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Abstract: Fibrous protein networks are ubiquitously present in biology both in the intra- and 

extracellular milieu. They are the principal promoters of mechanical strength, support and integrity 

and are crucially implicated in various biological processes of paramount importance, such as cell 

motility, differentiation or communication at long distances. For some time now, such networks, taken 

as a whole, are known to exhibit unusual mechanical properties, unmatched by traditional synthetic 

hydrogels, that stem directly from their architecture at the single filament level, i.e. they consist of 

hierarchically self-assembled bundles or fibrils integrating by up to hundreds of individual filaments. 

Bundling is an essential process in structural biopolymers as it imparts high persistence lengths which 

in turn translates into enhanced flexural rigidity and stretching resistance. At the network level, this 

leads to materials able to become orders of magnitude stiffer when exposed to mechanical stimulus 

exerted from both external and internal cues. Here, we review the origins of mechano-responsiveness in 

biopolymer networks and discuss recent advancements in the field of supramolecular organic chemistry 

towards the rational design of materials that mimic living systems with particular emphasis on their 

nanoscale organisation, dynamics and mechanical properties. 
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1.1. Strain-stiffening in fibrous protein networks 

ells and connective tissues are subjected continuously and must respond to a 

variety of mechanical stimuli, such as shear flow caused by passing blood in the 

endothelium1, compressive forces on bone cells2 and tensile stresses experienced by 

the epithelium3. To this end, biology makes use of assembled fibrous protein networks 

that are the key promoters of mechanical strength, support and integrity while, at the 

same time, exhibit a highly dynamic behaviour that enables cells to sustain substantial 

changes in shape as they move, grow or divide4,5. How nature achieves such 

remarkable balance between mechanical stability and dynamic shape control is a 

question yet to be fully elucidated. 

Inside cells, three distinct types of fibrillar structures can be found: actin, tubulin 

and different types of intermediate filaments, all of them acting synergistically in 

combination with a myriad of crosslinking and motor proteins. The interplay of these 

elements enables cells to perform a wide variety of tasks ranging from cell motility or 

division to mechano-responsiveness6–9. In contrast to the cytoskeleton (CSK), the 

extracellular matrix (ECM) is comparatively more static and is rife with fibrin and 

collagen fibers. Fibrin is actively involved in the formation of blood clots and plays a 

major role in wound healing.10 On the other hand, collagen is the most abundant 

extracellular protein encompassing a family of 28 subtypes, of which type I is the most 

abundant acting as the main load-bearing component in tissues such as fascia, tendons 

and bones where it imparts strength, elasticity and structural stability11. 

When examined up-close, CSK and ECM networks share two critical architectural 

features: (1) they are composed of rigid-to-semi-flexible polymer bundles –able to 

integrate by up to hundreds of individual filaments–12; (2) they possess large mesh 

sizes that facilitate transport of matter across the intra- and extracellular milieu. The 

combination of these two design principles has essential implications concerning 

mechanics: networks of CSK and ECM proteins exhibit a remarkable propensity to 

stiffen in response to mechanical stimuli. Such process is referred to as strain-

stiffening and is crucially implicated in maintaining tissue and cell integrity under 

forces generated by both, external or internal sources. Recently, strain-stiffening has 

also been identified to play an important role in enabling transduction of mechanical 

cues at distances of the order of hundreds of microns13,14. The physical origins of 

C 
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nonlinearity in these systems are tightly coupled to the structural and morphological 

characteristics of the constituent biopolymers. 

In this chapter, we unveil the underlying physical principles that govern strain-

stiffening in biopolymer networks and illustrate how these principles can be 

extrapolated to engineer synthetic materials that are mechanically and structurally akin 

to natural systems. In line with these efforts, we discuss recent developments in the 

field of synthetic organic chemistry to rationally design self-assembling small 

molecules and polymers able to aggregate in water into supramolecular polymers and 

hydrogels that recapitulate some of the most fundamental structural, morphological, 

dynamic and mechanical features of filamentous proteins and their networks. 

1.2. Understanding the physical origins of strain-stiffening in fibrous 

protein networks 

In recent years, a plethora of techniques has provided the means to probe the 

mechanical response at a single-cell or tissue level, usually by inducing local or 

widespread deformations15,16. These type of measurements have yielded valuable 

information into overall tissue and cell mechanics. However, the structural 

heterogeneity and complexity inherent to biological systems, in combination with 

numerous elements acting synergistically, often hampers an unambiguous 

interpretation of the results. 

To address this issue, rheology and theory on reconstituted gels from isolated 

extracellular or cytoskeletal proteins have become popular complementary 

approaches. Such in vitro studies capture some of the features measured in vivo such as 

strain-stiffening and negative normal stress18,19 (i.e. the network contracts in the 

normal direction when sheared) and have led to very detailed predictive models that 

seek to bridge the gap between single-filament and macroscopic rheological 

measurements. In this context, early theoretical work suggests that strain-stiffening is 

inherent to any connected meshwork of semi-flexible polymers17. As mentioned 

above, biopolymers owe their stiffness to the formation of hierarchically self-

assembled bundles or fibrils held together via various non-covalent and covalent 

interactions12,20–22. 
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1.2.1. The role of backbone stiffness 

The rigidity of a polymer backbone determines how an individual polymer chain 

responds to an external loading. Typically, a flexible polymer chain can sustain very 

large deformations without opposing significant resistance before reaching full 

elongation. Conversely, semi-flexible and rigid polymers, due to generic geometric 

reasons, can access their non-linear extensional regimes prompted by small strains. 

The onset of nonlinearity in these polymers is determined by their persistence length 

Lp. Lp is defined as the typical length at which thermal fluctuations kBT are sufficient 

to reverse the direction of the filament. In a semi-flexible polymer, Lp is comparable 

to its contour length Lc (i.e. the length at full extension) where Lp/Lc ~ 1. Besides 

semi-flexible polymers, two additional regimes can be distinguished based on 

backbone stiffness (Fig. 1.1)23: (1) Rigid rods (Lp/Lc >> 1), corresponding to a nearly 

fully stretched conformation of the backbone. Nonlinear elasticity in these systems 

arises from pulling of molecular bonds along the filament axis. (2) Flexible chain 

(Lp/Lc << 1), wherein thermal energy bends the filament into a random coil and 

mechanics are dominated by entropic elasticity whereby the polymer chain loses 

conformational entropy as it approaches full elongation. Most synthetic polymers fall 

within this category as they lack the molecular complexity to undergo hierarchical self-

assembly to form stiffer bundles. 

 

Fig. 1.1 ǀ Classification of polymers based on backbone stiffness: Flexible chains adopt a 
random coil conformation, semi-flexible filaments are nearly straight with thermal undulations, 
and rigid rods are not influenced by thermal energy. Figure reprinted with permission from ref. 
[23]. Copyright © 2014, Royal Society of Chemistry. 
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As a consequence, the elasticity of most synthetic polymer gels, such as 

polyacrylamide- or polyethylene glycol-based hydrogels shares similarities with that of 

rubber-like materials. As such, the mechanical response can be rationalised through 

classic rubber elasticity theory24. In contrast to synthetic gels, in biopolymer networks 

(e.g. fibrin or collagen), rubber elasticity theory does not adequately account for strain-

stiffening or negative normal stress. Ultimately, the elastic behaviour in these materials 

is governed by resistance to bending and stretching of the semi-flexible filaments. 

Filament stretching leads to an affine-type of deformation (i.e. the local strains are 

uniformly distributed within the material and follow the imposed macroscopic strain), 

whereas filament bending exhibits signatures of non-affinity (Fig. 1.2)25. 

Two types of theoretical models have been developed on the basis of affinity and 

non-affinity, both of which, successfully predict strain-stiffening and negative normal 

stress: (1) Affine or entropic models in which biopolymers are described as entropic 

springs whereby strain-stiffening arises from the non-linear force-extension curve of 

individual filaments resisting elongation17,26. (2) Non-affine or enthalpic models where 

non-linearity stems from non-affine network rearrangements that lead to a transition 

from a low-strain linear regime dominated by soft bending modes, to a nonlinear 

regime where stiffening arises from enthalpic filament stretch at larger strains27–29. 

 

Fig. 1.2 ǀ Illustration of affine and non-affine deformations in a hydrogel subjected to shear 
strain with embedded tracer particles. In affine deformations, the particles displace in line with 
the imposed (or real) deformation. The non-affine deviation �⃗� is quantified by the difference 
between real and affine displacement. Figure reprinted with permission from ref. [25]. 
Copyright © 2012, Royal Society of Chemistry. 

 

 

 

 



Chapter 1 

─6─ 

 

1.2.2. Measuring strain-stiffening 

The nonlinear elasticity of hydrogels can be characterized using oscillatory shear 

rheology. In a conventional strain-controlled rheometer apparatus, the gel is placed (or 

formed in situ) between two plates. While the lower plate remains stationary, the upper 

plate imposes a sinusoidal strain on the gel of the form γ = γ0 sin(wt) and the shear 

stress σ needed to induce such deformation is measured. The output stress is also 

recorded in the form of a sinusoidal function with an associated phase shift (φ) such 

that σ = σ0 sin(wt+φ). The elasticity of the gel, given by its storage modulus G’, is 

obtained from the part of stress that oscillates in phase with the imposed strain, where 

G’ = σ0 γ0-1 cos(wt). Concurrently, the out-of-phase stress yields the viscous 

contribution given by its loss modulus G’’, whereby G’’ = σ0 γ0-1 sin(wt). 

For biopolymer networks, since the stress does not increase linearly with the 

applied strain, the stress response cannot be described accurately by a simple 

sinusoidal function (i.e. higher order harmonics come into play). An alternative 

method to probe the nonlinear regime is to impose a constant pre-stress σ to the 

material. Parallel superposition of a low-amplitude oscillatory stress allows to calculate 

the so-called differential modulus K’ = δσ/δγ (i.e. the derivative of the stress-strain 

curve) which gives a more accurate description of the modulus in its stressed state30–32. 

As predicted by rubber elasticity theory, the stiffness of most synthetic gels 

composed of individual flexible polymers is characterized by a linear regime where K’ 
is constant over broad ranges of applied stress (or strain), followed by a non-linear 

extensional regime dominated by entropic elasticity24. In practice, however, probing 

the non-linear regime of these materials becomes challenging due to detachment of 

the gel from the rheometer plates at the strains needed to stretch out the polymer 

coils33. By contrast, the onset of non-linearity of most biopolymer gels, represented by 

the so-called critical stress σc, is reached at much smaller stresses –typically in the 

range of 1-10 Pa17− consistent with the traction forces that cells impart to their 

surrounding matrix34. Herein, two distinct regimes arise on stressing the material: A 

linear, low-stress regime where K’ is defined by the plateau storage modulus (K’ = 

G’0) and a stress-stiffening regime beyond σc where the magnitude of K’ increases as a 

power law K’ = σm. The index m, known as the stiffening exponent, yields a direct 

measure of the degree of mechanical responsiveness, reaching an upper limit m = 3/2 

at large stresses ascribed to the stretching out of thermal undulations that corresponds 
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to the terminal scaling predicted by the theory of semi-flexible networks31,35. The 

combination of these parameters provides a direct measure of the gel’s sensitivity and 

mechanical responsiveness towards applied stress (Fig. 1.3). 

 
Fig. 1.3 ǀ Differential modulus K’ plotted against stress σ for an hydrogel composed of flexible 
polymer chains (circles) vs a gel based on semi-flexible polymers (squares) illustrating the 
difference in mechanical behaviour between common synthetic- and biopolymer hydrogels in 
response to applied stress. 

1.3. Networks of cytoskeletal fibrous proteins 

The cytoskeleton integrates three distinct types of filamentous proteins: actin 

(AFs), microtubules (MTs) and intermediate filaments (IFs). Together, they form 

highly interactive and dynamic structures able to assemble/disassemble on the minute 

timescale36,37. Reconstituted gels of isolated cytoskeletal proteins have been extensively 

researched. The most recurrent example found in the literature are actin gels.  

F-actin filaments are ubiquitously present beneath the plasma membrane and form 

through supramolecular polymerization of globular G-actin, leading to long fibrils 

with a diameter of 8 nm, contour lengths that extend across several microns and Lp 

~17 μm38,39. AFs are reversibly crosslinked in the presence of filamin –a large and 

flexible cytoskeletal protein– forming quasi-orthogonal networks at remarkably low 

concentrations. Filamin crosslinks are short-lived with dissociation rate constants in 

the order of Koff ~0.6 s-1 that allow actin gels to exhibit fluid-like behaviour at low 

filamin concentrations32,40,41. Within this regime, the mechanical response of actin 

networks is governed by non-affine soft bending modes characterized by the absence 

of strain-stiffening42,43. However, above a critical crosslinker concentration, filamin 

induces bundling of AFs, thereby, enhancing their bending stiffness and yield 

stress44,45. As a result, the entropic axial stretch of the bundles at high stress becomes 
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the dominant source of nonlinearity, and the network becomes mechanically 

responsive entering the terminal scaling of semi-flexible networks at high stresses with 

an associated stiffening index of m = 3/2 31. 

