

Structural characterization: SAXS and WAXS

135

6.3. Conclusions

136

6.4. Experimental section

137

6.5. Appendix

139

6.6. References

141

Chapter 7

145

Epilogue
7.1. Current system limitations

146

7.2. Future perspectives

148

Adding the second component towards tuning assembled structures

148

Directing cell migration on bioactive supramolecular hydrogels

150

Tunable bioactive ligand density and incorporation of other functionalities in supramolecular
hydrogels
151
7.3. References

153

Summary

155

Curriculum vitae

159

List of publications

160

Acknowledgments

161

Chapter 1
Introduction

Abstract | Supramolecular hydrogels, formed by hierarchical self-assembly of
molecular building blocks offer the large possibility to develop synthetic scaffolds for
applications in tissue engineering, particularly to mimic the extracellular matrix (ECM).
Usually, the preparation of supramolecular fiber networks requires the rational design
of molecules because small changes in molecular structure will lead to a significant
change in aggregation and gelation capability. Synthetic supramolecular hydrogels
prepared from molecular gelators mimic many characteristics of the ECM, including a
fibrous architecture and dynamic features, but only few efforts have been taken to mimic
both bioactivity and nonlinear stiffening mechanics of the ECM. To address these issues,
incorporation of bioactive molecules and introduction of a strain-stiffening response into
supramolecular hydrogels is essential to develop the next generation of supramolecular
hydrogels. In this introductory Chapter, two important categories of supramolecular
molecular gelators are presented: bis-urea amphiphiles and carbohydrate amphiphiles.
Emphasis is given on the effect of molecular structure on gelation capability and their
potential application in tissue engineering. Furthermore, to introduce potential
biofunctionality in supramolecular hydrogels, we review a distinct protein receptor
(asialoglycoprotein receptor, ASGPR) on hepatic cells that binds to galactose (Gal) moiety.
The mechanism behind its capability to induce the formation of hepatic spheroids on
Gal-functionalized matrices is elucidated. Also, we highlight recent advances in the field
of supramolecular hydrogels towards the development of synthetic scaffolds that can
replicate strain-stiffening mechanics of ECMs. Taken together, these guidelines serve to
design novel synthetic supramolecular hydrogels that faithfully mimic ECMs.

Chapter 1

1.1. Supramolecular hydrogels
Supramolecular hydrogels have been constructed by hierarchical assembly of lowmolecular-weight gelators (LMWGs), also sometimes referred to as molecular gelators,
to fabricate 3D fibrous networks that immobilize a large volume of water.1 Generally, selfassembly of these hydrogels starts with the growth of one-dimensional anisotropic
assemblies, and subsequently, these assemblies self-organize into extended nanoscale or
microscale fibrils. The resulted fibrils bundle into fibers and/or entangle with one
another by physical crosslinking to generate the gel network, as shown in Figure 1.1.2,3
Supramolecular hydrogels are physical gels, which are responsive toward external
stimuli such as light, temperature, pH, or chemical triggers.4–6 A wide range of
molecular motifs, including peptides, ureas, sugars, and lipids has been used to build
supramolecular hydrogels through non-covalent interactions, such as hydrogen bonding,
hydrophobic interaction, π–π stacking, and Van der Waals interaction.7,8 Non-covalent
interactions are much weaker than covalent bonds, but collectively, they can form stable
yet dynamic supramolecular aggregates and materials with specific properties and
functions. Furthermore, supramolecular gelators are often amphiphilic, containing one
or more polar head groups and nonpolar tails. The water-soluble hydrophilic groups can
be oligo (ethylene glycol), amino acids, carbohydrates, or a combination of these, and the
water-insoluble tails in gelators usually are long alkyl chains or aromatic rings.8–10 An
elegant hydrophobic/hydrophilic balance in amphiphilic molecules plays a vital role in
determining the formation of fibrous networks in water.

Figure 1.1 | Bottom-up self-assembly of a supramolecular gel from LMWGs. Figure adapted with
permission from ref. [2] Copyright © 2020, The Society of Polymer Science, Japan.

In the past few decades, there has been immense interest in the design of
supramolecular gels for various potential applications in materials science, including
catalysis, sensing, nanomedicine, and cell culturing.7,11 Particularly, supramolecular
hydrogels have become a highly active field of research because these innovative
materials have become promising candidates for biomedical use, such as artificial
extracellular matrices. The potential in these areas is due to the possibility of the rational
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design of molecular structures to achieve desired material properties.12,13 General bottomup approaches have been established to develop new LMWGs systems, although the
design of new gelators continues to be largely a trial-and-error process.14 The use of a
library of supramolecular synthons has been established as a method to identify new
gelator candidates, but the synthesis and screening of individual compounds in a gelator
library require time and effort.11,15 An alternative approach, “gelator scaffold approach”,
starts with already well-known gelator systems. Chemical modification with appropriate
moieties on parent gelators is used to create new gelators.16,17 This approach allows
designing a large variety of new gelators in a shorter time, opening an avenue towards
fine-tuning the gel properties and endowing new functions on old LMWGs systems. In
next section, two different molecular gelators are introduced to discuss the interplay of
the molecular structure of gelators and gelation ability, and their applications in
biomedical engineering fields are also exemplified.
1.2. Urea-based molecular gelators
Urea (or ureido) group is a unique hydrogen-bonding motif, which has been explored
extensively for the construction of robust supramolecular assemblies in both organic and
aqueous mediums. Although the urea group shares desirable features with amides, such
as rigidity, planarity and polarity, due to the presence of an additional NH group, the
urea group is capable of forming directional polymeric aggregates by forming bifurcated
N-HˑˑˑO=C hydrogen bonds, which are much stronger than that the single hydrogen
bonds of amide or urethane groups (Figure 1.2).18,19 The inter-monomer distance of two
urea units is around 4 Å and the energy of hydrogen-bonding interactions is calculated
to be 44.8 kJˑmol-1 for ribbon structure, explaining the high stability of urea
aggregates.20,21 Therefore, numerous studies have been devoted to the development of
synthetic urea-based monomers that are capable of generating stable resulting
assemblies.

Figure 1.2 | Hydrogen bonded motif of urea-based building blocks.

Various mono-, bis-, and tris-urea based amphiphilic compounds form supramolecular
hydrogels that are used as biomaterials.22 The self-complementary and directional
hydrogen bonding in urea derivates is an effective driving force for the construction of
supramolecular hydrogels, together with other intermolecular interactions, such as van
der Waals interactions, π–π stacking and metal coordination.22 As the most important
type of urea based gelators, bis-urea based molecules have been successfully used to
3|
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develop dynamic supramolecular gels, in which two urea motifs are usually separated by
phenylene23, cyclohexylene24, or aliphatic spaces.25 The formation of hydrogel in bis-urea
molecules derived from aromatic diamines or diisocyanate is promoted by the
cooperative effects of π–π stacking of the aromatic core and hydrogen bonding
interactions of two urea moieties.23,26 In addition, the head groups of urea based
molecular gelators can be varied from non-functional units such as a simple alcohol
group24 to functional units such as glycosyl-nucleoside27, which are highly dependent on
their desired functions and applications. For example, a novel bis-urea amphiphile
featuring N-thymine glycosylated head groups forms supramolecular hydrogel networks
with well-defined fibrillary aggregates in water. The hydrogel is proven to be non-toxic,
stable in long term and non-immunogenic after injection in vivo under mouse skin,
which opens up potential fields of application for artificial scaffolds by using
supramolecular hydrogels.27
As reported in most supramolecular building blocks, minimal changes in molecular
structure influence internal packing and dynamics of the supramolecular aggregates,
thus leading to a different gelation ability and related hydrogel properties such as
mechanical strength.28,29 Thus, a rational design of molecular structures of
supramolecular building blocks not only plays a key role in determining self-assembled
morphologies but also offers an opportunity to tune the hydrogel properties. For example,
Patterson and coworkers have reported three pyridine-containing bis-urea compounds,
in which the nitrogen atom in the pyridyl end group is either in the ortho-, the meta- or
the para- position (Figure 1.3). Interestingly, only the meta substituted compound yields
a supramolecular hydrogel via nanofiber formation, while the ortho- and para-substituted
compounds self-assemble into thick nanofiber bundles and sheet-like structures,
respectively, leading to precipitation in water. The differences can be explained by
orthogonal self-assembly in the latter two compounds through C-H···N hydrogen
bonding between the pyridyl groups, increasing nanofiber length to bundles and
sheets.26 This example illustrates that a subtle change of molecular structure may result
in a significant effect on assembled morphology and gelation ability, complicating the
design of synthetic supramolecular gelators.
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Figure 1.3 | Molecular structures of three pyridine-containing bis-urea based compounds: meta-,
para- and ortho-derivatives that exhibit different gelation abilities in water. Figure adapted with
permission from ref. [26]. Copyright © 2019, Royal Society of Chemistry.

Despite the physical bundling and entanglement of supramolecular fibers themselves,
additional crosslinking is also extensively exploited to expand the scope of
supramolecular hydrogels and achieve tunable properties and functions. Previously, our
group has studied self-assembly of amphiphilic oligo(ethylene glycol) (OEG) based bisurea building blocks to find candidates that form semiflexible, rod-like micelles in
water.30–32 However, due to the absence of interaction between the rodlike micelles, such
bis-urea amphiphiles only form viscous solutions, but no gelation occurs. This feature
gives the possibility to precisely determine the extent of cross-linking by incorporating a
specified amount of non-covalent or covalent crosslinkers.33,34 The crosslinking strategies
in supramolecular systems mimic hierarchical self-assembly processes in biology. For
example, fibrous F-actin is formed by actin polymerization into aligned bundling
structures, while actin crosslinking proteins, such as a-actin and fascin can crosslink
these bundles to strengthen the actin filaments and increase the rigidity of cytoskeletal
networks.35,36 Moreover, the crosslinking interaction between fibers in supramolecular
systems not only strengthens gel mechanics but also enhances their functionalities, such
as the introduction of photo-responsiveness.37 Taken together, it becomes more and
more attractive to introduce additional crosslinking interactions in supramolecular fiber
systems for potential application in biomedical fields. More discussions on
supramolecular hydrogels for biomedical application will be given in the following
sections.
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1.3. Carbohydrate amphiphile based molecular gelators
Carbohydrate amphiphiles, also sometimes referred to as sugar amphiphiles, are another
important type of molecular gelators that have been studied in detail, particularly their
molecular arrangements described by Masuda and his coworkers.38–40 Carbohydrates are
highly water-soluble, generally inexpensive and mainly derived from natural resources,
leading to biodegradability, eco-friendliness, and biocompatibility of carbohydrate-based
supramolecular hydrogels.41 On the other hand, a broad range of molecular gelators can
be made from carbohydrates due to their high structural variability and rich
stereochemistry.42 For instance, variation of stereochemistry at different stereocenters in
D-glucose as the simplest and most abundant carbohydrate, leads to isomers D-galactose
and D-mannose. These monosaccharides have been successfully utilized to design
supramolecular gelators in water, usually exhibiting different chiral superstructures and
gelation abilities.43,44 For example, both fluorenyl-9-methoxycarbonyl functionalized
glucosamine (GlcN-Fmoc) and galactosamine (GalN-Fmoc) can assemble into nanofiber
networks to produce supramolecular hydrogels driven by CH-π interactions.44 However,
4-nitrophenylmethoxycarbonyl functionalized glucosamine (GlcN-NPmoc) forms a
stable hydrogel in aqueous media whereas no gelation is observed for galactosamine
derivative (GalN-NPmoc) at an even higher concentration.45 Furthermore, the pyranose
rings contain multiple hydroxyl groups, which can be easily chemically modified to
further expand structural diversity and introduce functional moieties. The alcohol groups
also act as hydrogen-bond donor and acceptor sites to provide cooperative hydrogen
bonding between carbohydrates.41,42 Intermolecular carbohydrate-carbohydrate
interactions can be utilized to produce complex and stable assemblies. Taken together,
these distinct characteristics make carbohydrates attractive for use as polar groups in
supramolecular hydrogelators for various applications, such as water purification46, drug
delivery47 and wound dressing.43
Carbohydrates are engaged in numerous biological processes, ranging from energy
metabolism and structural support for tissues to regulation of cellular events. The latter
function relies on carbohydrate-protein interactions to maintain essential functions in
living systems, such as cell-cell recognition, cell adhesion and signaling, and host
immune response, etc.48,49 Therefore, incorporation of carbohydrate moieties finds
increasing use in the design of bio-functional and bioactive materials. Glycopeptidebased molecules are a widely studied class of carbohydrate based hydrogelators. In these
molecules, amino acid sequences with known bioactivity are conjugated with mono-or
di-saccharides to mimic glycoproteins and proteoglycans in biological systems.42,50,51
Most of these glycopeptide-based hydrogels are used for wound repair and antibacterial
activity.52–54
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Although carbohydrate gelators have been extensively investigated for many years,
carbohydrate containing supramolecular gelators have rarely been explored for
applications in tissue engineering, unlike carbohydrate-functionalized polymer
hydrogels.55 Nevertheless, the alkyl-galactonamides reported by Fitremann and
coworkers is an important exception. These simple carbohydrate amphiphilic gelators
were designed with varying alkyl chain lengths (al-C6, Gal-C7 and Gal-C8), and all three
molecules were found to assemble opaque hydrogels with the formation of large, flat,
and stiff ribbons upon heating-cooling (Figure 1.4). Interestingly, it was found that the
Gal-C7 gel has optimal rigidity to support the differentiation of human neural stem cells
into both glial and neural cells, providing a dense neurofilament network of neuronal
cells without any additional adhesion molecules. Therefore, this simple carbohydrate gel
offers a suitable scaffold for 3D neural growth and development, displaying great
potential in neural tissue regeneration.56

Figure 1.4 | (a) Molecular structures of alkyl-galactonamides (Gal-C6, Gal-C7 and Gal-C8). (b)
Photographs and Cryo-SEM images of Gal-C7 gel. (c) Human neural stem cell differentiation on
Gal-C7 gel. Figures adapted with permission from ref. [56]. Copyright © 2018, American Chemical
Society.

1.4. Multicomponent self-assembly of molecular gelators
As mentioned before in section 1.1, the hierarchical self-assembly of molecular gelators
has attracted significant interest as an effective bottom-up approach to develop
7|
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supramolecular materials with a wide range of applications. In most cases, these
materials are produced from a single component, often exhibiting one specific
assembled structure and function. In contrast, self-assembly in nature employs multiple
types of building blocks to create complex functional structures.57 A good example is the
formation of a cell membrane, in which phospholipids and embedded proteins assemble
together to form stable bilayers.58 Moreover, most enzymes such as the urease have a
heterostructure assembled from different protein subunits.59 Thus, nature has provided
excellent inspiration for designing sophisticated materials by using a multicomponent
self-assembly strategy to overcome the inherent limitations of single component
assembly.
When two or more components are combined in one solution, the assembly may take
place in four main ways. The components may co-assemble in either random,
cooperative, or disruptive manner, or they may self-sort to give separate aggregates
(Figure 1.5).60,61 In random co-assembly, the components arrange together without any
specific order, while cooperative self-assembly refers to assemblies of the components
organized in an alternating manner when the interaction between different components
is stronger than between components of the same type. Additionally, when the different
components are arranged in a destructive fashion, disruptive self-assembly takes place
with the presence of defects/discontinuities in the assembled structure. In a self-sorting
system, on the other hand, different components tend to assemble independently of each
other, forming assemblies that only contain a single type of building block.61,62 The mode
of assembling is highly dependent on structural complementarity and specific
interaction between components, but it remains challenging to predict which kind of
self-assembly will take place.63,64
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Figure 1.5 | Schematic illustrations of assembly of two gelators through cooperative, orthogonal (or
self-sorting), random and disruptive co-assembly. Figure adapted with permission from ref. [61].
Copyright © 2018, Royal Society of Chemistry.

Multicomponent self-assembly not only evolves new and highly stable assemblies, such
as with a change of morphology and chirality, but also offers an opportunity to generate
materials with different properties and functionalities.63,65 For example, adding 4,4bipyridine into Fmoc-protected diphenylalanine induces a stoichiometry-controlled
secondary structure transition from a β-sheet to a helix through co-assembly, thus
providing precise control of assembled structures.66 Furthermore, because the
assembled structure significantly affects material properties, thus gel properties, such as
stiffness, stability, and pH sensitivity in the multicomponent self-assembly of molecular
gelators can be easily tailored. For instance, when two gelators are self-sorted in solution
to form an interpenetrating network, the rheological properties, such as moduli of the
mixed gel may be enhanced compared to the gels formed by each gelator. The higher
9|
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moduli can be explained by the formation of double fiber networks.65,67 Similar effects
have also been observed in some co-assembled gel systems.64,68 Some multicomponent
co-assembled gels, however, give a lower modulus than their individual gels69 or an
intermediate modulus between these gels70, and it is because mixing the components
disrupts the formation of fibrous networks. On the other hand, the multicomponent selfassembly also offers an uncomplicated way to introduce specific functions into
supramolecular materials. For example, mixing bioactive molecule-functionalized
building blocks with non-bioactive building blocks together can endow supramolecular
hydrogels with biological functions (bioactivity). Compared to the covalent incorporation
of bioactive components, less time and effort are required to control the density of
bioactive ligands, and therefore bioactive supramolecular hydrogels are promising
scaffolds for tissue engineering.71,72 Using multicomponent self-assembly extends
possibilities to develop materials with structural diversity and functional complexity, thus
gaining increasing attention from researchers.63
1.5. Extracellular matrix and its components
All our tissues and organs consist of ECM. The ECM is an extraordinarily complex 3D
network composed of two main classes of biopolymers: proteins and polysaccharides,
and plays a vital role in biological processes. These non-cellular components, including
collagen, elastin and proteoglycans not only provide structural support for cells but also
present biochemical and biomechanical cues that allow cells to survive, proliferate,
migrate, and differentiate (Figure 1.6).73,74 ECM proteins are major components of ECM
and usually exhibit fibrous architectures. These fibrous proteins interlink to create a 3D
mesh-like network, which is crucial for the mechanical integrity and function of
tissues.75,76 As the most abundant fibrous ECM protein in tissues, collagen fibers have
diverse types, such as type I, II and III, and they are found throughout our body. Collagen
type I is the main structural element of the ECM to provide tissues with stiffness and
strength.77 These collagens are composed of tropocollagen molecules that hierarchically
assemble into fibrils (10-300 nm, up to 1 μm diameter) and aggregate further into large

collagen fibers and bundles of up to 10 μm diameter.75 Next to fibrous proteins,
proteoglycans are another ubiquitous component of ECM. These molecules consist of a
core protein to which multiple glycosaminoglycan chains are attached.
Glycosaminoglycans are unbranched polysaccharide chains of repeating disaccharide
units of hexosamine and hexuronic acid. These highly hydrophilic polysaccharide chains
form a hydrated gel that, together with the fibrous ECM proteins, provides tissues with
tensile strength to resist compressive forces.73,78 More importantly, most of these ECM
components are biologically active, which allows cells to communicate, recognize and
interact with the matrix, for example, by mediating cell adhesion through ECM receptors,
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such as integrins, selectins.79 Furthermore, the ECMs are also highly dynamic by
constantly regulating their composition and organization, such as production and
degradation to support the growth and repair of organs.80 To conclude, the ECM
composition, structures and mechanical properties play an important role in tissue
functions.

Figure 1.6 | Schematic representation of the complex structures of natural ECM and ECM
components. Figure adapted with permission from ref. [74]. Copyright © 2021, Royal Society of
Chemistry.

1.6. Extracellular matrix mimics
Synthetic ECM mimics are highly investigated for a wide range of applications in cell
culture, tissue engineering and regenerative medicine. To this end, researchers have
taken significant efforts to mimic both structural and functional aspects of ECMs.
Hydrogel materials are attractive candidates for mimicking ECMs because they have a
high-water content, exhibit good biocompatibility, and allow oxygen and nutrients to
diffuse inside of the gel network. Moreover, they share similar mechanics with many soft
tissues and display stimulus-responsive characteristics towards pH, temperature or light,
etc.81–83 Accordingly, significant advances have been made in the design and
development of hydrogels to mimic the ECM properties by using various naturally
sourced polymers and synthetic polymers, and each has its distinct benefits and
11 |
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weaknesses. Table 1.1 summarizes commonly used hydrogel materials for mimicking
ECMs. A brief highlight of their pros and cons is also indicated in the same table.
Table 1.1 | Commonly used hydrogel materials for ECM mimics
Hydrogel materials

Naturally
derived
polymers

Example

Pros

Cons

Fibrous,
biological cues

Animal
sources, batch
variation,
weak
tunability

Proteins

Gelatin,
Matrigel,
proteins

Polysaccharides

Alginate,
hyaluronic acid

Various sources

Covalent
polymers

PEG, poly (vinyl
alcohol) (PVA)

Well-tunability,
batch
consistency

Synthetic
polymers
Supramolecular
polymers

silk

Peptide
amphiphile,
UPy amphiphile

Fibrous,
dynamic, easy to
introduce
biofunctionality

Nondegradable,
cytotoxicity

Various animal-derived proteins, such as gelatin and Matrigel have been extensively
exploited as ECM materials in tissue engineering because they are the main components
of our tissues with the presence of biological characteristics and fibrous structures.84
Matrigel derived from mouse sarcoma has complex and variable compositions, mainly
containing laminin ( ̴60%) and collagen IV ( 3̴ 0%). It has been commercially used for
cell culture applications for decades owing to its high similarity to the extracellular
environment.85 Another important type of biopolymers is polysaccharides, including
alginate, chitosan, hyaluronic acid that have also been widely used in cell culturing in
vitro. Usually, they are capable of fabricating biocompatible hydrogels with tunable
mechanical properties by adding additional crosslinkers. However, such biopolymers,
including Matrigel suffer from batch inconsistency, poor mechanical properties, and
immune/inflammatory response, largely restraining their uses in tissue
engineering.86,87
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Compared with natural polymers, synthetic materials offer several advantages. With
batch consistency, they are easily tailored to suit individual application by molecularly
controlling chemical structures, composition, molecular weight, and mechanical
strength.86,88 Additionally, synthetic polymers can also be endowed with unique physical
responses towards temperature, pH and light for the development of smart and
functional hydrogels.89 To address the lack of biological cues in synthetic polymer
hydrogels, a variety of bioactive motifs or ligands has been incorporated into synthetic
hydrogel networks to provide binding sites for protein receptors on cell surfaces such as
integrins and cadherins.90 The most well-studied example of a biological cue for cell
binding is the RGD (arginine-glycine-aspartate) sequence. This integrin-binding peptide
promotes cell adhesion, differentiation and proliferation in artificial matrices.91,92 The
effect of RGD ligand density in gel networks on cell adhesion has been highly
investigated. The bioactive molecules must be chemically incorporated into polymer
chains by post-polymerization modification or grafting-through strategy,93,94 which
requires extra steps for the chemical functionalization. Also, most synthetic polymer
hydrogels do not have a nanofibrous architecture and lack dynamic features of native
tissues, therefore failing to imitate the native micro-environment of ECMs.
Supramolecular self-assembly of low-molecular-weight gelators (LMWGs) provides an
advanced approach to solve issues with reproducibility, morphology and dynamicity in
the development of hydrogel materials as ECM mimics for tissue engineering.95,96 By
forming gel networks without additional chemical crosslinking, supramolecular gelators
have immense potential to rival their naturally derived counterparts. Similar to synthetic
polymer networks, supramolecular hydrogels often lack biologically active components
that can provide anchoring sites to promote cell attachment and facilitate proliferation.
To address this issue, a simple co-assembly method can be used to introduce bioactive
molecules with tailored ligand density by mixing bioactive building blocks with nonactive building blocks at specific ratios.71,97,98 Except for cell adhesion molecules, such as
RGD sequence, the bioactive components could also be growth factors and
glycoconjugates, which serve as the hydrophilic moiety in supramolecular building
blocks. As described in section 1.3, carbohydrates play a vital role in many biological
processes, thus showing great potentials in the design of bioactive supramolecular
materials for mimicking ECMs. In the next, the carbohydrate-protein receptor interaction
in hepatic cell surface is reviewed to emphasize its importance in promoting the
formation of cell aggregates and its potential application for tissue engineering.
1.7 Carbohydrate-hepatic receptor interaction
Lectins are carbohydrate-binding proteins that are present in many organs, such as liver,
and are responsible for numerous biological recognition processes. The
13 |
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asialoglycoprotein receptor (ASGPR) discovered in the 1960s is the first identified
mammalian lectin, and it is predominately expressed on the plasma membrane of
hepatocytes with an approximate density of (1-5) × 105 receptors per cell.99,100 As a
subfamily of C-type lectin, the main physiological function of ASGPR is to maintain the
homeostasis of serum glycoproteins for clearance of a wide range of desialylated
glycoproteins by binding terminal galactose (Gal) residues and N-acetyl-galactosamine
(GalNAc) residues.101,102 The ASGPR consists of two homologous polypeptide H1
subunits and one hetero-oligomer H2 subunit, and each subunit has carbohydrate
recognition domains (CRD) that are responsible for specific recognition, interaction and
clearance of glycoproteins (Figure 1.7a).102 An active site for ligand binding is present in
these subunits, and the ligands physically interact with CRD by hydrogen bonds between
oxygen atoms in ligands and amino acids, facilitated through coordination bonds
between Ca2+, oxygen atoms in ligand and carboxylate and amide in amino acid
sequences and the hydrophobic interaction103 (Figure 1.7b). Thus, the ASGPR receptor
exhibits a high binding capability to the Gal-type ligands, and binding of ligands is
calcium-dependent.

Figure 1.7 | Schematic representation of ASGPR protein (a) and molecular interaction between
GalNAc and active binding site of ASGPR (b). The blue and green dashed lines represent the
coordination and hydrogen bonds, while the red dashed lines represent the hydrophobic
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interaction. Figures adapted with permission from ref. [99]. Copyright © 2016, American
Chemical Society. (c) Different ligands used in ASGPR targeting.

As shown in Figure 1.7c, many galactose-based derivatives or ligands have been used to
bind ASGPR proteins. Among Gal and its derivatives, GalNAc has the highest binding
affinity, approximately 10-15 times better than Gal and lactose.104 Additionally, compared
to monosaccharides, multivalent ligands display dramatically enhanced binding affinity
to ASGPR, and the length of the linker between two Gal ligands also influences binding
affinity for ASGPR. Therefore, many multivalent ligands with different linker lengths
have been developed in the last two decades to achieve optimal ASGPR targeting.99
Although ASGPR is typically known to be highly specific for Gal-type ligands, it has been
reported that ASGPR sometimes does not distinguish between D-galactose and Dglucose, leading to uptake of glucose based nanocarriers by hepatic cells.105 For instance,
the high binding affinity of pullulan, a glucose polymer to the ASGPR has been exploited
to deliver cargos into liver cells.106–108 Another example of binding of ASGPR with a
glucose residue is β-Sitosterol-β-D-glucoside (Sito-G) derived from soybean. Sito-G
modified liposomes can accumulate in the liver, especially in hepatocytes, showing great
potential as ASGPR ligands for drug carriers.109,110
Despite the lack of discrimination between carbohydrates, the binding interaction
between ASGPR and Gal ligands still makes it an attractive candidate for hepatocytetargeted therapy and liver tissue engineering. A variety of galactose-carrying synthetic
materials have been utilized to facilitate the formation of multicellular aggregates
(spheroids) with the aim of mimicking liver tissue morphologies and functions. More
specifically, it can guide the hepatic cell-matrix interactions and promote the cell clusters
formation through receptor-mediated mechanism, resulting in high liver-specific
functions.111 For instance, Zhang and coworkers have reported a lactobionic acid (LBA)
functionalized hydrogel scaffold composed of Poly(N-isopropylacrylamide) (PNIPAM)
microgel to encapsulate HepG2 cells in situ with the formation of compact multicellular
spheroids. More interestingly, hepatocyte spheroids can be harvested from scaffolds by
cooling down the microgels to room temperature due to the high thermo-sensitivity and
reversibility of PNIPAM.112 Therefore, with a combination of physicochemical properties
in scaffold materials, the unique ASGPR-galactose interaction has led to exciting
possibilities in liver tissue engineering. However, it requires a comprehensive
understanding of the spheroid formation mechanism on carbohydrate functionalized
matrices.
1.8. Spheroid formation mechanism
Traditional two-dimensional (2D) monolayer cell culture inadequately replicates the real
microenvironment and behaviors of cells in vivo since it lacks intensive cell-cell contacts
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that are essential to maintain intracellular functions in real tissues.113,114 To tackle these
problems, a three-dimensional (3D) multicellular spheroid system has been developed
by self-assembly of cell suspensions. Compared to monolayer cells, the cell aggregates
exhibit higher similarity to the original tissue and therefore have gained emerging
interests in many biomedical fields. Cancer cell-based spheroids have been widely
exploited as excellent tumor models for anticancer drug screening and the study of tumor
growth.115,116 On the other hand, the tissue-like spheroids are increasingly considered as
building blocks for tissue engineering to mimic characteristics and functions of real
tissues and can be potentially used to construct living human organs.117 For instance,
hepatocyte spheroids perform higher liver-specific functions in terms of albumin
secretion and urea synthesis than hepatocyte monolayer cells. A variety of methods,
including liquid overlay culture and biological matrix-based methods, has been
developed to form spheroids in vitro, in which the spheroid formation often undergoes
different mechanisms.118
Although the underlying mechanism of spheroid formation remains unclear, it is
reported that cell adhesion, migration, and proliferation take place in biological matrices
or scaffolds. For instance, liver spheroid formation on the surface of galactose (or LBA)functionalized matrix is illustrated by five critical steps (Figure 1.8). Initially, when
hepatocytes are seeded on LBA- or galactose-functionalized subtracts, the ASGPR
receptors in hepatocytes bind galactose moieties to provide anchoring sites and improve
cell attachment through ASGPR-galactose (or LBA) interactions. Additionally, celladhesive signals integrin receptors are involved in this process to not only mediate cell
adhesion but also upregulate cell-cell contacts. Due to strong cell-cell interactions, cells
gradually stretch out and migrate on surfaces and display filopodia and unidirectional
lamellipodia extensions. In the last step, the cell proliferation is enhanced on galactosefunctional matrices to induce the formation of large multicellular aggregates, in which
the urea synthesis and albumin secretion take place to provide hepatic-specifical
functions. Overall, the cell-matrix and cell-cell interactions are stimulated and enhanced
by galactose functionalized matrices.119,120
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Figure 1.8 | Schematical illustration of steps for formation of hepatocyte spheroids by 2D cell
spreading and migration on a LBA-functionalized substrate. Figure adapted with permission from
ref. [120]. Copyright © 2018, Elsevier B.V..

So far, most matrices or scaffolds that effectively promote the formation of hepatic
spheroids have been derived from galactose-functionalized polymers, from which
hydrogels112, electro-spun membranes119, or sponges are prepared.121 It has been inferred
from the above mechanism that the migration of hepatocytes is facilitated by ASGPRgalactose (or LBA) interactions, hence, some researchers have also tried to modulate celladhesion interactions by creating a substrate with a density gradient of galactose to offer
the possibility to direct migration of hepatocytes.122 However, it has barely been
established to develop hepatic spheroids by utilizing carbohydrate functionalized
supramolecular hydrogels considering their great advantages as ECM mimics.
Furthermore, although carbohydrate-functionalized substrates are capable of promoting
the formation of tissue-like spheroids to imitate biofunctionality of the ECM, other ECM
characteristics, including strain-stiffening response are extremely important to enable a
fully mimic of ECMs.
1.9. Strain-stiffening in supramolecular hydrogels
Cells and connective tissues are continuously subjected to a large variety of mechanical
stimuli, such as shear forces caused by passing blood in blood vessels and continuous
stresses experienced by lung parenchyma, which may increase the risk of damage and
rupture in our tissues. The networks of biopolymers in tissues, such as collagen, actin
and neurofilaments are relatively soft at small deformation but resist large and excessive
deformations by increasing their stiffness to maintain tissue function and integrity.123,124
As indicated in Figure 1.9a, a striking nonlinear increase in elastic modulus by an order
of magnitude or more is observed when a larger strain is applied to biopolymer networks.
This phenomenon is known as strain-stiffening. However, most synthetic hydrogels,
such as polyacrylamide hydrogel, tend to sustain large deformation without providing
additional resistance to strain or stress before reaching full elongation. The synthetic
polymer chains are often very flexible and have persistence lengths (Lp) in the sub17 |
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nanometer range, far smaller than the contour length (Lc). From classical rubber
elasticity theory, elasticity of flexible polymer networks originates from the entropic
elasticity of individual polymer coils, and a linear elasticity of flexible polymer gel
networks results from the linear relation of force-extension when stretched.125 Conversely,
the strain-stiffening of biopolymer networks is explained by the force-response model of
semiflexible filament networks, rather than by the classic rubber elasticity theory. The
semiflexible filaments have a persistence length that is comparable to the contour length
(Lp/Lc ̴ 1). The bending rigidity of semiflexible filaments prevents the conformational
entropy of networks when stretched, and thus, the network elasticity comes from the
entropic resistance of bending and stretching deformation of these semiflexible
filaments, which is believed to trigger stiffening response (Figure 1.9b). The onset of
nonlinearity at which stiffening starts is determined by the persistence length and
crosslinking density.126,127 Thus, the design of semiflexible filaments has begun to attract
enormous interest to achieve stiffening behavior in synthetic polymer networks.