IFs encompass a large family of cytoskeletal proteins that form through bundling 

of helical fibrous proteins46. Similarly to actin filaments, IFs undergo continuous 

assembly/disassembly yet the underlying molecular mechanisms governing these 

processes remain largely unknown47. At a single filament level, IFs are the softest with 

Lp values that range from a few hundreds of nanometers to 1 µm –comparable to 

their contour lengths– and a diameter of about 10 nm16,46,48. This has significant 

implications concerning their mechanical properties as they can withstand elongations 

by up to 3 times their original length49. Consequently, IF networks tend to be softer at 

low strains yet they exhibit pronounced stiffening responses at much larger 

deformations50 showing, moreover, a power-law exponent m = 3/2 ascribed to 

entropic filament stretching35,51. Thus, IFs are believed to dominate the mechanical 

response of cells at large deformations, consistent with recent coarse-grained 

simulations52. 

MTs comprise the stiffest of all fibrous proteins found in the intracellular milieu 

remaining relatively straight at lengthscales that span vast regions of the cell53. Their 

Lp is not constant but increases with the length of the tubule displaying, for instance, a 

Lp = 110 µm for filaments of Lc = 2.6 µm to a striking Lp = 5 mm as the filament 

progresses to Lc = 47.5 µm all while retaining a constant cross-sectional diameter of 

25 nm54. In analogy to AFs or IFs, MTs go through rapid stages of disassembly and 

growth via polymerization of α- and β-tubulin dimers with turnover rates on the order 

of minutes55 yet, unlike in AFs or IFs, strain-stiffening is absent in microtubule 

networks owing to the high stiffness of the constituent filaments56. It was found, 

however that MTs work synergistically with other cytoskeletal subsystems leading to 

mechanical properties that cannot be realised merely by a linear combination of the 

parts. For example, MTs embedded within an elastic continuum of AFs and IFs can 

counteract compressive forces 100-fold larger than the typical buckling force of an 

isolated microtubule57. Further, the inclusion of MTs in a loosely crosslinked actin 

matrix can suppress non-affine soft-bending modes, thereby, activating strain-

stiffening in an otherwise mechanically non-responsive material58. MTS have also been 

identified to play a pivotal role in guiding the growth of filopodia in a specific 

direction during cell migration6,59. 



Introduction 

─9─ 

 

1.4. Networks of extracellular fibrous proteins 

The extracellular space that stretches beyond and mechanically supports cells is 

also rife with filamentous proteins arranged into network architectures. The most 

common fiber-forming proteins found in the ECM are collagen, fibrin and elastin. 

Together, they give rise to composite materials with highly adaptive elastic properties. 

The extracellular environment is less dynamic than the cytoskeleton. Here, the 

formation of covalent crosslinks between and within fibers plays an important 

mechanical role.  

Collagen type I is by far the most abundant and the most heavily researched 

amongst all extracellular proteins; accordingly, plain collagen refers to collagen I in 

this chapter. Single collagen molecules consist of right-handed helical peptide strands 

that self-assemble via multiple hydrogen bonds into long, right-handed triple helices –
or tropocollagen60. Tropocollagen molecules aggregate into fibrils composed of arrays 

of staggered molecules aligned parallel to the fibril axis (Fig. 1.4), primarily through 

non-covalent interactions yet, covalent crosslinking via enzymatic lysine post-

modifications22,61, plays an important mechanical role. Formation of covalent 

crosslinks renders stiffer and more brittle fibers. Meanwhile, at low crosslinking 

collagens become more dissipative and able to sustain larger strains62. The underlying 

physical origins of collagen elasticity remain unresolved. In this context, although 

affine models of entropic elasticity cannot be discarded, many reports suggest that the 

mechanics of collagen gels are better described by athermal models of non-affine 

stretching63–65, consistent with recent observations of reversible strain-induced 

alignment of collagen fibers in reconstituted gels66. Along these lines, collagen-based 

gels stress-stiffen featuring unusual, yet universal power-law rheology with a 

distinctive stiffening exponent of m = 1 that is below the upper limit m = 3/2 

described thus far for AF and IF gels. These results support the notion that, entropic 

fiber stretching is not sufficient to account for the elasticity of collagen networks29. 
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Fig. 1.4 ǀ Process of collagen-fibril hierarchical formation, ranging from single-molecules at the 
nanoscale scale up to the formation of micrometer-long fibers or fascicles. The figure also 
illustrates the formation of covalent crosslinks between tropocollagen molecules that strongly 
influence the mechanical properties of collagen fibers. Figure reprinted with permission from 
ref. [60]. Copyright © 2006 by The National Academy of Sciences of the USA.  

Another major component found in the extracellular environment is fibrin. Fibrin 

forms through polymerization of fibrinogen and self-assembles into branched fibrous 

networks that serve as the primary structural scaffold in blood clots67. Similarly to 

collagen, covalent crosslinking within fibrin fibers –mediated by Factor XIII– stiffens 

the fibers and protects clots against degradation21,68–70. Concurrently, the size of fibrin 

fibers varies depending on formation conditions leading to diameters that range 

between 10 and 200 nm with essential implications concerning mechanics18,71: At a 

diameter of 10 nm, fibers behave as semi-flexible polymers with a Lp on the order of 

500 nm17. At larger diameters of ca. 200 nm, aggregation of fibrin protofibrils 

produces a quadratic increase in Lp, and the fibers behave essentially as stiff beams 

where non-linearity reflects enthalpic stretching of the fibers72,73. Interestingly, at 

intermediate diameters of about 80 nm, the elasticity of fibrin gels mirrors the 

complex hierarchical structure found within fibrin fibers where, in spite of their high 

Lp, intense hydration of the fibers induces a loose packing of fibrin protofibrils71,74,75. 

Consequently, fibrin gels go through different elastic regimes as the fibers begin to 

stretch in the direction of the applied shear deformation (Fig. 1.5): At low stresses 

(regime 1 and 2) non-linearity onsets due to stretching out of thermal fluctuations of 

fiber segments between crosslinks. At higher stresses (regimes 3 and 4), flexible inner 

regions of the fibers are pulled out followed by regime 5 –that precedes network 

failure–, in which, the upper limit of m = 3/2 is ultimately attained suggestive of a 

forced-molecular unfolding of fibrin monomers as the primary mechanism governing 
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nonlinearity76,77. Altogether, fibrin gels exhibit unique and rich mechanics that reflect 

the extraordinary resilience measured for individual fibrin fibers76,78. These 

responsiveness set in at stresses comparable to those exerted by cells to their matrix 

and protect clots from shear fluid forces caused by passing blood. 

 

Fig. 1.5 ǀ Hierarchical mechanics of fibrin gels. Increasing strain/stress levels induce structural 
changes on fibrin fibers that result in distinct elastic regimes indicated by the colour coding of 
the background that illustrates a transition from entropic elasticity at the network level (red) to 
entropic elasticity at the fiber level (yellow). Regimes 1 and 2 entail pulling out of thermal 
undulations from fiber segments between crosslinks, whereas regimes 3 and 4 indicate 
stretching of flexible regions within the fibers. Stiffening in regime 5 is associated to the 
unfolding of fibrin monomers showing a K´ ∝ σ3/2 dependency that reaches the terminal 
scaling of semi-flexible networks. Figure reprinted with permission from ref. [77]. Copyright © 
2010, Elsevier. 

1.5. Mechanical properties of synthetic hydrogels in tissue 

engineering 

Tissue engineering and regenerative medicine are areas that seek to develop 

therapies that replace or regenerate cells, tissues and organs aiming at restoring 

impaired functions caused by genetic disease, trauma or ageing. In both disciplines, 

there is a growing need to develop rationally designed materials with on-demand, 

purposely targeted properties that are compatible with and mimic complex functions 

of the ECM.  

Along these lines, two main approaches have been conceived to meet requirements 

such as biocompatibility, biomimicry, bioactivity or injectability79, each of which, 
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holds advantages and limitations: (1) Hydrogels based on naturally-occurring building 

blocks –including reconstituted protein gels–. These type of bio-based materials often 

display excellent performance, yet they are challenging to functionalise and 

standardise. (2) Hydrogels based on synthetic polymers. They offer much broader 

scope for manipulation but are difficult to endow with complex mechanical properties 

and the correct bioactivity. From now on, we will focus on this type of materials. 

Synthetic hydrogels are formed by crosslinking hydrophilic macromolecules into 

3D networks that can immobilise large quantities of water (ca. 90 up to >99 wt%) and 

have physical characteristics that are reminiscent of cellular matrices80. The use of 

synthetic gels for biomedical purposes started approximately 60 years ago with the 

development of contact lenses based on crosslinked poly(hydroxymethyl 

methacrylate) (PHEMA)81. Thenceforth, the field has experienced a period of fruition, 

where synthetic hydrogels have played an increasingly important role as platforms for 

drug delivery82–84, regenerative medicine85–88 and tissue engineering88,89. 

Much attention has been paid to engineer hydrogels that recapitulate some of the 

mechanical and morphological features of protein networks and, more specifically, of 

the ECM90,91. The interest in creating artificial ECM mimics has both, fundamental 

and application-oriented relevance. From a theoretical perspective, it will help to 

elucidate the underlying physical principles that govern the unique and rich mechanics 

of biopolymer networks. From an applied perspective, it may open up new markets 

towards transnatural, bioinspired materials that harness both, the high performance of 

biogels and the remarkable versatility inherent to synthetic polymers. 

In this context, earlier work showed that the stiffness of the matrix crucially 

determines the differentiation of stem cells cultivated on synthetic substrates92,93. 

Complementarily, it was also revealed that cells spread and grow faster on stiffer 

artificial matrices than they do on softer ones94,95. While the stiffness of a hydrogel –
defined by its G’– can be easily modulated by either changing polymer or crosslinker 

concentration as was shown for polyacrylamide networks96, emulating the elasticity 

and, in particular, the mechanical responsiveness of biogels has proven to be a 

challenging task. The reasons are briefly outlined in section 1.2 and allude to the 

general difficulty in obtaining synthetic polymers able to aggregate into robust, stiff 

bundles.  
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Recent developments in the creation of synthetic strain-stiffening materials have 

been introduced by Sheiko and co-workers97. Here, comb- and brush-like elastomers 

based on poly(dimethylsiloxane) (PDMS) and poly(n-butyl acrylate) (PBA) were 

engineered to replicate the strain-stiffening mechanisms of a variety of soft tissues, 

including lung or arterial tissue. These novel elastomers showcase how a precise 

control over architectural parameters can be actively exploited to modulate the 

mechanical features of the elastomers. Nonetheless, the absence of water (or any 

solvent whatsoever) within these materials limits their resemblance with biological 

networks.  

Alternatively, some physically associating polymer networks containing solvent 

have been shown to exhibit pronounced stiffening response to deformation prior 

softening98–101. Nevertheless, the delayed onset of strain-stiffening in these system lies 

well beyond the biologically relevant regime limiting their biomimicry17.  

1.5.1. Biomimetic strain-stiffening hydrogels 

Cells in mechanically responsive hydrogels actively exert forces generally by pulling 

on fibers, allowing for cellular traction and transduction of mechanical cues at various 

lengthscales94,102. Recently, strain-stiffening has been identified to enhance cell 

spreading and osteogenic differentiation in soft biopolymer substrates14,103,104. Thus, 

the design of biomimetic strain-stiffening hydrogels holds promising potential in a 

wide variety of applications, particularly in the biomedical field. 

Rowan and co-workers introduced a major breakthrough in this area with the 

preparation of polyisocyanopeptides (PICs) polymers grafted with short oligo(ethylene 

glycol) (OEG) blocks105. PICs fold in a proteinlike fashion forming β-helices, 

stabilised through intramolecular peptidic hydrogen-bonds arranged parallel to the 

polymer backbone (Fig. 1.7). These protein mimics are soluble in cold water, yet on 

heating beyond the lower critical solution temperature (LCST) of the peripheral 

OEGs, the system undergoes a sol-gel phase transition that yields transparent 

hydrogels at remarkably low polymer concentration106. The gelation process relies on 

physical aggregation of individual PIC chains forming bundles of well-defined 

dimensions in which, the helical architecture of the polymer backbone controls the 

assembly process, such that, an increase of polymer length and/or concentration does 

not increase the aggregation number N106,107. Aggregation of PIC chains is essential to 

endow the bundles with Lp orders of magnitude higher than the typical Lp of isolated 
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polymer chains. Mechanically, PIC networks share crucial metrics with gels composed 

of neurofilament fibers –both at a single-filament and network levels– reaching, for 

instance, the upper limit of m = 3/2 at high stresses consistent with IF and AF 

networks, whose mechanics are best described by entropic stiffening models as was 

previously discussed in section 1.3.1. PIC gels showcase the potential of synthetic 

polymers to introduce a continuous variation of properties –both in linear and non-

linear regimes– via modification of readily tuneable parameters106,108. In addition, PICs 

were recently combined with flexible, semi-flexible and rigid elements to form 

composite networks that recreate some of the synergies found between cytoskeletal 

and extracellular subsystems109. 