Figure 1.9 | (a) Dynamic moduli measured at different strain amplitudes for a series of polymer
networks. Data shown are G’ (at 10 rad/s) values for F-actin, fibrin, collagen, vimentin and
polyacrylamide, and shear modulus G for fibrin and neurofilaments plotted as a function of the
dimensionless strain γ. Figure adapted with permission from ref. [123]. Copyright © 2005,
Macmillan Magazines Ltd.. (b) Strain-stiffening response of semiflexible filament networks under
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stretching tension. The red filament is extended to resist entropic deformation, while the yellow
filament is compressed and has a negligible effect to gel stiffness.

As mentioned in section 1.5, supramolecular hydrogels have emerged as attractive
mimics of native ECM, elegantly reproducing features such as dynamicity and fibrous
architecture. However, just like most synthetic polymer hydrogels, supramolecular
hydrogels often show strain-softening behavior when stressed. Therefore, the
incorporation of the strain-stiffening capability to supramolecular hydrogels will enhance
their potential for applications in tissue engineering, especially as ECM mimics. Our
group has demonstrated a general method to develop gel networks that exhibit
biopolymer-like strain-stiffening response, in which elongated fibers assembled from
supramolecular building blocks are chemically crosslinked to provide strain-stiffening
gels, as indicated in Figure 1.10.34 In this strain-stiffening gel, the building blocks-diacetylene based bis-urea amphiphiles assemble into semiflexible supramolecular fibers
through hydrogen bonding of urea group and hydrophobic interactions of alkyl chains.
However, these amphiphiles are viscous liquids at a low concentration and need a
crosslinker to form a gel. Two different crosslinking strategies based on copper-catalyzed
click chemistry have been exploited. A direct crosslinking procedure yielded gels which
strain-stiffens without a change of the stiffening factor (defined as maximal modulus
before yielding relative to plateau modulus K′max/G0), whereas a gel obtained with a
multiarmed crosslinker (5-N3) displayed an elevated stiffening factor upon increasing
crosslinker concentration. The different behavior of these two types of strain-stiffening
gels suggests that the multiarmed crosslinker provides external reinforcement of fibers
that enhances the strain-stiffening response. It is interesting to note that these hydrogels
showed their strain-stiffening without covalent intra-fibrous fixation, a strategy that was
reported in earlier work on diacetylene containing amphiphiles that were photopolymerized to fixate the fibers.128,129
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Figure 1.10 | (a) Schematic representation of self-assembly of amphiphiles and chemical fixation to
develop supramolecular strain-stiffening gel networks. (b) Molecular structure of the fiber-forming
diacetylene bis-urea amphiphile (BA), its cross-linkable analogues BA-AC and BA-N3, and the
pentaazide 5-N3 crosslinker. (c) Direct cross-linking via mixing of equal volumes of BA/BA-AC and
BA/BA-N3 fibers results in the formation of exclusively interfiber triazole cross-links (upper, red).
Multiarm cross-linking of BA/BA-AC fibers with 5-N3 results in the formation of inter- (network
formation) and intra-fiber (fiber covalent fixation) triazole cross-links (lower, blue). Figure adapted
with permission from ref. [34]. Copyright © 2018, American Chemical Society.

The distinct strain-stiffening response relies on fiber formation by self-assembly and
crosslinking of fibers as the key steps. However, the group of van Esch has recently
reported strain-stiffening gel networks that only require the self-assembly of synthetic
molecular gelators. It is well known that LMWGs easily assemble into long fibrous
structures by supramolecular interactions and subsequently bundle together to form
wider nanofibers with a thickness of tens to hundreds of nanometers. Such bundles are
then intertwined to construct a three-dimensional physically connected gel network.2
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However, bundling suppresses the strain-stiffening because stiff bundle restrains
athermal stiffening behavior. To address this issue, a co-assembly strategy was developed
by these researchers using a hydrazone-based gelator system. Incorporation of negatively
charged building blocks (above 20 mol%) into supramolecular polymers prevents bundle
formation and provides isolated fibers through interfibrous electrostatic repulsion. Such
isolated fibers are physically crosslinked through interfibrous interactions and
entanglements, leading to strain-stiffening gel networks with a universal stiffening index
of 1.0.
Polymer bundles are responsible for the unique non-linear mechanical behavior of many
biomaterials, including collagen I that is considered as the main structural element of
ECMs.130 Most biopolymers exhibit a strong tendency to assemble and bundle to form
networks of semiflexible fibers without the need for crosslinkers while maintaining
prominent strain-stiffening capability.124,125,131 Additionally, in the well-known
polyisocyanopeptides (PICs) polymers, bundling plays an essential role in acting as the
creation of physical crosslink and leads to the formation of strain-stiffening hydrogels.132
The co-assembled system reported by van Esch and coworkers appears to display a strong
conflict with these systems. Accordingly, a refined understanding of the interplay
between the bundle formation (including thickness and length) and the strain-stiffening
response should be delineated to provide new design principles for strain-stiffening
supramolecular hydrogels.
1.10. Aim and outline of this thesis
Supramolecular hydrogels derived from molecular gelators have been extensively used
as fully synthetic scaffolds to mimic extracellular matrix for biomedical applications.
Most synthetic scaffolds only mimic some key features of ECMS, and a full mimic still
remains a great challenge. Thus, we seek to develop fully synthetic supramolecular
hydrogels that can replicate essential characteristics of ECMs, including bioactivity and
a strain-stiffening response. However, it requires a rational design of structures of
supramolecular gelators. Although numerous efforts have been made to understand the
relationship between molecular structure, morphology, and gelation ability, obtaining
supramolecular hydrogels with the desired properties is still largely a trial-and-error
process. Therefore, this thesis aims to understand the relationship between molecular
structure, morphology, and gelation ability of bis-urea amphiphiles, which can provide
guidelines to develop and design bis-urea based supramolecular hydrogel systems.
In Chapter 2, we describe a more facile synthesis of a series of water-soluble
oligo(ethylene glycol) (OEG) based bis-urea amphiphilic monomers, leading to the
possibility to investigate aggregation behavior of a larger number of analogs in water and
to elucidate effects of structural variations, including the structure of the end group,
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dispersity of OEG and alkyl chain length on their self-assembly and thermo-induced
gelation capability in water. This study allows us to find promising candidates of bis-urea
based molecular gelators that form long semiflexible fibers and supramolecular
hydrogels with desirable properties.
In Chapter 3, a photo-responsive coumarin-based crosslinker is introduced into OEG bisurea amphiphile system to endow supramolecular hydrogels with photo-responsiveness
and tunable mechanical strength. The photo-reversibility of a coumarin group upon
irradiation of 365 nm and 254 nm UV light is studied and the photo-induced transition
of sol-to-gel and their related mechanical properties are explored, allowing for the design
of photo-responsive supramolecular hydrogels with a precious control of mechanical
strength.
In Chapter 4, we design two isomeric carbohydrate-functionalized bis-urea amphiphiles
(LBA and MBA) with the same hydrophobic bis-urea core. Their self-assembly behavior
and gelation ability in water are extensively studied. Although they both assemble into
supramolecular hydrogels and form long fibers and bundles in water, their gels display
quite different mechanical properties. Furthermore, we evaluate the bioactivity of these
supramolecular hydrogels by studying the growth of HepG2 hepatocytes and the
formation of spheroids on these gels.
In Chapter 5, a crosslinking strategy based on boron-carbohydrate interactions is
exploited to covalently crosslink supramolecular fibers for the development of strainstiffening hydrogels with a combination of the simplest dilution method. The distinct
stiffening response of the gels obtained after dilution is governed by aging time of
dilution solution, in which the bundle dissociation occurs upon aging with a gradual
decrease in bundle diameter and length. Thus, the developed hydrogels closely mimic
biological tissue not only in the fibrous architectures but also in the non-mechanical and
biofunctional cues, providing a new entry for the design of smart synthetic hydrogels to
fully mimic ECMs.
Lastly, Chapter 6 investigates the co-assembly of the non-bioactive OEG amphiphile and
bioactive carbohydrate (LBA) amphiphile, which both act as molecular gelators to form
supramolecular hydrogels individually. The co-assembly behavior in water and its effect
on gelation ability are studied by modulating the molar ratio of the two bis-urea
components, and the co-assembly mechanism and assembled morphology are further
explored. This study demonstrates the possibility to control ligand densities to mediate
cell-matrix interactions on the supramolecular hydrogels.
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Chapter 2
Effects of structural variation on self-assembly and gelation
behavior of bis-urea based amphiphiles

Abstract | Bis-urea unit is a major type of hydrogen bonding motif that is extensively
used to design supramolecular structures and materials. Herein, we report on the selfassembly of a set of bis-urea amphiphiles in water and further explore their gelation
ability. A wide range of techniques, including DLS, Cryo-TEM, AFM and SAXS are
exploited to study the effect of structural variation on the morphology of the assemblies.
The length, dispersity, and end-group of the ethylene glycol hydrophilic part of the
molecule, as well as of the alkyl chain length are varied to tailor the morphology towards
soluble wormlike micelles. Moreover, the gelation ability of these bis-urea amphiphiles
in water is also examined to elucidate the relationship between assembled structures and
gelation capability. It is found that a slight modification on molecular structures gave an
enormous difference in self-assembly behavior and gelation capability in water, giving
guidelines for the design of rodlike supramolecular hydrogels with novel functionalities,
such as strain-stiffening and bioactivity.

Part of this chapter has been published as:
J. Liu, M. J. Schotman, M. M. Hendrix, X. W. Lou, P. P. Marín San Román, I. K. Voets, R. P. Sijbesma. Effects
of structural variation on the self-assembly of bis-urea based bolaamphiphiles. 2021. Journal of Polymer
Science. 2021; 59: 1162–1170
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2.1. Introduction
Controlling aqueous self-assembly plays a central role in tuning the morphology and
properties of functional materials. In supramolecular chemistry, a combination of
hydrophobic interactions and hydrogen bonding is often used to tailor the formation of
self-assembled nanostructures in water, including micelles, filaments, ribbons and
sheets.1–3 As an alternative to the use of amide groups in peptide amphiphiles4, the urea
group is among the most reliable and well-studied hydrogen bonding motifs used to
build supramolecular architectures. The urea group combines a C=O hydrogen bond
acceptor with two strong N-H hydrogen bond donors, to give a motif that aggregates in
a predictable geometry with high cooperativity.5 It is not surprising that urea units,
especially bis-urea motifs have been extensively used, not just to facilitate the formation
of robust nanostructures in the organic solvent,6,7 and water,8–10 but also to successfully
produce supramolecular materials, such as gels,11,12 membranes,13,14 and thermoplastic
elastomers.15,16
The self-assembly of bis-urea domains has been studied extensively to gain a full
understanding of its assembly mechanism17–19 and to obtain hydrogels with targeted
properties.20,21 These studies are complicated by the fact that the mode of self-assembly
of bis-ureas is often strongly influenced by even small changes in structure. For example,
in a series of fiber forming bis(ureido)-cyclohexane derivatives studied by Feringa and
co-workers,22–24 minor modification of the peripheral substituents and hydrophobicity of
alkyl chains resulted in a large change in gelation ability and pH sensitivity of the
hydrogel.23 In another well-known bis-urea supramolecular system based on bis(ureido)toluene derivates studied in great detail by Bouteiller and coworkers,25,26 variation of the
position of the methyl substituent on the aromatic spacer gave rise to different selfassociation and solubility in polar solvents.27 In our group, much research has been
aimed at self-assembly of oligo(ethylene glycol) (OEG) bis-urea based amphiphiles in
aqueous solution28,29 and the development of strain-stiffening hydrogels to mimic the
unique mechanical properties of the extracellular matrix.11,30 In general, an amphiphilic
bis-urea monomer combines two polar hydrophilic OEG outer moieties to increase water
solubility and a linear hydrophobic alkyl core that promotes aggregation into micelles.
Hydrogen bonding of the urea groups in the hydrophobic core further directs and
strengthens aggregation. These amphiphiles self-assemble into semi-flexible, rod-like
micelles, and form hydrogels when chemically or physically crosslinked.31,32 However,
full exploration of the self-assembly of OEG bis-urea amphiphiles has been limited by a
lengthy synthesis, making a study of structure - self-assembly relationship more difficult
in these systems. In particular, in order to optimize strain-stiffening properties, we aim
at amphiphiles that self-assemble into strong, stiff fibers without forming bundles.33
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Thus, a facile synthetic approach for producing OEG amphiphiles will facilitate the
identification of the structural parameters that gives improved control over the formation
of supramolecular hydrogels with strain-stiffening behavior by tuning crosslinking
densities.31
Here, we report the synthesis and self-assembly properties of a set of bis-urea
amphiphiles with OEG hydrophilic segments with variation in the end group of
hydrophilic OEG chain, size and dispersity of the linear hydrophilic and hydrophobic
moieties. The effect of these structural variations on the aggregation properties and
gelation capability in water are characterized.
2.2. Results and discussion
Synthesis of OEG amphiphiles
Symmetric OEG amphiphiles were synthesized in two steps, except for M8-10 OH,
which required 4 steps. As shown in Figure 2.1a, synthesis was straightforward and
started with activation of the hydroxyl group in methoxy OEG by using 1.0 eq. of
carbonyldiimidazole, followed by adding 3.0 eq. of alkyl diamine to form a carbamate in
a one-pot reaction. After removal of the excess diamine by flash column chromatography,
hexamethylene diisocyanate was used to obtain symmetric bis-urea structures. Coupling
via carbamate instead of ester groups simplifies the large-scale synthesis of OEG
amphiphiles with different lengths of aliphatic domains or water-soluble OEG
domains.29,34 The synthesis of M8-10 OH required two additional steps: protecting one
of the alcohol groups of octaethyleneglycol with dihydropyran, and acidic deprotection in
the final step to yield OEG amphiphile with free hydroxyl groups (Scheme S2.1). With
these simple procedures, a series of OEG bis-urea amphiphiles derivatives was
successfully prepared on a gram scale with yields between 50 and 60%, allowing us to
examine the relationship between molecular structure and mode of self-assembly in
water. As shown in Figure 2.1a, monodisperse amphiphiles with 8 ethylene glycol units
on each side were synthesized with methoxy and hydroxy end groups (M8-10 OMe and
M8-10 OH, respectively, where M stands for monodisperse), whereas the other
amphiphiles contain polydisperse OEG chains (P8-6 OMe, P8-10 OMe, P8-12 OMe, P810 OMe, P12-10 OMe, where P indicates polydisperse). In Figure 2.1b, the compounds
are arranged with increasing hydrophobic core size from left to right, while the OEG size
and hydrophilicity increase from top to bottom.
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Figure 2.1 | (a) Synthetic route of OEG amphiphiles (M: monodisperse OEG; P: polydisperse OEG;
p or pa: repeat units of oligo(ethylene glycol); m: repeated units of methylene units between
carbamate and urea group); (b) Structural illustration of OEG bis-urea amphiphiles by varying
hydrophilic/hydrophobic balance; (c) Optical images of OEG amphiphiles aqueous suspensions at
10.0 mg/mL (M8-10 OMe: 7.5 mM; M8-10 OH: 7.7 mM; P8-10 OMe: 7.5 mM; P8-6 OMe: 8.2 mM;
P8-12 OMe: 7.2 mM; P12-10 OMe: 5.9 mM) and no visible precipitants were observed after
standing for at least 1 month at room temperature.

Characterization of aqueous solution behaviors
The use of fluorescence probes is an effective method to determine the critical micelle
concentration (CMC) of surfactants.35 The CMC values were determined from a plot of
the band intensity ratio (I3/I1) of pyrene versus concentration (Figure 2.2), and the lower
inflection point was taken as CMC. Among the three 8-10 amphiphiles, the CMC values
of M8-10 OH (1.6 × 10-7 M), M8-10 OMe (5.2 × 10-7 M) and P8-10 OMe (1.5 × 10-6 M) were
highly influenced by the end groups and the dispersity of OEG chains. P8-6 OMe, P8-12
OMe and P12-10 OMe had CMC values of 4.3 × 10-6 M, 4.6 × 10-7 M and 1.0× 10-6 M,
respectively, indicating that the CMC decreases with increasing alkyl chain length when
P8-6 OMe, P8-10 OMe and P8-12 OMe are compared. Increasing hydrophilicity of OEG
amphiphile by elongating OEG chain length from OEG8 in P8-10 OMe to OEG12 in P1210 OMe only has a slight influence on CMC value. At a concentration of 10.0 mg/mL,
well above the CMC, all compounds formed suspensions of various turbidity (Figure
2.1c). M8-10 OH, M8-10 OMe, P8-6 OMe and P12-10 OMe gave optically clear solutions
after sonication for 1 h, whereas P8-10 OMe and P8-12 OMe remained turbid during
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storage at room temperature, suggesting larger aggregates in water. On increasing the
concentration, P8-10 OMe and P8-12 OMe formed opaque gels at room temperature
above 40.0 mg/mL and 20.0 mg/mL, respectively.

Figure 2.2 | The fluorescence intensity ratio of I3/I1 from pyrene emission spectra versus the
concentration of different OEG bis-urea amphiphiles: (a) M8-10 OMe, M8-10 OH, P8-10 OMe and
(b) P8-6 OMe, P8-12 OMe and P12-10 OMe.

Aqueous solutions of OEG amphiphiles36,37 and poly(ethylene glycol) (PEG) based
amphiphilic block polymers38 usually have a lower critical solution temperature (LCST)
above which phase separation takes place and a transparent-turbid transition is typically
observed due to dehydration of OEG or PEG chains at a higher temperature. The optical
transmittance of OEG amphiphile aqueous solutions was recorded at 550 nm while
heating from 20 °C to 80 °C to determine cloud point. The transparency of 1.0 mM
solutions of M8-10 OMe and P8-10 OMe dramatically decreased, and the solution turned
into a milky dispersion upon heating with a relatively sharp transition at 67 °C for M810 OMe, whereas the polydisperse amphiphile P8-10 OMe gave a broad transition
between 54 °C and 80 °C. In contrast, no turbidity was observed when M8-10 OH was
heated to 80 °C, indicating the absence of a phase transition (Figure 2.3a). Similar effects
of end groups on the LCST are observed in aqueous solutions of triblock copolymers.39
From these data it is evident that in these amphiphiles, the LSCT is very sensitive to the
peripheral substituents and dispersity of OEG chains. P8-12 OMe also exhibited a broad
transition from 40 °C to 80 °C at a lower temperature range than P8-10 OMe. In contrast,
solutions of more hydrophilic P8-6 OMe and P12-10 OMe remained transparent up to
80 °C, the highest temperature measured (Figure 2.3b). We can conclude that the LCST
behavior of OEG amphiphiles is strongly related to hydrophilic/hydrophobic balance,
and more hydrophobic amphiphiles have lower LCST’s, in line with observations of
33 |
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thermo-induced aggregation in bis-urea functionalized supramolecular bottlebrushes
system.40

Figure 2.3 | Turbidity curves of 1.0 mM solutions of different OEG bis-urea amphiphiles: (a) M810 OMe, M8-10 OH, P8-10 OMe and (b) P8-6 OMe, P8-12 OMe and P12-10 OMe at a heating rate
of 2.0 °C/min.

Dynamic light scattering (DLS) was subsequently used to study aggregate behaviors in
more detail. Amphiphiles with apolar segments larger than 10 carbon atoms may form
non-equilibrium aggregates, and the kinetics of exchange are further slowed down by the
hydrogen bonding of urea motifs.41,42 All samples were heated to 80 °C for 30 min, aged
at room temperature for at least 3 days, and DLS was measured without filtration. The
correlation function curves were recorded for each sample at a concentration of 1.0 mM,
which can provide information on both diffusive properties and hydrodynamic
dimensions of the aggregates.43,44 Single exponential correlation functions with a welldefined characteristic decay time were obtained on three 8-10 amphiphiles, suggesting
homogenous aggregates. Surprisingly, the obtained correlation curves of M8-10 OH
overlap with those of P8-10 OMe, whereas the decay time of M8-10 OMe was slightly
longer, as shown in Figure 2.4a. Interestingly, an intriguing two-step decay in the
correlation functions was observed for both P8-6 OMe and P8-12 OMe, possibly due to
high polydispersity of aggregate size distribution, which is generic to many colloidal
gels.45,46 In contrast, P12-10 OMe, the most hydrophilic amphiphile, had the shortest
delay time, implying smaller aggregates (Figure 2.4b).
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Figure 2.4 | DLS correlation function curves of (a) M8-10 OMe, M8-10 OH and P8-10 OMe and (b)
P8-6 OMe, P8-12 OMe and P12-10 OMe. All samples were measured at a concentration of 1.0 mM
after cooling from 80 °C to room temperature before measurement.

Study of self-assembled morphology
In order to get detailed structural information of the assemblies, Cryo-TEM images were
acquired for OEG amphiphiles in an aqueous solution (Figure 2.5). At 1.0 mM, M8-10
OMe forms abundant fibrous aggregates and possibly sheetlike objects with larger size
(Figure 2.5a), in line with the longer decay time in DLS measurement (Figure 2.4a).
Fibrillar structures were also observed in M8-10 OH, with an average length of 33.8 ± 2.0
nm determined with image analysis (Figure 2.5b). For P8-10 OMe, at 1.0 mM, only a few
short fibers are present, but at 2.0 mM many rodlike aggregates with a length of < 200
nm and a diameter of 6-7 nm were observed (Figure 2.5c). Micrographs of P8-6 OMe
predominantly displayed fiber bundles, with a smaller population of sheets (Figure 2.5d),
while the most hydrophobic of the amphiphiles, P8-12 OMe similarly gave rodlike
aggregates, but at lower concentrations of 0.1 mM and 0.5 mM (Figure 2.5e). Finally, and
P12-10 OMe formed spherical micelles with a diameter of 6-8 nm (Figure 2.5f).
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Figure 2.5 | Representative cryo-TEM images of OEG bis-urea amphiphiles: (a) M8-10 OMe; (b)
M8-10 OH; (c) P8-10 OMe; (d) P8-6 OMe, (e) P8-12 OMe and (f) P12-10 OMe with a fast-cooling
process (the concentration of samples was at 1.0 mM, except for P8-10 OMe at 2.0 mM and P8-12
OMe at 0.5 mM, and sheet structures are marked by arrows). The scale bar is 100 nm.

Small-angle X-ray scatting (SAXS) was employed to further investigate aggregate
morphology of the OEG amphiphiles. The experimental SAXS profiles of 5.0 mM
solutions of the amphiphiles were well described using a cylindrical (M8-10 OMe, M810 OH and P8-10 OMe) or spherical (P12-10 OMe) form factor model. The scattering
profiles of M8-10 OMe, M8-10 OH and P8-10 OMe are characteristic for long, rod-like
structures with a length beyond the experimental resolution of our lab instrument as the
I ∝ q-1 power-law regime extends to the smallest accessible q-values. The scattering
profiles of M8-10 OMe and M8-10 OH nearly overlap at high q values, suggesting that
the influence of end group on fiber radius and length is small. A simple, cylindrical form
factor model captures the key features of the experimental SAXS profiles of all three OEG
amphiphiles and gives a cross-sectional radius smaller than 4.0 nm (Figure 2.6a-2.6c).
With length and radius as free parameters, fitting the scattering results provides a similar
radius (3.1 and 3.2 nm) for M8-10 OMe and M8-10 OH, respectively, although the quality
of the fit is only weakly dependent on the length. A slightly larger radius (3.5 nm) was
obtained for P8-10 OMe. At high q values, the scattering intensity of P8-10 OMe was
higher than the other two 8-10 amphiphiles, implying that P8-10 OMe fibers have a
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higher mass per cross-section, possibly due to bundling at the high concentration of the
measurement (5.0 mM). The SAXS profile of P12-10 OMe with the longest hydrophilic
OEG chains differs markedly from the other compounds. It displays a clearly visible
plateau of q-invariant forward scattering intensity at low q values followed by a steep decay
at intermediate to high q-values (Figure 2.6d). Fitting a homogenous, spherical form
factor model to the experimental data yielded a micellar diameter of 7.8 nm, in
accordance with the micellar diameter determined by cryo-TEM but considerably smaller
than the hydrodynamic size of ca.16 nm obtained from DLS. The values differ because
the SAXS radius reflects the size of the micellar core rather than the overall micellar size
as probed by DLS. The measured and fitted parameters are summarized in Table 2.1, and
we can conclude that M8-10 OMe, M8-10 OH and P8-10 OMe self-assemble in water into
rodlike micelles with a radius of 3-4 nm, but they have markedly different CMC values
and LCST transition temperatures.

Figure 2.6 | SAXS profiles (symbols) and cylindrical form factor fits (lines) for M8-10 OMe (a), M810 OH (b) and P8-10 OMe (c); and spherical form factor fit (lines) for P12-10 OMe (d). The
concentration of OEG bis-urea amphiphiles was 5.0 mM.
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Table 2.1 | Solution behavior, assembled morphologies and size parameters of self-assembly
structures obtained by different techniques

Compounds

CMC (×106 M)

Cloud point (°C)

Morphology a)

M8-10
OMe

M8-10
OH

P8-10
OMe

P8-6 OMe

P8-12
OMe

P12-10
OMe

0.52

0.16

1.5

4.3

0.46

1.0

67

no

56-80

no

40-80

no

Fibers

Fibers

Fibers

Bundles +
sheets

Fibers

Micelles

-

34

-

-

-

-

3.1

3.2

3.5

-

-

3.9

Fiber length (nm)
b)

Radius c) (nm)

a)
b)
c)

Observed by Cryo-TEM images.
Extracted from Cryo-TEM image by ImageJ software.
Determined by SAXS fitting with different form factor models.

Dynamics of M8-10 OH
The dynamics of supramolecular polymers are central to understanding their behavior,
and distinctive material properties, such as self-healing arise from it.47,48 The dynamics
of M8-10 OH fibers were studied with hydrogen-deuterium exchange mass spectrometry
(HDX-MS), a powerful label-free method to unravel the dynamic processes of biological
and synthetic supramolecular polymers.49,50 Monodisperse M8-10 OH was selected for
this study because it has two hydroxyl hydrogens, two carbamate hydrogens and four
urea hydrogens that can undergo H/D exchange. Carbamate and hydroxyl hydrogen
atoms exhibit rapid exchange if they are accessible to the solvent but reduced exchange
rates if they are hydrogen bonded and/or buried in hydrophobic regions. The molecular
weight increases of one Dalton per exchange event can easily be followed with MS. In
the HDX experiment, a 500 µM solution of M8-10 OH was diluted 100 times in D2O (to
a final concentration of approximately 30 times the CMC). Typical MS spectra at different
exchange stages of H/D exchange are shown in Figure 2.7. In Figure 2.7a, the reference
mass spectrum of (d0-M8-10 OH) without deuterium exchange is shown. After
exchanging for 3 min and 24h, two major distributions corresponding to d2-M8-10 OH
and d8-M8-10 OH can be easily identified in Figure 2.7b and 2.7c, respectively. d2-M8-10
OH is most probably formed by exchanging the two solvent-exposed OH groups at the
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periphery into OD. In d8-M8-10 OH, on the other hand, also the 6 exchangeable
hydrogen atoms bound to nitrogen have been replaced by deuterium, which becomes
very clear from the spectrum taken after dilution with (ACN-D2O, 1:1 v/v), when all
assemblies are dissociated into monomers (Figure 2.7d).51

Figure 2.7 | Time-dependent H/D exchange experiment of compound M8-10 OH. Mass spectra
during exchange reaction after 100-fold dilution of 0.5 mM M8-10 OH H2O solution in D2O or
ACN. The spectra at four distinct stages are (a) presented as a reference by only diluting in H2O;
(b) recorded after adding D2O for 3 min; (c) recorded after adding D2O for 24 h; (d) presented as a
control experiment where the solutions were diluted 100 times in a solvent mixture containing
acetonitrile (ACN-D2O, 1:1 (v/v)) to break down the supramolecular assemblies.

The H/D exchange kinetic profiles of M8-10 OH are displayed in Figure 2.8. At the
beginning of the H/D exchange, the (d8-M8-10 OH)% increases quickly and reaches
around 50% in 1 hour. Nonetheless, the rate of increase levels off after a few hours and
the fraction of (d8-M8-10 OH) only reaches about 70% after 24 hours (Figure 2.8a). The
formation of the fully exchanged molecule clearly does not follow simple monoexponential kinetics, which excludes a mechanism in which all aggregated monomers
have the same solvent accessibility and exchange with free molecules in the solution at
the same rate. For HDX of synthetic supramolecular polymers in water, monomer
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release/incorporation is an important mechanism.51 When a monomer is released from
the fiber, all exchangeable hydrogen atoms will be exposed to the solvent, and they will
be quickly replaced by deuterium. Based on this mechanism, d8-M8-10 OH should be
the sole exchange product in pure D2O. By inspecting the HDX mass spectra (Figure
2.8b), however, it is clear that a significant amount of d3- and d4-M8-10 OH are also
formed, although (d2-M8-10 OH) is about two times more abundant than the total of
(d3+d4-M8-10 OH) throughout the exchange process. Both (d3-M8-10 OH) and (d4-M8-10
OH) were found to increase slightly at the beginning of the exchange experiment, and
decrease slowly after 10 h. Apparently, parts of the carbamate groups undergo H/D
exchange without the release of the molecule into the solvent. We propose that within
fibers, some carbamate groups are more exposed to water than others.32 In contrast, only
small amounts of d5-, d6- and d7-M8-10 OH were observed at the beginning of H/D
exchange and became negligible after half an hour. The results suggest that the urea
hydrogens in the hydrophobic core are well protected from water penetration and are
mainly exchanged via monomer exchange. Under the assumption that urea NH
exchange only takes place in the free monomer, the complex kinetics of formation of d8M8-10 OH indicates heterogeneity in the release rate of monomer from the fibers.

Figure 2.8 | (a) Percentage of deuterated d2- and d8-M8-10 OH as a function of equilibration time.
(b) Percentage of deuterated d3-, d4-, d5-, d6-, and d7-M8-10 OH as a function of equilibration time.
Error bars represent the standard deviation of three separate experiments. Error bars represent the
standard deviation of three separate experiments.

Thermo-induced gelation
In the last, the gelation possibility of fiber aggregates formed by OEG bis-urea
amphiphiles was tested. The aqueous solutions at a high concentration (30 mg/mL) were
prepared by heating them at 80 °C, followed by a fast cooling in an ice bath. P8-6 OMe,
P8-10 OMe and P12-10 OMe remained a solution stage when the concentration (Figure
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2.9a). However, the P8-12 OMe kept a turbid viscous solution at 4 °C and formed a highly
turbid gel at room temperature determined by vial inversion test (Figure 2.9b), indicating
the formation of a thermo-sensitive gel. The thermo-induced gel transitions and their
related rheological properties were readily measured using an oscillatory rheometer.
Figure 2.9c shows the dynamic storage modulus (G’) and loss modulus (G’’) as a
function of temperature in a temperature sweep experiment for P8-12 OMe. Below 18 °C,
the G’’ was larger than the G’, indicative of a liquid state. Above this temperature, G’
quickly leveled off which exhibited a sol-gel transition upon heating to provide a strong
gel with G’ around 190 Pa at 50 °C. Additionally, both G’ and G’’ had a slight increase in
the cooling cycle, suggesting an irreversible gel-sol transition (Figure 2.9d). Such a
distinct thermo-sensitivity is ascribed to the LCST transition of OEG amphiphiles, in
which the OEG chains dehydrate with water molecules upon heating.36,52 Therefore, it
can be concluded that the hydrophobicity/hydrophilicity balance significantly affects the
gelation capability of supramolecular monomers despite that they both form fibrous
aggregates, and such thermo-sensitivity in the P8-12 OMe hydrogel makes it an attractive
candidate for biomedical applications, such as cell culture.