 

Fig. 1.6 ǀ Molecular structure of PICs depicting the 41 β-sheet helical backbone stabilised via 
peptidic intra-chain dialanyl hydrogen bonds (dotted lines). PICs consist of a stiff polymer 
backbone (red) grafted with flexible oligo(ethylene glycol) chains of varying lengths (blue). 
Figure adapted with permission from ref. [106]. Copyright © 2013, Springer Nature. 

Despite the general success of PIC gels in mimicking the strain-stiffening 

mechanisms of biopolymer networks, they rely on covalent polymers and their 

aggregation into bundles to achieve functionality and mechanical stability. By contrast, 

filamentous proteins realise dynamics and functionality via more structured assembly 

processes, allowing for structural adaptation through rapid assembly and disassembly. 

Along these lines, several synthetic molecules have been engineered to self-assemble 

into fibrous polymers in a highly specific and controlled manner, usually by 

introducing directional, self-recognition motifs. We argue that the so-obtained 

polymers are better suited to mimic the hierarchy and, particularly, the dynamic 

aspects of fibrous proteinaceous assemblies110. 
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1.6. Fibrous supramolecular polymers in water 

Supramolecular fibers consist of one-dimensional (1D) arrays of repeating 

subunits, linked together via non-covalent interactions leading to a rich variety of 

hierarchical structures, including ribbons, helices or tubes111–113. In contrast to classic 

covalent polymers, supramolecular fibers –and by extension all supramolecular 

polymers– are inherently dynamic with exchange rates that can be modulated by 

tuning the strength of the supramolecular interaction, thereby, allowing to cover 

multiple timescales. In water, bio- and synthetic supramolecular monomers 

polymerize via five fundamental types of non-covalent interactions, namely 

hydrophobic effects, hydrogen bonds, hydrophilic, coulombic and van der Waals 

interactions114. Because of its directionality and specificity, H-bonding motifs play a 

pivotal role in the rational design of fiber-forming monomers, generally, 

accommodated within a hydrophobic envelope that shields the motif from competing 

H-bonding with the surrounding water molecules –which otherwise would weaken or 

solvate the assemblies–115. 

Common fiber-forming monomers based on H-bonding motifs include ureido-

pyrimidinone (UPy)116–118, benzene tricarboxamide (BTA)119–123, bis(ureas)124–127, 

various examples of engineered amphiphilic peptides128–131. More recently, the 

squaramide synthon was introduced in the context of supramolecular polymers. 

Squaramide-based polymers were shown to harness the synergy between aromatic gain 

and H-bonding to produce very robust, high aspect ratio nanofibers132. Henceforth, 

we will focus exclusively on the bis-urea motif and, more specifically, on OEG-

flanked bis-urea bola-amphiphiles, which self-assemble in water into long, persistent 

fibers that provide an excellent platform to mimic filamentous proteins. 

1.7. Bis-urea bolaamphiphiles 

The synthesis of urea in 1828 marks the birth of synthetic organic chemistry133. 

Ever since, ureas have found widespread use in many areas of organic as well as 

supramolecular chemistry due to their ability to form strong, bifurcated hydrogen 

bonds134,135. The term bis-urea refers to two urea groups placed in the vicinity within 

the same molecule, forming pairs of bifurcated H-bonds arranged parallel or anti-

parallel relative to each other. In this context, bis-ureas have been extensively utilized 

in a variety of systems, including gels –both organo- and hydrogels–126,127,136–138, 
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surfaces139, thermoplastic elastomers140–143 or supramolecular polymers125,144–148, in 

which strong, 1 D assembly is required. Typically, self-assembling molecules based on 

the bis-urea synthon incorporate phenylene149,150, tolylene147,148, cyclohexylene137,144,151 

or aliphatic spacers124,125,144,152 placed in between urea groups. 

As mentioned before in section 1.9, one particularly interesting group of bis-urea-

based molecules are OEG-flanked bisurea bolaamphiles (UnU) (Fig. 1.7.a). These type 

of non-ionic amphiphiles incorporate short alkyl spacers of variable length –
constituted by ‘n’ methylene groups– placed in between the two urea groups. These 

molecules are, moreover, equipped with long hydrophobic spacers that minimise the 

interaction of water with the H-bonding array. Thus, when dissolved in water, UnU’s 
stack on top of each other through a combined interplay of intermolecular urea-urea 

H-bonds and hydrophobic interactions (Fig. 1.7.b). The so-formed assemblies can be 

regarded as a densely packed hydrophobic core, surrounded by a swollen corona of 

solvated OEG segments (Fig. 1.7.b). More recently, UnU´s as well as other 

bolaamphiphic constructs have been found to exist in water as multiple stacks (or 

ribbons) interacting mainly through hydrophobic effects perpendicular to the fiber 

axis (Fig. 1.7.c)132,146. Ultimately, semi-flexibility in these assemblies arises from the 

tight packing of monomers in the parallel direction, in combination with their 

tendency to bundle in the lateral direction of the fiber. 

 

Fig. 1.7 ǀ (a) Molecular structure of OEG-flanked (blue) bis-urea bolaamphiphiles UnU. The 
index n designates the number of methylenes between urea groups (red). (b) Hierarchical self-
assembly through bifurcated urea-urea H-bonding and hydrophobic effects. (c) cryo-EM 
micrograph showing the fibers formed upon assembly of U3U in water at 1 mg mL-1. Scale 
bar: 100 nm. Proposed fiber architecture integrating multiple ribbons arranged perpendicularly 
relative to the fiber axis. 
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Previous work showed, moreover, how continuous variation of molecular 

parameters could be actively used to tune the morphological features of UnU fibers124. 

Concurrently, Pal et al. showed that, although the morphology of fibers containing 

slightly different central alkyl spacers is similar, they tend to self-sort in solution due to 

mismatch of the self-assembling bis-urea motifs, thereby, giving rise to separated 

micellar populations125,144. This feature was later used to optimise the mechanical 

properties of gels constituted from UnU fibers. 

1.8. Bis-urea bolaamphile-based hydrogels 

As previously described in section 1.6.1, UnU fibers recapitulate some critical 

features of filamentous proteins, i.e. they form dynamic, stiff, high-aspect-ratio fibers 

through hierarchical self-assembly while, at the same time, integrate multiple ribbons 

per fiber. This combination of properties makes them attractive building blocks to 

construct biomimetic strain-stiffening gels. In contrast to PIC polymers, however 

(section 1.5)106,108, UnU fibers do not form entangled networks on their own, requiring 

the synthesis of specifically designed cross-linkers. 

To this end, previous work sought to cross-link UnU fibers using linear segmented 

copolymers127. Such copolymers bear multiple bis-urea hard segments interconnected 

by long poly(ethylene oxide) (PEO) linkers. Gelation in these systems relies on the 

formation of physical crosslinks, where the bis-urea hard segments of the copolymers 

incorporate into the matching hydrophobic core of UnU rods by means of urea-urea 

H-bonding and hydrophobic interactions. Note that, this is an inherently 

indiscriminate crosslinking strategy, i.e. the same copolymer can either connect two 

different micellar rods (active crosslink) or form intramicellar loops (inactive 

crosslink). The gels obtained following this approach featured both shear-thinning and 

self-healing properties, being able to flow through the narrow gauge of a needle and 

reform once the shear stress is removed.  

Subsequent attempts to improve the network connectivity were conceived on the 

basis of self-sorting126. Along these lines, hetero (6×4) and homo-crosslinkers (6×6) 

composed of two of the bis-urea motifs also found in the bolaamphiphiles were 

synthesized (Fig. 1.8.a). Hence, adding (6×6) to an aqueous solution of U6U can, in 

analogy to the previous example, give rise to the formation of both, active and inactive 

crosslinks. Conversely, adding (6×4) to a mixture of self-sorted U4U and U6U 

minimises the probability to form inactive loops (Fig. 1.8.b). Indeed, suppression of 
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inactive loops led to hydrogels characterised by moduli 10 times higher than those 

formed through indiscriminate cross-linking strategies at the same bolaamphiphile 

concentration (Fig. 1.8.c). 

 

Fig. 1.8 ǀ (a) Structures of the bolaamphiphiles (UmU) and cross-linkers (mXn). The numbers 
m and n designate the number of methylenes between urea groups. (b) Indiscriminate 
crosslinking strategy characterised by the formation of both, active and inactive crosslinks 
(left); suppression of loop formation in a system of self-sorted bolaamphiphiles and hetero-
crosslinkers (right). (c) Strain-dependent storage (solid line) and loss (dotted line), showing the 
effect of homo- and hetero-crosslinking at a fixed concentration. Figure adapted with 
permission from ref. [126]. Copyright © 2014, American Chemical Society. 

Despite the general success in forming stable, self-healing hydrogels by physically 

crosslinking UnU fibers, the absence (or strongly delayed onset) of strain-stiffening in 

these materials (Fig. 1.8.c) might be rooted in the following assumptions: (1) The use 

of long, polymeric PEO (Mw = 8 KDa) linkers dominate the elasticity at low-to-

intermediate strains, preventing the network to rapidly enter its nonlinear extensional 

regime. (2) The inherently weak physical connections that impart mechanical stability 

to the network yield at strains below the critical strain needed to access the nonlinear 

deformation regime. An approach to circumvent the former would consist in 

replacing the long PEG linkers by short oligomeric segments as theoretically 
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hypothesized153,154, while strain-yielding due to failure of the supramolecular 

interactions could be resolved by reinforcing the fibers with covalent bonds. 

1.9. Fiber reinforcement through diacetylene cross-polymerization 

Since the appearance of the seminal work of Wegner et al. by which the reactivity 

of certain unsubstituted diacetylenes (DA) was rationalised in terms of a 

polymerization reaction, polydiacetylene (PDA) research has rapidly evolved spanning 

across multiple disciplines155. 

DAs are known to photo-polymerize in the solid state as well as in solution, 

provided DA monomers are pre-organized at a specific orientation and distance of 4.9 

Å, which corresponds to the repeat distance of the final PDA polymer156. PDAs 

possess an alternating ene-yne conjugated backbone. Thus, owing to extensive 

electron delocalisation within the linear π-conjugated framework, they strongly absorb 

light in the visible spectral region and exhibit in most cases blue color157,158. Moreover, 

one of the hallmarks of PDAs is their responsiveness towards multiple environmental 

stimuli leading to intense colorimetric transformations. This feature has been 

extensively utilized to develop chromatic sensors in a wide range of systems, including 

vesicles159,160, thermoplastic elastomers161,162, peptide amphiphiles163–166, Langmuir 

monolayers167–169, or self-assembled films170,171. In these systems, changes in the π-

conjugated framework produce a visible change in colour, usually from blue to red as 

the polydiacetylenic backbone becomes less structured resulting in shorter 

delocalization lengths. In supramolecular assemblies, DA polymerization has proven 

to be a useful technique to freeze or reinforce certain morphologies172. 

Bis-ureas are also able to pre-organize diacetylenic monomers, both at the right 

distance and orientation (Fig. 1.9). This has enabled covalent fixation of bis-urea-

based supramolecular polymers in the solid state or assembled in solution162,173. In our 

group, several analogue bis-urea bolaamphiphiles containing a photo-polymerizable 

DA unit in between ureas (Fig. 1.10.a) were synthesized, and the molecular parameters 

required to achieve a good compromise between water-compatibility and DA-

polymerization were optimized174. In analogy to UnU’s, DA monomers formed semi-

flexible fibers in water while, at the same time, undergo covalent fixation under UV 

exposure, leading to high degrees of polymerization as well as full retention of the 

fiber morphology (Fig. 1.10.c). 
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Fig. 1.9 ǀ Diacetylene topochemical photo-polymerization, pre-organized via bis-urea self-
assembly and the resulting ene-yne conjugated backbone.  

As alluded to earlier, PDA research has, almost exclusively, focused on the 

outstanding chromatic and/or semi-conducting properties of these π-conjugated 

polymers. However, the role of covalent fixation on general mechanics and, in 

particular, on the mechanical properties of supramolecular hydrogels is an area that, to 

the best of our knowledge, remains largely overlooked.  

 

Fig. 1.10 ǀ (a) Molecular structure of the diacetylene bis-urea bolaamphiphile. (b) Hierarchical 
self-assembly through bifurcated H-bonding and hydrophobic effects, followed by covalent 
fixation via photo-polymerization of the stacked diacetylenes. (c) cryo-TEM micrographs of 
DA and PDA at 1 mg mL-1 before and after UV (254 nm) exposure, showing no changes in 
morphology upon covalent fixation. Scale bar: 100 nm. The figure also illustrates the changes 
in optical properties resulting from the formation of π-conjugated ene-yne backbone. Cryo-EM 
micrographs adapted with permission from ref. [174]. Copyright © 2013, Royal Society of 
Chemistry. 
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1.10. Aim and outline of this thesis 

Within the scope of this thesis, we seek to develop fully synthetic strain-stiffening 

hydrogels based on diacetylene bis-urea bolaamphiphiles able to mimic the mechanics 

of biopolymer networks in nearly all relevant senses. Unlike previously reported 

biomimetic PIC hydrogels (section 1.5.1), herein, the crucial fiber-forming step relies 

on a hierarchical, self-assembly process that harnesses the specificity and directionality 

of the bis-urea self-recognition motif. 

In a more fundamental sense, this manuscript intends to address three major 

questions: (1) Is it possible to create robust, strain-stiffening hydrogels from dynamic, 

supramolecular fibers. In other words: Can stability coexist with stimuli 

responsiveness? (2) What is the role of fiber covalent fixation on the mechanics of 

biomimetic hydrogels? (3) Can we emulate complex biological functions, such as 

stiffening through internal stress generation –in analogy to myosin motor proteins– 

using fully synthetic building blocks? 

In Chapter 2, we present a strategy based on click chemistry to chemically 

crosslink covalently fixated (PDA) fibers, while supressing the formation of inactive 

loops. The so-formed hydrogels feature strain-stiffening with unusual, yet universal 

stress-strain response. We show, moreover, how the structure of the gels mirrors that 

of the fibers in solution with no increase in fiber size upon gelation (i.e. no bundling). 

In Chapter 3, self-assembled DA fibers are chemically crosslinked without 

previous covalent fixation step. In solution, DA fibers are in dynamic equilibrium with 

exchange rates that span several days, thereby, indicative of strong intermolecular 

interactions. DA fibers dissociate into smaller fragments under sonication and self-

heal to recover their length at equilibrium. Chemical crosslinking of the fibers yields 

strain-stiffening gels with highly tuneable mechanical properties. 

Chapter 4 addresses the role of fiber internal and external covalent fixation (i.e. 

along the hydrophilic corona of the fibers). We find, for instance, that internal fiber 

fixation through DA-polymerization imparts sufficient mechanical stability to the 

fibers enabling them to withstand prolonged exposure to ultrasonication. 

Macroscopically, gels constituted from internally and externally reinforced fibers 

stiffen under applied stress by nearly 100-fold before rupture. Such stiffening ranges 

are reminiscent of many biopolymer gels as well as PIC networks (Section 1.5.1), 
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where mechanical responsiveness and stability are realised by making use of covalent 

polymers.  

Chapter 5 presents an alternative method to crosslink PDA fibers using a thermo-

responsive, linear polymer. By heating above the LCST of the polymer we are able to 

induce internal contractile stresses in the PDA fibrous scaffold, leading to a 

macroscopic stiffening that increases by up to 3 orders of magnitude. Pre-stressed 

PDA gels share, moreover, crucial metrics with actin networks pre-stressed by myosin 

II molecular motors as well as pre-stressed fibroblasts. 
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Abstract: Biomimetic, strain-stiffening materials are reported, made through self-assembly and 

covalent fixation of small building blocks to form fibrous hydrogels that are able to stiffen by an order 

of magnitude in response to applied stress. The gels consist of semi-flexible rodlike micelles of bisurea 

bolaamphiphiles with oligo(ethylene oxide) (EO) outer blocks and a polydiacetylene (PDA) 

backbone. The micelles are fibers, composed of 9–10 ribbons. A gelation method based on Cu-

catalyzed azide–alkyne cycloaddition (CuAAC), was developed and shown to lead to strain-stiffening 

hydrogels with unusual, yet universal, linear and nonlinear stress–strain response. Upon gelation, the 

X-ray scattering profile is unchanged, suggesting that crosslinks are formed at random positions along 

the fiber contour without fiber bundling. The work expands current knowledge about the design 

principles and chemistries needed to achieve fully synthetic, biomimetic soft matter with on-demand, 

targeted mechanical properties. 
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2.1. Introduction 

any natural soft tissues respond to small strains with a large change in 

mechanical properties. A particularly advantageous response of natural 

materials is to stiffen when exposed to small strains. This behaviour can counteract 

large deformations, which otherwise might compromise their integrity. Such complex, 

nonlinear mechanical response is shared by a number of proteins arranged into 

network architectures, including actin1,2, collagen3–5, fibrin6–8, and all types of 

intermediate filaments9,10. However, this type of adaptivity is unmatched in the vast 

majority of synthetic materials, including many artificial extracellular matrices. 

Considerable effort has gone into the creation of synthetic materials that are 

mechanically indistinguishable from natural systems, for potential application in tissue 

engineering or regenerative medicine. In this context, a variety of theoretical models 

has been proposed to establish the fundamental design principles of synthetic 

biogels1,11–16. Early theoretical work11 suggests that strain-stiffening is inherent to any 

connected mesh of semi-flexible filaments. In later work13, it was shown that even for 

stiff polymers, stiffening is universally expected for generic, geometric reasons. For all 

its ubiquity in natural materials, the general absence of strong strain-stiffening in 

synthetic gels is perhaps all the more remarkable. The reason for this, primarily, has 

been the difficulty to obtain semi-flexible or even stiff polymers (synthetic polymers 

are generally very flexible) with strong crosslinks or long-lived entanglements which 

can, moreover, remain intact at sufficiently large stresses to permit the polymers to 

enter their nonlinear extensional regimes.  

Recent work of Kouwer et al.17,18 on entangled networks of bundled 

polyisocyanopeptides (PICs), presented the first synthetic system mimicking the 

strain-stiffening mechanisms of biopolymer networks and showed considerable 

potential to further exploit the high degree of control over design parameters in 

synthetic molecules. In this chapter, we introduce a novel approach, complementary 

to the PIC strategy, to create strain stiffening gels. In our system, actual crosslinking is 

incorporated rather than relying on physical entanglements for connectivity. This 

approach provides with control over the mesh size, one of the key structural 

parameters of network gels and crucially implicated in their mechanical response. We 

use a combination of self-assembly, covalent fixation and click chemistry to develop a 

novel class of materials that responds to very low stresses. The strategy towards these 

M 
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gels is shown in Scheme 2.2.a and entails the use of a set of three oligo(EO)-grafted 

bis-urea bolaamphiphiles (DA, DA-AC and DA-N3, Fig. 2.1) containing a 

topochemically polymerizable diacetylene unit in between ureas19. In water, these 

molecules aggregate into elongated, rodlike micelles through urea hydrogen-bonding 

and hydrophobic interactions. In previous work, we demonstrated that when the 

fibers are covalently fixated by topochemical polymerization of the diacetylene groups 

to gain mechanical strength, no gelation takes place19. 

 

Fig. 2.1 ǀ Molecular structure of the diacetylene bis-urea bolaamphile DA and its 
functionalized analogues DA-AC and DA-N3. 

In the current work, gels are obtained by a Cu-catalyzed click reaction of azide and 

acetylene groups that crosslinks fibers without affecting their size (Scheme 2.2.a). The 

solubility of DA bis-urea bolaamphiphiles in water combined with precise control 

over the crosslink density allows us to finely tune the network stiffness to access a 

broad range of storage modulus G’ values. 
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Scheme 2.2 ǀ (a) Hierarchical self-assembly through intermolecular H-bonding and 
hydrophobic interactions of diacetylene bis-urea bolaamphiphiles followed by topochemical 
polymerization of the stacked diacetylenes. Aggregation of 9–10 ribbons into semi-flexible 
fibers followed by covalent crosslinking into strain-stiffening networks. (b) Photo-
polymerization of the assembled diacetylene groups (i.e. covalent fixation) and the resulting 
PDAs. (c) Gel preparation method involving separate co-assembly and covalent fixation of 
DA-AC and DA-N3 analogues with DA followed by mixing and gelation through CuAAC 
cycloaddtion reaction. 

2.2. Results and discussion 

Morphological analysis of the fibers 

Polydiacetylene PDA was selected due to its previously reported high DP and its 

tendency to form long semi-flexible rods in water both before and after topochemical 

polymerization19. To determine the average values of the contour length Lc and the 

persistence length Lp in their native environment, a series of cryo-EM images of PDA 

fibers (Figs. 2.3.a-c) were subjected to statistical analysis. From a set of micrographs 

with 84 rods, Lc and Lp were determined and compared to those of neurofilaments 

(NFs) (Table 2.4). We found that the persistence length of PDA fibers is on the order 

of 280 nm, comparable to typical NFs, although NFs vary in length across several 

microns20,21, while the PDA fibers have an average length of 0.16 μm. 
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Fig. 2.3 ǀ (a-c) Cryo-EM images of PDA in water (1 mM). Scale bars: 100 nm. (d) Histogram 
of contour length distribution calculated for a sample of N = 84 fibers taken from the 
micrographs shown in Figs. 2.3.a-c. 

Table 2.4 ǀ Comparison of PDA gels with neurofilaments. 

Characteristic network parameter  PDA NFs10,22,23 

Crosslink distance 50-80[a] 300 

Contour length, Lc [nm] 157[b] 2000-10000 

Persistence length, lp [nm] 280[b] 200 

Concentration [mg mL-1] 10-30 0.2-5 

G0 [Pa] 4-4000 0.5-30 

Critical stress (σc) [Pa] 1-86 0.1-4 

High stress regime K’ ∝ σ1 K’ ∝ σ1 

Fibre diameter [nm] 6.6[b] 10 

[a] Determined from modeling detailed in methods section [b] Calculated from cryo-EM graphical 
analysis.  
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SAXS analysis of the fibers 

The structure of DA and PDA rods was further investigated with small-angle X-

ray scattering (SAXS). The scattering profiles of both objects displayed in Fig. 2.5 

overlap over the whole q-range indicating no structural changes upon topochemical 

polymerization. Furthermore, in the low q-regime the slope is close to unity, indicative 

of high aspect-ratio scatterers with lengths beyond the resolution of the experiment 

(given by qmin-1 ≈30 nm). These results are consistent with those derived from cryo-

EM19, showing rodlike micelles whose morphology is retained when undergoing 

photochemical polymerization of the assembled diacetylene groups. By fitting the 

scattering data (Fig. S2.7), a fiber radius of 3.1 nm and a cross-sectional mass per unit 

length (ML) of 4.70×10-13 g cm-1 was calculated, indicating that each fiber is composed 

of 9-10 ribbons, on average. Similar aggregation numbers have been reported for 

other bolaamphiphile wormlike micelles and have been ascribed to the hydrophobic 

segregation of their micellar cores24,25. In the methods section, we provide a detailed 

analysis of the fitting procedures and calculation of the number of ribbons per fiber. 

 

Fig. 2.5 ǀ Small-angle X-ray scattering profiles of DA aqueous solutions (1 mg mL-1) before 
and after photo-polymerization of the diacetylene unit. 
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Cu-catalyzed crosslinking reaction  

As previously reported, rodlike micelles of bis-urea bolaamphiphiles do not form 

elastic gels on their own26,27. In order to induce gelation by covalent crosslinking, DA-

AC and DA-N3, (analogues of DA with matching hydrophobic domains and 

octaethylene glycol segments functionalized with acetylene and azide end-groups) 

were incorporated into the rods. These groups undergo a highly efficient cycloaddition 

reaction at low substrate concentrations using CuI catalysts with accelerating 

ligands28,29. In a protocol that was used to suppress reactions within fibers (Scheme 

2.2.c), DA-N3 and DA-AC (10 mol%) were separately blended with DA in 

chloroform. After allowing the solvent to evaporate overnight, DA/DA-N3 and 

DA/DA-AC mixtures were dissolved in water and exposed to UV-light (254 nm)19 

with the rapid evolution of a dark purple color (Scheme 2.2.b) due to extensive π-

electron delocalization along the polydiacetylenic backbone. After covalent fixation, 

the solutions were mixed ensuring equimolar azide/acetylene (5 mol%) ratios while 

preventing monomer exchange between micelles. Crosslinking of the rods was 

performed using a slightly modified standard protocol (methods section)29, and after 

2–3 h resulted in the formation of elastic gels able to support their own weight upon 

tilting the vials (Fig. 2.6.a). Gel formation was further monitored with oscillatory 

rheology in which storage (G’) and loss (G’’) moduli were followed over time (Fig. 