Figure 2.9 | Optical images of different OEG bis-urea amphiphiles in water at a concentration of
30 mg/mL: (a): left for P8-6 OMe, and right for P8-10 OMe; (b) P8-12 OMe: left for 4 °C, and right
for room temperature. The opaque hydrogel was formed in P8-12 OMe at room temperature.
Temperature sweep measurement for P8-12 OMe hydrogel with an oscillation amplitude of 1.0%
and a frequency of 1.0 Hz: (c) heating and (d) cooling at a speed of 1.0 °C/min.
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2.3. Conclusions
In summary, water-soluble OEG bis-urea amphiphiles were synthesized in good yields
with a simple procedure. Aggregation studies in water with a range of analytical
techniques provide a coherent picture of their self-assembly in fibers, spheres, and
bundles. Small modifications of end group and dispersity of OEG chain in M8-10 OH,
M8-10 OMe, and P8-10 OMe with the same hydrophilic/hydrophobic balance results in
significant changes in solubility, CMC and LCST behavior, while all three amphiphiles
self-assemble in water into rodlike micelles with a length ≥ 30 nm, and a radius of 3-4
nm. When the hydrophilic/hydrophobic balance in the amphiphiles is varied by
changing hydrophobic alkyl chain length with constant OEG length, the aggregate
morphology changes from a mixed morphology of bundles in P8-6 OMe to fibers in P810 OMe and P8-12 OMe. Increasing the hydrophilic/hydrophobic ratio in P12-10 OMe
results in a morphological transition to spherical aggregates. Hydrogen bonding in the
bis-urea motif and hydrophobic interaction results in slow H/D exchange with complex
kinetics, indicating heterogeneity in the escape rate of individual molecules from the
rodlike micelles. On the other hand, although fibrillary aggregates are both found in
different OEG amphiphiles, they exhibit significantly different gelation behaviors upon
heating-cooling cycles. The amphiphilic monomer with the longest alkyl chains (P8-12
OMe) develops thermal-responsive hydrogels with an irreversible sol-gel transition at
30.0 mg/mL, which is much lower than that in P8-10 OMe. It can be concluded that a
moderate balance between hydrophilicity and hydrophobicity in OEG amphiphiles not
only affects the supramolecular self-assembly process but also determines the gelation
behavior of supramolecular polymers in water. Thus, this research gives new insights
into the relationship between self-assembled morphologies and chemical composition
and affords a guideline for designing new molecules with novel functionalities, such as
bioactivity and strain-stiffening behavior.
2.4. Experimental section
Materials and general methods
All used materials were commercially available and used without further purification
unless noted otherwise. Deuterated solvents were purchased from Cambridge Isotopes
Laboratories. The reaction was carried out under an inert argon atmosphere and all
glassware was dried in an oven before the reaction. Methyl oligo(ethylene glycol) 350, 1,6diaminohexane, 1,10-diaminodecane, 1,12-diaminododecane, 3,4-dihydro-2H-pyran
(DHP), pyridinium p-toluenesulfonate (PPTS), and pyrene were purchased from SigmaAldrich, and hexamethylene diisocyanate (HDI) and carbonyldiimidazole (CDI) were
purchased from Tokyo Chemical Industry (TCI). Octaethylene glycol was purchased
from Polypure.
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1

H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx
or Varian 400MR) operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR.
Chemical shift (δ) is reported in parts per million (ppm) from tetramethylsilane (TMS)
or using the resonance of the deuterated solvent as an internal standard. Splitting
patterns are labeled as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q)
and multiplet (m). Matric-assisted laser desorption/ionization time-of-flight (MALDITOF) measurements were carried out on a Perspective Biosystem Voyager-DE PRO
spectrometer by using 4-hydroxycinamic acid as matrix material. Liquid
chromatography-mass spectrometry (LC-MS) was performed on a Thermo Fisher
Scientific LCQ Fleet ESI-MS with H2O (0.1% formic acid) as eluents. Dynamic light
scattering (DLS) measurement was carried out on a Melvern Zetasizer Nano S equipped
with a He-Ne (633 nm, 4 mV) laser and an Avalanche photodiode detector. Zetasizer
software was used to process and analyze the data. Cloud point was measured using a
UV-Vis spectrophotometer (Jasco V-750) at a wavelength of 550 nm without stirring in a
temperature range of 25-80 °C. Transmission electron microscopy (cryo-TEM) was
performed in an automated vitrification robot (VitrobotTM Mark III, FEI) and software
ImageJ was used for image analysis. Hydrogen/Deuterium exchange (HDX) experiment
was carried out using a XevoTM G2 QT of the mass spectrometer (Waters) with a
capillary voltage of 2.7 kV, a cone voltage of 80 V and an extraction cone voltage of 4.0 V.
The source temperature was set at 100 °C, the desolvation temperature at 400 ºC, and
the cone gas flow at 10 L/h and the desolvation gas flow at 500 L/h.
Synthetic procedures
Synthesis of M8-10 OH

Scheme S2.1 | Synthetic route of M8-10 OH.

Synthesis of THP protected octaethylene glycol
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1.0 g octaethylene glycol (2.70 mmol) and 68 mg PPTS (0.27 mmol) were dissolved in
20 mL dichloromethane (DCM). After stirring for 1 h, 229 mg of DHP (2.72 mmol) in
30 mL DCM was added dropwise over a period of 2 h at 0 °C under argon atmosphere.
It was then allowed to warm to room temperature and was kept stirred for 48 h. The
reaction solution was poured into brine and then was extracted by DCM two times.
Finally, the organic layer was dried over magnesium sulfate and it provided 1.1 g (yield:
81.5 %) of THP protected octaethylene glycol as a viscous colorless liquid after removal
of DCM and drying in a vacuum oven overnight (containing few amounts of di-functional
impurity).
H NMR (400 MHz, CDCl3) δ ppm: 4.63 (dd, J = 4.3, 3.0 Hz, 1H), 3.92-3.80 (m, 2H),
3.78-3.45 (m, 30H), 2.78 (t, J = 6.3 Hz, 1H), 1.96-1.39 (m, 8H).

1

M/z: 477.30 [M+Na]+1, calcd for C21H42O10: 454.28
Synthesis of THP-OEG8-C10 amine
392 mg of CDI (2.42 mmol) solid was dissolved into 5 mL of dry DCM, and then THPPEG8 (1.0 g, 2.20 mmol) in 25 mL Dry DCM was added dropwise in the ice bath. The
reaction solution was allowed to stir at room temperature. After overnight, the reaction
solution was transferred into a dropping funnel and then was added dropwise into 1.14 g
of 1,10-diaminodecano (6.60 mmol) in 10 mL DCM at an ice bath. The reaction solution
was allowed to warm up to room temperature and kept stirred for 24h. After stopping
the reaction, the white solid was filtrated over paper, and the organic solution was washed
with 1M HCl solution and brine, respectively. The organic layer was dried by magnesium
sulfate and then DCM was removed by the rotatory evaporator. Finally, silica column
chromatography with CHCl3/MeOH from 0% to 50% was used to isolate pure product,
yielding a white waxy solid with 0.76 g (yield: 53%) after drying in a vacuum oven.
H NMR (400 MHz, CDCl3) δ ppm: 4.84 (s, 1H), 4.63 (t, J = 3.7 Hz, 1H), 4.21 (t, J = 4.6
Hz, 2H), 3.86 (m, J = 9.8, 7.2, 3.8 Hz, 2H), 3.75-3.42 (m, 32H), 3.15 (q, J = 6.7 Hz, 2H),
2.68 (t, J = 7.0 Hz, 2H), 1.96-1.16 (m, 29H).
1

M/z: 653.58 [M+H]+1, calcd for C32H64N2O11: 652.45
Synthesis of M8-10 OH
480 mg of THP-PEG8-C10 amine (0.735 mmol) and 0.1 mL of Et3N (0.717 mmol) were
dissolved in 5 mL dry DCM, following that 60 mg of hexamethylene diisocyanate (HDI,
0.359 mmol) in 20 mL DCM was added dropwise in an ice bath under Argon. The
reaction solution was allowed to warm up to room temperature and then kept stirred
overnight. Then, the reaction solution was precipitated in 200 mL of diethyl ether, and
the white solid was isolated by centrifugation and drying in a vacuum oven to get the
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crude product. The deprotection of THP group was conducted as: all solids were redissolved in 10 ml of MeOH/DCM (1:1, v/v) with adding 20 mg of PPTS (ca. 0.2
equivalent), and the reaction solution was refluxed at 65 °C for 48 h. The reaction solution
was added to 100 mL of diethylene ether, and the precipitant was isolated by
centrifugation. Finally, 430 mg of white waxy solid (90% yield) was obtained after silica
column chromatography with MeOH/DCM as eluent increasing MeOH percentage
from 0% to 15%.
H NMR (400 MHz, d6-DMSO) δ ppm: 7.16 (t, J = 5.8 Hz, 2H), 5.70 (q, J = 5.0 Hz, 4H),
4.57 (t, J = 5.4 Hz, 2H), 4.03 (t, J = 4.7 Hz, 4H), 3.72-3.31 (m, 62H), 2.94 (q, J = 6.6 Hz,
12H), 1.37-1.23 (m, 40H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 158.54, 156.59, 72.80, 70.28, 70.25, 69.37, 63.43,
60.68, 40.61, 40.40, 40.19, 39.98, 39.77, 39.57, 39.36, 30.51, 29.86, 29.48, 29.44, 29.29,
29.21, 26.88, 26.72, 26.59.
13

M/z: 1327.89 [M+Na]+1, calcd for C62H124N6O22: 1304.88
Synthesis of OEG amphiphiles with methoxy end groups
Synthesis of methyl oligo(ethylene glycol) based bis-urea amphiphiles was followed
above procedure without protection and deprotection steps.
M8-10 OMe
H NMR (400 MHz, d6-DMSO) δ ppm: 7.17 (m, 2H), 5.71 (td, 4H), 4.03 (t, J = 4.8 Hz,
4H), 3.72-3.30 (m, 60H), 3.24 (s, 6H), 2.94 (q, J = 6.4 Hz, 12H), 1.37-1.23 (m, 40H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 159.07, 156.75, 79.02, 78.98, 78.69, 78.65, 78.36,
78.32, 71.69, 70.27, 70.11, 69.40, 63.43, 58.64, 40.76, 40.12, 39.91, 39.70, 39.49, 39.28,
39.07, 38.86, 30.37, 30.22, 29.80, 29.44, 29.41, 29.28, 29.19, 26.86, 26.70, 26.34.

13

M/z: 1355.95 [M+Na]+1, calcd for C64H128N6O22: 1332.97
P8-10 OMe
H NMR (400 MHz, d6-DMSO) δ ppm: 7.17 (t, 2H), 5.71 (td, 4H), 4.03 (t, J = 4.8 Hz, 4H),
3.72-3.30 (m, 60H), 3.24 (s, 6H), 2.94 (q, J = 6.4 Hz, 12H), 1.37-1.23 (m, 40H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 159.07, 156.75, 79.02, 78.98, 78.69, 78.65, 78.36,
78.32, 71.69, 70.27, 70.11, 69.40, 63.43, 58.64, 40.76, 40.12, 39.91, 39.70, 39.49, 39.28,
39.07, 38.86, 30.37, 30.22, 29.80, 29.44, 29.41, 29.28, 29.19, 26.86, 26.70, 26.34.

13

Mn: 1003.66 + n × 44 [P8-10 OMe+Na]+1.
P8-6 OMe
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H NMR (400 MHz, d6-DMSO) δ ppm: 7.17 (t, J = 5.6 Hz, 2H), 5.71 (t, J = 5.7 Hz, 4H),
4.03 (t, J = 4.7 Hz, 4H), 3.72-3.31 (m, 62H), 3.24 (s, 6H), 2.94 (q, J = 6.5 Hz, 12H), 1.381.20 (m, 24H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 158.52, 156.59, 79.64, 71.74, 70.25, 70.18, 70.05,
69.37, 63.44, 58.51, 40.61, 40.40, 40.19, 39.98, 39.77, 39.63, 39.56, 39.35, 30.52, 30.49,
29.87, 26.62, 26.58, 26.50.

13

Mn: 869.53 + n × 44 [P8-6 OMe+Na]+1.
P8-12 OMe
H NMR (400 MHz, d6-DMSO) δ ppm: 7.16 (t, 2H), 5.70 (td, 4H), 4.03 (t, 4H), 3.72-3.31
(m, 61H), 3.24 (s, 6H), 2.94 (d, J = 6.9 Hz, 12H), 1.37-1.20 (m, 48H).
1

Mn: 1029.00 + n × 44 [P8-12 OMe+Na]+1.
P12-10 OMe
H NMR (400 MHz, d6-DMSO) δ ppm: 7.16 (t, J = 5.7 Hz, 2H), 5.70 (td, J = 5.8, 2.9 Hz,
4H), 4.03 (t, J = 4.7 Hz, 4H), 3.72-3.36 (m, 92H), 3.24 (s, 6H), 2.94 (q, J = 6.2 Hz, 12H),
1.38-1.23 (m, 40H).
1

Mn: 1268.86 + n × 44 [P12-10 OMe+Na]+1.
Sample preparation
All samples were firstly sonicated in the water bath for 1 h, and subsequently heated to
80 °C for 10 min, and then rapidly cooled down to room temperature in the ice bath.
Finally, aqueous solutions were aged at room temperature for at least 48 hours before
measurement. For DLS and SAXS measurement, before heating-cooling cycle, all
samples were firstly dissolved in chloroform and then the solution was filtered by 500
nm filters to remove dusts. The organic solvent was removed in a vacuum oven for
overnight and DI water filtered over a 500 nm filter was added to achieve the desired
concentration.
Fluorescent probe method to determine CMC
The method used followed closely that described by Thomas and coworkers.53 2.203 mg
of pyrene was dissolved in 1.0 mL MeOH to prepare a 0.01 M solution and then diluted
to give 0.2 mM solution by MeOH (storing in the dark). A series of 1.0 mL of OEG
amphiphiles solution was prepared by diluting 7.50 mM storing solution by Mili-Q water.
After that, all solution was put into a water bath at 80 °C for 30 min, then quickly
quenched in ice water followed by standing at room temperature for 3 days before adding
pyrene solution. Finally, 1.5 μL of 0.2 mM pyrene dissolved in MeOH was added into 1.0
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mL OEG amphiphile samples, and all samples were equilibrated for 1 hour in the dark
before measurements. All solutions were freshly prepared. A Perkin Elmer
Luminescence Spectrometer LS 45 was used to measure CMCs for samples. Pyrene was
excited at 334 nm and emission maxima at 373 nm (I1) and 385 nm (I3) was measured.
The fluorescence of pyrene was recorded from 350 to 450 nm with high voltage (800V)
at medium scan speed.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)
Samples for cryogenic transmission electron microscopy (Cryo-TEM) were prepared in
an automated vitrification robot (VitrobotTM Mark III, FEI) at room temperature and a
relative humidity > 95%. 3 µL of samples were applied on a Quantifoil grids (R 2/2,
Electron Microscopy Sciences) and Lacey grids (LC200-CU, Electron Microscopy
Sciences), which were glow discharged prior use (Cressington 208 carbon coater
operation at 5 mA for 40s). Subsequently, excess liquid was blotted away and vitrified in
liquid ethane. On a FEI-Titan TEM equipped with a field emission gun operating at 300
kV the samples were examined. Post-GIF (Gatan imaging filter) 2x2 Gatan CCD camera
was used for recording the images. Micrographs were taken at low dose conditions, using
a defocus setting of -10 μm at 25k magnification or defocus setting of -40 μm at 6.5k
magnification. The software ImageJ was used for image analysis.
Small-angle X-ray scattering (SAXS)
Small-angle X-ray scattering (SAXS) profiles were recorded on SAXLAB GANESHA 300
XL SAXS equipped with a GeniX 3D Cu Ultra-Low Divergence microfocus sealed tube
source producing X-rays with a wavelength λ = 1.54 Å at a flux of 1× 108 ph/s and a Pilatus
300 K silicon pixel detector with 487 × 619 pixels of 172 × 172 μm2 in size placed a three
samples-to-detector distance of 113, 713 and 1513 nm respectively to cover a q-range of 0.1

≤ q ≤ 4.0 nm-1 with (4π/λ)·sinϑ (ϑ is the angle of incidence and λ is the wavelength). The
two-dimensional images were averaged to obtain the intensity I(q) vs. q profiles and
calibrated to absolute scale using Mili-Q water as a reference, standard data reduction
procedures, i.e. subtraction of the empty capillary and the solvent contribution, were
applied. The samples were prepared at a concentration of 10 mg/mL in Mili-Q water and
held in 2 mm quartz capillaries. Small-angle X-ray scattering experiments were
performed at 20 °C.
Hydrogen/Deuterium exchange (HDX) experiment
OEG amphiphile sample (M8-10 OH) was diluted with D2O to a concentration of 5 µM
using a balance. Aliquots of this 5 µM sample were taken at specific time points and were
subjected to ESI-MS. The sample solutions subjected to H/D exchange were introduced
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into the mass spectrometer using a Harvard syringe pump at a flow rate of 500 µL/min.
The sample was stored at room temperature during the HDX-MS experiments. Before
each measurement, the system was calibrated with a 0.05% H3PO4 solution in H2O/ACN
mixture (1:1, v/v). The sample was injected with a syringe pump and the signal was left
to equilibrate for 1 min before starting the measurement. Each measurement was
averaged over 1 min to account for instabilities in the signal. Isotope patterns for
calculation were determined with Bruker Compass IsotopePattern software.
2.5. References
(1)

M. Goor, O. J. G., S. Hendrikse, S. I., W. Dankers, P. Y., W. Meijer, E. Chemical Society
Reviews 2017, 46 (21), 6621–6637.

(2)

Sarkar, S., Choudhury, P., Dinda, S., Das, P. K. Langmuir 2018, 34 (36), 10449–10468.

(3)

Rehm, T., Schmuck, C. Chem. Commun. 2008, (7), 801–813.

(4)

Fischer, L., Guichard, G. Organic & Biomolecular Chemistry 2010, 8 (14), 3101–3117.

(5)

Jones, C. D., Kennedy, S. R., Walker, M., Yufit, D. S., Steed, J. W. Chem 2017, 3 (4), 603–
628.

(6)

van Esch, J. H., Schoonbeek, F., de Loos, M., Kooijman, H., Spek, A. L., Kellogg, R. M.,
Feringa, B. L. Chemistry – A European Journal 1999, 5 (3), 937–950.

(7)

J. Peveler, W., Packman, H., Alexander, S., R. Chauhan, R., M. Hayes, L., J. Macdonald,
T., K. Cockcroft, J., Rogers, S., L. Aarts, D. G. A., J. Carmalt, C., P. Parkin, I., C. Bear, J.
Soft Matter 2018, 14 (43), 8821–8827.

(8)

Xiang, Y., Moulin, E., Buhler, E., Maaloum, M., Fuks, G., Giuseppone, N. Langmuir 2015,
31 (28), 7738–7748.

(9)

Ávalos, M., Babiano, R., Cintas, P., Gómez-Carretero, A., Jiménez, J. L., Lozano, M., Ortiz,
A. L., Palacios, J. C., Pinazo, A. Chem. Eur. J. 2008, 14 (18), 5656–5669.

(10)

Mellot, G., Guigner, J.-M., Bouteiller, L., Stoffelbach, F., Rieger, J. Angewandte Chemie
International Edition 2019, 58 (10), 3173–3177.

(11)

Fernández-Castaño Romera, M., Lou, X., Schill, J., ter Huurne, G., Fransen, P.-P. K. H.,
Voets, I. K., Storm, C., Sijbesma, R. P. J. Am. Chem. Soc. 2018, 140 (50), 17547–17555.

(12)

Wezenberg, S. J., Croisetu, C. M., Stuart, M. C. A., Feringa, B. L. Chem. Sci. 2016, 7 (7),
4341–4346.

(13)

Karatchevtseva, I., Cassidy, D. J., Wong Chi Man, M., Mitchell, D. R. G., Hanna, J. V.,
Carcel, C., Bied, C., Moreau, J. J. E., Bartlett, J. R. Advanced Functional Materials 2007, 17
(18), 3926–3932.

(14)

Gaal, R. C. van, Sprang, J. F. van, Borneman, Z., Dankers, P. Y. W. Macromolecular
Bioscience 2020, 20 (3), 1900277.

(15)

Kluin, J., Talacua, H., Smits, A. I. P. M., Emmert, M. Y., Brugmans, M. C. P., Fioretta, E.
S., Dijkman, P. E., Söntjens, S. H. M., Duijvelshoff, R., Dekker, S., Janssen-van den Broek,

| 48

Effects of structural variation on self-assembly and gelation behavior of bis-urea based amphiphiles

M. W. J. T., Lintas, V., Vink, A., Hoerstrup, S. P., Janssen, H. M., Dankers, P. Y. W.,
Baaijens, F. P. T., Bouten, C. V. C. Biomaterials 2017, 125, 101–117.
(16)

Ippel, B. D., Keizer, H. M., Dankers, P. Y. W. Advanced Functional Materials 2019, 29 (1),
1805375.

(17)

Brocorens, P., Linares, M., Guyard-Duhayon, C., Guillot, R., Andrioletti, B., Suhr, D., Isare,
B., Lazzaroni, R., Bouteiller, L. J. Phys. Chem. B 2013, 117 (17), 5379–5386.

(18)

Masunov, A., Dannenberg, J. J. J. Phys. Chem. B 2000, 104 (4), 806–810.

(19)

Custelcean, R. Chem. Commun. 2008, No. 3, 295–307.

(20)

Basavalingappa, V., Guterman, T., Tang, Y., Nir, S., Lei, J., Chakraborty, P., Schnaider, L.,
Reches, M., Wei, G., Gazit, E. Advanced Science 2019, 6 (12), 1900218.

(21)

Yamanaka, M., Yanai, K., Zama, Y., Tsuchiyagaito, J., Yoshida, M., Ishii, A., Hasegawa, M.
Chemistry – An Asian Journal 2015, 10 (6), 1299–1303.

(22)

Loos, M. de, Esch, J. van, Kellogg, R. M., Feringa, B. L. Angewandte Chemie International
Edition 2001, 40 (3), 613–616.

(23)

Loos, M. de, Friggeri, A., Esch, J. van, Kellogg, R. M., Feringa, B. L. Org. Biomol. Chem.
2005, 3 (9), 1631–1639.

(24)

Brinksma, J., Feringa, B. L., Kellogg, R. M., Vreeker, R., van Esch, J. Langmuir 2000, 16
(24), 9249–9255.

(25)

Simic, V., Bouteiller, L., Jalabert, M. J. Am. Chem. Soc. 2003, 125 (43), 13148–13154.

(26)

Bellot, M., Bouteiller, L. Langmuir 2008, 24 (24), 14176–14182.

(27)

Ouhib, F., Raynal, M., Jouvelet, B., Isare, B., Bouteiller, L. Chemical Communications 2011,
47 (38), 10683–10685.

(28)

Pal, A., Karthikeyan, S., Sijbesma, R. P. J. Am. Chem. Soc. 2010, 132 (23), 7842–7843.

(29)

Chebotareva, N., Bomans, P. H. H., Frederik, P. M., Sommerdijk, N. A. J. M., Sijbesma,
R. P. Chem. Commun. 2005, No. 39, 4967–4969.

(30)

Fernández-Castaño Romera, M., Göstl, R., Shaikh, H., ter Huurne, G., Schill, J., Voets, I.
K., Storm, C., Sijbesma, R. P. J. Am. Chem. Soc. 2019, 141 (5), 1989–1997.

(31)

Koenigs, M. M. E., Pal, A., Mortazavi, H., Pawar, G. M., Storm, C., Sijbesma, R. P.
Macromolecules 2014, 47 (8), 2712–2717.

(32)

Fernandez‐Castano Romera, M., Lafleur, R. P. M., Guibert, C., Voets, I. K., Storm, C.,
Sijbesma, R. P. Angewandte Chemie International Edition 2017, 56 (30), 8771–8775.

(33)

Wang, Y., Xu, Z., Lovrak, M., Sage, V. A. A. le, Zhang, K., Guo, X., Eelkema, R., Mendes,
E., Esch, J. H. van. Angewandte Chemie 2020, 132 (12), 4860–4864.

(34)

Pal, A., Voudouris, P., E. Koenigs, M. M., Besenius, P., M. Wyss, H., Degirmenci, V.,
P. Sijbesma, R. Soft Matter 2014, 10 (7), 952–956.

(35)

Goddard, E. D., Turro, N. J., Kuo, P. L., Ananthapadmanabhan, K. P. Langmuir 1985, 1 (3),
352–355.

(36)

Moon, K.-S., Kim, H.-J., Lee, E., Lee, M. Angewandte Chemie International Edition 2007, 46
(36), 6807–6810.
49 |

Chapter 2

(37)

Li, L., Che, Y., Gross, D. E., Huang, H., Moore, J. S., Zang, L. ACS Macro Lett. 2012, 1 (11),
1335–1338.

(38)

Cui, S., Yu, L., Ding, J. Macromolecules 2019, 52 (10), 3697–3715.

(39)

Yu, L., Zhang, H., Ding, J. Angewandte Chemie International Edition 2006, 45 (14), 2232–
2235.

(40)

Mellot, G., Guigner, J.-M., Jestin, J., Bouteiller, L., Stoffelbach, F., Rieger, J. Journal of
Colloid and Interface Science 2021, 581, 874–883.

(41)

Shimizu, T., Masuda, M. J. Am. Chem. Soc. 1997, 119 (12), 2812–2818.

(42)

Fuhrhop, J.-H., Wang, T. Chem. Rev. 2004, 104 (6), 2901–2938.

(43)

van Ravensteijn, B. G. P., Vilanova, N., de Feijter, I., Kegel, W. K., Voets, I. K. ACS Omega
2017, 2 (4), 1720–1730.

(44)

Berne, B. J., Pecora, R. Dynamic Light Scattering: With Applications to Chemistry, Biology,
and Physics, Courier Corporation, 2000.

(45)

Harden, J. L., Guo, H., Bertrand, M., Shendruk, T. N., Ramakrishnan, S., Leheny, R. L. J.
Chem. Phys. 2018, 148 (4), 044902.

(46)

Brognaro, H., Falke, S., Nzanzu Mudogo, C., Betzel, C. Crystals 2019, 9 (12), 620.

(47)

Adelizzi, B., Van Zee, N. J., de Windt, L. N. J., Palmans, A. R. A., Meijer, E. W. J. Am.
Chem. Soc. 2019, 141 (15), 6110–6121.

(48)

Bochicchio, D., Salvalaglio, M., Pavan, G. M. Nature Communications 2017, 8 (1), 147.

(49)

Miranker, A., Robinson, C. V., Radford, S. E., Aplin, R. T., Dobson, C. M. Science 1993,
262 (5135), 896–900.

(50)

Kaltashov, I. A., Bobst, C. E., Abzalimov, R. R. Anal. Chem. 2009, 81 (19), 7892–7899.

(51)

Lou, X., Lafleur, R. P. M., Leenders, C. M. A., Schoenmakers, S. M. C., Matsumoto, N. M.,
Baker, M. B., van Dongen, J. L. J., Palmans, A. R. A., Meijer, E. W. Nat Commun 2017, 8
(1), 15420.

(52)

Wu, S., Zhang, Q., Deng, Y., Li, X., Luo, Z., Zheng, B., Dong, S. J. Am. Chem. Soc. 2020,
142 (1), 448–455.

(53)

Kalyanasundaram, K., Thomas, J. K. J. Am. Chem. Soc. 1977, 99 (7), 2039–2044.

| 50

Chapter 3
Photo-crosslinked coumarin-containing bis-urea amphiphile
hydrogels

Abstract | The design of photo-responsive supramolecular hydrogels based on
coumarin dimerization and de-dimerization is described. The photo-responsive
coumarin unit is chemically incorporated into an oligo(ethylene glycol) (OEG) bis-urea
amphiphile that is capable of co-assembling with non-functionalized OEG amphiphile to
form supramolecular fibers. UV light with two different wavelengths (365 nm and 254
nm) is employed to induce a photo-reversible dimerization and de-dimerization process
of coumarin units, respectively. The co-assembled solutions could be photo-crosslinked
to induce a sol-to-gel transition through dimerization of coumarin with 365 nm UV light,
and the de-dimerization occurs with 254 nm UV light to provide a weaker gel. In this
system, the mechanical strength of supramolecular hydrogels can be tuned by irradiation
time, providing precise control of gelation in a supramolecular hydrogelator.

Chapter 3

3.1. Introduction
Compared to their covalent polymer counterparts, supramolecular hydrogels have
definite advantages to mimic characteristics of extracellular matrices (ECMs), and
therefore, considerable efforts have been taken to develop supramolecular hydrogel
systems for applications in tissue engineering or regenerative medicine.1 Usually,
supramolecular hydrogels are intrinsically soft and weak, thereby greatly limiting their
applications as ECM mimics, especially as structural elements.2 In natural ECMs, protein
filaments, however, are often crosslinked by dynamic chemical bonds, such as disulfide
in fibrillin3 to enhance mechanical strengths and maintain the highly dynamic nature of
ECMs. Inspired by these examples from nature, the use of a covalent crosslinking
strategy offers an opportunity to develop supramolecular hydrogels with enhanced and
controllable mechanical strength.4 Our group has previously reported that oligo(ethylene
glycol) (OEG) bis-urea amphiphiles assemble into semi-flexible fibers in water via strong
hydrogen bonding of urea moieties.5,6 Generally, these supramolecular fibers cannot
form hydrogels by themselves, and incorporation of inter-fibrous covalent crosslinkers is
required for gelation.7–9 Chemically crosslinking of supramolecular fibers of bis-urea
amphiphiles through alkyne-azide cycloaddition yielded strain-stiffening hydrogels that
closely mimic the nonlinear mechanics of biological networks.9 However, the irreversible
covalent crosslinking interaction sacrifices dynamics of supramolecular polymers, thus
the use of reversible dynamic crosslinking rather than the fixed covalent bonds in
supramolecular systems is of interest as a way to capture ECM dynamics.10
Various chemical crosslinking methods, including Diels-Alder11, [2+2] cycloaddition12
and boronic ester13 reaction have been widely exploited to create synthetic polymer
hydrogels. Among these methods, UV light-mediated crosslinking, as a facile and
versatile strategy, has offered many interesting capabilities in polymer networks such as
precise spatial addressability, self-healing, and reversibility.14–16 The coumarin unit, as a
photo-reversible reactive group, is ideally suited to serve as the crosslinking functionality
in polymer networks. Coumarins undergo photo-dimerization via a [2+2] cycloaddition
upon irradiation with long-wavelength UV light (> 300 nm), and the dimer can be cleaved
by short-wavelength UV light (< 300 nm).16–18 The photo-induced dimerization and
cleavage reaction represent a reversible photo-switch, which has been used to develop
photo-reversible materials for application in photovoltaic devices and tissue
engineering.19–21
In this Chapter, we report a novel photo-crosslinked supramolecular hydrogel system in
which coumarin units are incorporated into a OEG bis-urea amphiphile. The coumarin
functionalized crosslinker is combined with non-functionalized OEG bis-urea
amphiphile monomers by co-assembly via simple mixing. Irradiation with long-wave UV
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light (365 nm) induced a sol-to-gel transition of supramolecular fiber solution, and the
mechanical strength of the resulted hydrogel can be easily tuned by irradiation time.
Moreover, the photo-crosslinked interaction is partially reversible with short-wave UV
light (254 nm). Such unique responsiveness of the coumarin group offers an opportunity
to control the gelation process and supramolecular material properties while
maintaining the dynamic nature of supramolecular polymers.

Scheme 3.1 | (a) Chemical structures of OEG bis-urea amphiphile (P8-10 OMe) and coumarin
functionalized OEG amphiphile as photo-crosslinker. (b) Dimerization and de-dimerization of
coumarin groups under UV light. (c) Schematic illustration of photo-crosslinked supramolecular
fiber networks.

3.2. Results and discussion
Model reaction
To test the feasibility of reversible dimerization of coumarin units in water, a model
reaction was performed using coumarin-OEG 300 as a model compound. When this
amphiphilic compound was dispersed at 10 mg/mL in water, a turbid solution was
obtained. The turbidity is likely due to the formation of large micelles with coumarin
units in the hydrophobic core (Figure 3.1a). Dimerization of coumarin units leads to the
formation of saturated cyclobutane rings through a [2+2] cycloaddition, and the
progression of the coumarin dimerization was monitored by 1H NMR. Upon irradiation
with 365 nm UV light from 1h to 2h, the integrals of distinct peaks in coumarin units,
including the protons of the alkene unit (in position 1 and 5) and the aromatic ring (in
position 2, 3 and 4) gradually decreased (Figure 3.1b). Moreover, numerous new peaks
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appeared over time due to the formation of different isomers of coumarin dimers.22,23
The degree of dimerization of coumarin was calculated from the integral ratio of two
protons in positions 5 in the coumarin unit and 5’ in the dimer. Around 92% of coumarin
in the model compound had dimerized after irradiation for 2h. When the dimerized
solution was irradiated with 254 nm UV light for 1h, around 90% of dimerized coumarin
groups were cleaved. These results indicate that the dimerization of coumarin groups in
assembled micelle systems is complete within hours under 365 nm UV light irradiation,
and the reverse process induced by 254 nm UV light is even faster. Therefore, the
coumarin groups show potential as a reversible crosslinker for supramolecular fibers in
water.

Figure 3.1 | The model reaction of Cou-OEG300 under UV light. (a) Optical image of 10 mg/mL
turbid Cou-PEG300 aqueous solution and UV-induced dimerization of coumarin units in micelles.
(b) Reversibility study of UV-induced dimerization monitored by 1H NMR.
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Synthesis of coumarin-based photo-crosslinker
To incorporate coumarin functional groups into OEG based amphiphile, commercial 7hydroxycoumarin was first modified with methyl bromoacetate and subsequently
converted into free carboxylic acid by hydrolysis in a strongly basic environment (Scheme
S3.1). The coumarin based photo-crosslinker was obtained through the formation of ester
bonds between carboxylic groups from Cou-COOH and alcohol groups of the OEG bisurea amphiphile in a good yield (Scheme S3.3). In the 1H NMR spectra, all distinct
chemical shifts in coumarin modified OEG amphiphile and starting compounds are
assigned and are shown in Figure 3.2. The triplet at 4.58 ppm (position g’) corresponding
to -CH2- protons next to free alcohol groups in the reactant shifts to 4.26 ppm (position
g), while a singlet at 4.73 ppm corresponding to -CH2- protons next to the coumarin head
in Cou-COOH slightly shifted to downfield to 4.96 ppm (position f) upon
functionalization. The other distinct NMR peaks in aromatic coumarin rings did not
change after the reaction. The integral values of the protons agree with the expected
structure, confirming a high purity.

Figure 3.2 | 1H NMR spectra of Cou-COOH (a), HO-functionalized OEG bis-urea amphiphile (M810 OH) (b) and coumarin based crosslinker (c) in d6-DMSO.
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Solution preparation and UV-vis absorption measurements
As previously reported, the crosslinker derived from OEG bis-urea amphiphile is capable
of co-assembling with non-functional OEG bis-urea amphiphile by simple mixing
method, if the two amphiphiles share the same spacing between urea groups in their
hydrophobic parts.24,25 Coumarin functionalized OEG amphiphile crosslinker did not
dissolve in water, probably because the presence of two coumarin end groups causes a
significant increase of hydrophobicity of OEG amphiphile. However, when the
coumarin-based crosslinker (at 5% and 10 %) was mixed with OEG bis-urea amphiphile,
clear solutions were obtained upon sonication in an ice bath, indicating the formation of
co-assemblies. Above 10%, a white precipitate or sedimentation in a mixed solution was
observed (Figure 3.3a). To probe the photo-responsiveness of coumarin crosslinker in the
assembled fiber system, an aqueous solution of OEG bis-urea amphiphile (P8-10 OMe)
mixed with 10% coumarin based crosslinker was prepared with a total concentration of
10 mg/mL. The photo-responsiveness was characterized with UV-vis spectroscopic
analysis. In the mixed solution, a distinct adsorption band at 320 nm was observed,
which is the characteristic absorbance for benzopyrone ring of coumarin.26 Upon
irradiation, the band intensity decreased progressively and gradually leveled off after 30
min irradiation, as shown in Figure 3.3b. Upon irradiation with UV light of 254 nm, the
absorbance at 320 nm significantly increased and reached its maximum within 5 min
although it did not reach the initial value (Figure 3.3c). These results indicated that
photodissociation is much faster than dimerization but does not reach full reversion,
possibly because that dimerization is not fully reversible27 or that coumarin groups
degrade in response to UV light.28,29
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Figure 3.3 | (a) Photographs of 30 mg/mL OEG amphiphile (P8-10 OMe) solutions mixing with
5%, 10 % and 20% coumarin based crosslinker, respectively. Time-dependent UV-vis absorption
spectra of 10 mg/mL OEG bis-urea amphiphile solution containing 10 % coumarin-based
crosslinker under UV light: (b) UV light 365 nm (Insert: absorbance changes at 320 nm recorded
as a function of irradiation time) and (c) UV light 254 nm.

Mass spectroscopy and dynamic light scattering
To get direct evidence of dimerization and de-dimerization in the coumarin based
crosslinker, the Maldi-tof MS was used to analyze the mixed solution containing
coumarin based crosslinker before and after irradiation. In the mass spectrum taken of
the solution before irradiation, a peak at 1732 Da was observed for coumarin crosslinker
together with multiple peaks of poly-disperse OEG bis-urea amphiphile (Figure 3.4a).
Upon irradiation for 10 min, the peak intensity of the coumarin crosslinker decreased
significantly, and a new peak at 3442 Da appeared at the exact mass of the dimerized
product (Figure 3.4b). A small mass peak at 5151 Da was also observed, showing the
presence of trimers. A further increase in irradiation time to 30 min led to a progressive
decrease of the MS peak intensity of the coumarin crosslinker. These results indicate fast
coumarin dimerization under UV irradiation (Figure 3.4c). Additionally, upon
irradiation with UVA (254 nm) for 30 min, the intensity of dimer peak slightly decreased,
while the peak intensity of coumarin crosslinker increased significantly. Notably, the
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dimerized product was still observed after 30 min 254 nm UV irradiation, indicating an
incomplete recovery of coumarin units (Figure 3.4d).

Figure 3.4 | Maldi-tof MS results of the mixed solution containing 10% coumarin crosslinker before
irradiation (a) and after irradiation by UV light with a wavelength of 365 nm for 10 min (b) and 30
min (c)) and irradiation with UV light with a wavelength of 254 nm for 30 min (d).

Dynamic light scattering (DLS) was performed to determine aggregation behavior before
and after 365 nm UV light irradiation. The correlation function curves were recorded on
a 1.0 mM mixed solution. Mixing coumarin crosslinker with OEG amphiphile (P8-10
OMe) provided a single exponential correlation function with a decay time of 8.7 × 104
μs (Figure 3.5a), which was significantly longer than that of pure OEG amphiphile
solution as described in Chapter 2. It is more likely due to that a more hydrophobic
coumarin based crosslinker leads to the formation of larger aggregates in the mixed
solution. Upon irradiation for 30 min, the solution decayed more slowly compared to the
non-irradiated solution, and a two-step decay is observed in the correlation functions.
These results imply that the aggregates in mixed solutions become bigger after
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irradiation, which is most likely related to inter-fiber crosslinking interaction via
coumarin dimerization.

Figure 3.5 | DLS (a, 1.0 mM) and SAXS (b, 10 mg/mL) measurements of OEG bis-urea amphiphil
aqueous solution containing 10% coumarin based crosslinker before and after UV irradiation (365
nm, 30 min).

SAXS and cryo-TEM determine size change upon irradiation
To get more insight into the structure of the mixed OEG amphiphile system, small-angle
X-ray scattering (SAXS) experiments were performed on the mixed solution before and
after UV irradiation. The scattering profiles of OEG amphiphile overlap over the whole
q-range (Figure. 3.5b), suggesting no structural changes, including length and rigidity of
fibers upon photo-crosslinking.8 Furthermore, the slope of both scattering profiles in the
low q regime is close to 1.5, typical for elongated rod-like assemblies. Fitting these profiles
with a flexible form factor provides a fiber radius of 3.4 nm, in good agreement with pure
OEG amphiphile described in Chapter 2. Subsequently, the morphologies of the mixed
solution were also investigated by cryogenic electron microscopy (cryo-TEM). Isolated
short fibers are observed in cryo-TEM images before irradiation, and there is no
significant difference in fiber morphology compared to OEG amphiphile solution.
However, when the mixed solution was irradiated by UV light for 30 min, the assembled
fibers showed a tendency to aggregate to give ‘fiber network’-like morphology, indicating
the success of photo-crosslinking of fibers by coumarin dimerization.
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Figure 3.6 | Representative cryo-TEM images of diluted mixed aqueous solution (1.0 mM) before
(a) and after (b) UV light irradiation (365 nm, 30 min).

Photo-induced gelation and its reversibility
It is evident from the above experiments that the coumarin-based crosslinker undergoes
a reversible dimerization upon irradiation with different wavelengths of UV light, thus
in the next step, photo-induced gelation was explored in a co-assembled mixture of OEG
amphiphile with 10% of coumarin crosslinker. At a total concentration of 30 mg/mL, the
mixed solution remained a viscous sol state, as determined by test tube inversion, while
a self-supporting hydrogel was formed upon irradiation with UV light of 365 nm for 30
min. The gel state could not be returned into a sol state with a UV light of 254 nm for 30
min, as shown in Figure 3.7a, more likely because de-dimerization is incomplete. The
mechanical strength of solution or gel in three different states was measured in a
rheometer under oscillatory shear. As indicated in Figure 3.7b, the storage modulus (G’)
of the mixed solution was about 16 Pa, exceeding the loss modulus (G’). Upon irradiation
with 356 nm UV light, the G’ of crosslinked hydrogel increased fourfold to 66 Pa.
Irradiation with 254 nm UV light for 30 min only led to a decrease of G’ to 38 Pa,
confirming incomplete dissociation, in line with the observations with UV-vis in Figure
3.3c.
Mechanical properties of photo-crosslinked hydrogels were also studied in situ in the
rheometer (Anton Paar) with a home-built 365 nm UV light setup.30 Before 365 nm UV
irradiation, G’ was approximately 12 Pa, higher than the G’’. When the UV lamp was
turned on, G’ increased with time, and the increase stopped when the UV light was
turned off. Once the UV light was turned on again, the G’ started to increase further and
reached a plateau value of approximately 60 Pa after 45 min (Figure 3.7c). These results
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indicate that crosslinking between supramolecular fibers by dimerization of coumarin
occurs upon UV light irradiation and stops in the absence of UV light, offering an easy
way to tune crosslinking density and gel strength. Unfortunately, the reverse reaction of
coumarin dimerization could not be studied in situ because the used 254 nm UV light
source did not fit in the Anton Paar rheometer.

Figure 3.7 | Rheological masurements of UV-induced crosslinked hydrogels. (a) Optical images of
the mixed solution of 30 mg/mL of OEG bis-urea amphiphile with 10% crosslinker before and
after UV irradiation. (b) Frequency sweeps of the mixed solution before and after UV light
irradiation of 365 nm and 254 nm at a fixed oscillation strain of 1.0%. (c) Time-dependence of insitu measurements of the photo-crosslinked hydrogel by turning on or off UV light (365 nm, 7.2
mW/cm2). The measurement temperature was set at 20 °C.

3.3. Conclusions
A coumarin based photo-responsive crosslinker was synthesized and introduced into
non-functionalized OEG bis-urea amphiphile fibers through co-assembly. The coumarin
group dimerizes upon irradiation with 365 nm UV light with a significant decrease in
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UV absorption of coumarin groups and mass peak intensity of coumarin based
crosslinker. The dimerization of coumarin based crosslinker leads to a sol-to-gel
transition by chemically crosslinking OEG bis-urea amphiphile supramolecular fibers,
in which the aggregation of supramolecular fibers is observed. However, the phot0crosslinking between fibers does not change fiber structure as shown by the overlap of
scattering profiles in SAXS before and after irradiation with 365 nm UV light.
Importantly, the modulus of crosslinked supramolecular hydrogels is easily tailored by
the irradiation time. The dimerized product of coumarin based crosslinker is partially
cleaved with 254 nm UV light, resulting in a weaker gel with a lower storage modulus.
The photo-crosslinked hydrogels cannot be reverted to the original sol stage, due to the
incomplete reversibility of the photodimerization, as was also observed in UV-vis.
Altogether, this photo-responsiveness of crosslinked supramolecular hydrogels offers the
opportunity to gain more control over the gelation process and gel strength in
supramolecular systems.
3.4. Experimental section
Materials and methods
All used materials were commercially available and used without further purification
unless noted otherwise. Deuterated solvents were purchased from Cambridge Isotopes
Laboratories. The reaction was carried out under an inert argon atmosphere and all
glassware was dried in an oven before the reaction. Oligo(ethylene glycol) 300, thionyl
chloride and pyridinium p-toluenesulfonate (PPTS) were purchased from SigmaAldrich, and 7-hydroxycoumarin and ethyl bromoacetate were purchased from Tokyo
Chemical Industry (TCI). The OEG bis-urea amphiphiles, including P8-10 OMe and M810 OH were synthesized as previously reported in Chapter 2.
1

H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx
or Varian 400MR) operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR.
Chemical shift (δ) is reported in parts per million (ppm) from tetramethylsilane (TMS)
or using the resonance of the deuterated solvent as an internal standard. Splitting
patterns are labeled as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q)
and multiplet (m). Matric-assisted laser desorption/ionization time-of-flight (MALDITOF) measurements were carried out on a Perspective Biosystem Voyager-DE PRO
spectrometer by using α-Cyano-4-hydroxycinamic acid (CHCA) as matrix material.
Dynamic light scattering (DLS) measurement was carried out on a Melvern Zetasizer
Nano S equipped with a He-Ne (633 nm, 4 mV) laser and an Avalanche photodiode
detector. Zetasizer software was used to process and analyze the data. UV light-induced
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dimerization and de-dimerization of coumarin groups were measured using a UV-Vis
spectrophotometer (Jasco V-750) at a temperature of 25°C.
Synthetic procedures
Synthesis of 7-carboxymethoxycoumarin (Cou-COOH)

Scheme S3.1 | Synthesis route towards 7-carboxymethoxycoumarin (Cou-COOH).

The Cou-COOH was synthesized as previously reported in Priestley and coworkers.17
H NMR (400 MHz, d6-DMSO) δ 7.99 (d, J = 9.5 Hz, 1H), 7.64 (d, J = 9.2 Hz, 1H), 7.046.89 (m, 2H), 6.31 (d, J = 9.5 Hz, 1H), 4.83 (s, 2H).
1

Synthesis of coumarin functionalized oligo(ethylene glycol) 300 (Cou-OEG300)

Scheme S3.2 | Synthetic procedure of Cou-PEO300.

7-carboxymethoxycoumarin (517 mg, 2.35 mmol) was firstly refluxed for 3 h in 10 mL of
thionyl chloride providing 7-chlorocarbonylmethoxycoumarin with full conversion, and
unreacted thionyl chloride was removed under reduced pressure. Oligo(ethylene glycol)
300 (700 mg, 2.35 mmol) was dissolved in dry tetrahydrofuran (THF) then combined
with triethylamine (253 mg, 2.5 mmol) and stirred for 1h. 7chlorocarbonylmethoxycoumarin was dissolved in 10 mL THF and added dropwise to
the mixture solution in the ice bath under argon flow overnight. After filtration of the
salt, the resulting product was isolated by silica column chromatography with ethyl
acetate/pentane (2:1, v/v) to provide a 660 mg waxy solid (yield: 58%).
H NMR (400 MHz, CDCl3) δ ppm: 7.65 (d, J = 9.5 Hz, 1H), 7.41 (d, J = 8.6 Hz, 1H),
6.90 (d, J = 12.9 Hz, 1H), 6.79 (s, 1H), 6.28 (d, J = 9.5 Hz, 1H), 4.73 (s, 2H), 4.44-4.33
(m, 2H), 3.92-3.40 (m, 19H).
1

C NMR (101 MHz, CDCl3) δ ppm: 167.93, 160.87, 160.76, 155.63, 143.23, 129.00,
128.98, 113.76, 113.34, 112.81, 101.81, 101.76, 77.39, 77.07, 76.76, 72.50, 72.47, 70.62,
70.59, 70.56, 70.53, 70.49, 70.29, 68.79, 65.26, 64.55, 61.68.

13
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Synthesis of coumarin functionalized OEG amphiphiles (Cou-based crosslinker)

Scheme S3.3 | Synthetic procedure of Coumarin-based crosslinker.

74 mg of 7-carboxymethoxycoumarin (Cou-COOH, 0.337 mmol) and 48 mg of N, N'Diisopropylcarbodiimide (DIC, 0.383 mmol) were dissolved in dry THF, and the mixture
solution was stirred for 2 h under argon. After removal of THF by vacuum evaporator,
200 mg of HO-PEG-10U6U10 (0.153 mmol) and 9.0 mg of 4-(Dimethylamino)
pyridinium 4-toluenesulfonate (DPTS, 0.031 mmol) were added with 5 mL of dry
chloroform. The reaction solution was stirred for 48 h at room temperature (other 48 mg
DIC was added after 24 h), following washed by brine. Around 92 mg of the final product
at a yield of 35% was isolated by silica column chromatography with MeOH/CHCl3 as
eluent.
H NMR (400 MHz, d6-DMSO) δ ppm: 8.00 (d, J = 9.5 Hz, 2H), 7.64 (d, J = 8.5 Hz, 2H),
7.16 (t, J = 5.4 Hz, 2H), 7.04-6.93 (m, 4H), 6.31 (d, J = 9.5 Hz, 2H), 5.70 (s, 4H), 4.96 (s,
4H), 4.30-4.19 (m, 4H), 4.09-3.98 (m, 4H), 3.70-3.42 (m, 60H), 2.94 (d, J = 6.7 Hz,
13H), 1.22 (s, 47H).

1

C NMR (100 MHz, d6-DMSO) δ ppm: 168.68, 161.11, 160.67, 158.61, 156.62, 155.60,
144.69, 130.00, 113.37, 113.14, 102.01, 79.59, 70.22, 69.34, 68.58, 65.39, 64.50, 64.05,
63.45, 40.66, 40.52, 40.31, 40.10, 39.89, 39.68, 39.47, 39.26, 30.48, 29.84, 29.46,
29.42, 29.27, 29.19, 26.85, 26.70, 26.56.
13

M/z (Maldi-tof): 1731.9 [M+Na]+1, calcd for C84H136N6O30: 1708.93
Sample preparation method
Samples were prepared by weighting OEG bis-urea amphiphile (P8-10 OMe from
Chapter 2) alone with coumarin based crosslinker (5, 10 and 20%, respectively) in the
solid state followed by the addition of ̴ 300 μL of chloroform. After solvent evaporation
at room temperature, the remaining solid was subsequently re-dissolved in Mili-Q water
with the assistance of several cycles of sonication (30 min) and vortex (1 min) until a full
dissolution of the solid material. The assembled structures in the mixed solution were
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allowed to grow for an additional at least 24h in the dark environment before the
following measurement.
For UV-vis adsorption, Maldi-tof MS and DLS measurement, the mixed solution (10
mg/mL) was transferred to quartz cuvettes (1 × 1 cm) followed by irradiation with longwave UV light (365 nm, UVA lamp) or with short-wave UV light (254 nm, UVC lamp)
under continuing stirring using a Luzchem photoreactor (Model LCZ 4V) equipped with
an output power of 7.2 W. The irradiation time was varied from 5 min to 60 min.
Cryogenic Transmission Electron Microscopy (cryo-TEM)
Samples for cryogenic transmission electron microscopy (cryo-TEM) were prepared in
an automated vitrification robot (VitrobotTM Mark III, FEI) at room temperature and a
relative humidity > 95%. 3 µL of samples were applied on a Quantifoil grids (R 2/2,
Electron Microscopy Sciences) and Lacey grids (LC200-CU, Electron Microscopy
Sciences), which were glow discharged prior use (Cressington 208 carbon coater
operation at 5 mA for 40s). Subsequently, excess liquid was blotted away and vitrified in
liquid ethane. On a FEI-Titan TEM equipped with a field emission gun operating at 300
kV the samples were examined. Post-GIF (Gatan imaging filter) 2 x 2 Gatan CCD camera
was used for the recording of the images. Micrographs were taken at low dose conditions,
using a defocus setting of -10 μm at 25k magnification or defocus setting of -40 μm at
6.5k magnification. The software ImageJ was used for image analysis.
Small-angle X-ray scattering (SAXS)
Small-angle X-ray scattering (SAXS) profiles were recorded on SAXLAB GANESHA 300
XL SAXS equipped with a GeniX 3D Cu Ultra-Low Divergence microfocus sealed tube
source producing X-rays with a wavelength λ = 1.54 Å at a flux of 1 × 108 ph/s and a Pilatus

300 K silicon pixel detector with 487 × 619 pixels of 172 × 172 μm2 in size placed a three
samples-to-detector distance of 113, 713 and 1513 nm respectively to cover a q-range of 0.1
≤ q ≤ 4.0 nm-1 with q =4π/λ (sinθ/2). The two-dimensional images were averaged to
obtain the intensity I(q) vs. q profiles and calibrated to absolute scale using Mili-Q water
as a reference, standard data reduction procedures, i.e. subtraction of the empty capillary
and the solvent contribution, were applied. The samples were prepared at a concentration
of 10 mg/mL in Mili-Q water and held in 2 mm quartz capillaries. Small-angle X-ray
scattering experiments were performed at 20 °C.
Rheology measurement

The mechanical properties of the photo-crosslinked hydrogels were performed on an
oscillatory rheometer: TA Discovery HR-3, equipped with a 5 mm stainless steel sandblasted plate-plate geometry to prevent sample slippage in a temperature controller. The
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temperature was fixed to 20 ºC, and 60 μL of the mixed solutions were loaded on the
rheometer with three different treatments:
1. without UV irradiation.
2. irradiated by 365 nm UV light for 30 min.
3. firstly irradiated by 365 nm UV light for 30 min, followed by irradiation of 254 nm UV
light for 30 min.
A fixed plate-to-plate gap of 1000 µm was used, and mineral oil was placed around the
sample to minimize evaporation. The time-dependent measurement was firstly
performed under an oscillatory strain of 1.0% and an angular frequency of 1.0 Hz for 3h.
The frequency sweep was conducted under a fixed amplitude of 1.0%, followed by a strain
sweep with a fixed angular frequency of 1.0 Hz.
For time-dependent in-situ rheological measurement, 200 μL of the mixed solutions
were loaded with a plate-plate rheometer (Anton Paar, MCR 501), equipped with a
custom-made UV-curing setup.30 The bottom plate is made of quartz and the top plate is
stainless-steel sand-blasted with a diameter of 25 mm. The measurement gap was 200
mm. The mixed solution was irradiated by UV light (Bluepoint LED eco, wavelength of
365 nm, Hönle Group) with an intensity of 7.2 mW/cm2, and the time-dependent
measurement was conducted under an oscillatory strain of 1.0% and an angular
frequency of 1.0 Hz. The irradiation sequences of 365 nm UV light were performed on
the mixed solution by turning on and off UV light to investigate the effect of pulsed
irradiation.
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Chapter 4
Hepatic spheroid formation on carbohydrate-functionalized
supramolecular hydrogels

Abstract | Synthetic supramolecular hydrogels offer many opportunities to develop
applications in cell culture in vitro and tissue engineering because their fibrillary and
dynamic nature mimic essential properties of the extracellular matrix (ECM). Besides
that, the presence of bioactive ligands is required to functionally mimic natural ECM.
Here, bis-urea amphiphiles based on lactobionic acid (LBA) and its isomeric maltobionic
acid (MBA) are developed that are shown to display excellent bioactive properties in
hepatic cell culture. The two designed carbohydrate amphiphiles self-assemble into long
supramolecular fibers in water, and at the gelation concentration, supramolecular
hydrogels are obtained by physical entanglement of fibers through bundling. Both
amphiphiles exhibit good self-healing behavior, but remarkably different stiffnesses.
Interestingly, both carbohydrate ligands used are proposed to bind to asialoglycoprotein
receptors (ASGPRs) in hepatic cells. This is shown via the induction of spheroid
formation by hepatic HepG2 cells (human liver hepatocellular carcinoma cell line) on
both supramolecular hydrogels. Moreover, it is shown that the hydrogel stiffness, and
the nature and density of the ligands in the two carbohydrate amphiphile systems,
influence cell migration, and spheroid size and number. These results illustrate the
attractivity of two novel and bioactive carbohydrate-functionalized synthetic amphiphiles
as alternatives to natural matrices for liver tissue engineering.

The content described in this Chapter is based on:
J. Liu†, Y. Zhang†, M. J. G. Schotman, P. P. Marín San Román, P. Y. W. Dankers, R. P. Sijbesma. Hepatic
spheroid formation on carbohydrate functionalized bis-urea amphiphile hydrogels, In preparation.
†Contributed equally
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4.1. Introduction
The extracellular matrix (ECM) is formed by hydrogel-like networks of fibrous proteins
that provide cells with structural support and biochemical cues to direct cell growth and
phenotype.1 Although synthetic hydrogels offer precise control over composition and
biophysical properties, commonly used hydrogels that are created by chemically
crosslinked polymer networks fail to mimic the filamentous architecture and dynamic
nature of extracellular matrices.2 Alternatively, physically crosslinked supramolecular
hydrogels formed by hierarchical assembly of low molecular weight gelators (LMWGs)
have emerged as an important sub-class of biomimetic hydrogels, recapitulating the
dynamic physical characteristics and fibrous microarchitectures of native ECMs.
Carbohydrate containing LMWGs have received particular interest as they usually exhibit
excellent biocompatibility, biodegradability, and promising mechanical properties.3,4 The
carbohydrates contain multiple hydroxy groups and can provide robust inter- and intramolecular hydrogen bonding interactions, which have been extensively exploited to
produce various dedicated and ordered nanostructures with a combination of other noncovalent interactions, such as hydrophobic and/or π-π interactions.4–6 Many examples
have shown that carbohydrate derived LMWGs show high potential for biomedical fields,
including wound healing7, cargo delivery8,9, and cell culture.6,10,11 Despite this progress,
most of carbohydrate based LMWGs have not been examined for tissue engineering
applications, and none has been shown to exhibit specific biological functions to promote
cell-mediated remodeling.12 Additionally, a subtle change of carbohydrate configuration
could lead to a dramatic difference in assembled morphologies and gelation ability,13,14
which significantly affects the property of the resulting materials and their potential
applications. Thus, an intelligent design of carbohydrate based LMWGs is required to
facilitate the formation of supramolecular hydrogels as ECM mimics.
Carbohydrates in biology serve as key elements in modulating cell adhesion, migration,
differentiation, and regulation or controlling cellular behavior through cell surface
receptors.15,16 For example, galactose (Gal) ligands are recognized by asialoglycoprotein
receptors (ASGPRs) that are abundantly present on the surface of hepatocytes. The
strong interaction between ASGPRs and Gal moieties can stimulate cell-matrix and cellcell interactions and induce the formation of 3D hepatocyte spheroids.17,18 Such spheroids
exhibit higher similarity to the biological tissue compared to monolayer cells, and their
use has resulted in enhanced liver-specific functions for liver tissue engineering.18,19
Therefore, Gal-functionalized materials, in which biologically active Gal ligands are
covalently grafted to polymers, have been a source of an artificial adhesion matrix for
liver tissue engineering. Moreover, many researchers have found that glucose (Glc)
functionalized nanocarriers20,21 or glucose-based biopolymers22–24 can also be applied in
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hepatocyte-related biomedical engineering fields, including drug delivery. It is
demonstrated that the Glc moiety can bind to ASGPRs as well because of a lack of
discrimination of ASGPR receptors between Gal and Glc configurations.25,26 However,
the difference of hepatic cell response on Gal- and Glc-based bioactive matrices remains
unclear. Since supramolecular hydrogels have begun to emerge as attractive scaffolds for
mimicking ECMs, incorporation of Gal and Glc ligands in supramolecular monomers
provides a promising platform to study hepatic cell behavior on two distinct bioactive
matrices. It also opens an avenue to investigate the effect of the subtle structural variation
of a single stereocenter on cell-cell and cell-matrix interactions.
Inspired by these considerations, lactobionic acid (LBA, Gal-based) and its isomeric
analogues, maltobionic acid (MBA, Glc-based) functionalized bis-urea amphiphile are
introduced, in which carbohydrate ligands are chemically conjugated to a hydrophobic
alkyl core with two urea moieties (Scheme 4.1a). We first investigate how the selfassembly and gelation formation ability of carbohydrate amphiphiles in water are
affected by carbohydrate stereochemistry--an orientation of the hydroxyl group.
Subsequently, a commonly used human hepatic cancer cell line (HepG2), is exploited to
elucidate how hepatic cells respond to different carbohydrate ligands on the gels and to
explore the spheroid formation mechanism, tracked by time-lapse imaging microscopy.
Furthermore, the differences in spheroid formation on different gel substrates in terms
of gel stiffness, ligand density and binding affinity of different carbohydrate ligands are
examined by a competition assay with two water-soluble MBA and LBA based inhibitors.
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Scheme 4.1 | (a) Chemical structures of carbohydrate based bis-urea amphiphiles; (b) Schematic
illustration of supramolecular hydrogel formation of carbohydrate functionalized bis-urea
amphiphiles in water and cell culture of HepG2 cells on bis-urea amphiphile hydrogels.

4.2. Results and discussion
Synthesis of carbohydrate functionalized bis-urea amphiphiles
Carbohydrate based amphiphiles were synthesized by a facile sequence of synthetic steps
in a direct analogy of the synthesis of non-bioactive oligo(ethylene glycol) (OEG)
amphiphile as previously reported.27 Synthesis started with the acid-catalyzed ring-
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closure reaction of bionic acid, which significantly increases the reaction rate with
diamines28, followed by adding 3-fold excess of alkyl diamines to minimize the formation
of symmetrical side product with two carbohydrate groups. In the last step, 0.5 eq. of
hexamethylene diisocyanate was added to obtain the final product (Scheme 4.2). A
combination of precipitation and recrystallization provided a satisfactory purity (>95%)
determined by 1H NMR and a high yield ( ̴65%).

Scheme 4.2 | Synthesis of carbohydrate functionalized bis-urea amphiphiles.

Self-assembly in water
LBA and MBA are water-soluble stereoisomers, thus serving as head groups to increase
water solubility and to balance the hydrophobic/hydrophilic ratio of bis-urea amphiphiles.
The bis-urea amphiphiles self-assemble in water, driven by hydrophobic interaction
which is strengthened and rendered more directional by hydrogen bonding of the urea
groups (Scheme 4.1b).29 It has been well-known that a subtle change in the molecular
structure of supramolecular monomers often results in markedly different assembled
morphologies and gelation behavior.30,31 Therefore, the critical micelles concentration
(CMC) of two carbohydrate amphiphiles was first investigated using Nile red assay. Both
amphiphiles exhibit a low CMC, with LBA amphiphile (2.3 μM) having a slightly lower

CMC than MBA amphiphile (4.8 μM), as indicated in Figure 4.1.
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Figure 4.1 | CMC determination of two carbohydrate amphiphiles. Plots of Nile red fluorescence
intensity ratio (I636nm/I655nm) versus log concentration of the LBA and MBA amphiphiles at room
temperature.

The morphology of the aggregates of the two amphiphiles in solution (above CMC) was
further examined with AFM. To this end, diluted solutions were heated to 120 °C in
sealed vials to erase thermal history. Upon quenching in an ice bath, both LBA and MBA
amphiphiles assemble into super-long fibers with a length of several micrometers
(Figure 4.2a and 4.2b) with a uniform height of ̴3.0 nm and the cross-sectional width of
̴100 nm (Figure 4.2c) observed in AFM images. Such large cross-sections in two
amphiphiles are likely related to the synergistic results of fiber aggregates during drying
and convolution of fiber width with the radius of the tip.32 The assembled morphologies
were also visualized by cryo-TEM, and both amphiphiles form well-defined fibers with a
length of several micrometers and a uniform diameter of 5-6 nm (Figure 4.2d and 4.2e),
but fewer fibers were observed for MBA amphiphile at the same concentration (0.5 mM)
after aging. It is also notable that at a lower concentration (0.1 mM), numerous long
fibers were still observed in LBA amphiphiles but not in MBA amphiphile. These results
prove that the LBA amphiphile assembles into long fibrous aggregates at a lower
concentration, in good agreement with the lower CMC value of LBA amphiphile. As
compared to short rodlike micelles in non-bioactive analogue OEG amphiphile, the
formation of super long fibers in carbohydrate amphiphiles can be explained by the
presence of multiple hydrogen bonds between carbohydrates, making them stack easily
along the direction of fiber growth. It has been reported that carbohydrate-mediated
multivalent interactions are important to form stable, discrete nanostructures stabilized
by inter- and intra-layer lateral hydrogen bonding between carbohydrate head groups.33–
35
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The fiber morphology of the two amphiphiles was also investigated with small-angle light
scattering technique (SAXS), and notably, the two scattering profiles of 8.4 mM (10
mg/mL) aqueous solutions overlapped in the whole q regime (Figure 4.2f), revealing that
LBA and MBA amphiphiles assemble into nanostructures with a very similar molecular
packing. The shape of the aggregates can be directly derived from the slope of the SAXS
profiles, and both carbohydrate amphiphiles exhibit a I ∝ q-1.0 power-law regime,
characteristic of rod-like objects. At high q values near 0.01 Å-1, a striking scattering peak
was observed in both carbohydrate amphiphiles, corresponding to the diameter of fibers.
To further quantify the dimensions of the aggregates, the scattering profiles were fitted
assuming a homogenous flexible cylindrical form factor. The profiles of two carbohydrate
amphiphiles are well-fitted as objects with a simple cylindrical form factor, providing a
radius of 3.4 nm. Unfortunately, it was not possible to extract reliable fiber lengths from
the scattering profiles because this parameter is far beyond the experimental resolution
of the instrument. Therefore, the length parameter was fixed at 1.0 μm during fitting
considering that the very long fibers of two amphiphiles were observed in the microscopy
images. The fitted radii for the carbohydrate amphiphiles are close to the fiber radius of
3.5 nm for the previously reported OEG amphiphile in Chapter 2 and are also consistent
with the diameters visualized by cryo-TEM images (Figure 4.2d and 4.2e).