2.6.b), requiring as much as 19 h before G’ and G’’ reached a plateau. To test the 
assumption that reduction of CuII to CuI is essential for the gelation process, we 

performed a crosslinking experiment of an aqueous solution of 2 wt% PDA co-

assembled with DA-N3/ DA-AC (5 mol%) in the absence of Na-ascorbate. Fig. 2.6.c 

shows that without generation of CuI ions no measurable changes in moduli are 

observed. 
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Fig. 2.6 ǀ (a) Aqueous solutions of PDA before and 3 h after addition of the catalyst mixture 
illustrate gelation. (b) Time course of storage G’ (solid dots) and loss moduli G’’ (open dots) 
during Cu-catalyzed crosslinking reaction of PDA mixtures containing 5 mol% DA-AC and 
DA-N3 measured at constant strain amplitudes (1 %) and angular frequencies (6.28 rad s-1) for 
different concentrations (in mg mL-1): 10 (olive), 13 (wine), 14 (dark yellow), 15 (red), 20 
(blue), 25 (orange) and 30 (black). (c) Time course of moduli for PDA mixtures (20 mg mL-1) 
containing 5 mol% DA-AC and DA-N3 in the presence (cyan) and absence (black) of Na-
ascorbate in the catalyst mixture. 

Nonlinear mechanics of PDA gels 

To learn more about the mechanical properties of the gels, a well-established pre-

stress protocol was applied30, which records the differential modulus K’ (defined as 
the derivative of stress σ with respect to the shear strain γ, K’ = δσ/δγ) as a function 
of the applied stress. The typical elastic response observed in crosslinked biopolymer 

networks, as well as synthetic PIC gels, features two distinct regimes: A linear, low 

stress regime where K’ is defined by the plateau storage modulus (K ’= G’0) and a 

stress-stiffening regime at higher stresses where the magnitude of K’ increases as a 
power law K’ ∝ σm. The power m is known as the stiffening index and is a direct 

measure of the degree of mechanical responsiveness of the material. In addition, we 
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define σc to be the critical stress at which the modulus begins to depart from its linear 

behaviour. For biopolymer networks, σc typically lies between 0.5 Pa ≤ σc ≤10 Pa, in 
line with the stresses that cells impart to their surrounding matrix11.  

To probe the mechanical properties of the PDA hydrogels, a concentration series 

of PDA was prepared while keeping the relative content of functionalized (DA-N3 

and DA-AC) to unfunctionalized DA constant (i.e. 5 mol%). Fig. 2.7.a shows a strong 

concentration dependence of the linear response G0. The value of K’ in the low-stress 

regime ranges over nearly 3 decades. Fig. 2.7.a shows, moreover, a universal high-

stress asymptote characterised by a stiffening exponent m = 1. Similar indices have 

been reported by Rammensee et al.22 for in vitro NFs and, most notably, for 

reconstituted collagen type I networks which are known to exhibit highly unusual 

nonlinear mechanics31. In the PIC gels, m = 1 is typically seen close to the critical 

stress; interestingly the PDA gels seem not to cross over to the characteristic m= 3/2 

associated with the terminal scaling of semi-flexible networks. We speculate that the 

origin of the absence (or strongly delayed onset) of this regime is the relatively high 

density of the networks; previous work on aggrecan gels32, suggests that at increased 

concentrations m may be decreased to values as low as 0.6. In biological m = 1 

networks, the stress response is argued to be dominated by the release of mesoscopic 

bending of the fibrils in contrast to F-Actin or intermediate filaments where the upper 

limit of m = 3/2, associated to the stretching out of thermal undulations at short 

length scales, is typically accessible at high stress1,10. The PDA networks all have m = 

1, but the extent of this responsive regime is far larger at lower concentrations, where 

the broadest range of stiffening is observed. If, as we hypothesize, this stiffening 

originates from the exhaustion of very soft bending modes (which may involve 

clusters of fibers, rather than single fibers) we can understand that increasing the 

concentration strongly increases the modulus, but at the same time the increased 

confinement suppresses those soft modes and the stiffening range decreases. Figs. 

2.7.a and b summarize the findings: PDA networks exhibit a universal m = 1 

stiffening at large strains. Upon rescaling the stresses and moduli, a universal stiffening 

curve is obtained highlighting the common origins of linear and nonlinear elasticity in 

these materials. In the methods section, we present further analysis of the scaling 

behaviour of the critical stress and the modulus. 
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Fig. 2.7 ǀ (a) Differential modulus K’ vs stress σ of PDA containing 5 mol% DA-AC and DA-
N3 at different concentrations. (b) Scaling of K’ with G0 and σ with σc with the collapse into a 
master curve showing a K’ ∝ σ1 dependency at high σ and low c. 

Structure of the gels 

SAXS scattering profiles of PDA were measured before and after gelation. To this 

end, 2.5 wt% aqueous solutions of PDA containing 5 mol% DA-N3 and DA-AC were 

recorded before, and 24h after, the addition of Na-ascorbate (Fig. 2.8). Gelation 

through bundle formation is a common feature of PIC gels17,18,33 as well as certain 

biopolymers, such as fibrin34 or actin35,36. By contrast, PDA gels follow a rather 

different gelation mechanism: there, the formation of covalent links occurs at random 

positions along the fiber contour (Scheme 2.2.a). In that case, there is no net increase 

of the bundle diameter as inferred from SAXS data that show similar forward 

scattering intensities while completely retaining the shape of the scattering profiles as 

the system undergoes gelation. In other words, the structure of the gels mirrors that of 

the fibers in solution with restricted mobility due to permanent covalent crosslinking. 
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Fig. 2.8 ǀ Small-angle X-ray scattering profiles PDA (2.5 wt%) containing DA-AC and DA-N3 
(5 mol%) recorded before (solution) and 24 h after addition of Na-ascorbate (gel). 

2.3. Conclusions 

In summary, we present a novel approach towards biomimetic strain-stiffening 

gels. Implementing requisite features of natural materials—semi-flexible polymers and 

strong links—the bisurea bolaamphihiles covalently fixated into rodlike micelles with a 

conjugated PDA backbone represent the first synthetic system that just like natural 

protein materials relies on self-assembly for the crucial step of fiber formation. The 

self-assembled rodlike micelles exist in water as bundled structures containing multiple 

ribbons, which we argue is essential to endow fibers with the necessary high 

persistence lengths. In future work, control over bundling may be leveraged to gain 

control over the persistence length. The supramolecular nature of the rods, moreover, 

allows for the controlled incorporation of a variety of functional analogues which can 

be subsequently immobilized via covalent fixation. Here, this advantage is exploited to 

suppress the formation of inactive loops along the same rod. The hydrogelation 

process, as inferred from SAXS analysis, occurs without an increase in fiber 

dimensions. In other words, the structure of the constituent rods remains intact as the 

system undergoes gelation, with superior control over the network architecture. 

The ability to control both the stiffness and the degree of connectivity between 

networks of semi-flexible rods breaks ground for genuinely biomimetic materials; 

indeed we show that in the first incarnation presented here the network shares crucial 

dimensional and elastic metrics with gels composed of neurofilament fibers. However, 

where nature is limited by properties of the fibrillar proteins at its disposal, the current 

synthetic route in principle allows for continuous variation of properties, opening up a 
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class of transnatural, bio-inspired materials that not only mimic but conceivably 

outperform biological matter. 

2.4. Experimental section 

Materials 

All solvents used were of reagent grade quality or better and purchased from 

Biosolve, Sigma-Aldrich or Actu-All Chemicals. THF and DCM were dried using 

molecular sieves (3 Å). All chemicals were purchased from Sigma-Aldrich, TCI 

Europe, Acros or Fluka at the highest purity available and used without further 

purification unless otherwise stated. Flash chromatography was performed on a 

Reveleris X2 system using 40μm mesh silica gel cartdriges. Reactions were followed by 

thin-layer chromatography (precoated 0.25 mm, 60-F254 silica plate purchased from 

Merck). Tetraethylene glycol monopropargyl ether (1), azido-tetraethylene glycol (2)37, 

N-(tertbutyloxycarbonyl)-11-aminoundecanoic acid (Boc-AUDA)38, 1,12-

diisocyanatodeca-4,6-diyne19, and DA19 were prepared according to literature 

procedures. 

General methods 

NMR spectra were recorded on a 400 MHz Varian Mercury Vx (100 MHz for 13C-

NMR) or 400 MHz Bruker UltraShield Magnet (100 MHz for 13C-NMR). Chemical 

shifts (δ) are reported in parts per million (ppm) using residual solvent signal or 

tetramethylsilane (TMS) as internal standards39. Splitting patterns are labelled as singlet 

(s), doublet (d), double doublet (dd), triplet (t), quartet (q), pentet (p) and multiplet 

(m). Infrared spectra were measured on a Perkin Elmer 1600FT-IR equipped with a 

Perkin Elmer Universal ATR Sampler Accesory. Matrix-assisted laser desorption 

ionization time-of-flight (MALDI-TOF) measurements were carried out on a 

Perseptive DE PRO Voyager mass spectrometer using α-cyano-4-hydroxycinnamic 

acid as the calibration matrix. (LC-MS).  

Vitrified films were prepared in a ‘Vitrobot’ instrument (PC controlled vitrification 
robot, patent applied, Frederik et al. 2002, patent licensed to FEI) at 22 oC and at a 

relative humidity of 100%. In the preparation chamber of the ‘Vibrobot’, 3 µL sample 
was applied on a Quantifoil grid (R 2/2, Quantifoil Micro Tools GmbH), which was 

surface plasma treated just prior use (Cressington 208 carbon coater operation at 5 
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mA for 40 s). Vitrified films were transferred to a cryoholder (Gatan 626) and 

observed at -170 oC in a Tecnai Sphera microscope operating at 200 kV. The images 

were recorded using a 1k × 1k Gatan CCD camera. 

Small angle X-Ray scattering (SAXS) profiles were recorded on SAXLAB 

GANESHA 300 XL SAXS equipped with a GeniX 3D Cu Ultra Low Divergence 

micro focus 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 sample-to-detector distances of 113, 713, and 

1513 mm respectively to cover a q-range of 0.07 ≤ q ≤ 3.0 nm-1 with q = 4π/λ(sin 
θ/2). Silver behenate was used for calibration of the beam centre as well as the q-

range. Samples were measured within 2 mm quartz capillaries (Hilgenberg GmbH, 

Germany). The two-dimensional SAXS patterns were brought to an absolute intensity 

scale using the calibrated detector response function, known sample-to-detector 

distance, measured incident and transmitted beam intensities, and azimuthally 

averaged to obtain one-dimensional SAXS profiles. The scattering curves of the fibers 

were obtained by subtraction of the scattering contribution of the solvent and quartz 

cell. 

The mechanical properties of the hydrogels were tested by oscillatory rheology. 

Dynamic viscoelastic measurements were conducted on a stress-controlled Anton 

Paar, Physicia MCR 501 rheometer equipped with a 25-mm stainless steel sand-blasted 

plate-plate geometry to prevent slippage of the sample. Measurements were 

performed at a fixed temperature of 20 oC sealed by placing mineral oil around the 

sample to minimize evaporation at a fixed plate-to-plate gap of 800 µm. After addition 

of the catalyst, gelation was monitored by continuous oscillations with a strain 

amplitude of 0.1 % and an angular frequency of 6.28 rad/s. To probe the elasticity of 

the gels, we applied a steady prestress, σ0 on which an oscillatory σ(t) = δσeiwt was 

superimposed with an amplitude at most 10% of σ0 and at an angular frequency of ω 
= 6.28 rad s-1. 
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Synthetic procedures 

Scheme S2.1 ǀ Synthetic route towards DA-AC and DA-N3 analogues 

Tetraethylene glycol monopropargyl ether tosylate (3) 

Tetraethylene glycol monopropargyl ether (1) (12.85 g, 55.35 mmol), tosyl chloride 

(12.63 g, 66.24 mmol) and THF (250 mL) were placed in a round-bottomed flask, and 

the mixture was chilled in an ice bath. At this temperature, an aqueous solution of 

KOH 16 M (12.54 g, 0.22 mol) was added dropwise, and the reaction mixture was 

allowed to stir overnight at room temperature. At the conclusion of the reaction, the 

mixture was poured into ice H2O (150 mL) and the aqueous layer extracted three 

times with DCM (150 mL). The organic extracts were combined and washed twice 

with 3% HCl (150 mL) and once with brine (150 mL), dried over MgSO4 and 

concentrated under reduced pressure. The resultant crude product was purified by 

flash chromatography (silica gel, DCM/EtOH, 99:1 v/v) to yield 3 (16.31 g, 42.24 

mmol, 76%) as a faintly yellow oil.  