Figure 4.2 | Self-assembled morphology of carbohydrate based bis-urea amphiphiles in water.
Representative AFM images of LBA amphiphile (a) and MBA amphiphile (b) at 0.1 mM on fresh
mica by a drop-casting method. The scale bar is 1.0 µm. (c) Height profile of LBA and MBA
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amphiphile fibers, indicated by thick colored lines. Representative Cryo-TEM images of LBA
amphiphile (d) and MBA amphiphile (e) at 0.5 mM. The scale bar is 100 nm. (f) SAXS profiles
(symbols) and form factor fits (lines) for carbohydrate amphiphiles in water at a concentration of
8.4 mM (10 mg/mL). Insert table: fitting results based on a cylindric form factor model.

Hydrogel formation
As visualized in microscopy images, the long fibers in LBA and MBA amphiphiles
tended to be twisted together and form network-like structures, suggesting that they can
form gels by aggregating into a supramolecular polymer network at higher concentration.
Upon heating, the carbohydrate amphiphiles dissolved readily in water, and rapidly
cooling the aqueous solutions in an ice bath gave transparent hydrogels upon standing
at room temperature (Figure 4.3), indicating that both amphiphiles are LMWGs.
However, slow cooling of the solutions resulted in opaque and inhomogeneous
suspensions or gels (Figure 4.3a), possibly due to the formation of large crystalline
structures, strongly implying a crystallization-driven self-assembly. Surprisingly, under
polarized light, both amphiphilic gels were birefringent (insert in Figure 4.3b and 4.3c),
a characteristic of lyotropic liquid crystal phases of glycolipids systems in which tight
stacking of carbohydrate amphiphile molecules results in the formation of large fiber
bundles.36,37

Figure 4.3 | Gelation of carbohydrate based bis-urea amphiphiles in water. (a) Hydrogel preparation
from turbid aqueous solution, taken 17 mM LBA amphiphile solution as an example. Optical and
polarized light images of 17 mM LBA gel (b) and 42 mM MBA gel (c). The scale bar in POM images
is 500 μm.
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Rheological testing of LBA, MBA and OEG amphiphiles was performed with an
oscillatory rheometer, and all hydrogels consistently displayed a viscoelastic response to
oscillatory shear, with a storage modulus (G’) that exceeded the loss modulus (G’’) by an
order of magnitude (Figure 4.4). The LBA amphiphile formed a stable hydrogel more
quickly than MBA and OEG amphiphiles. For example, a 17 mM solution of LBA
amphiphile gel reached a plateau modulus within ̴3h, while 42 mM MBA and 50 mM
OEG hydrogels required ̴10 h (Figure 4.4a). The gel concentrations required to reach a
similar G’ of around 400 Pa for LBA and MBA amphiphile were 17 mM and 42 mM,
respectively, while OEG amphiphile required the highest gel concentration (50 mM)
upon heating-cooling (Figure 4.4b and 4.4c). As described in Chapter 2, the OEG
amphiphile forms short fibers in water, thereby suggesting that the two carbohydrate
amphiphiles (LBA and MBA) aggregate through intermolecular hydrogen bonds not only
between bis-urea groups but also between alcohol residues of carbohydrate moieties.

Figure 4.4 | Rheological measurements of carbohydrate amphiphile hydrogels. Time sweep (a),
frequency sweep (b) and amplitude sweep (c) of different amphiphile hydrogels (storage modulus
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G’ and loss modulus G’’). The measurement temperature was set up at 37 °C. (d) Summary of G’
for different amphiphilic gels.

42 mM of LBA amphiphile gel was also prepared and had a G’ of ̴2900 Pa, which is 6
times higher than MBA amphiphile at the same concentration (Figure 4.4d). The
difference in storage modulus is likely related to the formation of three-dimensional
hydrogen-bond networks by the galactose moieties in LBA amphiphile, while the glucose
in MBA amphiphile only form two-dimensional networks, leading to a weaker gel with
less intermolecular hydrogen bonding interactions.34 The formation of gels from these
carbohydrate amphiphiles is therefore probably not just the result of fiber entanglement
but is also caused by bundle formation As indicated in Figure 4.5, both two carbohydrate
gels allowed self-healing after a high strain-induced breaking (γ = 500%), followed by a
gradual full recovery at a low strain (γ = 1.0%), giving promising applications in injectable
scaffolds for tissue engineering.

Figure 4.5 | Self-healing properties of 17 mM LBA (a) and 42 mM MBA (b) hydrogels at a minimum
strain of 1.0% (recovery) and a maximum strain of 500.0% (breaking) with an interval of 1 min,
2 min, 3 min and 5 min, respectively. The measurement temperature was set up at 37 °C.

Spheroid formation on carbohydrate hydrogels
Carbohydrate ligands in synthetic substrates are known to bind to specific ASGPR
receptors presented at the cell surface of hepatocytes. These specific cell-ECM
interactions induce the formation of spheroids with improved liver function compared
to traditional 2D monolayers.38,39 To investigate the effect of different ligand categories
and carbohydrate ligand density in the self-assembled gels on spheroid formation, 17
mM LBA and 42 mM MBA gels were prepared. Note that both have a storage modulus
(G’) of ̴400 Pa, similar to that of the stiffness of a normal liver in vivo.40 Next to this, to
assess the influence of substrate rigidity on spheroid formation while keeping the
carbohydrate ligand density constant, a 42 mM LBA gel was prepared with a G’ of ̴2900
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Pa. Phase-contrast microscopy images of HepG2 cultured on each matrix were recorded
at day 1, day 3, and day 5, respectively, in collaboration with Dr. Ying Zhang. Notably,
both carbohydrate amphiphile gels supported the formation of three-dimensional
aggregates (so-called spheroids) within 3 days from HepG2 cell seeding (Figure 4.6a).
However, the spheroids on the different substrates showed large differences in average
diameter and number of colonies. Quantitative measurement of the spheroids cultured
for 5 days was conducted by image processing analysis software. Identification of 24
spheroids on a randomly selected area of 17 mM LBA gel provides an average diameter
of 80 µm. No significant differences in average spheroids diameter and colony numbers
were measured on the two different LBA gels with two different concentrations (17 mM
LBA and 42 LBA) with a G’ of 400 Pa and 2900 Pa, respectively. However, more
spheroids (78) with a smaller size (diameter: 34 µm) were observed when culturing on
42 mM MBA gel (Figure 4.6b and 4.6c).

Figure 4.6 | Spheroid formation on carbohydrate amphiphilic gels. (a) Time-dependent HepG2
cells behavior on 17 mM LBA, 42 mM LBA and 42 mM MBA amphiphile gels over a period of 5
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days after seeding by optical contrast microscopic observation. The scale bar is 200 µm. Statistical
analysis of spheroid colony (b) and diameter (c) at day 5 on LBA and MBA amphiphile gels.

The OEG gel and collagen-coated well-plates were also investigated as controls.
Interestingly, a large majority of cells remained dispersed on the non-adhesive OEG gel,
and a spread-out morphology with monolayers was observed on collagen-coated plates
over time (Figure 4.7). Altogether, these results show that both LBA and MBA gels
promote the formation of the spheroids, but their differences in concentration, related
stiffness and ligand density may result in variations of spheroid diameters and formation
efficiency. Recently, Kieltyka and coworkers have reported a synthetic squaramide based
supramolecular hydrogel functionalized with Arg-Gly-Asp (RGD) peptide motifs,
showing bioactivity by supporting the formation of HepG2 spheroids over 3 weeks of
culture.41 Here, we complement their results with easy to synthesize carbohydrate
functionalized amphiphiles that provide self-assembled gels with a culture time for
spheroid formation that is reduced to 3 days.

Figure 4.7 | HepG2 cells on plated in collagen-coated well plates (a) and 50 mM OEG hydrogel (b),
respectively. Cells were grown over time by optical contrast microscopic observation. The scale bar
is 400 μm.

Importantly, the HepG2 cells in spheroids remained viable without observation of
necrotic core on 17 mM LBA, 42 mM MBA and 42 mM LBA gels after 5 days of culturing,
suggesting low toxicity of these hydrogels to HepG2 cells (Figure 4.8a-c). In spheroids

with a size below 200 μm, diffusion limitations in the transportation of nutrients, oxygen,
and waste are minimal and the formation of a necrotic core was not observed.42,43
Additionally, immunofluorescence staining experiments were also performed to study
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the cell-matrix interactions in spheroids. Intense staining of an intricate network of
cytoskeletal F-actin (green) filaments was seen throughout the spheroids.
Immunostainings for β1 integrin were visualized at the margins of the spheroids where
cells contact the gel matrix (Figure 4.8d). From the above results, it is concluded that
HepG2 cells remain viable as spheroids, and the cell-matrix interactions present between
HepG2 cells and carbohydrate functionalized hydrogels.

Figure 4.8 | Spheroid staining. Living-dead staining of spheroids on 17 mM LBA gel (a), 42 mM
LBA gel (c) and 42 mM MBA gel (c) at day 5: living: calcein AM and dead: propidium iodide. The
multilayer cells were observed in xz and yz axials from confocal microscopy images. The images
were acquired at a certain plane along the focal axis (z). The scale bar is 50 µm. (d) Confocal
microscopy of stained spheroids on 17 mM LBA gel, 42 mM LBA gel and 42 mM MBA gel at day
5: blue: nucleus; green: actin; red: β1-integrin; and merged images. The scale bar is 50 µm.
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Cell proliferation of spheroids was also investigated by using Ki-67, a proliferation
marker. The expression of Ki-67 was significantly low at day 3, 5 and 7, indicating that
cell proliferation was low during the spheroid formation process (Figure 4.9a), in line
with an observation from Price and coworkers.44 Moreover, the metabolic activity of
spheroids generated on two different gels was investigated by evaluating albumin
secretion and urea synthesis, two typical functions of liver hepatocytes at day 3, day 5 and
day 7, respectively. Spheroids generated on 17 mM LBA and 42 mM MBA gels produced
the same amount of urea and albumin, although the spheroid sizes and numbers on the
two gels are significantly different, as indicated in Figure 4.9b and 4.9c. In liver
spheroids, it has been reported that the metabolic and synthetic genes are up-regulated
compared to monolayer cells, thus leading to enhanced liver-specific functions.45 In
contrast, the spheroid formation has been reported to inhibit the proliferation of cells via
contact-inhibition.46

Figure 4.9 | Proliferation assay for spheroids formation on 17 mM LBA (a) and 42 mM MBA (b)
gels at day 3 (blue: nuclei; green: actin; red: Ki67; and merged images) by confocal microscopy
observation. The scale bar is 50 μm. Urea (b) and albumin (c) production of HepG2 spheroids on
LBA and MBA gels.
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Inhibition of spheroid formation
To further investigate that spheroid formation is mediated through specific recognition
between ASGPRs and carbohydrate ligands, N-acetylgalactosamine (GalNAc), a Galderived inhibitor that can bind to ASGPRs in the HepG2 cell membrane47 was used in
the carbohydrate amphiphile gel system (Figure 4.10a). To this end, the different
concentrations of GalNAc solutions (50, 100 and 300 mM) were mixed with the cell
suspensions before seeding cells on gels. The HepG2 cells still form compact aggregates
in the presence of 50 and 100 mM of GalNAc after two-day culturing. Interestingly, cells
treated with 300 mM GalNAc clustered into irregular and branched morphologies. That
was in sharp contrast with the round and compact shape of spheroids observed in
reference experiments in which the cells were treated with PBS (Figure 4.10b). These
indicate that a high concentration of GalNAc is required to inhibit spheroid formation:
to suppress the spheroid formation, the concentration of GalNAc inhibitor present in the
medium should be much higher than that of the carbohydrate ligands in the gels.
Inhibition of spheroid formation by GalNAc also implies that the induction of spheroid
formation by the LBA or MBA ligands in the gels is indeed mediated through ASGPRs.

Figure 4.10 | Competition assay with GalNAc. (a) Chemical structure of the commercialized
ASGPR inhibitor-GalNAc. (b) Representative bright-field images of HepG2 cells treated with 300
mM GalNAc and cells treated with PBS as control the group after 2 days of culturing on different
gels. The scale bar is 200 μm.

It has been learned that spheroid formation on LBA and MBA gels is mediated by
ASGPRs-carbohydrate interactions. However, it remains unclear whether the
configurational difference between LBA and MBA amphiphiles affects binding
interaction to ASGPRs in HepG2 cells. To answer this question, two water-soluble
compounds: Butyl-LBA and Butyl-MBA were synthesized as analogous inhibitors to
probe the difference in interactions to the ASGPR receptors (Figure 4.11a).48,49
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Competition experiments were carried out on 17 mM LBA gels, to which different
concentrations (50, 100 and 300 mM) of Butyl-LBA and Butyl-MBA were added by
mixing with cell suspensions before cell seeding, followed by observation of aggregate
morphology by bright-field microscopy, as shown in Figure 4.11b. To determine
inhibition effect of two inhibitors, shape-related characteristics including circularity and
aspect ratio were quantitatively analyzed these irregular cell aggregates with image
analysis software. Compared to the control substrate (17 mM LBA gel without treatment),
the circularity of all cell aggregates formed with two inhibitors became significantly
smaller, and the aspect ratio turned higher after two days of culturing, suggesting the
inhibition effect of all the reagents. The HepG2 cells still formed compact aggregates
with 50 mM Butyl-LBA, leading to the circularity of 0.51 and an aspect ratio of 1.48,
whereas the aggregates formed in the presence of 50 mM Butyl-MBA exhibited loose
morphologies with the lower circularity and higher aspect ratio. These results suggest
that Butyl-MBA in the medium displays a stronger influence on spheroid formation than
Butyl-LBA, suggesting that the MBA ligand has a stronger interaction with HepG2 cells
than the LBA ligand. Such different inhibition effects on spheroid formation could be
caused by the difference in binding affinity of carbohydrate ligands to the ASGPRs.
Notably, 50 mM Butyl-LBA and 300 mM GalNAc resulted in cell aggregates with no
significant difference in circularity and aspect ratio, indicating that these two solutions
exhibit a similar inhibiting effect on the formation of HepG2 spheroids. Furthermore,
100 mM of Butyl-LBA showed stronger inhibition, with the HepG2 cells assembled into
looser cell aggregates with a lower circularity (0.38) and higher aspect ratio (1.84) than
cell aggregates formed in the presence of 50 mM Butyl-LBA. However, no significant
changes in circularity and aspect ratio were observed when increasing Butyl-MBA from
50 mM to 100 mM. Moreover, the morphology of cell aggregates with 100 mM ButylLBA was similar to that with 100 mM Butyl-MBA, revealing that inhibiting effect of
spheroid formation is almost identical at a higher inhibitor concentration (Figure 4.11c
and 4.11d). Finally, HepG2 cells remained dispersed and failed to form cell aggregates at
a concentration of 300 mM for either Butyl-LBA or Butyl-MBA (Figure 4.11b), indicating
that the assembly behavior of cells is completely suppressed on carbohydrate gels.
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Figure 4.11 | Competition assay with two analogous inhibitors. (a) Chemical structures of two
inhibitors: Butyl-LBA and Butyl-MBA. (b) Representative bright-field images of cells treated with
Butyl-LBA and Butyl-MBA (50 mM, 100 mM and 300 mM), respectively. The scale bar is 200 μm.
(c) Quantitative analysis of circularity, comparing the perimeter of a shape to the area it contains,
of cell spheroids or clusters grown on a 17 mM LBA hydrogel. (d) Quantitative analysis of aspect
ratio, defined as the height over width dimension, of cell spheroids or clusters grown on a 17 mM
LBA hydrogel. For each group, 10-20 spheroids or clusters were analyzed.
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Cell migration on carbohydrate hydrogels
The formation of liver spheroid is a synergistic effect of cell adhesion, migration, and
proliferation.18,43 In our case, LBA or MBA ligands presented in the gel substrates
enhance the ASGPR-dependent cell-adhesion to facilitate the co-assembly of hepatocytes
and result in a gradual aggregation to form multicellular aggregates. To investigate
whether the spheroid variations in diameter and spheroid formation efficiency are
attributed to changes in cell motility on different carbohydrate gel surfaces, live-cell
imaging microscopy was employed to visualize and track cell migration and aggregation,
especially in the early stages of spheroid formation (0-450 min). As indicated from the
time-lapse microscopy, the HepG2 cells remained a round morphology on carbohydrate
functionalized hydrogels. Interestingly, the cells had high mobility and tended to find
each other on the surface of carbohydrate amphiphile hydrogels after seeding, leading
progressively to the formation of loose cell aggregates. Additionally, the cellular
aggregates continued to retract and reorganize to different shapes with attaching more
neighboring cells on the gels (80-800 min). Afterward, more compact and smooth
spheroids were formed with a significant decrease in cell mobility (Figure 4.12). It is
evident from these time-lapse microscopic results that the formation of HepG2
spheroids on carbohydrate gels is mainly caused through cell migration mechanism by
clustering with more cells in close proximity, in good agreement with a low cell
proliferation found in Ki67 staining (Figure 4.9a).

Figure 4.12 | Representative snapshots of cell migration on 17 mm LBA gel at different time,
obtained from time-lapse microscopy (CytoSMART Lux2): The scale bar is 50 μm.
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To compute cell migration parameters, including cell migration trajectories and average
cell velocity, the migration of 15-25 representative cells on all gels (the first 300 min,
before the spheroid formation) was analyzed (Figure 4.13). The HepG2 cells migrated up
to ̴600 µm on 17 mM LBA gel and ̴ 200 µm on two 42 mM gels (Figure 4.13a and 4.13b)
(Figure 4.13c). Despite high variability in the migration distances, it is clear that on LBA
gels, cells migrated further than that on MBA gels. Accordingly, cells cultured on LBA
17 mM gel migrated at an average speed of 1.25 µm/min, close to the cell migration speed
on 42 mM LBA hydrogels (Figure 4.13d). The observed relative migration speeds are in
line with the faster migration on higher stiffness substrates reported in literature50, and
with the suppression of cell migration when a higher ligand density provides more
anchoring sites.51 Thus, the gel stiffness and ligand density have opposite effects on cell
migration speed LBA gels, leading to similar speeds on 17 and 42 mM LBA gels. In
contrast, cells on 42 mM MBA gel moved at a significantly lower speed of 0.69 µm/min.
Although this gel has a similar gel stiffness as the 17 mM LBA gel, its higher ligand
density suppresses cell migration. Also, we speculate that the ligand type may contribute
to this difference in cell migration since the MBA ligand exhibits a stronger interaction
with HepG2 cells shown in the competition experiments. Additionally, as compared to
42 mM LBA gel, the 42 mM MBA gel has a low gel stiffness but exhibits a strong
interaction with ASGPRs in HepG2 cells, as a result, cells migrate more slowly on 42
mM MBA gels. Therefore, the physical and biological parameters of carbohydrate based
supramolecular hydrogels, including gel stiffness, ligand density, and ligand type,
significantly affect cell migration speed. Notably, directional migration of HepG2 cells
appeared to be found in 17 mM LBA gel. It is probably due to the anisotropy of
carbohydrate functionalized hydrogels (Figure 2a and 2b), which guides cell movement
along aligned fibers or bundles.52,53
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Figure 4.13 | Cell migration on carbohydrate amphiphile gels. Cell movement was tracked over a
period of 300 min by live-cell imaging with an interval time of 3 min. Representative trajectory
plots of HepG2 cells on 17 mM LBA (a), 42 mM LBA (b) and 42 mM MBA (c) gels. (d) Quantitative
analysis of average migration speed of HepG2 cells on three different gels. The trajectory and mean
velocity are calculated by Trackmate in imageJ. For each group, n = 20. Only tracks of single cells
were included.

In the competition assay, adding analogous LBA and MBA based inhibitors significantly
suppresses the formation of round and compact spheroids by turning them into loose
and irregular aggregates. The inhibiting experiments indicate that soluble inhibitors
added to the culture medium block the ASGPRs in HepG2 cells and result in an
inhibition of spheroid formation, dependent on the concentration and type of inhibitors.
At higher dissolved inhibitor concentrations, spheroid formation is inhibited more
strongly. Similarly, the stronger the interactions to HepG2 cells of the inhibitors are, the
stronger the inhibition effect the free inhibitors cause. As a result, when Butyl-LBA and
Butyl-MBA are 50 mM, which is only slightly higher than ligands conjugated on the 17
mM LBA, the interaction to HepG2 cells of inhibitors plays a key role in determining cell
aggregation. When the Butyl-LBA and Butyl-MBA concentration increases to 100 mM,
which is almost 3 times for the carbohydrates on the 17 mM LBA gel, their effects on
spheroid inhibition are similar. When there are far more free carbohydrates in the
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medium (300 mM inhibitors), the assembly behavior of cells in all conditions was
completely suppressed, resulting in isolated cells dispersed on the substrates. Therefore,
a competition between the free ligands from inhibitors and the ligands conjugated on
the gel substrates works together to determine cell aggregation behavior.
Furthermore, the living-cell tracking microscopy provides more information on the selfassembly of individual cells into cellular aggregates and reorganization into multicellular
spheroids with respect to mean velocity and migration distance, suggesting that the
formation of HepG2 spheroids with varied sizes and numbers on carbohydrate gels are
due to the changes in cell motility. In general, HepG2 cells migrate exceedingly fast on
the surface of LBA gels to provide fewer but bigger spheroids because the higher
migration speed of cells cultured on LBA gel increases the likelihood of larger cell cluster
formation, while most cells appear to be trapped on MBA gel, leading to more and
smaller spheroids. Moreover, the HepG2 cells migrate at a similar speed on two LBA
gels, regardless of gel stiffness and ligand density, and the similar migration speeds
explain the similar size and number of cell spheroids on these two LBA gels. Therefore,
it is clear that the differences in spheroid size and cell migration velocity are attributed
to a synergistic effect of the gel rigidity, ligand density, and ligand type to AGSPR
receptors.
4.3. Conclusions
To conclude, this Chapter presents two novel LBA- and MBA-functionalized bis-urea
amphiphiles that are capable of assembling into long and well-defined fibers in water to
afford supramolecular hydrogels with liquid crystal phase-like bundle structures.
Although the carbohydrate configuration does not influence assembled fibrillar
structures, the gelation properties are significantly affected, and particularly the LBA
hydrogel is much stiffer than MBA gel at the same concentration, thus allowing us to
modulate the stiffness of supramolecular hydrogels. Moreover, both two gels exhibit
good self-healing through supramolecular non-covalent bonding, revealing dynamic
features. Remarkably, both carbohydrate amphiphile hydrogels promote spheroid
formation through ASGPR-carbohydrate interactions (cell-matrix interactions) when
cultured with HepG2 cells, showing excellent bioactivity. Compared to the bioactive
hydrogels reported by Kieltyka and coworkers, our supramolecular hydrogel systems do
not require the additional functionalization of RGD motifs for building blocks, allowing
HepG2 cells to form spheroids in a more liable manner. Also, the liver-specific functions
are enhanced over cultivation time by assessing albumin secretion and urea synthesis,
related to liver-specific functions. Furthermore, a combination of physical and biological
parameters of carbohydrate based supramolecular hydrogels (such as gel stiffness, ligand
density, and ligand type), significantly affects cell migration speed which in turn further
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influences the size and number of spheroid colonies, thereby showing high potential in
modulating hepatic spheroids for liver tissue engineering.
To sum up, we developed two fully synthetic supramolecular hydrogels without the need
of chemical crosslinking and peptide motif functionalization to mimic fibrous
architecture, dynamicity and bioactivity of ECMs. The self-assembled hydrogels not only
provide a promising platform to elucidate the role of carbohydrate ligand category, gel
stiffness and ligand density on spheroid formation but also offer a new avenue towards
a processible and bioactive mimic of the natural microenvironment for liver tissue
engineering. In future work, chemical crosslinking between fibers may be incorporated
to gain better control over gel stiffness and to introduce strain-stiffening behavior to
achieve a full mimic of ECMs.
4.4. Experimental section
Materials and general methods
All used materials were commercially available and used without further purification
unless noted otherwise. Deuterated solvents were purchased from Cambridge Isotopes
Laboratories. The reaction was carried out under an inert argon atmosphere and all
glassware was dried in an oven before the reaction. Lactobionic acid (LBA), 1,10diaminodecane (C10 diamines), N-acetylgalactosamine (GalNAc) and n-butylamine were
purchased from Sigma-Aldrich, and hexamethylene diisocyanate (HDI) was purchased
from Tokyo Chemical Industry (TCI). Maltobionic acid (MBA) was purchased from
Biosynth Carbosynth. All chemicals were used without further purification.1H NMR and
13
C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx or Varian
400MR) operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR. Chemical shift
(δ) is reported in parts per million (ppm) from tetramethylsilane (TMS) or using the
resonance of the deuterated solvent as an internal standard. Splitting patterns are labeled
as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q) and multiplet (m).
Liquid chromatography-mass spectrometry (LC-MS) was performed on a Thermo Fisher
Scientific LCQ Fleet ESI-MS with H2O (0.1% formic acid) as eluents.
Synthetic procedures
Synthesis of LBA amphiphile
Lactobiono-δ-lactone
The literature procedure28 was modified as follows: 10.0 g (27.9 mmol) of lactobionic
acid was dissolved in 100 mL of dry methanol, and 0.5 mL trifluoroacetic acid (TFA) was
added and the reaction mixture was stirred at 50 °C under argon atmosphere. After 3
hours, all solvents were evaporated under reduced pressure, the reaction was continued
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after re-dissolving the reaction mixture in methanol and another 0.5 mL of TFA was
added. The above step was repeated 3 times to provide lactobiono-δ-lactone as a white,
foamy solid. The product was used without further purification.
LBA-C10-NH2
3.0 g (1.0 eq., 8.82 mmol) of lactobiono-δ-lactone was dissolved in 100 mL of methanol,
and then 4.55 g (3.0 eq., 26.5 mmol) of 1, 10-decanodiamine and 1.23 mL (1.0 eq., 8.82
mmol) of triethylamine were added. The reaction was carried out at 50 °C under an argon
atmosphere for 24 h. After removing most of MeOH, the solution was added dropwise
into 500 mL of a 4:1 chloroform/diethyl ether mixture to provide a white precipitate. This
solid was washed twice with 200 mL of chloroform. LBA-C10-NH2 (3.52 g) was obtained
after vacuum filtration and drying in vacuo in 87% yield, containing ca. 6% of dilactobionic amides as byproducts without further purifications.
H NMR (400 MHz, d6-DMSO) δ ppm: 7.55 (t, 1H), 4.27 (d, 1H), 4.08 (d, 1H), 4.00 (m,
1H), 3.74-3.14 (m, 18H from sugar rings), 3.16-2.98 (m, 2H), 2.54 (m, 2H), 1.47-1.08 (m,
16H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 172.51, 105.07, 83.42, 79.65, 76.17, 73.70, 72.43,
71.87, 71.58, 70.92, 68.68, 62.82, 61.11, 41.87, 40.88, 40.59, 40.39, 40.18, 39.97, 39.76,
39.55, 39.34, 38.74, 33.23, 29.66, 29.45, 29.42, 29.24, 26.85, 26.79.
13

M/z: 513.50 [M+H]+1, calcd for C22H44N2O11: 512.29.
LBA amphiphile
1.5 g (2.93 mmol) of LBA-C10-NH2 was dissolved in 10 mL of dry dimethyl sulfoxide
(DMSO), together with 1.0 eq. of triethylamine. To this solution, 246 mg of
hexamethylene diisocyanate (HDI, 1.46 mmol) in 10 mL of dry DMSO was added
dropwise for 1h, and the reaction mixture was stirred vigorously overnight at room
temperature under argon atmosphere. After this time, the reaction solution was added
dropwise into 500 mL of chloroform/diethyl ether (2:1) to provide a crude product as a
white solid after vacuum filtration. The relatively pure (> 95%) LBA amphiphile can be
obtained from recrystallization in MeOH with a yield of ̴60%.
H NMR (400 MHz, d6-DMSO) δ ppm: 7.55 (t, 2H), 5.71 (m, 4H), 5.16-5.10 (m, 4H), 4.77
(m, 4H), 4.67 (t, 2H), 4.46 (m, 4H), 4.27 (d, 2H), 4.11 (m, 2H), 4.00 (m, 4H), 3.74-3.64
(m, 4H), 3.63-3.56 (m, 4H), 3.56-3.45 (m, 6H), 3.42-3.37 (t, 2H), 3.37-3.26 (m, 4H, overlap
with H2O), 3.14-2.98 (t, 4H), 2.98-2.86 (m, 8H), 1.55-1.13(m, 40H).
1
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C NMR (100 MHz, d6-DMSO) δ ppm: 172.50, 158.57, 105.07, 83.42, 76.17, 73.69, 72.44,
71.87, 71.58, 70.91, 68.70, 62.82, 61.14, 38.78, 30.52, 29.69, 29.51, 29.46, 29.30, 29.28,
26.89, 26.85, 26.60.
13

M/z: 1193.33 [M+H]+1, calcd for C52H100N6O24: 1192.68.
Synthesis of MBA amphiphile
The synthesis of MBA amphiphile was followed the above procedures in a yield of 67%.
H NMR (400 MHz, d6-DMSO) δ ppm: 7.55 (t, 2H), 5.72 (m, 4H), 5.53 (d, 2H), 5.33 (d,
2H), 4.89 (m, 6H), 4.67 (d, 2H), 4.54-4.40 (m, 6H), 4.04-3.92 (m, 4H), 3.70-3.35 (m,
16H), 3.28-3.20 (m, 2H), 3.14-2.98 (m, 6H), 2.99-2.88 (m, 8H), 1.46-1.14 (m, 40H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 172.38, 158.56, 101.20, 83.48, 73.81, 73.64, 72.75,
72.56, 72.41, 72.06, 70.35, 63.06, 61.11, 40.88, 38.75, 30.52, 29.71, 29.52, 29.46, 29.30,
29.27, 26.88, 26.83, 26.60.

13

M/z: 1193.42 [M+H]+1, calcd for C52H100N6O24: 1192.68.
Synthesis of LBA-butyl amide

Scheme S4.1 | Synthetic route for LBA-butyl amide.

300 mg (1.0 eq., 0.882 mmol) of lactobiono-δ-lactone was dissolved in 5 mL of ethanol,
and then 97 mg (1.5 eq., 1.32 mmol) of n-butylamine and 133 mg (1.5 eq., 1.32 mmol) of
triethylamine were added. The mixture solution was stirred at room temperature
overnight, and the reaction solution was added dropwise into 50 mL of diethyl ether to
remove excess butylamine and triethylamine. A white precipitate was collected by
centrifugation and further purified by recrystallization in ethanol to provide a white solid
in 30% yield ( ̴110 mg) after drying in vacuo.
H NMR (400 MHz, MeOD) δ ppm: 4.48 (d, 1H), 4.32 (d, 1H), 4.21 (q, 1H), 3.45-4.00 (H
from sugar rings, including H from residual EtOH solvent), 3.24 (t, 2H), 1.51 (t, 2H), 1.38
(t, 2H), 0.94 (t, 3H).

1

M/z: 414.00 [M+H]+1, calcd for C16H31NO11: 413.19.
Synthesis of MBA-butyl amide
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Scheme S4.2 |. Synthetic route for MBA-butyl amide.

The synthesis of MBA-butyl amide was followed the above procedures in a yield of 44%
(~160 mg).
H NMR (400 MHz, MeOD) δ ppm: 5.06 (d, 1H), 4.23 (d, 1H), 4.18 (q, 1H), 3.55-3.97 (H
from sugar rings, including H from residual EtOH solvent), 3.45 (q, 1H), 3.24 (t, 2H),
1.51 (t, 2H), 1.38 (t, 2H), 0.94 (t, 3H).