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 7.76 (d, 2H, J=8. Hz, Ar), 7.31 (d, 2H, J 

= 8.0 Hz, Ar), 4.16 (d, 2H, J=2.4 Hz, CH2C≡H), 4.13 (t, 2H, J = 4.0 Hz, CH2tosyl), 

3.66-3.55 (m, 14H, CH2O), 2.41 (m, 4H, tosylCH3 + CH2C≡H). 
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13C-NMR (400 MHz, CDCl3, T = 295K): δ = 144.84, 133.02, 129.86, 127.99, 79.70, 

74.61, 70.74-70.41, 69.31, 69.13, 68.69, 58.41, 21.67. 

MALDI-TOF-MS: calculated Mw = 386.14 g/mol, found m/z [M+Na+] = 409.33, 

m/z [M+NH4+] = 404.25, [M+H+] = 387.17. 

Azido-tetraethylene glycol tosylate (4) 

Azido-tetraethylene glycol (2) (6.84 g, 31.21 mmol), tosyl chloride (6.70 g, 35.16 

mmol) and THF (140 mL) were placed in a round-bottomed flask, and the mixture 

was cooled to 0 oC in an ice bath. At this temperature, an aqueous solution of NaOH 

4.8 M (4.81 g, 0.12 mol) was added dropwise, and the reaction mixture was stirred 

overnight at room temperature. At the conclusion of the reaction, the mixture was 

chilled in an ice bath and quenched with HCl 1M (150 mL). The organic layer was 

removed by rotary evaporation and the remaining aqueous solution extracted thrice 

with DCM (150 mL). The organic extracts were combined and washed twice with 

10% Na2CO3 (150 mL), H2O (150 mL) and dried over MgSO4. The final product was 

evaporated to dryness to afford 4 (9.76g, 26.16 mmol, 84%) which was used in 

subsequent steps without further purification.  

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 7.76 (d, 2H, J = 8.4 Hz, Ar), 7.32 (d, 

2H, J = 8.4 Hz, Ar), 4.14 (t, 2H, J = 4.7 Hz, CH2tosyl), 3.68-3.57 (m, 12H, CH2O), 

3.36 (t, 2H, J = 5.2 Hz, CH2N3), 2.43 (s, 3H, tosylCH3). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 144.89, 133.05, 129.89, 128.02, 70.80-

70.65, 70.09, 69.33, 68.73, 50.74, 21.70. 

MALDI-TOF-MS: calculated Mw = 373.13 g/mol, found m/z [M+Na+] = 396.25, 

m/z [M+NH4+] = 391.17, [M+H+] = 373.92. 

Octaethylene glycol monopropargyl ether (5) 

Tetraethylene glycol (PEG4) (48.97 g, 0.253 mol) in anhyd. THF (200 mL) was 

placed in a round-bottom flask and chilled in an ice bath under an atmosphere of 

argon. To the resultant solution, sodium hydride (NaH) (60% dispersion in mineral 

oil, 2.65 g, 66.34 mmol) was added in three portions over a period of 30 mins, and the 

reaction mixture was allowed to warm to r.t. followed by the addition of 3 (16.31 g, 

42.24 mmol) in dry THF (10 mL) by syringe pump over 7h. The reaction mixture was 

further stirred for 2d under an atmosphere of argon. At the conclusion of the 

reaction, brine (150 mL) was added and to quench the excess of NaH and the organic 
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layer was evaporated under reduced pressure. The resultant aqueous slurry was 

extracted thrice with CH2Cl2 (150 mL) and the combined organic extracts were 

collected, washed with 10 wt% aqueous solution of KHPO4 (150 mL), H2O (150 mL), 

dried over anhyd. MgSO4 and concentrated in vacuo. The crude product was subjected 

to flash column chromatography (silica gel, DCM/EtOH 97:3 v/v) to afford 5 (8.80 g, 

21.56 mmol, 51%) as a faint yellow viscous oil. 

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 4.19 (d, 2H, J = 3.2 Hz, CH2C≡CH), 
3.64-3.51 (m, 32H, CH2O), 2.40 (t, 1H, J = 2.4 Hz, C≡CH). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 79.59, 74.60, 72.48, 70.51-70.45, 70.31, 

70.25, 69.00, 61.56, 58.30. 

MALDI-TOF-MS: calculated Mw = 408.28 g/mol, found m/z [M+Na+] = 431.50, 

m/z [M+H+] = 409.42. 

Azido-octaethylene glycol (6) 

4 (9.76 g, 26.16 mmol) was reacted following the same procedure as described for 

5. The crude product obtained after liquid-liquid extraction was subjected to column 

chromatography (silica gel, gradients DCM/EtOH, 99:1 to 19:1 v/v) to yield 6 (8.53 g, 

21.58 mmol, 82%) as a faintly yellow viscous oil.  

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 3.69-3.65 (m, 30H, CH2O), 3.39 (t, 2H, 

J = 4.0 Hz, CH2N3). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 72.42, 70.49-70.35, 70.14, 69.86, 61.44, 

50.48. 

MALDI-TOF-MS: calculated Mw = 395.23 g/mol, found m/z [M+Na+] = 418.42, 

m/z [M+H+] = 396.33. 

N-(tert-butyloxycarbonyl)-11-aminoundecanoyl-(octaethyleneglycol 
monopropargyl ether)- 

ester (7) 

N-(tertbutyloxycarbonyl)-11-aminoundecanoic acid (Boc-AUDA) (4.45 g, 14.76 

mmol), 5 (5.05 g, 12.37 mmol) and Novozym 435 (2.85 g, 30 wt%) in CHCl3 (50 mL) 

were placed in a round bottom flask and the reaction mixture was stirred at 47 oC and 

750 mbar in a rotavap apparatus for 5 h. To the resultant solution, molecular sieves 

were added and the mixture was allowed to react overnight. The suspension was 

filtered off, and the filtrate dried by rotary evaporation. The product was purified 
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using flash column chromatography (silica gel, CH2Cl2/Ethanol 23:2 v/v) yielding 7 

(6.49 g, 9.386 mmol, 76%) as a viscous colourless oil. 

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 4.60 (bs, 1H, NH), 4.12 (t, 2H, J = 4.76 

Hz, CH2OCO), 4.10 (d, 2H, J = 2.4 Hz, CH2C≡CH), 3.60-3.56 (m, 30H, OCH2), 2.99 

(q, 2H, J = 6.48 Hz, CH2N), 2.38 (t, 1H, J = 2.36 Hz, C≡CH), 2.23 (t, 2H, J = 7.48 

Hz CH2-CO) 1.56-1.47 (m, 2H, CH2CH2CO), 1.34 (s, 9H, C(CH3)3), 1.24-1.13 (m, 

14H, CH2). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 173.64, 155.87, 79.53, 78.71, 74.57, 

70.49-70.42, 70.28, 69.06, 68.96, 63.24, 58.26, 40.48, 34.05, 29.95, 29.35-28.97, 28.34, 

26.67, 24.76. 

MALDI-TOF-MS: calculated Mw = 691.45 g/mol, found m/z [M+Na+] = 714.47. 

N-(tert-butyloxycarbonyl)-11-aminoundecanoyl-(azido-octaethyleneglycol)-
ester (8) 

6 (4.00 g, 10.12 mmol) was reacted following the same experimental procedure as 

described for 7 to give 8 (6.15 g, 9.06 mmol, 89%) as a transparent oil. 

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 4.54 (bs, 1H, NH), 4.12 (t, 2H, J = 4.80 

Hz, CH2OCO), 3.66-3.61 (m, 30H, OCH2), 3.55 (t, 2H, J = 5.24 Hz, CH2N3), 3.05 (q, 

2H, J = 6.20 Hz, CH2N), 2.28 (t, 2H, J = 7.48 Hz CH2CO), 1.64-1.50 (m, 2H, 

CH2CH2CO), 1.40 (s, 9H, C(CH3)3), 1.32-1.15 (m, 14H, CH2). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 173.75, 155.95, 78.85, 70.64-70.50, 

70.00, 69.14, 63.32, 50.62, 40.56, 34.13, 30.01, 29.42-29.05, 28.40, 26.74, 24.84. 

MALDI-TOF-MS: calculated Mw = 678.44 g/mol, found m/z [M+Na+] = 701.44. 

11-aminoundecanoyl-(octaethyleneglycol monopropargyl ether)-ester-HCl salt 
(9) 

A solution of HCl 4 M in dioxane (35 mL) was chilled to 0 oC in an ice bath. At 

this temperature, 7 (6.49 g, 9.39 mmol) in dioxane (35 mL) was added dropwise under 

atmosphere of argon and the reaction mixture was stirred for 4 hours at r.t. At the 

conclusion of the reaction, the volatiles were removed in vacuo and 9 (5.72 g, 9.12 

mmol, 97%) was isolated as a faintly yellow waxy solid. 

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 8.10 (bs, 3H, CH2NH3), 4.13-4.11 (m, 

4H, CH2C≡CH +CH2OCO), 3.61-3.56 (m, 30H, OCH2), 2.87 (m, 2H, CH2NH3), 2.39 
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(t, 1H, J = 2.36 Hz, C≡CH), 2.22 (t, 2H, J = 7.52 Hz, CH2CO), 1.66 (m, 2H, 

CH2NH3), 1.51 (m, 2H, CH2CH2CO) 1.24-1.17 (m, 12H, CH2). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 173.33, 79.53, 74.66, 70.42-70.37, 

70.22, 69.05, 68.91, 63.22, 58.28, 39.90, 34.05, 29.05-28.91, 27.44, 26.50, 24.75. 

MALDI-TOF-MS: calculated Mw = 591.78 g/mol, found m/z [M+H+] = 592.75. 

11-aminoundecanoyl-(azido-octaethyleneglycol)-ester-HCl salt (10) 

8 (6.15 g, 9.06 mmol) was reacted following the same experimental procedure as 

described for 9 yielding 10 (5.26 g, 8.57 mmol, 95%) as a slightly yellow waxy solid.  

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 8.12 (bs, 3H, CH2NH3), 4.17 (m, 2H, 

CH2OCO), 3.66-3.61 (m, 28H, OCH2), 3.55 (t, 2H, J = 5.0 Hz, CH2N3), 2.92 (m, 2H, 

CH2NH3), 2.27 (t, 2H, J = 7.52 Hz, CH2CO), 1.71 (m, 2H, CH2NH3), 1.56 (m, 2H, 

CH2CH2CO) 1.31-1.22 (m, 12H, CH2). 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 173.80, 70.66-70.53, 70.02, 69.31, 

63.35, 50.68, 40.00, 34.18, 29.31-28.98, 27.61, 26.55, 24.87. 

MALDI-TOF-MS: calculated Mw = 578.75 g/mol, found m/z [M+Na+] = 601.50, 

m/z [M+H+] = 579.75. 

DA-AC 

9 (1.98 g, 3.12 mmol), triethlylamine (0.84 g, 8.33 mmol) and anhyd. CH2Cl2 (15 

mL) were placed in a round bottomed flask under argon atmosphere and the mixture 

was cooled to 0 oC in an ice bath, followed by the dropwise addition of 1,12-

diisocyanatodeca-4,6-diyne (0.31 g, 1.44 mmol) in dry CH2Cl2 (5 mL). The reaction 

was stirred for 1 hour at r.t, after which the crude product was concentrated under 

reduced pressure and purified using flash column chromatography (silica gel, 

CH2Cl2/Ethanol 97:3 v/v) to afford DA-AC (0.29 g, 0.21 mmol, 15%) as a white 

waxy solid that turned faintly pink under prolonged exposure to stray light.  

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 5.04 (t, 2H, J = 5.36 Hz, NH), 4.88 (t, 

2H, J = 4.84 Hz, NH), 4.21 (m, 8H, CH2OCO+CH2C≡H), 3.70-3.60 (m, 60H, 

OCH2), 3.25 (q, 4H, J = 6.24 Hz, CH2NH), 3.11 (q, 4H, J = 6.32 Hz, NHCH2), 2.43 

(t, 2H, J = 2.08 Hz, C≡CH), 2.31 (m, 8H, CH2CO+CH2C≡C), 1.69, (quint, 4H, J = 

6.68 Hz, NHCH2CH2CH2CO), 1.60 (p, 4H, J = 6.88 Hz, CH2CH2CO), 1.45 (p, 4H, J 

= 6.32 Hz, CH2CH2NH), 1.30-1.25 (m, 24H, CH2).  



Strain-stiffening gels through self-assembly and covalent fixation of semi-flexible fibers 

 

─49─ 

 

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 147.01, 158.77, 79.75, 74.71, 70.71-

70.67, 70.51, 69.31, 69.21, 66.03, 63.49, 58.51, 40.55, 39.27, 34.31, 30.34, 29.57, 29.43, 

29.30, 29.17, 28.15, 27.02, 24.99, 16.76. 

MALDI-TOF-MS: calculated Mw = 1398.89 g/mol, found m/z [M+Na+] = 

1421.88, m/z [M+K+] = 1437.86. 

FT-IR (ATR) υ (cm-1): 3334, 2921, 2851, 1731, 1614, 1579, 1101, 621. 

DA-N3 

10 (1.57 g, 2.56 mmol) was reacted following the same procedure as described for 

the synthesis of DA-AC to yield DA-N3 (0.28 g, 0.20 mmol, 53%) as a white waxy 

solid that turned slightly purple under prolonged exposure to stray light.  

1H-NMR (400 MHz, CDCl3, T = 295K): δ = 5.01 (t, 2H, J = 5.8 Hz, NH), 4.85 (t, 

2H, J = 5.48 Hz, NH), 4.85 (t, 4H, J = 4.8 Hz, CH2OCO), 3.69-3.62 (m, 60H, OCH2), 

3.35 (t, 4H, J = 5.24 Hz, CH2N3), 3.25 (q, 4H, J = 6.2 Hz, CH2NH), 3.12 (q, 4H, J = 

6.12 Hz, NHCH2), 2.31 (m, 8H, CH2CO+CH2-C≡C), 1.69, (quint, 4H, J = 6.72 Hz, 

NHCH2CH2CH2CO), 1.60 (p, 4H, J = 7.08 Hz, CH2CH2CO), 1.44 (p, 4H, J = 6.56 

Hz, CH2CH2NH), 1.31-1.25 (m, 24H, CH2).  

13C-NMR (400 MHz, CDCl3, T = 295K): δ = 174.01, 158.75, 70.81-70.68, 70.15, 

69.31, 66.04, 63.49, 50.80, 40.57, 39.28, 34.31, 30.47, 29.57, 29.43, 29.31, 29.17, 28.90, 

27.02, 24.99, 16.76. 

MALDI-TOF-MS: calculated Mw = 1372.87 g/mol, found m/z [M+Na+] = 

1395.89, m/z [M+K+] = 1411.87. 

FT-IR (ATR) υ (cm-1): 3328, 2919, 2849, 2099, 1731, 1615, 1580, 1096, 608. 
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Fig. S2.2 ǀ 1H-NMR spectrum of DA-N3. 

 

Fig. S2.3 ǀ 13C-NMR spectrum of DA-N3. 
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Fig. S2.4 ǀ 1H-NMR spectrum of DA-AC. 

 

Fig. S2.5 ǀ 13C-NMR spectrum of DA-AC. 
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Contour and persistence length calculation 

DA was weighed in the solid state and dissolved in ca. 300 µL chloroform. The 

solvent was allowed to evaporate overnight and the remaining solid re-dissolved in 

mili-Q water to a concentration of 20 mg mL-1. The micelles were allowed to grow for 

2h, after which, the solution was transferred to a quartz cuvette (1×1 cm) where 

photo-polymerization was performed by irradiating at 254 nm for 15 min under 

continuous stirring using a Luzchem photoreactor (model LCZ 4V) equipped with 7.2 

W UV-C lamps. Solutions were diluted with water to 1 mM prior imaging. The sample 

vitrification procedure was carried out using an automated vitrification robot (PC 

controlled vitrification robot, patent applied, Frederik et al. 2002, patent licensed to 

FEI) at 22 oC and a relative humidity of 100%. Quantifoil electron microscopy grids, 

purchased from Quantifoil Micro Tools GmbH (R 2/2), were surface plasma treated 

using a Cressington 208 carbon coater operating at 5 mA for 40 s just prior use. In the 

preparation chamber of the ‘Vibrobot’, a 3 µL sample was applied to the Quantifoil 

grid and the excess sample removed by blotting using filter paper for 3 s at 3 mm. The 

thin film thus formed was plunged (acceleration about 3 g) into liquid ethane just 

above its freezing point. After transferring the grids to a cryoholder (Gatan 626), the 

vitrified films were observed using an FEI Tecnai 20, type Sphera (www.cryotem.nl). 

The LaB6 filament was operated at 200 kV. Micrographs were taken at low dose 

conditions, using a typical defocus value of 40 µm at 6500 magnification, and defocus 

values of 2, 5 and 10 µm at 25000 magnification. 

To calculate Lc and Lp, the micrographs of Figs. 2.3.a-c were first processed using 

Fiji40, whereby the background of the images was inverted and the high-frequency 

noise smoothed using a Gaussian blur filter. The calculation of Lc distribution was 

done using the Curve Tracing plugin from Fiji wherein a total sample of 84 fibers was 

subjected to statistical analysis. The calculation of Lp was performed using Easyworm 

using the procedure detailed by Lamour et al.41. 

Calculation of number of ribbons per fiber 

Small angle X-Ray scattering was used to determine the number of ribbons per 

fiber of pre-polymerized self-assembled PDA rods. Density measurements of water 

and PDA aqueous solutions were performed using an Anton Paar DMA 5000M. 
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First, the specific volume (υ) of PDA rods at a concentration of 10 mg mL-1 was 

determined by measuring the density (D) of DA aqueous solutions over the 

concentration range indicated in Fig. S2.6 and assuming that the density of the system 

does not change upon topochemical polymerization: 

 

Fig. S2.6 ǀ Plot of ρ vs c of DA in mili-Q water measured at 20 oC including linear regression. 

Thus, the density of a 0.01 g cm-3 PDA aqueous solution was calculated to be 

DPDA = 0.99960 g cm-3. The specific volume was then obtained as: 

υ = 
1

Dwater
 (1-

DPDA-Dwater

c
) = 

1
0.99820 g cm-3  (1-

0.99960-0.99820 g cm-3

0.01 g cm-3 ) =  

= 0.86205 cm3g-1 

To fit the experimental data with a nonlinear least squares procedure implemented 

in Igor Pro, we used a model that calculates the form factor of a flexible cylinder with 

a uniform scattering length density (𝜌cyl) and cross-sectional radial polydispersity 

which is averaged over a Schultz distribution of cylinder radii. The non-negligible 

diameter of the cylinder is included by accounting for excluded volume interactions 

within the walk of a single cylinder. Inter-cylinder interactions are not included. 

We then proceeded to fix the values of volume fraction (ϕ = 0.00862) and use the 

values of contour length (Lc = 157 nm) and Kuhn length (b = 2×lp = 560 nm) as 

derived from cryo-EM analysis. The tabulated value of 𝜌water = 9.37 × 1010 cm-2 was 

used.  
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Fig. S2.7 ǀ Small angle X-Ray profile (black squares) and form factor fit (dashed red line) of 
PDA solution in mili-Q water recorded at a concentration of 10 mg mL-1. 

Fitting of the scattering data with the model (Fig. S2.7) gave a value of 3.1 ± 0.1 

nm for the radius, consistent with the value of 3.3 nm measured in cryo-EM. The 

fitting procedure also provided a value for 𝜌cyl = (10.43 ± 0.01) × 1010 cm-2. The 

scattering contrast was then calculated as: 

∆ρ = ρcyl-ρwater= (10.43-9.37) × 1010cm-2  = 1.06 × 1010 cm-2 

The electron length density difference (ΔρM) can be now determined as: 

∆ρM= ∆ρ × υ = 1.06 × 1010 cm-2 × 0.86 cm3g-1 = 9.12 × 109 cm g-1 

The overall scattered intensity for elongated scatterers originates from two separate 

contributions: A part arising from the cross-section (Ics(q)) and a part resulting from 

the elongated structure. To calculate the cross-sectional mass per unit length (ML) we 

used a Cassasa-Holtzer plot of the data and extrapolated the curve with the 

parameters obtained from the fitting procedure (Fig. S2.7). This gave the height of the 

plateau as indicated by the value of the product [dΣ(q)/dΩ]×q = 1.23 × 106 cm-2. 
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Fig. S2.8 ǀ Casassa-Holtzer plot of the scattering profile of PDA at 10 mg mL-1. The value of 
the Holtzer plateau obtained by extrapolation of the experimental data with the best-fit 
parameters as indicated by the dashed red line. 

Now, the cross-sectional scattered intensity (Ics(0)) was calculated according to the 

following expression:  

Ics  (0) = 
[𝑑𝛴(𝑞) 𝑑𝛺]⁄ ×q

π
= 3.91 × 105 cm-2 

ML was subsequently obtained using the equation below: 

ML= 
ICS(0)

C × (∆ρM)2 = 
3.91 × 105 cm-2

0.01 g cm-3 ×(9.12 × 109 cm g-1)2 = 4.70 × 10-13 g cm-1  

Finally, an estimate for the number of ribbons per fiber can be obtained assuming 

that the distance between molecules along the fiber axis is determined by the repeat 

distance of the urea-urea hydrogen bonding motif:  

Molecule
H-H

= 
H-Hdistance  × ML× NA

MW
= 

= 4.6 × 10-8cm  × 4.70 × 10-13g cm-1 × 6.02 × 1023mol-1

1350.9 g mol-1
= 9.6 molecules 

H-Hdistance being the distance between urea groups along the stack, NA Avogadro’s 
number and MW the molecular weight of DA. 
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Gel preparation method 

Samples were prepared by weighing DA along with DA-AC or DA-N3 (10 mol%) 

in the solid state followed by the addition of ca. 300 µL chloroform. The solvent was 

allowed to evaporate overnight. The remaining solid was subsequently re-dissolved in 

mili-Q water assisted by applying combined cycles of sonication (30 min) and vortex 

(1 min) until the full dissolution of the solid material. The micelles were then allowed 

to grow for additional 2 d and the solutions transferred to quartz cuvettes (1 × 1 cm) 

followed by irradiation with UV-light (254 nm) for 15 min under continuous stirring 

using a Luzchem photoreactor (model LCZ 4V) equipped with 7.2 W UV-C lamp. 

Equal volumes of polymerized PDA/DA-Ac and PDA/DA-N3 mixtures were mixed 

ensuring equimolar acetylene/azide ratios (5 mol%) with subsequent addition of 

premixed aqueous solutions of CuSO4/Tris(3-hydroxypropyltriazolylmethyl)amine 

(THPTA) and a solution of sodium ascorbate (Na-Ascorbate) to a final concentration 

of 0.1, 0.5 and 10 mM respectively. The reaction mixture was immediately transferred 

to the rheometer where gelation was monitored by oscillatory rheometry. 

Scaling relationships and crosslinking length determination 

In order to establish the origins of the observed nonlinear elastic response, we 

have individually plotted the scaling of the plateau modulus (G0) and the critical stress 

(σc) with concentration; see Figs. S2.9.a and b. In both cases, the double-logarithmic 

plots clearly reveal two regimes; below the 15 mg mL-1 concentration point, the 

dependence of either quantity on concentration is different from that above 15 mg 

mL-1. In addition, the observed power laws are far stronger than those generically 

expected for semi-flexible polymers. This we attribute to the short, stiff rods in our 

system combined with the high density. As far as we are aware, no generic scaling 

prediction exist for this regime. 
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Fig. S2.9 ǀ (a) Dependence of G0 on concentration showing two regimes, separated at c of 
about 15 mg mL-1 dropping the point at 10 mg mL-1. (b) σc vs concentration with two distinct 
regimes, separated at c of about 15 mg mL-1 dropping the point at 10 mg mL-1. 

The distinct high- and low-density regimes might appear to make it all the more 

surprising that the nonlinear curves do collapse, but this is incorrect; the values of σc 

and G0 were chosen such that the rheology curves collapse, and therefore the two 

observations are not independent. The universal power-law m = 1 at high strains is, 

however, independent. The fact that it is preserved in both the low- and high-density 

regime suggests a common, strain-prompted nonlinear origin of the stiffening. 

Remarkably, across the range of concentrations considered, there is a universal 

interdependency among concentration, G0 and σc. Following the suggestions in Yao et 

al.9, we plot in Fig. S2.10 the square root of concentration times the modulus versus 

the critical concentration, and find - over more than two decades of scaling - a power-

law relation with a slope very close to 3/2, observed and predicted for intermediate 

filaments9. 