1

M/z: 414.00 [M+H]+1, calcd for C16H31NO11: 413.19.
Preparation of sugar amphiphile solutions and gels
Sugar amphiphile was firstly dissolved in Mili-Q water with sonication to get an opaque
suspension solution. An aqueous suspension was heated with a sealed vial in an oil bath
for 10 min at 120 °C and then cooled quickly in an ice bath to obtain a clear solution or
gels. The solutions or gels were allowed to re-assemble for at least 1 d. Samples were
diluted with Mili-Q water prior to imaging.
Critical micellization concentration (CMC) measurement
Nile red is a hydrophobic and solvatochromic dye that is commonly used to determine
CMC values of supramolecular assemblies. A series of 1.0 mL of carbohydrate
amphiphiles solution was prepared by diluting 8.4 mM (10 mg/mL) storing solution by
Mili-Q water. After that, all solutions were put into a water bath at 100 °C for 5 min, then
quickly quenched in ice water followed by standing at room temperature for 3 days before
adding Nile red solution. Finally, 5.0 μL of 0.2 mM Nile red dissolved in DMSO was
added into 1.0 mL carbohydrate amphiphile solutions, and all samples were equilibrated
for at least 2h in the dark before measurements. A Perkin Elmer Luminescence
Spectrometer LS 45 was used to measure CMCs for samples. The fluorescence of Nile
red was recorded from 560 to 800 nm with a voltage of 800V and a slit of 5 nm, with an
excitation wavelength of 550 nm. The ratio of intensity at 636 nm (emission maximum
of the dye in the hydrophobic environment) to that 655 nm (emission maximum in
aqueous conditions) was then plotted against the concentration of each carbohydrate
amphiphile.
Cryogenic transmission electron microscopy (Cryo-TEM)
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Samples for cryogenic transmission electron microscopy (Cryo-TEM) were prepared in
an automated vitrification robot (VitrobotTM Mark III, FEI) at room temperature and a
relative humidity > 95%. 3 µL of samples were applied on a Quantifoil grid (carbon
support film on a copper grid, typeR 2/2, Electron Microscopy Sciences), which was glow
discharged prior use (Cressington 208 carbon coater operation at 5 mA for 40s).
Subsequently, excess liquid was blotted away and vitrified in liquid ethane. The vitrified
film was transferred to a cryoholder (Gatan 626) and observed in a FEI Tecnai 20 (type
Sphera) microscope operating at 120 kV, equipped with a LaB6 filament. The images
were recorded using a 1k × 1k Gatan CCD camera, and software ImageJ was used for
image analysis.
Atomic force microscopy (AFM)
Atomic force microscopy was carried out on a Digital Instruments Dimension
Nanoscope IV in tapping mode regime to record height images with silicon cantilever
tips (PPP-NCHR, NanoSensors, 204-497 kHz, and 10-130 N·M-1) at room temperature.
10 µL of diluted samples were placed on a VI Mica disc (12 mm, Ted Pella Inc.) for 10
min, and then were washed with 200 µL Mili-Q water three times using pipette tips.
Subsequently, the samples were dried in an N2 flow atmosphere overnight before
measurement. Images were processed by using NanoScope Analysis Software (version
1.9).
Small-angle X-ray scattering (SAXS)
Small-angle X-ray scattering (SAXS) profiles were recorded on SAXLAB GANESHA 300
XL SAXS equipped with a GeniX 3D Cu Ultra-Low Divergence microfocus sealed tube
source producing X-rays with a wavelength λ = 1.54 Å at a flux of 1 × 108 ph/s and a Pilatus

300 K silicon pixel detector with 487 × 619 pixels of 172 × 172 μm2 in size placed a three
samples-to-detector distance of 113, 713 and 1513 nm respectively to cover a q-range of 0.1
≤ q ≤ 4.0 nm-1 with q =4π/λ (sinθ/2). The two-dimensional images were averaged to
obtain the intensity I(q) vs. q profiles and calibrated to absolute scale using Mili-Q water
as a reference, standard data reduction procedures, i.e. subtraction of the empty capillary
and the solvent contribution, were applied. The samples were prepared at a concentration
of 10 mg/mL in Mili-Q water and held in 2 mm quartz capillaries. Small-angle X-ray
scattering experiments were performed at 20 °C.
Rheological measurements
The mechanical properties of the hydrogels were performed on an oscillatory rheometer:
Physicia MCR 501 Discovery HR-3, equipped with a 25 mm stainless steel sand-blasted
plate-plate geometry to prevent sample slippage in a temperature controller. The sample
volume was 300 µL at a fixed plate-to-plate gap of 500 µm, and mineral oil was placed
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around the sample to minimize evaporation. The temperature was fixed to 37 ºC, and
gelation was monitored under an oscillatory strain of 1.0% and an angular frequency of
1.0 Hz. The frequency sweep was conducted under a fixed amplitude of 1.0%, followed
by a strain sweep with a fixed angular frequency of 1.0 Hz. The self-healing behavior was
measured continuously at a fixed angular frequency of 1.0 Hz, and the breakage of the
gel network was at a maximal strain of 500.0%, and the recovery stain was at a minimal
strain of 1.0%.
Cell culture experiments
Cell culture
HepG2 cells were cultured in DMEM medium containing 10% FBS, 1%
penicillin/streptomycin (complete DMEM) in 5% CO2 at 37 °C.
Gel preparation for cell culture
The gels stored at 4 °C were taken out of the fridge and shaken for seconds to obtain
solutions and the resulting solutions were pipetted into µ-Slide angiogenesis plates for
gelation. The solutions were allowed to re-assemble for 1 d at room temperature. The
recovered gels and plates were treated with UV light for 10 min to sterilize before cell
seeding. Subsequently, the cells were seeded on the top of hydrogels at a density of 2000
cells per well and cultured at 37 °C for 3-5 days. The optical images of cells morphology
were recorded on optical microscopy equipped with a Leica camera.
Live/dead staining
For the live/dead cell staining, the HepG2 cells were washed with PBS twice and then
loaded with 1 µmol calcein and 2 µmol propidium iodide for 1 h and then directly
captured using a Leica SP8 system. Empty wells with complete DMEM medium were
used as the control group, and all experiments were conducted in triplicate.
Immunofluorescence staining
For 2D cultured HepG2 cells immunofluorescence analysis, spheroids generated on gels
were fixed with 3.7% formalin for 30 min, followed by further washes with PBS. The cells
were permeabilized with 0.2% Triton X-100 in PBS for 1 h, followed by another 1 h of
blocking with 2% BSA in PBS. The primary antibody incubation was performed in 1%
BSA in PBS at room temperature for 2 h. The following primary antibodies were used:
mouse β1-integrin (Santa Cruz, Cat. #sc-53711, 1:200) and rabbit Ki67 (Thermo scientific,
#rb1510-P0, 1:500). The secondary antibody incubation was in 1% BSA in PBS at room
temperature for 1 h, followed by three PBS washes. Alexa 488- (Invitrogen, Cat. #A21206,
1:400) or 555- (Invitrogen, Cat. #A21424, 1:400) conjugated secondary antibodies were
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used. All immunofluorescence experiments were performed with negative controls
without any primary antibodies. The samples were then incubated with DAPI (5 μg/mL)
at room temperature for 10 min, followed by washing by PBS three times. The samples
were mounted in PBS. Alexa-647 conjugated phalloidin (Life Technologies) was used
1:100 in 1% BSA to visualize F-actin microfilaments. Images were acquired using a Leica
TCS SP8X confocal microscope. Acquired images were processed by Fiji.
Time-lapse imaging microscopy
Time-lapse microscopy was conducted to analyze cell motility, migration behavior,
morphology, and spheroid formation. The supporting videos were carried out on
CytoSMART Lux2, placed in an incubation system. Each gel was imaged 1 field of view
for a period of up to 5 days, with an interval of 5 min. Leica DMi8 was used for trajectory
analysis with an interval of 3 min. The obtained images were performed using ImageJ
software. To determine cell trajectories, migration paths of 20-30 random cells on each
condition (n=3) were manually tracked using the ImageJ plugin MTrackJ (University
Medical Center Rotterdam, The Netherlands). The trajectories were analyzed for 10
hours after seeding. The migration paths were established and analyzed in ImageJ with
Chemotaxis and Migration Tool (version 2.0, ibidi GmbH, Germany). To quantify cell
velocity, cells were automatically tracked using the ImageJ plugin TrackMate (version
4.0.0) for 10 hours (n > 20 for each condition). Image stacks were preprocessed to reduce
plate drift with plugin Manual drift correction. The image stacks were then loaded into
TrackMate which detects the cell locations using the “Simple LAP tracker algorithm” and
generates cell trajectory paths. For each validated track, the velocity and track duration
are automatically calculated.
Competition assay
Different concentrations of GalNAc, Butyl-LBA and Butyl-MBA (50, 100 and 300 mM)
were mixed with cell suspension on 17 mM LBA gel, respectively. After 48 h culture, the
resulting cell clusters were recorded by bright-field images and analyzed by Fiji.
Statistical analysis
Quantitative measurement of spheroid size and diameter was conducted by image
processing analysis software (ImageJ). Statistically significant differences on spheroid
colony and diameter were assessed by using one-way ANOVA followed by Tukey’s
multiple comparisons test. P values of statistical significance are represented as * P <
0.05, ** P < 0.01, *** P < 0.001, N.S., not significant.
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The statistical significance on shape-related characteristics of spheroids was determined
using unpaired two-sided t-test. P values of statistical significance are represented as * P
< 0.05, ** P < 0.01, *** P < 0.001, N.S., not significant.
The statistical analysis of cell migration velocity was determined using an unpaired twosided t-test. P values of statistical significance are represented as * P < 0.05, ** P < 0.01,
*** P < 0.001, N.S., not significant.
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Chapter 5
Bioactive, strain-stiffening supramolecular hydrogels

Abstract | Extracellular matrices (ECMs) display various remarkable characteristics,
including fibrous architecture, strain-stiffening response, and bioactivity, serving their
respective structural and biological functions. However, it remains a great challenge to
design synthetic materials that are capable of closely mimicking the characteristics of
native ECMs. Here, we present one such synthetic hydrogel network prepared by
chemically crosslinking supramolecular fibers that assemble from lactobionic acid (LBA)
bis-urea amphiphile, exhibiting strain-stiffening and bioactive features. Strikingly, we
induce fiber bundle dissociation by simply diluting a LBA solution in water, leading to a
strain-stiffening supramolecular hydrogel after adding crosslinkers. It is found that such
distinct stiffening responses, including initial modulus and stiffening factor of
crosslinked networks, are governed by aging of the diluted solution, during which
dissociation of bundles occurs with a gradual decrease in bundle diameter and length.
In addition to being strain stiffening, these crosslinked hydrogels are bioactive and
facilitate spheroid formation through binding to protein receptors from hepatic cells by
galactoses on the lactobionic acid moieties. Thus, the hydrogels closely mimic biological
tissue not only in its fibrous architecture but also in the non-linear mechanical and
biofunctional cues, providing new avenues in the development of novel synthetic
hydrogels for ECM mimics.

The content described in this Chapter is based on:
J. Liu, Y. Zhang, H. L. Wu, P. P. Marín San Román, B. F. M. de Waal, P. Y. W. Dankers, R. P. Sijbesma.
Bioactive, strain-stiffening supramolecular hydrogels. In preparation.

Chapter 5

5.1. Introduction
Extracellular matrix (ECM) is a complex, dynamic and three-dimensional network that
provides structural and biochemical support to cells within tissue.1 In ECM, biopolymer
networks such as collagen often exhibit a nonlinear strain-stiffening response, in which
the stiffness of these biological networks increases at large deformation to sustain tissue
integrity and biological function.2,3 Additionally, ECM is bioactive and has direct
biological interactions with tissue cells through adhesion receptors, such as integrins
that promote cell-matrix adhesion and transduce signals into cells.1,4 Significant
advances have been made in the development of synthetic matrices that mimic
characteristics of biological tissues for applications in tissue engineering and
regenerative medicine.5,6 However, closely mimicking all aspects of native ECMs
remains a major challenge, owing to the complexity of cell-ECM interactions as well as
various extraordinary characteristics of native ECMs. For instance, most synthetic
polymer networks tend to show softening at large deformation, thus these polymer gels
cannot replicate the strain-stiffening properties of the ECM. Only a few synthetic gels
exhibit such a biopolymer-like mechanical behavior, and the most well-known example
is synthetic polyisocyanopeptide (PIC) hydrogels. In these thermosensitive gels, PIC
fibers form physical crosslinks by bundling.7,8 More recently, strain-stiffening hydrogels
have also been obtained by chemically crosslinking flexible synthetic polymers9,
including poly(ethylene glycol)10 and poly(vinyl alcohol).11 However, such synthetic
polymer-based gel networks fail to mimic other essential characteristics of native ECM,
including bioactivity, dynamics and a fibrous architecture.
A separate class of hydrogels, known as supramolecular hydrogels, are formed via
hierarchical self-assembly of small molecules. Interest in these gels is growing because
they can combine several characteristics of native ECMs, such as dynamicity and a
nanofibrillar architecture.12,13 In previous work, our group reported a supramolecular
self-assembly strategy to create gel networks that mimic strain-stiffening behavior of
ECMs, using semi-flexible supramolecular fibers assembled from bis-urea amphiphiles,
which were chemically crosslinked by copper-catalyzed cycloaddition reaction.14,15 More
recently, van Esch’s and coworkers has established that in supramolecular hydrogels the
formation of large bundles suppresses strain-stiffening. Insertion of electrically charged
hydrazone monomer into non-charged supramolecular fibers effectively reduces the
formation of bundles through electrostatic repulsion, leading to strain-stiffening
supramolecular hydrogels physically crosslinked through interfibrous interactions and
entanglements.16 Unfortunately, the use of a toxic copper catalyst for crosslinking in bisurea amphiphile based hydrogel systems and a lack of bio-functionality in the above two
gel systems make them unsuitable candidates as synthetic ECM mimics. In Chapter 4,
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however, we have introduced a lactobionic acid (LBA) functionalized bis-urea amphiphile
(Scheme 5.1a), which forms a supramolecular hydrogel through physical bundling and
entanglement. Importantly, the LBA hydrogel is bioactive by promoting the formation of
hepatic spheroids in vitro through galactose-protein receptor interaction, exhibiting high
potential for application in liver tissue engineering. Nevertheless, just like most of the
supramolecular hydrogels, the LBA amphiphile based hydrogel softens when stressed.
In the current Chapter, a novel synthetic hydrogel system is introduced, in which the
supramolecular fibers assembled from LBA amphiphile are chemically crosslinked,
adding a stiffening response to a bioactive material that mimics multiple features of
ECMs. It is shown that the strain-stiffening response of the fibrous networks is
cooperatively achieved by dilution-induced bundle dissociation and inter-fiber
crosslinking through complexation between benzoboroxole and carbohydrate moieties
(Scheme 5.1b). The benzoboroxole group efficiently binds to the cis-3,4-diol groups of
carbohydrate moieties in neutral water (Scheme 5.1c), and is a motif that has been
extensively used to develop crosslinked hydrogels for potential applications in tissue
engineering.17,18 The influence of crosslinking density, aging time, and sonication time
of dilute solutions on stiffening capability, allows us to control the non-linear mechanical
properties such as initial modulus and stiffening factor. The bioactivity of such strainstiffening hydrogels is also explored by examining hepatic cell behavior on gel surfaces
to further demonstrate their potential applications for mimicking natural ECMs.
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Scheme 5.1 | Molecular structures of LBA amphiphile (a), benzoboroxole based crosslinker (BbxPEG 2K) (b), and complexation mode between benzoboroxole and galactose moieties (c).
Schematical illustrations of the formation of chemically crosslinked hydrogels (d).

5.2. Results
Dilution and crosslinking induced strain-stiffening
In the previous chapter, it was established that the LBA amphiphile self-assembles to
form long fibers that further aggregates to bundles. It forms viscous solutions below the
critical gelation concentration of 10 mM. To endow the supramolecular system with a
strain-stiffening response, chemical crosslinking between fibers is essential as described
in our previous work. Before adding benzoboroxole based crosslinker, 3 mM of LBA
solutions were prepared in two ways: by thermally equilibrating with a heating-cooling
cycle at 3 mM (Pathway 1), or by diluting an LBA amphiphile solution that was thermally
equilibrated at 10 mM into 3 mM (Pathway 2), as indicated in Figure 5.1a. Both pathways
led to the formation of transparent hydrogels that, after adding 3.0 mol% of Bbx-PEG
crosslinker, support their own weight upon inversing the vials.
Two pathways led to significantly different outcomes in terms of strain-stiffening
response. In pathway 1 without dilution after thermal equilibration, a plateau storage
modulus (G’) of ̴ 55 Pa was reached within 15h after adding the crosslinker, as indicated
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by a time dependent rheological experiment (Figure 5.1b). The material is strain
softening, as both storage and loss modulus of the crosslinked hydrogel decreased upon
increasing strain above 10%, in a strain sweep experiment (Figure 5.1c). Such a distinct
decrease in moduli significantly differs from our previous work using diacetylene based
bis-urea amphiphile systems.14 However, when a 3 mM LBA solution was prepared by
pathway 2, the crosslinked LBA gel had a two times higher plateau modulus (G’ ̴110 Pa)
with a longer gelation time (> 15 h) compared to the gel prepared pathway 1. To our
surprise, the strain-sweep test performed on this gel revealed a sudden increase of
moduli in the intermediate strain regime (12% < γ < 30%), representing the nonlinear
response distinctive for a strain-stiffening material. Above 30% strain, a dramatic
decrease in moduli indicated that the gel network no longer maintains its integrity. To
further verify the importance of dilution on strain-stiffening, the crosslinker was also
added to a thermally equilibrated 10 mM solution of LBA. This only led to a stiffer gel
with a G’ of ̴155 Pa compared to the gel prepared by 3.0 mM LBA solution without
dilution, while no strain-stiffening response was observed.

Figure 5.1 | (a) Schematic representation of the preparation of crosslinked hydrogel. The starting
and thermally equilibrated LBA solutions were prepared from heating-cooling procedure, followed
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by two different pathways: without dilution and dilution. The time sweep (a) and strain sweep (b)
of rheological measurement for crosslinked gels prepared without dilution (3 mM) and with
dilution from 10 mM to 3 mM. Time-dependent gelation curves were recorded by applying an
oscillatory strain of 1.0 % and frequency of 1.0 Hz, and strain-sweep measurement was tested with
a frequency of 1.0 Hz. The measurement temperature was set at 37 °C.

Effect of crosslinking density and aging time
To accurately probe the nonlinear mechanical response of crosslinked LBA fibrous
networks under externally applied shear stress, a well-established rheological prestress
protocol was applied.8,15 In general, at a lower stress (σ) regime, the differential modulus
K’ defined as the derivative of the stress-strain curve is equal to the plateau storage
modulus G0. At a high stress regime, K’ significantly increases as a power-law function
of σ (K’ ∝ σm) and eventually yields with a maximum modulus (K’max), where m is the socalled stiffening index. Furthermore, a stiffening factor equal to maximal modulus
before yielding relative to plateau modulus (K’max/G0) is defined. These parameters are
extensively used to characterize the nonlinear response of materials to strain or stress.
To study the effect of crosslink density on the strain-stiffening response, a few microliters
of crosslinker solution were added into 3 mM of diluted LBA solution and mixed by brief
vortexing. Self-supporting hydrogels were formed only when the crosslinker
concentration was 2.0 mol% or higher, as shown in Figure 5.2a. Upon increasing
crosslinker concentration from 2.0 mol% to 4.0 mol%, the G0 of crosslinked gel
increased from 45 Pa to 132 Pa. All three hydrogels exhibited a stress-induced stiffening
behavior at a critical stress (σc) below 10 Pa and yielded at the same maximal stress (σmax)
of 30 Pa, values which are in a range that is typical for biopolymer networks.8,19 Moreover,
these crosslinked hydrogels shared a similar maximal modulus before yielding (K’max) of
̴600 Pa. The curves collapse to a universal master curve with a slope of 1.3 ± 0.1 when
scaled against G0 and σc (Figure 5.2c). The stiffening index m can be higher than it due
to the limited stiffening range, while this value is larger than that in our previous
supramolecular PDA gel networks.14,15 It is interesting to note that the stiffening factor
decreases from 13.8 to 4.4 as the crosslinker concentration increased from 2.0 mol% to
4.0 mol%, due to the higher value of initial modulus G0 at a higher crosslinker
concentration (Figure 5.2d).
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Figure 5.2 | Effect of crosslinking density on the nonlinear mechanical response of crosslinked gels.
(a) Photograph of transparent gel formation upon adding crosslinker. The LBA solution does not
form a self-supporting gel when the crosslinker concentration is below 2.0 mol%. (b) Differential
modulus K’ of LBA gels with different crosslinker concentrations plotted against stress σ; (c) Plots
of K’ vs σ. Values of K’ are normalized with respect to G0 and σ is normalized with respect to

critical stress σc. (d) Initial modulus G0 and stiffening factor K’max/G0 plotted against crosslinker
concentration. The LBA solution was diluted from 10 mM to 3 mM without aging.

Aging is known to lead to changes in the microstructures of self-assembly products, such
as a transition from fibers to bundles or crystals,20,21 influencing gelation behavior.22
Accordingly, we investigated the effect of aging time on the strain-stiffening response of
crosslinked LBA gels. To this end, LBA solutions that had been thermally equilibrated at
10 mM were diluted to 3 mM and were aged at room temperature without stirring for 0,
2, 8, 14 or 20 days, before adding 3.0 mol% of crosslinker (Figure 5.3a). Regardless of the
aging time, these crosslinked gels were strain-stiffening, with a universal stiffening index
and similar critical stress between 5.5 Pa and 10.0 Pa (Figure 5.3b and 5.3c). After aging
the solution for 8 days, the initial modulus G0 of the gel increased from 116 Pa to 155 Pa,
and the maximum differential modulus K’max increased from 580 Pa to 1545 Pa.
Strikingly, the stiffening factor significantly increased from 5.0 at day 0 aging to 12.8 at
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day 14 aging. These results demonstrate that the crosslinked gels become stiffer and can
support a higher stress upon aging. However, the G0 of gels dropped to ̴95 Pa upon
aging for an extended period of 14 days and 20 days, and a significant decrease in the
stiffening factor m to 3.3 was also observed on the gel upon aging for 20 days, implying
that the resulted gels lose strength after long aging (Figure 5.3c). To our knowledge, such
distinctive behavior has not been observed before, and we propose that the changes are
caused by rearrangement of supramolecular polymers in particular changing the degree
of bundling and fiber length upon aging.

Figure 5.3 | Effect of aging time on the nonlinear mechanical response of crosslinked gels. (a)
Schematic illustration of the preparation of strain-stiffening gels with different aging time in
pathway 2. (b) The differential modulus K’ of LBA gels plotted against stress σ, and the solutions
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were aging with different time before adding crosslinker; (c) Plots of rescaled K’ with the leveled
off G0 and σ with the critical stress σc. (d) The initial modulus G0 and stiffening factor K’max/G0
plotted against the aging time of diluted solutions. The LBA solution was diluted from 10 mM to 3
mM and the crosslinker concentration was 3.0 mol%.

Aging induced dissociation
Atomic force microscopy (AFM) was applied to provide insight into changes in the
morphologies of self-assembled structures over an extended period of aging. An
extremely low concentration (10 µM, above critical micelle concentration) of LBA
amphiphile solution diluted from 10 mM (1000-fold) after aging for different time spans
was drop-cast on freshly cleaved mica. After drying at room temperature for 16 h, the
samples were ready for AFM measurement. At short aging times (day 0 and day 1),
micrometer-long twisted bundles were found with an average height of 10 nm and a
cross-section of above 100 nm (Figure 5.4a). The bundles evolved to be branched at day
4 (Figure 5.4b). Crucially, the long bundling structures were no longer present after aging
day 8, and instead, AFM images at day 8 predominantly displayed long thinner fibers
with an average fiber height of 7.0 nm and a cross-section of ca. 60 nm, in a sharp
contrast to the thick bundles at day 0 (Figure 5.4c). Upon a further increase in aging time
to day 14, the fiber length was significantly reduced. At day 20, the long thin fibers were
hardly observed, and the disassembling structures are very similar to the short fiber
domains and small aggregates presented in the 10.0 µm LBA amphiphile solution that
was prepared from the heating-cooling cycle without dilution. Such morphology
transitions are indicative of the dissociation mechanism of bundles upon aging.
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Figure 5.4 | Representative AFM images of diluted LBA amphiphile solution for aging day 0 (2h,
a), day 4 (b), day 8 (c) and day 14 (d), respectively. The LBA solution was prepared by diluting 10
mM of LBA amphiphile to 10 µM (1000-fold dilution) and aged at room temperature without
stirring and without adding crosslinker. The AFM samples were prepared by drop-casting diluted
solution on freshly cleaved mica surfaces and drying at room temperature for overnight. The scale
bar is 2.0 μm.

Similarly, the dependence of an extended period of aging time allowed us to discern
morphology changes of LBA assemblies with cryogenic electron microscopy (cryo-TEM).

100 μM of LBA solution diluted from 10 mM of LBA solution with a dilution factor of
100 was aged for the different time before imaging. Numerous long bundles were

observed with an average diameter (𝐷𝐷) of 20.2 ± 9.5 nm and a length of up to a few
micrometers at day 0 (Figure 5.5a and 5.5e). After aging 4 day, the branched bundles and
a few single fibers were presented (Figure 5.5b), and more single fibers were observed
after 8 day of aging to provide an overall 𝐷𝐷 of 8.3 ± 4.9 nm (Figure 5.5c and 5.5f), whereas
after aging 14 days, the long bundles up to few micrometers were no longer visualized

and the relatively shorter discrete single fibers ( 𝐷𝐷 = 5.2 ± 1.8 nm, close to the diameter
of a single fiber presented in Chapter 4) were found (Figure 5.5d and 5.5g), strongly
indicating full disassembly of bundles. The disappearance of bundles and the presence
of isolated fibers are in good agreement with our observations from AFM measurements.
Furthermore, at lower dilution (500 μM), the bundling structures were still present after
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aging for 17 days, although the bundle diameter decreased gradually with few fiber
bundles, indicating slower dissociation at this concentration. It is worth noting that debundling and fiber shortening occur simultaneously upon aging, and the length change
of bundles and fibers is difficult to estimate as few fiber ends are visible in AFM and
cryo-TEM micrographs, in particular at the short aging time.

Figure 5.5 | Representative cryo-TEM images of diluted LBA amphiphile solution upon aging for
day 0 (a), day 4 (b), day 8 (c) and day 14 (d), respectively. The scale bar is 100 nm. Histogram of
bundle/fiber diameter distribution of LBA solution upon aging day 0 (e), day 8 (f) and day 14 (g),
respectively. The average diameters and standard deviations presented in figures were determined
from cryo-TEM images using imageJ. The solution was prepared by diluting 10.0 mM of LBA
amphiphile to 100 µM (100-fold dilution). The diluted solutions were aged at room temperature
without stirring and adding crosslinker.

The dissociation process upon aging was further investigated using a Nile red assay,
which is extensively used to study the assembly and disassembly of supramolecular
structures.23–25 Release of Nile red from the hydrophobic domains of assembled
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structures to the water environment will result in decreased fluorescent intensity. To
measure this phenomenon in the LBA system, a few microliters of Nile red solution
dissolved in DMSO were added into 10 mM of LBA solution and equilibrated for at least
4 days. The concentrated LBA solution encapsulated with Nile red was diluted by water
into 10 μM, 100 μM, and 500 μM, while fluorescence was monitored. As indicated in
Figure 5.6a, upon aging, the fluorescence of the 1000-fold diluted sample decreased
abruptly within 4-day aging, gradually leveling off with roughly 70% loss of fluorescence,
strongly indicating disassembly of supramolecular assemblies over time. However, an
opposite pattern for the fluorescent intensity on 20-fold and 100-fold diluted samples
was found when aged for first two days, indicating the uptake of free Nile red. The uptake
is attributed to rearrangement of supramolecular bundles, such as swelling and
branching, leading to less condensed bundles, which allows Nile red to access the
hydrophobic cores of the assemblies. Such an increase of Nile red fluorescence has also
been observed in disassembly of supramolecular tubules.26 After aging for more than 2
days, the fluorescent intensity of both less diluted samples dropped slowly over time,
albeit at a much slower rate, indicating slow disassembly of LBA aggregates with low
dilution factor. Small-angle X-ray scattering (SAXS) was used to probe such a distinct
dissociation process over time on the 3 mM diluted LBA solution, but only slight
differences in scattering intensity at low q regime were observed (Figure 5.6b). It is
difficult to assign the small changes in scattering to a structural rearrangement of LBA
bundles upon aging.

Figure 5.6 | (a) Release profiles of encapsulated Nile red in LBA amphiphiles over time at different
dilution factors. (b) SAXS profiles of diluted LBA amphiphile solution (3 mM) upon a long period
of aging. The LBA amphiphile solutions was diluted from 10 mM without adding crosslinker.

| 112

Bioactive, strain-stiffening supramolecular hydrogels

Effect of LBA starting concentration and ultrasonication time
In an attempt to verify the importance of dilution effect on the nonlinear mechanoresponse of crosslinked gels, the LBA amphiphile solution with a higher starting
concentration (15 mM) was prepared by heating-cooling procedure. After diluting this
solution to 3 mM by a dilution factor of 5, the strain-stiffening gel was still formed by
adding 3.0 mol% of crosslinker, while a significant decrease on the initial modulus G0
and maximal modulus was observed as compared to the gel formed by diluting from 10
mM, indicating that the stiffening response is suppressed when diluting from a higher
initial concentration (Figure 5.7a and 5.7b). More bundles are expected in the 15 mM LBA
solution, leading to less strain-stiffening after crosslinking of the supramolecular fibers.
To confirm the dissociation mechanism after dilution, ultrasonication-mediated
breakage of bundles and fibers in 3 mM diluted LBA solution was applied to accelerate
the dissociation of supramolecular polymers.27,28 Upon sonicating a diluted solution for
180s before adding crosslinker, a weaker, less strain-stiffening gel was obtained with a
decrease of the stiffening factor from 4.9 to 2.9 and a reduction of the critical stress from
6.2 Pa to 2.8 Pa (Figure 5.7c and 5.7d) that is most likely due to a significant decrease in
bundling and fiber length induced by sonication.
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Figure 5.7 | Effect of initial concentration and sonication time on nonlinear mechanical response
of crosslinked LBA hydrogels. (a) The differential modulus K’ of LBA gels plotted against stress σ.
(b) Plots of rescaled K’ with the leveled off G0 and σ with the critical stress σc. The solution was
diluted from 10 mM and 15 mM, respectively. (c) The differential modulus K’ of crosslinked LBA
gels plotted against stress σ. (d) Plots of rescaled K’ with the leveled off G0 and σ with the critical

stress σc. LBA solutions were sonicated in sonication bath for 0s, 60s and 180s, respectively. All
diluted solutions were not aged before adding 3.0 mol% of crosslinker.

Spheroid formation of supramolecular strain-stiffening gels
We have previously demonstrated that LBA amphiphile based supramolecular hydrogels
can induce the formation of hepatic spheroids promoted by strong galactose-receptor
interaction. To test whether the strain-stiffening response affects cell behavior of LBA
gels, human hepatocellular carcinoma (HepG2) cells were cultured on crosslinked gels
prepared from 3 mM of diluted LBA solution with different aging time: day 0, day 8 and
day 20, respectively. The HepG2 cells were aggregated to provide 3D spheroids after two
days of culturing. No significant differences on spheroids sizes and number were
observed when seeded on crosslinked gels with different aging time (day 0, day 8 and
day 20), showing that the strain-stiffening response of crosslinked gels does not
significantly affect spheroid formation (Figure 5.8a-5.8c). Furthermore, cell proliferation
of spheroids cultured on different aged gels was investigated by the WST-1 assay. A threefold increase in cell proliferation over time was observed, suggesting the cell numbers
increased in spheroids during culturing period. There was not a big proliferation
difference between the three gels over a period of 6-day culturing (Figure 5.8d). These
results indicated that the stiffening LBA gels induces the spheroids formation of HepG2
cells with maintenance of high cell viability and proliferation, but that gel stiffness and
nonlinear mechanical response of crosslinked gels do not have a pronounced influence
on cell proliferation and spheroid formation.
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Figure 5.8 | Spheroid formation on strain-stiffening hydrogels. HepG2 spheroids were formed
after culturing for 6 days on crosslinked gels with different aging time: (a) no aging; (b) aging 8
days; (c) aging 20 days. The scale bar is 200 μm. Insert: the living-dead staining assay for spheroids

after culturing for 6 days: living: calcein-AM and dead: propidium iodide. The scale bar is 50 μm.
(d) Cell proliferation with WST-1 assay of HepG2 spheroids after culturing for 2, 4 and 6 days,
respectively.

Discussion
Supramolecular hydrogels often exhibit a strain-softening response, and it is because
thick bundling structures in LBA amphiphile solution prepared from heating-cooling
cycle restrain athermal stiffening behavior, as explained by Van Esch and his coworkers.16
However, the bundling structures are essential for the formation of stable
supramolecular gels.29–31 Thus, it is worth seeking for uncomplicated approaches to
develop supramolecular hydrogels, in which these bundles are effectively hindered to
sustain strain-stiffening. The dilution or dissolution of covalent polymers in good
solvents is entropic, and solvent molecules spontaneously diffuse into polymers,
osmotically driving polymers solvation and swelling to an extended chain state with the
breakage of inter- and intra-molecular interactions of polymer backbones.32–34 On the
other hand, supramolecular polymers not only solvate and swell just like covalent
polymers upon dilution but also dissociate and depolymerize in a molecular level driven
by entropy.35,36 Inspired by this, the dilution of LBA concentrated solution is explored to
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develop the strain-stiffening supramolecular hydrogels together with a chemically
crosslinking strategy. With crosslinking diluted solution prepared by pathway 2, the
resulting supramolecular hydrogels exhibit strain-stiffening behavior, a sharp contrast to
the strain-softening hydrogel prepared by pathway 1 without dilution. Therefore, the
strain-stiffening response of LBA amphiphile gels is cooperatively derived from the
dilution effect and inter-fiber crosslinking interaction. As the dilution induces
disassembly or depolymerization of synthetic supramolecular aggregates37,38 and
biopolymer structures39,40, it is proposed that the thicker bundle structures of LBA
amphiphile dissociate upon dilution. The role of the dilution effect can further be proven
by an experiment, in which diluting LBA solution with a higher starting concentration
leads to a less stress-sensitive crosslinked hydrogel. Furthermore, increasing crosslinker
concentration gives a stiffer hydrogel, while the stiffening factor (K’max/G0) decreased
significantly due to an increase of G0 at a higher concentration of crosslinker. A similar
decrease of stiffening factor with increasing crosslinker concentration or biopolymer
concentration has been observed in some synthetic stiffening networks41 and biopolymer
networks, such as crosslinked actin networks.42,43 Surprisingly, the crosslinked
hydrogels share a similar maximal modulus (K’max) and a same maximal yield stress (σmax)
regardless of their difference in crosslinking density. Such crosslinker concentrationdependence implies that these stiffening related parameters are determined by structural
information of the diluted LBA system, including fiber and bundles, rather than by the
crosslinker.
More importantly, the presence of bundles formed through strong inter- and intramolecular hydrogen bonding makes the dissociation process very slow, taking place over
multiple days. The microscopic results confirm that aging after dilution drastically affects
structural outcomes of supramolecular polymers with a distinct de-bundling process,
resulting in a decrease of bundle diameter and fiber length upon aging. Moreover, the
Nile red assay verifies that the dissociation process is also highly dependent on the
dilution factor, with a higher dilution factor giving faster dissociation with the quicker
release of Nile red molecules to water. Such morphology transitions upon aging lead to
an aging time-dependence of the strain-stiffening response of crosslinked hydrogels, in
which the initial modulus and stiffening factor increase gradually in the short aging time,
followed by a drop after a longer aging. We predict that the mechanical properties of the
aged gel approach that of the non-strain stiffening gel that is obtained by thermal
equilibration by heating-cooling at 3 mM. Mesh size and fiber diameter significantly
affect the mechanical properties of fibrous networks.44–46 Therefore, it is hypothesized
that the ‘mesh size’ and bundle diameter in LBA amphiphile solution after dilution vary
a lot upon aging, playing a key role in determining the non-linear mechanical response
of our system.47 As displayed in Scheme 5.2, with the short aging time (from day 0 to day
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8), the dissociation of thicker LBA bundles upon aging facilitates the formation of loose
and branched fibers, leading to a more densely packed and thinner fiber network, with a
higher modulus. A similar phenomenon is often seen in collagen fibrillogenesis, in
which thick fibrils formed at more acidic pH provide a softer gel compared to gels formed
at basic pH with thinner and condensed networks.48,49 Upon aging longer, at day 14 and
day 20, a decrease of fiber length becomes dominated to give a larger 'mesh size’, thus
contributing to a drop of initial modulus and stiffening factor. Altogether, the changes
of bundle diameter and ‘mesh size’ in dilute solution result in a concomitant difference
in the nonlinear mechanical properties of crosslinked hydrogels. It is therefore
concluded that the process of bundle dissociation plays a key role to determine the
stiffening response of crosslinked gels, and the manipulation of such process by tuning
the aging time, dilution factor and ultrasonication time, allows us to mediate such
striking non-linear mechanics of crosslinked hydrogels. Furthermore, the stiffening
hydrogels support the formation of HepG2 spheroids, indicating bioactivity for hepatic
cell cultures. However, no significant difference in cell proliferation and spheroids size
when culturing with different aging hydrogels is found, likely due to the fact that these
hydrogels bear the same ligand density and a similar stiffness.

Scheme 5.2 | Schematic illustration of fiber/bundle dissociation upon aging. The arrows indicate
the bundle diameter (D) and mesh size (ξ).

5.3. Conclusions
To conclude, the chemically crosslinked supramolecular gel networks prepared by the
simplest dilution are described, exhibiting strain-stiffening response and bioactivity to
mimic crucial characteristics of ECMs. Interestingly, the strain-stiffening response is
extremely sensitive to aging time, which is rarely reported before. It can be explained by
the dissociation process of supramolecular assembles upon aging, involving a striking
de-bundling process with a decrease in bundle diameter and depolymerization process
with a decrease in fiber lengths, thereby resulting in aging time dependent strainstiffening response. Together with varying the crosslinker concentration and dilution
factor, the strain-stiffening behavior can be easily manipulated to yield a desired response.
Furthermore, HepG2 spheroids are formed in vitro on support of such strain-stiffening
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gels, enabling excellent bioactivity for liver tissue engineering. Along with the fibrous
architecture, our carbohydrate gel networks not only mimic the strain-stiffening
response of ECM biopolymer networks, but also imitate interaction between tissue and
surrounding cells, providing novel insight into the design of smart synthetic gels to
mimic our tissues.
5.4. Experimental section
Materials and methods
All used materials were commercially available and used without further purification
unless noted otherwise. Deuterated solvents were purchased from Cambridge Isotopes
Laboratories. The reaction was carried out under an inert argon atmosphere and all
glassware was dried in an oven before the reaction. All the chemicals, except for 5carboxybenzoboroxole (abcr GmbH) and PEG2K-diamine (Creative PEGworks), were
purchased from Sigma-Aldrich. Lactobionic acid (LBA) bis-urea amphiphile was
synthesized as previously reported in Chapter 4, and 1-hydroxy-1,3dihydrobenzo[c][1,2]oxaborole-6-carboxylate (PFF-Ba) was synthesized as previously
reported.50
1

H NMR, 13C NMR and 19F NMR spectra were recorded on a 400 MHz NMR (Varian
Mercury Vx or Varian 400MR). Chemical shift (δ) is reported in parts per million (ppm)
from tetramethylsilane (TMS) or using the resonance of the deuterated solvent as an
internal standard. Splitting patterns are labeled as singlet (s), doublet (d), double doublet
(dd), triplet (t), quartet (q) and multiplet (m). Transmission electron microscopy (cryoTEM) was performed in an automated vitrification robot (VitrobotTM Mark III, FEI) and
software ImageJ was used for image analysis. Atomic force microscopy (AFM) was
carried out on a Digital Instruments Dimension Nanoscope IV in tapping mode.
Samples for cryogenic transmission electron microscopy (Cryo-TEM) were prepared in
an automated vitrification robot (VitrobotTM Mark III, FEI) at room temperature and a
relative humidity > 95%. Small-angle X-ray scattering (SAXS) profiles were recorded on
SAXLAB GANESHA 300 XL SAXS equipped with a GeniX 3D Cu Ultra Low Divergence
microfocus.
Synthetic procedures
Synthesis of Bbz-PEG 2K crosslinker

Scheme S5.1 | Synthetic step for Bbz-PEG 2K crosslinker.
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100 mg (0.29 mmol) of PFF-Ba and 104 μL (1.05 mmol) of triethylamine (Et3N) were
dissolved in 2 mL of dry dichloromethane (DCM), and then 264 mg (0.13 mmol) of
PEG2K-diamine in 2 mL of DCM was added into the flask. The reaction solution was
stirred at room temperature under argon for 24h. Afterward, 210 mg of ArgoPore-NH2LL resin (0.28 mmol/g-NH2, Argonaut Technologies Inc.) with 5 ml of DCM were added
and the solution was allowed to stir for another 4h to remove unreacted PFF-Ba. The
resins were removed by paper filtration and washed with 10 mL of DCM. The
concentrated mixture was added in 100 mL of cool diethyl ether and white precipitants
were collected by centrifugation. The solids were re-dissolved in 5 mL of chloroform, and
the organic solutions were washed by sat. NHCl4 solution with the addition of a few drops
of 1 M KHSO4 solution to avoid deprotonation of boronic acid (pH < 2 in water layer). 20
mL of chloroform was added to extract the water layer twice, and the combined organic
fraction was dried over anhydrous MgSO4. Finally, ca. 190 mg of yellowish solids were
isolated in a yield of 64% after removal of all solvents and dried in a vacuum oven
overnight.
H NMR (400 MHz, CDCl3) δ ppm: 8.36, 8.06 (s, 2H), 8.06 (m, 2H) 7.85 (m, 2H), 7.48
(m, 2H), 7.42 (d, 2H), 5.10 (s, 4H), 3.90-3.30 (m, 180H from ethylene glycol).
1

C NMR (100 MHz, CDCl3) δ ppm: 167.70, 157.09, 133.41, 130.48, 129.31, 121.26, 70.78,
70.55, 70.49, 70.46, 70.44, 70.33, 70.13, 69.75, 39.95.
13

Sample preparation
The Bbz-PEG 2k crosslinker was dissolved directly in Mili-Q water, and the solution pH
was adjusted to ̴7.5 by 1 M NaOH to a final concentration of crosslinker to 6.0 mM. In
pathway 1, 10 mM and 3 mM of LBA amphiphile solution were prepared by the heatingfast cooling procedure and then equilibrated at room temperature for at least for 2 days.
In pathway 2, 210 µL of DI water was added into 90 µL of thermally equilibrated 10.0
mM LBA solution to get a final LBA concentration of 3.0 mM. After dilution, 4.5 µL of
6.0 mM Bbz-based crosslinker was added into diluted LBA solution to obtain a
crosslinked gel with 3.0 mol% crosslinker, followed by 2s vortex to achieve better mixing.
The mixture solution was transferred into the rheometer, measured by a time sweep
procedure and nonlinear prestress protocol at 37 °C. For aging experiment, the diluted
LBA solution was stored at room temperature for 1h (0 day), 2 days, 8 days, 14 days, or
20 days, respectively. For the sonication experiment, the diluted LBA solution was
ultrasonicated in a sonication bath (Bransonic, 2510E-DTH) with the frequency of 42
KHz and average intensity of 100 W for 60s and 180s, respectively. After the above
procedure, the 3.0 mol% of the crosslinker was added to monitor the gelation process
and probe strain-stiffening behavior by a TA rheometer.
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Rheology measurement
The rheological measurements of the hydrogels were performed on an oscillatory
rheometer (Discovery HR20, TA Instruments), equipped with stainless steel parallel
plate geometry (25 mm diameter) to prevent sample slippage with a temperature
controller. The sample volume was 300 µL at a fixed plate-to-plate gap of 500 µm, and
mineral oil was placed around the sample to minimize water evaporation. After the
addition of the crosslinker, gelation was monitored under the oscillatory strain of 1.0%
and an angular frequency of 1.0 Hz at 37 ºC. The strain sweep with a fixed angular
frequency of 1.0 Hz. To probe the nonlinear mechanical response of the gels, a pre-stress
protocol with constant stress was applied.
Nile red encapsulation experiment
2.0 µL of 100 mM of Nile red dissolved in DMSO were added into 200 µL of thermally
equilibrated 10 mM of LBA amphiphile aqueous solution to a final molar ratio of 1: 10
(Nile red: LBA), and the mixture solution was equilibrated for 4 days in the dark.
Afterward, the different volumes of the above mixture solution were diluted by water into
a final concentration of 10 µM, 100 µM and 500 µM, respectively. Nile red fluorescence
was recorded over time on a Perkin Elmer Luminescence Spectrometer LS 45 at room
temperature from 560 nm to 800 nm using an excitation emission wavelength of 550
nm at medium scan speed. The measurements for 500 μM and 100 μM LBA solution
were performed at a voltage of 600V but at a slit of 5 nm, 10 nm respectively. The voltage
of 800 V and a slit of 10 nm were used for determining the fluorescent intensity of 10
μM LBA solution. All measurements were made in triplicate.
Spheroid culture on crosslinked gels

HepG2 cells were seeded on top of gels at the density of 2000 cells per 50 ul in DMEM
medium containing 10% FBS, 1% penicillin/streptomycin (complete DMEM) in 5% CO2
at 37 °C. Bright images were utilized to track the cell morphologies.
Cell viability assay
Living-dead staining of spheroids on gels was carried out at day 5 with calcein-AM (50
μM) and propidium iodide (500 μM) treatment for 1h. The multilayer cells were observed
in xz and yz axials from confocal microscopy images. The images were acquired at a
certain plane along the focal axis (z).
Cell proliferation assay
Cell proliferation was analyzed using a colorimetric assay for quantification of cleavage
of tetrazolium salt WST-1 (Roche) by mitochondrial dehydrogenases in viable cells. The
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culture medium was gently removed and a new medium supplemented with cell
proliferation reagent WST-1 at a final concentration 1:10 (WST-1 stock solution: total
working solution) was added and the culture plates were incubated at 37 °C, 5 % CO2 for
2 hours. The absorbance was measured at λ = 450 nm with a plate reader (Perkin Elmer
1420 Multilabel Counter). All samples were measured in triplicate.
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Chapter 6
Unraveling co-assembly of carbohydrate based
oligo(ethylene glycol) based bis-urea amphiphiles

and

Abstract | Multicomponent co-assembly has become a versatile strategy to generate
complex nanostructures and soft materials with specific functions. Here, we describe a
co-assembly system consisting of two bis-urea based amphiphilic gelators (OEG-BU and
LBA-BU) that bear significantly different hydrophilic head groups: carbohydrate and
oligo(ethylene glycol) linked through identical bis-urea containing hydrophobic cores.
Each component forms a hydrogel in water through fiber bundling and entanglement.
However, mixing two gelators together results in a composition-dependent gelation
behavior, and an equimolar mixture of the components only gives a clear solution. Such
a remarkable outcome is ascribed to the co-assembly of the two gelators, driven by
hydrogen bonding between alcohol groups from carbohydrates and ether groups from
ethylene glycols. The co-assembly of two gelators breaks the original packing regularity
of each individual component, leading to a loss of intra-fibril interaction with the
formation of fewer bundling structures confirmed by light-scattering and electron
microscopy techniques.

The content described in this Chapter is based on:
J. Liu, H. L. Wu, P. P. Marín San Román, H. Su, R. P. Sijbesma. Unraveling co-assembly of carbohydrate based
and oligo(ethylene glycol) based bis-urea amphiphiles. In preparation.

Chapter 6

6.1. Introduction
Multicomponent supramolecular self-assembly between two or more components has
emerged as a field of growing importance to design nanomaterials with enhanced
diversity in structure and function.1,2 By making use of supramolecular interactions such
as hydrogen-bonding and π-π stacking, incorporation of functionality in self-assembled
systems is much easier than in covalent polymers and simplifies the development of
functional materials such as bioactive hydrogels3,4 and energy storage devices.5,6 When
two or more components are mixed together in solutions, two main outcomes can take
place, namely self-sorting and co-assembly. The assemblies from orthogonal self-sorting
are composed of independent assembled structures, in which each individual component
prefers to aggregate only with itself.7,8 Conversely, in co-assembly systems, the
components can interact with each other to provide an ordered organization containing
all components. In some cases, these components are stacked in a markedly different
fashion as a result of evolving new and highly stable assemblies, such as with a change
of morphology and chirality.9,10 In contrast to single component self-assembly, the
morphology, functionality, and properties of materials consisting of multiple
components can be readily tailored by a simple change of molar ratios of components.11
The hierarchical assembly of molecular gelators has been exploited extensively for the
formation of hydrogel materials that immobilize a large volume of water.12 Numerous
studies have used a co-assembly strategy between molecular gelators to obtain
supramolecular hydrogels with tunable properties.13,14 For example, Adams’ group has
recently established a two-component hydrogel that can alter molecular packing mode
between components and has pH-dependent mechanical properties.15 Such
multicomponent co-assembled systems require structure similarity to facilitate
molecular stacking and specific hetero-intermolecular interactions to stabilize coassembled aggregates, thus the molecular structure of gelators is often rationally
designed to enable the formation of co-assembled aggregates.11,16 Previously, we have
described two molecular gelators, lactobionic acid (LBA) and oligo(ethylene glycol) (OEG)
based bis-urea amphiphiles (BUs), which contain identical hydrophobic alkyl cores with
a bis-urea moiety. These amphiphiles can assemble into long fibrillar aggregates in water
and further physically bundle and entangle into a supramolecular hydrogel. Interestingly,
LBA-BU based supramolecular hydrogels have potential application in liver tissue
engineering because the gel supports and facilitates the formation of hepatic spheroids
due to strong binding between hepatocyte receptors and galactose ligands. However, full
control over cell-matrix interactions requires among others a precise manipulation of
galactose ligand densities. Therefore, a detailed study of LBA-BU co-assembly with its
OEG analogue is relevant for the further application of these gels in cell culture.
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Moreover, such a study provides an entry to further uncover the principles of twocomponent self-assembly of bis-urea amphiphiles.17
In this Chapter, we use two structurally similar bis-urea based amphiphilic gelators, LBABU and OEG-BU, in which hydrophilic carbohydrate and oligo(ethylene glycol) head
groups are separately conjugated into long hydrophobic alkyl chains with two urea
moieties, reported in Chapters 2 and 4 (Scheme 6.1a), to study the remarkable
composition-dependent gelation behavior in a mixed solution of the two components.
Their assembly suppresses fiber elongation and breaks fibril-fibril interactions, leading
to loss of fiber network. We propose that co-assembly is driven by the formation of
hydrogen bonds between OEG units and carbohydrate rings, a self-assembly motif that
has barely been reported before.

Scheme 6.1 | (a) Molecular structures of amphiphiles: LBA-BU and OEG-BU. (b) Schematic
illustrations of co-assembly between the two amphiphiles.

6.2. Results and discussion
Gelation test and their rheological properties
LBA-BU and OEG-BU bis-urea amphiphiles are low molecular weight hydrogelators,
forming self-supporting supramolecular hydrogels above a critical gel concentration. For
OEG-BU the critical concentration in water at room temperature is between 7.5 mM and
15 mM, while LBA-BU has a critical concentration below 7.5 mM, as was established by
vial inversion. Rheological measurements on the two hydrogels were conducted at 15 mM
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concentration in oscillatory shear. Both hydrogels consistently exhibited a viscoelastic
response to oscillatory shear, with the storage modulus (G’) exceeding the loss modulus
(G’’). Notably, LBA-BU gel at 15 mM had a larger G’ ( ̴600 Pa) than that of OEG-BU gel
( ̴80 Pa), due to the strong inter- and intra-molecular hydrogen bonds between primary
hydroxyl groups in carbohydrate moieties. Mixed solutions of the amphiphiles, at 1/9,
3/7, 5/5, 7/3 and 9/1 ratio of LBA-BU to OEG-BU quickly turned transparent upon
heating to 100 °C in sealed vials. While the 1/9 and 9/1 solutions formed hydrogels upon
fast cooling, to our surprise, clear and low viscosity solutions were obtained at 3/7, 5/5
and 7/3 mixing ratios, even after storing for two weeks at room temperature (Figure 6.1a).
Remarkably, while a 7.5 mM solution of LBA-BU forms a gel with a storage modulus(G’)
of ̴190 Pa, the 5/5 sample (containing 7.5 mM of LBA-BU + 7.5 mM OEG-BU) remained
a transparent sol. Additionally, the 1/9 and 9/1 mixed hydrogels displayed a lower G’ and
a pronouncedly higher yield strain (above 30%) than that of the pure LBA-BU and OEGBU hydrogels (Figure 6.1b and 6.1c). From the above gelation test and rheological results,
it is clear that two bis-urea components interact with each other by means of co-assembly
to cooperatively affect their gelation behavior. Without co-assembly, the modulus of the
self-sorted gels is expected to be higher than those of the individual components at their
respective concentrations.

Figure 6.1 | Gelation ability and rheological characterization of hydrogels. (a) Gel test of OEG, LBA
and co-assembled solution with different mixing ratios at a total concentration of 15 mM ( ̴20
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mg/mL). (b) Amplitude sweeps of OEG gel, co-assembled gel and LBA gel with a frequency of 1.0
Hz and strain from 0.01% to 500%. (d) Average storage modulus and yield strain of four hydrogels
collected from amplitude sweep. The measurement temperature was set at 37 °C.

However, co-assembly at the molecular level is a slow process. When 15 mM LBA-BU
and OEG-BU hydrogels were prepared separately and then physically mixed by vortexing
to get an equimolar hydrogel mixture, after self-healing for 25h, a gel was obtained
(Figure 6.2a). The gel had a plateau storage modulus of 160 Pa, in contrast with the
liquid nature of the 5/5 co-assembled system and nearly as high as the modulus of 7.5
Mm pure LBA-BU hydrogel (190 Pa). Even after equilibrating at room temperature for 2
weeks, the material was still a gel with a G’ of 110 Pa (Figure 6.2b and 6.2c). The
evolution of hydrogel stiffness indicates that two hydrogels in the physical mixing system
undergo a slowly dynamic monomer exchange to form co-assembled aggregates with
lower gelation capability. The origin of the remarkable effect of mixing was sought in the
interaction between the components, leading to co-assembled aggregates with different
structural features and reduced interaction between aggregates, ultimately leading to loss
of network structure and a transition from gel to liquid when molecularly mixed at 15
mM. Therefore, we decided to study details of aggregation in solutions of pure and mixed
aqueous solutions of LBA-BU and OEG-BU.

Figure 6.2 | (a) Gelation test of 15 mM 5/5 mixed hydrogel prepared by simple mixing of two BU
amphiphile gels, and it remained a gel state upon equilibrating at room temperature for 15 days.
(c) Frequency sweeps of 5/5 mixed hydrogel upon equilibrating day 1 and day 15 with a fixed strain
of 1.0% and frequency from 0.1 Hz to 100 Hz. (d) Amplitude sweeps of 5/5 mixed hydrogels upon
equilibrating day 1 and day 15 with a frequency of 1.0 Hz and strain from 0.01% to 500%. The
measurement temperature was set at 37 °C.

FT-IR and CD spectroscopy
First, co-assembly was analyzed with FTIR on freeze-dried samples by varying molar
ratios of the two amphiphiles. OEG-BU and LBA-BU had identical positions of N-H
stretch bands at 3321 cm-1 and amide II vibration at 1575 cm-1, whereas the C=O amide I
129 |
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vibrations were slightly different: 1620 cm-1 for OEG-BU and 1616 cm-1 for LBA-BU,
respectively (Figure S6.1). The amide I peaks are typical for lateral hydrogen-bonded
motifs, including amide, urea and carbamate groups that are present in both
amphiphiles.18,19 The difference in position of the amide I band may arise from the
different chemistry of the amphiphiles between the amide group in LBA-BU and the
carbamate group in OEG-BU considering that the central bis-urea group in both
amphiphiles is identical, and has a close amide I band compared to our previously
reported band at 1609 cm-1 in solution.18 With an increase of LBA-BU content, the amide
I band slightly red-shifted from 1620 to 1616 cm-1, whereas the vibrations for N-H
stretching and amide II remained unchanged (Figure 6.3a and S6.1b). The shifts in the
amide I band positions from OEG-BU to LBA-BU may be ascribed to either the formation
of hetero hydrogen bonded C=O through co-assembly or a superposition of two
neighboring amide I bands through self-sorting mechanism. It is hardly distinguished
between two outcomes since the theoretical amide I band calculated from two individual
amphiphiles is located at the nearly same position with the experimental result of 5/5
mixture. However, upon increasing the LBA-BU content in the mixture, the peak at 1679
cm-1, characteristic of C=O stretching of non-hydrogen bonded carbamate groups in
OEG-BU20, slightly blue-shifted with a progressive decrease in band intensity, while a
shoulder progressively appeared at around 1650 cm-1, corresponding to the free C=O
stretch in carbohydrate amphiphile (Figure S6.1b).21 These data reveal the coexistence of
hydrogen bonded C=O (amide I) and free, non-hydrogen-bonded C=O vibrations in all
samples, and the latter bands appear to be highly affected by LBA/OEG ratios.
More interestingly, the adsorption bands in the C-O stretching region significantly
changed upon varying LBA/OEG ratios, as shown in Figure 6.3b, 6.3c, S6.1c and S6.1d.
OEG-BU showed a broad absorption band at 1103 cm-1 for C-O-C symmetric stretching
and a small adsorption band at 1347 cm-1 for asymmetric C-O-C stretching, which bands
are characteristic for ether groups in ethylene glycol (EG) units.22,23 In LBA-BU, two
distinct adsorption peaks at 1076 cm-1 and 1046 cm-1 were observed, corresponding to CC stretching and C-O stretching vibrations in carbohydrate rings, respectively.24,25
Adding LBA-BU to OEG-BU resulted in a red-shift of the symmetric C-O-C stretching
and a blue-shift of asymmetric C-O-C stretching adsorption bands in EG units. Moreover,
the C-O stretching adsorption band in carbohydrate rings became dominant with a
remarkable red-shift to 1046 cm-1 upon increasing the amount of LBA-BU component in
the mixture, while no obvious shift in the C-C stretching band of carbohydrate rings was
found. Importantly, the IR spectra of the equimolar mixture in C-O stretching regions
were not matched to an overlay of the spectra calculated from individual pure
amphiphiles, excluding the existence of self-sorting of two amphiphiles. The distinct IR
shifts of C-O stretching and amide I regime in the mixtures, compared to the ones
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performed for separate OEG and LBA assembles, are indicative of co-assembly of OEG
and LBA-BUs.
It is clear from the above IR results that the C-O stretching bands in both OEG-BU and
LBA-BU significantly shifted with an increase of LBA/OEG ratios, strongly suggesting
that these C-O bonds interact with each other. Thus, we speculate that intermolecular
hydrogen bond bonds are formed between OEG units and carbohydrates, in which the
ether oxygen atoms from OEG act as H-bond acceptors and the alcohol groups from LBA
act as H-bond donors (Figure 6.3d), driving co-assembly of the two BU components.
Indeed this type of interaction is well-known, as it has been reported that in aqueous
polysaccharide solutions, adding OEG or polyethylene glycol (PEG) based surfactants
significantly affects viscoelasticity and surface tension due to hydrogen bonding between
these components.26–28 However, to the best of our knowledge, such hydrogen bonds
between carbohydrate amphiphile and OEG amphiphile have not been investigated in
supramolecular systems before.

Figure 6.3 | FT-IR spectra of the OEG-BU alone (0/10), LBA-BU alone (10/0) and their equimolar
mixture (5/5) at amide region (a) and at C-O stretching regions (b+c). The samples were freeze131 |
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dried from 5.0 mM solution after a heating-fast cooling procedure. The calculated theoretical
combination (dash line) of two amphiphiles is presented for reference. (d) Schematic illustration
of intermolecular hydrogen bonding interactions between OEG head group from OEG-BU and
carbohydrate group from LBA-BU.

Circular dichroism (CD) spectroscopy has been used extensively to probe the formation
of chiral supramolecular architectures, including carbohydrate amphiphile
assemblies.29–31 To gain more insight into the ability of the two amphiphiles to coassemble, CD spectroscopy was performed on dilute aqueous solutions with varying
OEG/LBA ratios. A distinct CD signal at around 192 nm was observed in LBA-BU
aqueous solution, corresponding to the absorption wavelength of the urea and amide
chromophores in UV spectra (Figure 6.4 and S6.2). Moreover, a decrease of LBA-BU
concentration from 300 μΜ to 150 μΜ resulted in a reduction of ellipticity and a blue
shift of the CD peak (Figure S6.2c and S6.2d), indicating concentration-dependence of

LBA-BU assembled structures. No CD signal was observed in a 300 μM solution of LBABU in DMSO, indicating the absence of aggregation in this hydrogen bond-breaking

solvent (Figure S6.2c), while a 300 μM OEG-BU aqueous solution did not show a CD
signal due to the absence of chirality in this molecule. Given these observations, UV-vis
and CD spectra of aqueous solutions with LBA/OEG ratios varying between 9/1 and 1/9
were recorded. In the 9/1 and 7/3 solutions, the maximum in the UV and CD spectra
had redshifted to ̴198 nm, and a significant decrease in CD signal intensity in the 7/3
solution was observed. Surprisingly, the CD spectrum of the 5/5 solution (containing 150
μM of LBA-BU) displayed a negative CD signal, in sharp contrast to a 150 μM pure LBABU solution (Figure 5.4b). A further decrease of the LBA/OEG ratio resulted in a blue
shift of the negative CD signal and a continuous decrease of intensity until no CD signal
was observed in 300 μM pure OEG-BU solution. The strong non-linear dependence of
the CD effect on composition indicates extensive co-assembly of the amphiphiles, with a
strong effect of composition on the supramolecular chirality of the aggregates. The
observations exclude self-sorting because in that case, the CD spectrum of each solution
would be a linear combination of the signals of the individual components.32,33 The
strength of the non-linearity in CD spectra suggests that specific LBA-OEG interactions
provide a strong driving force for co-assembly, and the hydrogen bonding between OEG
units from OEG-BU and carbohydrates from LBA-BU, as shown in Figure 6.3d, are
obvious candidates for this interaction.

| 132

Unraveling co-assembly of carbohydrate based and oligo(ethylene glycol) based bisurea amphiphiles

Figure 6.4 | UV-Vis (a) and CD (b) spectra of OEG-BU alone (0/10), LBA-BU alone (10/0) and their
co-assembly equimolar mixture (5/5) in water.

Morphological characterization: AFM and Cryo-TEM
The morphologies of the co-assembled structures were investigated with atomic force
microscopy (AFM). 100 μM aqueous solutions of LBA-BU, OEG-BU, and of an
equimolar mixture of the two amphiphiles were drop-cast on freshly cleaved mica and
dried at room temperature overnight. As shown in Figure 6.5, all three samples displayed
a fibrous morphology with numerous, long bundling structures, but the fibers in pure
OEG-BU (0/10) and LBA-BU (10/0) samples appear to form networks more extensively
than the equimolar sample. Fibers of pure OEG-BU had a uniform fiber height of ca. 3.5
nm while the fibers of LBA-BU varied in height from 2.4 nm to 8.0 nm. Fibers in the
AFM images of the equimolar sample exhibited a slightly larger height of 4.0-4.5 nm
than pure OEG-BU, but a more uniform fiber height LBA-BU (Figure 6.5d-6.5f). All of
the fibrillar structures had a width exceeding 100 nm to provide a low height-to-width
ratio, indicative of the formation of ribbon-like or bundling structures. The apparent high
width could be due to a combined effect of AFM tip convolution and fiber aggregation
during sample drying. Thus, based on AFM we cannot determine whether these samples
assemble into single fibers or bundles in water.
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Figure 6.5 | Representative AFM height images of amphiphile solutions at 100 µM: (a) OEG-BU:
0/10; (b) 5/5; (c) LBA-BU: 10/0, respectively. Height profiles of (d) OEG-BU: 0/10; (e) equimolar
mixture: 5/5; (f) LBA-BU: 10/0, respectively, indicated by thick white lines. The scale bar is 2.0 μm.

To get accurate morphological information of these three samples, cryogenic electron
microscopy (cryo-TEM) was used at the same concentration of 0.5 mM. As shown in
Figure 6.6, two pure BU amphiphiles predominately displayed fibrous assemblies with
an approximate fiber diameter of 5-6 nm in water, while OEG-BU had a fiber network
morphology and LBA-BU gave fiber bundling structures. These morphological
observations are consistent with the above AFM images and our previous findings in
Chapter 2 and Chapter 4. To our surprise, only short, isolated fibers and small micelles
were observed in the equimolar mixture (5/5), suggesting that adding the second
component results in a significant decrease in fiber length and a lack of intra-fiber
interactions. It should be to be noted that the fiber morphology in the 5/5 sample is
significantly different from the AFM image indicated in Figure 6.5b. The difference
could be due to drying effects, in which water evaporation induces fiber aggregation
during sample preparation for AFM measurement. Nevertheless, the big morphological
difference observed from microscopic images between equimolar mixture (5/5) and pure
amphiphiles strongly suggests that specific interactions between the components in the
mixture lead to a different morphology due to co-assembly in water. Without these
interactions, two distinct fiber morphologies with different heights and lengths would be
observed in the mixtures.7,34
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Figure 6.6 | Representative cryo-TEM images of amphiphile solutions at 500 μΜ: (a) OEG-BU:
0/10; (b) equimolar mixture: 5/5; (c) LBA-BU: 10/0, respectively. The scale bar is 50 nm.

Structural characterization: SAXS and WAXS
Small-angle X-ray scattering (SAXS) was used to investigate aggregate structures of
solutions of pure amphiphiles and the equimolar co-assembled mixed solution. The
scattering profiles of all three solutions at s total concentration of 5 mM, displayed in
Figure 6.7a, had similar features over the whole q-range indicating long, 1-dimensional
objects. To fit the data, we applied a simple cylindrical form factor model with a fixed
fiber length of 1000 nm, in a range of 0.015 Å < q < 0.3 Å. Notably, the scattering profiles
of 5/5 and 10/0 samples overlapped in the range of q > 0.015 Å and displayed a broad
Bragg peak at the high q regime, with an estimated fiber radius of 3.5 nm. The intensity
of the OEG-BU sample was slightly lower than that of the other two samples, and a
slightly smaller fiber radius of 3.3 nm was obtained, consistent with a relatively lower
height value of 0/10 sample than 5/5 and 10/0 samples in AFM images (Figure 6.5d and
6.5f). Additionally, at lowest the q regime (q < 0.010 Å), the scattering intensity for the
equimolar solution was lower than for the pure solutions, implying co-assembly of OEG
and LBA-BU, as a self-sorted mixture would lead to a signal that has the average intensity
of the two pure amphiphiles.35,36 Whereas the pure amphiphile solutions had a slope of
ca. -1.5 in the Guinier region, corresponding to the presence of thin ribbons or wide
bundling nanostructures in the supramolecular polymers.37–39 Conversely, the 5/5
sample displayed a scattering pattern with an initial slope of -1.0, indicative of rod-like
nanostructures. These results of fiber diameter and fewer bundles presented in 5/5 are
consistent with our observations from cryo-TEM images.
Wide-angle X-ray light scattering (WAXS) was applied on freeze-dried samples to study
the molecular packing of the aggregates. As shown in Figure 6.7b, all three samples
shared a broad peak at 1.46 Å–1, corresponding to characteristic d-spacing (D1) of 4.3 Å
that is within the range (4.0-4.6 Å) observed for the hydrogen-bonding distance (parallel
to fiber axis) between two urea moieties in bis-urea based supramolecular fibrillar
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assemblies and polymers.40–43 The packing distance in the equimolar system is the same
for all three samples, indicating that co-assembly of the two amphiphiles is governed by
the same urea hydrogen-bonding motif as in the pure samples. Surprisingly, an
additional pronounced peak at 1.64 Å–1 was observed in LBA-containing samples that
was not apparent in OEG-BU. We speculate that this peak, corresponding to a distance
(D2) of 3.8 Å, correlates with diffraction perpendicular to the fiber axis, which is a typical
value for lamellar structures.44,45 This peak in the 5/5 mixture is much broad than in pure
LBA-BU, indicating the domain size of the periodicity in 5/5 is smaller than pure LBABU but still bigger than pure OEG-BU.

Figure 6.7 | (a) Small-angle light scattering (SAXS) profiles of 0/10, 5/5, and 10/0 solutions at a
concentration of 5.0 mM: raw data: dotted lines, and fitting results: solid lines. Insert table for
fitting parameters based on a simple cylindrical form factor. (b) Wide-angle light scattering (WAXS)
profiles of 0/10, 5/5, and 10/0 samples prepared from freeze-drying of 5.0 mM solutions.

6.3. Conclusions
Mixing two amphiphilic gelators with similar molecular structures significantly affects
gelation, and more importantly, mixing the equimolar amount of the components
prevents the formation of the gel. Altogether, we interpret this as the result of
interactions between the components, leading to an occurrence of co-assembly. To gain
more insight into the detail of co-assembly, we have employed different techniques
including FT-IR, CD, microscopy and small-angle X-ray scattering. From FTIR spectra,
it was found that the new type of hydrogen bonding between OEG units and carbohydrate
rings is formed on the basis of distinct shifts on C=O stretching regime, and such
interactions, together with the directional hydrogen bonding from bis-urea moieties
promote co-assemble of two bis-urea amphiphiles. The remarkable nonlinear changes in
chiroptical properties upon varying OEG/LBA ratios confirm co-assembly. Furthermore,
two pure amphiphiles (0/10 and 10/0 samples) aggregate into fiber bundles upon
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heating-cooling. Mixing OEG-BU with LBA-BU does not affect fiber formation and intermolecular packing discerned by SAXS and WAXS results, while the co-assembly appears
to rupture molecular stacking regularity of individual assembly, leading to less fibrilfibril aggregates as a result of the formation of short and isolated fibers. Taken together,
it is evident that the composition-dependent gelation and even loss of fibrous networks
at equimolar mixture are mainly ascribed to lack of physical fiber bundling and
entanglements arising from the co-assembly of two bis-urea amphiphiles. These findings
are in good agreement with the work of Rowan and coworkers, who found that OEG
based non-ionic surfactants can effectively tune gelation behavior and rheological
properties of a sugar amphiphile, although the underlying mechanism was not
elucidated.46
The present study not only provides new insight into interactions and co-assembly
between glycolipids and commonly used ethylene glycol-based amphiphiles or gelators
but also provides a way to obtain control over fiber bundling structures, allowing us to
design strain-stiffening supramolecular hydrogels. Additionally, the co-assembly strategy
allows us to easily tailor ligand density in supramolecular hydrogels for mediating cellmatrix interaction and mimicking biofunctionality of the extracellular matrix.
6.4. Experimental section
Materials and methods
All used materials were commercially available and used without further purification
unless noted otherwise. Deuterated solvents were purchased from Cambridge Isotopes
Laboratories. The reaction was carried out under an inert argon atmosphere and all
glassware was dried in an oven before the reaction. Lactobionic acid (LBA), 1,12diaminododecane, 4-dihydro-2H-pyran (DHP), pyridinium p-toluenesulfonate (PPTS)
were purchased from Sigma-Aldrich, and hexamethylene diisocyanate (HDI) and
carbonyldiimidazole (CDI) was purchased from Tokyo Chemical Industry (TCI).
Octaethylene glycol was purchased from Polypure. All chemicals were used without
further purification.
1

H NMR and 13C NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx
or Varian 400MR) operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR.

Chemical shift (δ) is reported in parts per million (ppm) from tetramethylsilane (TMS)
or using the resonance of the deuterated solvent as an internal standard. Splitting
patterns are labeled as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q)
and multiplet (m). Liquid chromatography-mass spectrometry (LC-MS) was performed
on a Thermo Fisher Scientific LCQ Fleet ESI-MS with H2O (0.1% formic acid) as eluents.
Matric-assisted laser desorption/ionization time-of-flight (MALDI-TOF) measurements
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were carried out on a Perspective Biosystem Voyager-DE PRO spectrometer by using 4hydroxycinamic acid as matrix material. The mechanical properties of the hydrogels were
performed on an oscillatory rheometer: Physicia MCR 501 Discovery HR-3, equipped
with a 25 mm stainless steel sand-blasted plate-plate geometry and solvent trap, which
were used to prevent sample slippage and water evaporation. IR spectra of the dried
samples were recorded on a Perkin-Elmer FT-IR spectrometer. CD measurements were
performed on a Jasco J-815 spectropolarimeter where the sensitivity, time constant and
scan range were chosen appropriately (sensitivity: standard, response: 2s, bandwidth: 1.0
nm, data pitch: 0.5 nm, scanning speed 10 nm/min). The measurement temperature
was performed at 20 °C. Atomic force microscopy (AFM) was carried out on a Digital
Instruments Dimension Nanoscope IV in tapping mode regime to record height images
with silicon cantilever tips (PPP-NCHR, NanoSensors, 204-497 kHz, and 10-130 N·M-1)
at room temperature. Samples for cryogenic transmission electron microscopy (CryoTEM) were prepared in an automated vitrification robot (VitrobotTM Mark III, FEI) at
room temperature and a relative humidity > 95%.
Synthetic procedures
Synthesis of BU amphiphiles
The OEG-BU and LBA-BU amphiphiles were synthesized as previously reported in
Chapters 2 and 4.
OEG-BU amphiphile:
H NMR (400 MHz, d6-DMSO) δ ppm: 7.16 (t, 2H), 5.71 (q, 4H), 4.56 (t, 2H), 4.03 (t,
4H), 3.72-3.36 (m, 62H), 2.94 (q, 12H), 1.48-1.05 (m, 48H).
1

C NMR (100 MHz, CDCl3) δ ppm: 159.06, 156.50, 77.36, 77.04, 76.72, 72.59, 70.58,
70.54, 70.52, 70.50, 70.28, 69.68, 63.79, 61.65, 41.05, 40.39, 39.46, 30.39, 29.91, 29.51,
29.47, 29.36, 29.21, 26.94, 26.72, 25.63.

13

M/z: 1383.97 [M+Na]+, calcd for C66H132N6O22: 1360.94.
LBA-BU amphiphile:
H NMR (400 MHz, d6-DMSO) δ ppm: 7.55 (t, 2H), 5.71 (m, 4H), 5.15-5.13 (m, 4H), 4.77
(m, 4H), 4.67 (t, 2H), 4.48 (m, 4H), 4.25 (d, 2H) , 4.08 (m, 2H), 4.01 (m, 4H), 3.69 (m,
4H), 3.59 (m, 4H), 3.50 (m, 6H), 3.42-3.26 (m, 6H, overlap with H2O), 3.14-2.99 (t, 4H),
2.98-2.86 (m, 8H), 1.55-1.16 (m, 48H).
1

C NMR (100 MHz, d6-DMSO) δ ppm: 172.49, 158.56, 105.07, 83.43, 76.17, 73.69, 72.43,
71.86, 71.57, 70.91, 68.70, 62.82, 61.14, 40.88, 38.78, 30.51, 29.69, 29.55, 29.52, 29.50,
29.31, 26.88, 26.86, 26.59.
13
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M/z: 1249.50 [M+H]+, calcd for C56H108N6O24: 1248.74.
Sample preparation
OEG-BU, LBA-BU amphiphiles and their mixtures were first dissolved in Mili-Q water
by sonicating for 30 min to get an opaque suspension solution. The suspension was
heated in a sealed vial in an oil bath for 5 min at 100 °C (except for LBA-BU amphiphile
for 10 min at 120 °C) and then cooled quickly in an ice bath to obtain a clear solution or
gels. The solutions or gels were allowed to equilibrate for at least 3 days.
X-ray scattering measurements
X-ray scattering measurements were performed on a Ganesha lab instrument equipped
with a Genix-Cu ultra-low divergence source producing X-ray photons with a wavelength
of 0.154 nm and flux of 1 x 108 photons·s-1. Diffraction patterns were collected using a
Pilatus 300K silicon pixel detector with 487 x 619 pixels of 172 μm2 in size, placed at a
sample to detector distance of 113 mm (wide-angle, WAXS), or 1513 mm (small angle,
SAXS). On the obtained diffraction patterns an azimuthal integration was performed,
using SAXSGUI software, to calculate the intensity against the scattering vector q, where
q = (4π/λ)·sinϑ (ϑ is the angle of incidence and λ is the wavelength). The beam center
and the q-range were calibrated using silver behenate (d(100) = 1.076 nm–1; 5.839 nm),
as a reference. The d(300) was used for calibration. For SAXS measurement, 5.0 mM of
three solutions: 0/10, 5/5 and 10/0 were prepared by the above procedure, respectively.
The WAXS measurements were performed on bulk samples (freeze-dried solids from
5.0 mM solutions) sealed in 1.0 mm diameter glass capillaries (Hilgenberg) or directly
on the polymer film.
6.5 Appendix
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Figure S6.1 | FT-IR spectra of OEG-BU amphiphile, their co-assemblies and LBA-BU amphiphile:
(a) NH and CH stretching regime, (b) C=O stretching regime, (c) COC asymmetric stretching
regime and (d) CO stretching regime. Due to the presence of multiple primary alcohol groups in
OEG-BU and LBA-BU, the N-H and O-H stretching vibrations are overlapped to yield a broad
absorption band at 3100-3600 cm-1.
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Figure S6.2 | UV-Vis absorption spectra of of of the precursor amphiphiles and their co-assemblies,
and the solution concentration was 300 μM. CD spectra of LBA-BU amphiphile (10/0) at different
concentrations in water and DMSO. (c) Mole residue ellipticity of 10/0 at different concentrations.
The measurement temperature was 20 °C.
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Supramolecular hydrogels offer the large possibility to develop synthetic materials for
mimicking extracellular matrices (ECMs). The work presented in this thesis describes
new and efficient approaches towards fully synthetic supramolecular hydrogels by using
bis-urea amphiphiles. The hydrogels that are formed either by physical crosslinking or
by covalent crosslinking mimic distinct characteristics of ECMs, including their fibrous
architecture, dynamics, bioactivity, and strain-stiffening response (Figure 7.1). In this
Chapter, we present a brief discussion about limitations and unanswered questions
arising from the systems described in the previous Chapters. Finally, on the basis of
results in this thesis, we propose future directions to develop synthetic supramolecular
hydrogels that rival the complexity in structures and functions of ECMs.

Figure 7.1 | Overview of the approaches presented in this thesis, with bis-urea amphiphiles as the
starting materials to mimic ECM characteristics.

7.1. Current system limitations
The hydrogels that we presented in this thesis are hierarchically assembled from bis-urea
amphiphilic monomers, in which the supramolecular fibers are crosslinked either
through physical entanglement and bundling or through chemically covalent
crosslinking between fibers. In supramolecular systems, the formation of gel network
and its corresponding mechanical strength are strongly dependent on structural
parameters, including the fiber length, persistence length, bundle dimension, and mesh
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size. A deep understanding of the relationship between these parameters becomes
essential to elucidate the mechanics of supramolecular hydrogelation.1,2 For instance,
OEG bis-urea amphiphile (P8-10 OMe) assembles into supramolecular fibers with an
average length of ̴ 30 nm. The fiber length is calculated from cryo-TEM images in diluted
(1.0 mM) aqueous solution, while it becomes impossible to extract accurate length
information at high monomer concentration or for long fiber systems, such as P8-12
OMe and two carbohydrate based bis-urea amphiphiles. Similarly, static light scattering
(SLS) could be used to obtain the relative degree of supramolecular polymerization
(related to fiber length) as well as conventional small-angle X-ray light scattering and
neutron light scattering techniques. Usually, the fiber length will exceed the resolution
of the scattering techniques.2 Super-resolution microscopy, such as STORM is an
emerging powerful tool to image structural and dynamic information (such as size and
length of fiber bundles) of supramolecular systems with extraordinary spatial resolution,
but it requires chemical functionalization of the monomers with fluorophores for
visualization.3 Additionally, an estimate of the mesh size will allow for probing the
mechanical strength of hydrogel networks. In the strain-stiffening supramolecular
hydrogel system (Chapter 5), a striking aging time-dependent stiffening response is
observed that we interpret that it is the effect of gradual change of structural features,
including mesh size in diluted solution upon aging. Unfortunately, the change of mesh
size upon aging in dilute solution is difficult to study, particularly with non-invasive
methods. In future studies, techniques such as diffusion-wave spectroscopy (DWS),
micro-rheology and fluorescent microscopy should be used to obtain more detailed
information about the mesh size in the networks as a function of dilution and aging.4–6
Another aspect of the strain-stiffening hydrogels that needs further study is the relation
between fiber bundling and strain-stiffening capability. The literature on strainstiffening gels gives conflicting observations on this point. On the one hand, thermosensitive polyisocyanopeptide (PIC) hydrogels show a strain-stiffening response that is
correlated with the formation of fiber bundling observed with atomic force microscopy
(AFM).7 On the other hand, observations from Van Esch’s group show that in
supramolecular hydrogels, fiber bundling suppresses the strain-stiffening response.8
While understanding the relationship between supramolecular bundling and strainstiffening is essential for a full explanation of the effects of aging on the non-linear
mechanical properties of the crosslinked gels described in Chapter 5, this relation is not
fully understood. To address this knowledge gap, a practical approach is required to gain
control over fiber length and bundle diameter and to tune the mechanical strength of
supramolecular hydrogels that express the striking strain-stiffening capability reported
in Chapter 4.
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In Chapter 3, crosslinking of hydrogels via covalent dimerization of coumarin groups is
demonstrated, but the crosslinked OEG amphiphile hydrogel still has a low mechanical
strength. It is because of weak non-covalent interactions between fibers with a lack of
chemical fixation of these bis-urea monomers.9 On the other hand, This is likely due to
poor incorporation of the crosslinker in the supramolecular fibers and low conversion of
the dimerization reaction. The aromatic coumarin groups make OEG amphiphiles more
hydrophobic and probably lead to less efficient co-assembly with non-functionalized
OEG amphiphiles. In this situation, photo-induced crosslinking mostly occurs between
unassembled coumarin crosslinkers, resulting in a limited increase in the modulus of
hydrogels. Additionally, a prolonged time UV light irradiation causes degradation of
coumarin units, and in the context of cell culturing, light-induced cytotoxicity is an issue.
To solve these problems, other dynamic crosslinking interactions, such as the formation
of more hydrophilic disulfide or imide bonds10 could be used to enhance and modulate
the mechanical strength of supramolecular hydrogels while maintaining dynamic
features of supramolecular systems.
In the work on carbohydrate based bis-urea amphiphile supramolecular hydrogels that
promote the formation of HepG2 spheroids, there remain also many unanswered
questions and the systems that have been studied have certain disadvantages. A major
drawback is that the HepG2 cells could not be incorporated inside hydrogel networks but
had to be seeded on the top of the hydrogel surface. Although observation of the cell
aggregation and mobility is easier, the 2D cell culture system is not representative of real
cell environments, thus more efforts should be taken to explore the possibility of using
the bioactive hydrogels for 3D cell culture. Furthermore, cell mobility on two
carbohydrate functionalized hydrogels significantly affects spheroid size and number,
and it is a synergistic effect of gel stiffness, ligand density and binding affinity. However,
it is difficult to conclude the difference on binding affinity between LBA and MBA
ligands based on results of a competition assay. More detailed studies are required to
obtain a comprehensive understanding of such unusual differences. Additionally, due to
the dynamic feature of supramolecular hydrogels, it should be possible to harvest
spheroids formed on carbohydrate-based hydrogels without compromising their
structural integrity. Finally, it remains unknown why the proliferation of HepG2 cells is
relatively low and how cells communicate with each other to form aggregates on bioactive
hydrogels. Once these questions have been answered, it will become possible to figure
out the mechanism of spheroid formation on bioactive carbohydrate-based hydrogel
scaffolds with the assistance of fluorescent staining and labeling techniques.
7.2. Future perspectives
Adding the second component towards tuning assembled structures
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As alluded to in the last chapter, the co-assembly of two bis-urea amphiphiles yields a
transition from a gel state to a sol state with a significant decrease in fiber length and
bundle size. In other words, the bundling size and fiber length can be programmed by
simply changing the molar ratio of the two components. Therefore, co-assembly has
advantages over a single component system in terms of fine tunability and structural
diversity.11 Moreover, adding non-gelating additives, such as surfactants into
supramolecular polymers often leads to a significant morphology change of
supramolecular assemblies. For example, Yamanaka et. al have reported a tris-urea
amphiphilic building block with three sugar moieties as the hydrophilic head that forms
supramolecular bundling structures, leading to an insoluble suspension in water.12,13
Interestingly, it is found that adding ionic surfactants, such as sodium dodecyl sulfate
(SDS) into the sugar amphiphile solution produces a clear hydrogel. Scanning electron
microscopy (SEM) images indicate fibrous aggregates with a varied thickness that is
highly related to SDS concentration in the mixtures. It was proposed that the hydrophilic
ionic groups of surfactants are dispersed on the surface of the assemblies, as a result of
decreasing the degree of bundling through electrostatic repulsion to produce relatively
isolated fibrous aggregates.13 Inspired by these results, we have attempted to study the
effect of SDS addition on gelation of OEG bis-urea amphiphile (P8-12 OMe). As indicated
in Figure 7.2, P8-12 OMe forms an opaque hydrogel upon heating-cooling at a
concentration of 15 mM (20 mg/mL). Adding a low concentration of SDS led to a
transition from a transparent hydrogel to a solution with low viscosity. Although the
morphology of the assemblies in the mixtures has not been studied, we speculate that
the structural information of P8-12 OMe, including the assembled morphology and
mesh size is altered with addition of SDS due to the significant changes in the
transparence and viscosity of the mixed solutions. Additionally, other non-ionic
surfacants such as OEG derivatives could be used to a the similar effect without
sacrificing biocompatibility of such bis-urea amphiphilic systems. Taken together, the
facile approach of adding a second component in gelators provides new insights into
secondary aggregation in supramolecular polymers, and also opens possibilities to
develop strain-stiffening hydrogels with controlled bundle size and fiber length.
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Figure 7.2 | (a) Chemical structures of OEG amphiphile (P8-12 OMe) and two surfactants; (b)
Optical images of mixed solutions with 15 mM OEG amphiphile and different concentrations of
sodium dodecyl sulfate (x mM SDS). The mixed solutions or gels become highly transparent when
adding more SDS into the OEG bis-urea amphiphile.

Directing cell migration on bioactive supramolecular hydrogels
Tissues in organs most often adopt anisotropic structures, such as parallel arrays of
collagen fibrils in muscles, whereas most synthetic hydrogel materials, including
supramolecular hydrogels, remain isotropic without long-range orientation.14 Electric,
magnetic and shear forces, etc. have been routinely used to create macroscopically
ordered structures.15 From the results in Chapter 4, it has become clear that the galactose
or glucose ligand on carbohydrate based supramolecular hydrogels facilitate cell
migration by enhancing cell-cell interactions. HepG2 cells on the carbohydrate gels show
a strong tendency to find each other, leading to the formation of cell aggregates during
culture. However, the cell migration is unidirectional on homogenous gel surfaces.
These findings raise an interesting question about directing cell migration during
contact and likely allow regulating spheroid formation by providing directional guidance
cues, such as on aligned architectures of carbohydrate gels. To this purpose, we used
shear in a rheometer to create aligned structures in the supramolecular hydrogel as
indicated in Figure 7.3a. The anisotropy in carbohydrate gel networks allow us to
visualize highly ordered structures at macroscopic scales with polarized light microscopy
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(POM). To fabricate highly aligned structures in supramolecular hydrogels, the parallel
plates in a rotational rheometer were used to apply a circular shear force with controlled
shear rates (such as 0.8 and 8 rad/s). Without salt-induced crosslinking interaction, the
carbohydrate gels were too weak to retain a fixed shape upon removing the top plate.
After adding a PBS buffer for fixation, round gel discs with aligned structures were
obtained (Figure 7.3b). The POM images showed strong birefringence with characteristic
Maltese cross patterns at shear rates of 8 rad/s, revealing axial alignment in gel discs
(Figure 7.3c and 7.3d). The Maltese cross was still observed after one week when
immersing in PBS solution, revealing that salt induced crosslinking interactions are
strong enough to retain macroscopic alignment. These results indicate that rheometer
shearing is a facile method for controlling the alignment of carbohydrate amphiphile
fibers in gel networks. Such topological alignment in carbohydrate gels shows promise
in directing cell alignment and controlling cell migration direction, which offers
possibilities to mimic anisotropic cell-ECM interactions.

Figure 7.3 | Fiber alignment in carbohydrate gels by a rotational rheometer. (a) The carbohydrate
amphiphilic gel was sheared by a parallel-plate geometry (diameter: 8 mm) with a shear rate of 8
rad/s for 120 s, followed by adding 1 × PBS to crosslink aligned fibers. After equilibrating for 30
min, the geometry was withdrawn slowly, and the PBS solution was removed to obtain a gel disc
with aligned structures; (b) Optical image of aligned half-transparent gel disc; Images of a 17 mM
LBA gel disc at the edge (c) and central (d) regime under POM. The scale bar is 500 μm.

Tunable bioactive ligand density and incorporation of other functionalities in
supramolecular hydrogels

It is well-known that the ligand density in hydrogel networks is a crucial parameter for
cell culture, and supramolecular copolymerization allows for simple and accurate tuning
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of ligand density in supramolecular hydrogel systems. As described in Chapter 6, we
have managed to understand that the bioactive carbohydrate based bis-urea amphiphile
is capable of undergoing co-assembly with its non-bioactive analogue OEG bis-urea
amphiphile, allowing us to tune bioactive galactose (Gal) density of supramolecular
systems in a simple mixing method (Figure 7.4). Nevertheless, the mixed solutions of
two amphiphiles only yield weak gels or fail to form supramolecular hydrogels due to a
lack of physical entanglement and bundling in co-assembled systems. Thus, the
introduction of chemical crosslinking between fibers becomes essential to develop gel
networks with controllable mechanical strengths, and a decrease of fiber bundling in coassembled systems together with chemically crosslinking may favor the presence of the
strain-stiffening response in hydrogel networks. Altogether, the interplay of ligand
density, mechanical strength, and strain-stiffening in bioactive, crosslinked
supramolecular hydrogels offers great possibilities to achieve superior control over the
spheroid size and liver-specific functions and also gains a deeper insight into spheroid
formation mechanism on carbohydrate based supramolecular hydrogels systems. On the
other hand, some cell adhesive peptides, such as Arg-Gly-Asp (RGD) units can be
introduced to develop universal gel systems that can be used to culture different cell
lines.16,17 Similarly, the degradation moieties could be also incorporated to tune the
mechanical strength of supramolecular hydrogels in response to light, oxidization, or
enzymes as triggers, allowing to mimic protein degradation in real tissue.18

Figure 7.4 | Schematic illustrations of the control of galactose (Gal) ligand density in
supramolecular hydrogels to tune spheroid sizes and functions.

Supramolecular hydrogels represent a great promise as synthetic alternatives to replicate
extracellular matrix, which can be used for tissue engineering and regenerative medicine.
However, since the extracellular matrix exhibits a large complexity in component,
structure and functionality, all that we have presented in this thesis is only a small piece
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of a bigger, more complex puzzle. Achieving a complete mimic of ECM requires further
investigations and relevance of knowledge of chemistry, material science and biology,
and it also opens up the large possibility for developing the next generation of biomimetic
materials as ECM mimics.
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Summary
Extracellular matrices (ECMs) are complex 3D networks that are comprised of various
protein fibers and proteoglycans immobilizing a large volume of water. These noncellular components provide biophysical and biochemical cues for cell growth,
communication, migration, and differentiation. Tremendous efforts have been made to
design and develop synthetic hydrogel networks that replicate intriguing characteristics
of ECMs, including fibrous nanoarchitecture, dynamics, mechanics, and bioactivity for
potential applications in soft tissue engineering and regenerative medicine.
Supramolecular hydrogels prepared by hierarchical self-assembly of molecular gelators
have received increasing interest as ECM mimics due to their inherent fibrous
morphology and dynamic nature. However, it remains a challenge to understand the
relationship between molecular structure, assembly morphology and gelation capability.
In addition, self-assembled hydrogels usually exhibit low mechanical strength, lack biofunctional cues, and soften at a higher strain or stress, thereby limiting their applications
as ECM mimics. To solve these limitations, we have sought to construct fully synthetic
bis-urea amphiphile based supramolecular hydrogels by a combination of covalent and
physical crosslinking methods (such as fiber entanglement and bundling) to replicate
ECM characteristics.
To probe the interplay of molecular structure, morphology and gelation behavior, a set
of oligo(ethylene glycol) (OEG) based bis-urea amphiphiles is synthesized in a more
facile step In Chapter 2. The self-assemble of these OEG bis-urea amphiphiles in water
is investigated, and it is found that a subtle change of molecular structure of bis-urea
monomers, including variation of end group and dispersity of OEG chain, has a big
influence on the critical micelle concentration (CMC), lower critical solution temperature
(LCST) and morphology. Generally, the more hydrophobic OEG amphiphile displays a
lower CMC value and LCST and tends to form elongated fibers. Additionally, we have
explored the gelation behavior of OEG bis-urea amphiphiles that assemble into fibrous
aggregates, and only OEG bis-urea amphiphile with the longest alkyl chains can form a
self-supporting supramolecular hydrogel with a thermo-responsive gelation transition.
Therefore, it can be concluded that the assembled structures and gelation ability are
strongly affected by the molecular structure of OEG bis-urea amphiphiles, giving more
insight to designing supramolecular hydrogels for ECM mimics.
In Chapter 3, a photo-responsive coumarin containing OEG bis-urea amphiphile is
synthesized to crosslink self-assembled fibers and to construct supramolecular hydrogels.
In a model reaction, it is proven that the coumarin group dimerizes through [2+2]
cycloaddition with UV light of 365 nm, and the dimer is easily cleaved under irradiation
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with 254 nm UV light. When the coumarin-based crosslinker co-assembles with nonfunctionalized OEG amphiphile, the crosslinker in co-assembled supramolecular fibers
still exhibits partially photo-reversibility upon irradiation by UV light with different
wavelengths. The mixed solution is a viscous liquid, whereas upon UV irradiation at 365
nm, it forms a gel with a fibrous network-like morphology. Interestingly, the mechanical
modulus of the photo-crosslinked hydrogel can be tailored by irradiation time.
Furthermore, upon irradiation with UV light of 254 nm, the crosslinked hydrogel
remains in the gel state with a decrease of mechanical modulus. The photo-responsivity
reveals a controllable sol-to-gel transition, offering an opportunity for gaining precise
control of the mechanical properties of supramolecular hydrogels.
Like previous low-molecular-weight hydrogelators reported in our group, the
supramolecular hydrogels formed by OEG bis-urea amphiphiles do not provide
biofunctional cues for cell culture, limiting their applications as ECMs mimics. In
Chapter 4, two carbohydrate (LBA and MBA) based bis-urea amphiphiles are introduced
to develop supramolecular hydrogels that mimic bioactive cues in the ECM. Although
both amphiphiles self-assemble into long, well-defined supramolecular fibers and form
self-healing hydrogels in water through fiber entanglement and bundling, LBA
amphiphile forms a stiffer hydrogel than MBA amphiphile at the same concentration.
Surprisingly, both hydrogels promote the formation of spheroids of hepatic cancer cells
(HepG2 cells) through strong binding interactions between surface protein receptor and
carbohydrate units. Nevertheless, different spheroid sizes and colony numbers are
observed on two carbohydrate functionalized supramolecular hydrogels, and such
differences arise from different cell migration speeds on the surface of two hydrogels as
a result of a synergistic effect of hydrogel stiffness, binding affinity, and ligand density
on hydrogel matrices. Altogether, these fully synthetic and self-assembled hydrogels not
only provide a promising platform to elucidate the role of carbohydrate ligand, gel
stiffness and ligand density on spheroid formation but also offer a new avenue towards
a processible and bioactive mimic of the natural microenvironment for liver tissue
engineering.
In Chapter 5, a combination of chemical crosslinking and a simple method consisting of
equilibration at higher concentration followed by dilution is employed to construct
strain-stiffening supramolecular hydrogels that mimic the nonlinear mechanics and
bioactivity of natural ECMs. It is found that diluting a concentrated LBA amphiphile
solution induces time-dependent dissociation of bundles with a decrease of bundle
diameter and fiber length. The dilution factor affects the dissociation rate of fiber bundles,
with a higher dilution factor leading to faster dissociation. Thus, the stiffening response
of the crosslinked hydrogels strongly relies on the aging time of the diluted solution and
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its dilution factor. Together with varying crosslinking density, the strain-stiffening
response of crosslinked supramolecular hydrogels can be tuned to generate a desirable
stiffening response in terms of gel stiffness and stiffening factors. Interestingly, the
stiffening hydrogels display bioactivity by inducing the formation of spheroids when
hepatic cancer cells are cultured on these hydrogels. Taken together, the synthetic
supramolecular hydrogels are developed to imitate the strain-stiffening capability and
bioactivity of ECMs, paving an avenue towards the design of smart synthetic hydrogels
to mimic tissues.
Whereas in Chapters 2-5, bis-urea amphiphiles with very different hydrophilic head
groups: carbohydrate and OEG are reported, it remains unknown whether these types of
bis-urea amphiphiles co-assemble in water. Thus, in Chapter 6, the LBA and OEG
amphiphiles are used to investigate the possibility of two-component co-assembly. Both
molecules are molecular gelators that individually form supramolecular hydrogels, yet
an equimolar mixture of LBA and OEG amphiphiles forms a clear solution, in which
fiber entanglement and bundling are absent. Moreover, adding OEG amphiphile into
LBA amphiphile significantly alters the supramolecular chirality of LBA amphiphile
assemblies. These unusual findings can be ascribed to co-assembly of two components
leading to the formation of short fibers through cooperative hydrogen bonding
interactions not only between two urea groups but also between ethylene glycol and
carbohydrate moieties. Therefore, by modulating the ratios of two amphiphiles, the
supramolecular fiber length and gelation ability of co-assemblies can be tailored at the
molecular level, and the increased understanding of co-assembly between two bis-urea
amphiphiles will offer an opportunity to tune ligand density in supramolecular systems.
In conclusion, the work in this thesis demonstrates opportunities to mimic the
characteristics of ECMs by using bis-urea amphiphile based supramolecular hydrogels.
The facile synthetic steps make it possible to develop a large library of potential bis-urea
amphiphilic building blocks, allowing us to seek promising candidates that can assemble
into rod-like micelles for constructing supramolecular hydrogels. To strengthen the
mechanical properties of bis-urea amphiphile based hydrogels, a photo-reversible interfiber crosslinking method is exploited, offering a strategy to finely modulate the
mechanical strength of supramolecular hydrogels. Two supramolecular hydrogels
assembled from different carbohydrate based bis-urea amphiphiles are designed to
replicate the bioactivity of ECMs. Non-linear mechanics and ECM-like bioactivity of
ECMs are demonstrated in one of these supramolecular systems by using specific
equilibration and chemical crosslinking strategies. Finally, co-assembly between
bioactive bis-urea amphiphiles and non-bioactive amphiphiles is explored, creating an
avenue towards the control of ligand density in supramolecular hydrogel systems.
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