The crosslinking length for the material was estimated by generating coarse-grained 

networks of stiff rods with a length of 152 nm, and determining how many of the 

putative crosslinking groups are within a crosslinking distance (12 nm) of each other, 

assuming a random arrangement. While we find that for the high volume fractions 

(4%) of these systems a significant portion of all crosslinks is expected to be engaged, 

these links have a strong tendency to cluster around sites of particularly close rod 

proximity. On average, we estimate from these simulations that 2-3 such clustered 

connections exist per rod (see Fig. S2.11), which brings the crosslinking length 

estimate to 50-80 nm 
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Fig. S2.10 ǀ Dependence of c1/2G0 on σc. The dashed line is the result of a regression fit to the 
data and depicts an exponent of 1.41. The scaling appears to agree with the affine thermal 
model, which predicts an exponent of 3/2. 

 

Fig. S2.11 ǀ A sample simulated network configuration: 1500 rods of length 152 nm and 
diameter 6.6 nm in a 500x500x500nm box. Volume fraction (after deleting segments outside of 
the box) is 3.7%. For this network, 54% of all available crosslinking sites is within crosslinking 
distance (12nm, sites coloured red) of another site, and 2-3 clusters of links occur per rod. 
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Abstract: The cytoskeleton is a highly adaptive network of filamentous proteins capable of robustly 

stiffening under stress while, at the same time, collectively assemble/disassemble with turnover rates on 

the order of minutes. Synthetic biomimetic materials that combine reversibility and strain-stiffening 

properties remain unexplored. Here, strain-stiffening gels that have dynamic fibrous polymers as their 

main structural components are reported. The fibers form via hierarchical self-assembly of 

oligoethlylene diacetylene bis-urea bolaamphiphiles (DA). In water, DA-based fibers integrate 

multiple ribbons, that aggregate perpendicular to the fiber axis. The monomers exchange slowly in 

solution with dynamics that span a few days, reflecting their strong intermolecular interactions. 

Sonication of the fibers disrupts the supramolecular interactions breaking the fibers into smaller 

aggregates that recombine to recover the equilibrium length. Chemical crosslinking of the fibers yields 

hydrogels capable of strain-stiffening in a way that closely resembles biogels, and enables continuous 

variation of properties though readily modifiable parameters. The work thus demonstrates that 

biomimetic strain-stiffening gels are a robust and versatile motif for biomimetic and responsive 

materials with tunable properties. 
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3.1. Introduction 

iological fibrous networks are both adaptive and robust. These seemingly 

conflicting responses are encoded at different lengthscales. On the one hand, 

the constituent fibers (actin, microtubules, collagen) are held together by often quite 

weak supramolecular forces, enabling dynamic structural adaptation through rapid 

assembly and disassembly1–6. On the other hand, their networks, taken as a whole, are 

robustly capable of ‘strain stiffening’7–12; a strengthening that is prompted by external 

loading, without the need for structural changes. Clearly these contrapuntal abilities 

provide great functionality, which ideally one would like to reconstitute in synthetic 

materials. 

However, while both reversibility13–16 and strain stiffening17–20 have been repeatedly 

demonstrated separately, there is until now no single synthetic material that possesses 

both qualities. In the current chapter, we present uniquely biomimetic, strain-stiffening 

hydrogels composed of crosslinked, reversibly self-assembled semi-flexible fibers that 

display self-healing properties that span several days. 

In previous attempts to make self-assembled strain-stiffening gels, fibers formed 

from oligo(ethylene glycol) (OEG)-bisurea bolaamphiphiles were physically 

crosslinked using, polymeric, flexible crosslinkers21,22. The absence (or strongly 

delayed onset) of strain-stiffening was ascribed to the length of the crosslinkers. In 

Chapter 2, (OEG)-bisurea bolaamphiphiles with a diacetylene unit embedded between 

urea groups (DA), were successfully introduced as building blocks to create strain-

stiffening networks. In water, these molecules self-assemble into fibers composed of 

9-10 aggregated ribbons with an average contour length of 157 nm, 3.3 nm radius and 

a persistence length of 280 nm. The molecules are held together via intermolecular 

urea-urea hydrogen-bonds and hydrophobic interactions. Photo-polymerization of the 

stacked diacetylenes produces fibers with a covalent polydiacetylene (PDA) backbone 

without morphological changes23. Moreover, as illustrated in Chapter 2, the system 

does not gelate in the absence of specifically designed cross-linkers, providing an 

opportunity to tune the rheology by chemical cross-linking. To this end, reactive 

bisurea analogues with azide- and acetylene moieties grafted to peripheral octaethylene 

glycol hydrophilic blocks were incorporated in the fibers. A Cu-catalyzed click 

reaction was used to crosslink fibers without affecting their size. 

B 
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Fig. 3.1 ǀ Molecular structure of the diacetylene bis-urea bolaamphiphile DA, its functionalized 
analogues DA-AC and DA-N3 and the pentaazide 5-N3 crosslinker. 

In the current chapter we investigate strain-stiffening in gels of DA fibers which 

are not fixated via diacetylene cross-polymerization. We confirm the reversible nature 

of the fibers by showing that the amphiphiles exchange slowly between fibers, and by 

demonstrating that fibers re-assemble when fragmented by ultrasound. The most 

striking finding is that cross-linked gels of supramolecular DA fibers may exhibit 

strain-stiffening – the first demonstration of non-covalent, self-assembling building 

blocks with sufficient axial strength and orientational persistence to withstand forces 

high enough to support a nonlinear mechanical response. Furthermore, we 

demonstrate control over mechanical performance; by using a combined crosslinking-

fixation strategy we significantly extend the stiffening range (i.e. the overall relative 

increase in modulus before failure). 

 

Scheme 3.2 ǀ Hierarchical self-assembly through intermolecular H-bonding and hydrophobic 
interactions of functionalized (DA-AC) and unfunctionalized (DA) diacetylene bisurea 
bolaamphiphiles. Structure of the fibers containing 9-10 ribbons as confirmed by SAXS in 
Chapter 2 and covalent crosslinking with pentaazide linker (5-N3) into strain-stiffening 
networks with covalent triazole linkages. 
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3.2. Results and discussion 

Chemical crosslinking using pentaazide linker 

Gelation was achieved by chemical crosslinking of solutions containing a mixture 

of co-assembled DA/DA-AC fibers and a pentaazide (5-N3) (Fig. 3.1 and Scheme 3.2) 

consisting of short functionalized OEG blocks grafted to a 

diethylenetriaminepentaacetic (DTPA) core capable of forming multiple crosslinks per 

molecule24,25. Click reaction between azide and acetylene groups was initiated at room 

temperature upon addition of sodium ascorbate (Na-ascorbate) to an aqueous solution 

containing an stoichiometric ratio of acetylene/azide groups in combination with 

premixed CuSO4 and a water-soluble tris(3-hydroxypropyltriazolylmethyl)amine 

(THPTA) kelating ligand widely used for bioconjugations (see methods section)26. 1H-

NMR showed high conversions of the crosslinking reaction, in which 80% of the 

terminal acetylene groups from DA-AC reacted with 5-N3 during the gelation process 

(Fig. 3.3).  

 

Fig. 3.3 ǀ 1H-NMR (CDCl3, 25 oC) spectra of 20 mg mL-1 DA containing 20 mol% DA-AC, 
crosslinked with 5-N3 acquired before (grey line) and 24 h after addition of the catalyst (black 
line) showing 80% conversion calculated by integrating the area below the curve corresponding 
to the terminal acetylene protons of DA-AC.  

Structural characterization of the system before (sol) and after completion of the 

crosslinking reaction (gel) was performed by Small-Angle X-Ray scattering (SAXS). 

While the observed differences in slope in the low q-regime between sol and gel 
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cannot be explicitly attributed to a change in the fiber’s length or rigidity solely based 
on SAXS (Fig. 3.4), the overlap in the high q-region infers that the diameter of the 

fibers is around 3 nm. Indeed, fitting of the scattering profiles before and after 

gelation gave a value for the cross-sectional radius of 3.3 ± 0.2 nm (Fig. 3.4 and 

experimental section). This value is consistent with the radius of 3.3 nm measured in 

cryo-electron microscopy (cryo-EM) as well as the value of 3.1 ± 0.1 nm obtained 

from fitting of the scattering profiles detailed in Chapter 2. This is in clear contrast to 

polyisocyanopeptide (PIC) strain-stiffening hydrogels, where gelation relies on 

physical aggregation of individual polymer chains with an associated increase in 

bundle dimensions measurable by SAXS27. 

 

Fig. 3.4 ǀ SAXS profiles recorded before (blue) and 24 h after (black) crosslinking of 15 mg 
mL-1 DA/DA-AC (20 mol% DA-AC) solutions with 5-N3. 

Dynamics of DA fibers in solution 

The exchange dynamics of DA fibers were investigated through the mechanical 

properties of their gels. Thus, equal amounts of 1.6 wt% aqueous solutions of DA 

fibers with and without 20 mol% reactive DA-AC in the presence of 5-N3 were 

mixed, and allowed to exchange in solution during a varying incubation time prior to 

chemical crosslinking upon addition of the catalyst mixture (Fig. 3.4.a)26,28. 

Immediately after addition of the catalyst, solutions were transferred to the rheometer, 

where gelation was monitored under continuous oscillatory strain until a plateau of the 

dynamic moduli was reached. Without exchange, only half of the fibers can be 

crosslinked and contribute to the network stiffness, while the dynamic exchange of 

amphiphilic molecules will lead to a homogeneous distribution of reactive DA-AC in 

all fibers at full equilibration (i.e. all fibers contribute to the network mechanics). The 
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moduli during gelation were measured after incubation times of 0, 1, 4 and 7 days. Fig. 

3.5.b shows the development of the storage moduli G’ after addition of the catalyst. 
For all incubation times, G’ steadily increases and reaches a plateau after 
approximately 15 h. However, the plateau value of G’ at the completion of the 
crosslinking reaction is higher by nearly a factor of 3 after incubation for 1 week 

relative to samples where crosslinking was initiated immediately after mixing of 

reactive and unreactive fibers indicating a slow dynamic equilibrium with a time 

constant of a few days. Similar monomer exchange rates were reported for water-

soluble, synthetic supramolecular polymers with comparable-sized aliphatic cores29 as 

well as biopolymer amyloid fibrils30,31 where the hydrogen bond array, tightly packed 

within the fibrillar structure is efficiently shielded from interaction with water 

molecules. 

 

Fig. 3.5 ǀ (a) Monomer exchange between labeled (DA/DA-AC) and unlabeled (DA) fibers 
followed by gelation via covalent crosslinking. Time course of storage modulus G’ measured 
by applying oscillatory shear γ = 1% and ω = 6.28 rad s-1 during Cu-catalyzed click reaction of 
b) 16 mg mL-1 DA/DA-AC (20 mol% DA-AC) mixed with 16 mg mL-1 DA plotted as a 
function of incubation time. 

The reversibility of DA aggregates was further probed by sonication of fiber 

solutions. Similar to experiments reported by Talens et al. 32 involving analogous 

squaramide-based bolaamphiphiles, cryo-EM of fibers before and after sonication for 

1h (Figs. 3.6.a-c) provide direct evidence that the fibers are fragmented by sonication 

but recover their original length after equilibration for 2 days (Fig. 3.6.c). Similar 
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disassembly processes into much shorter ensembles have been observed in solutions 

of amyloid fibrils subjected to sonication33. 

 

Fig. 3.6 ǀ Cryo-EM micrographs of DA in water (1 mM): (a) Unperturbed system. (b) After 1 
h of sonication. (c) After 1h of sonication followed by 2 d of re-assembly. Scale bars: 200 nm. 

We found no signs of sonication-induced diacetylene polymerization after 2h, nor 

of polymerization due to exposure to stray light within the experimental timescales 

(Fig. S3.6). 

Concentration dependence 

In contrast to conventional synthetic hydrogels based on flexible polymers, biogels 

are known to stiffen at low-to-intermediate stresses7,9–11,34,35. DA networks were 

likewise found to respond to applied shear stress with an associated increase in 

modulus. To carefully capture linear and nonlinear regimes of crosslinked DA 

networks, a pre-stress protocol36 was applied, and the differential modulus K (the 

elastic part of which relates the change in stress with strain K’ = δσ/δγ) was measured 
by parallel superposition of an oscillatory and a steady pre-stress σ. By plotting K’ 
against σ, two distinct regimes arise: a low-stress regime where the elastic response is 

linear with K’ equal to the plateau modulus G0, and a high stress regime above the 

critical stress σc where K’ becomes strongly dependent on σ and scales with stress as 
K’ = σm, m being the stiffening index. The combination of these parameters provide a 

direct measure of the network’s sensitivity to applied stress; a property commonly 
termed responsiveness. 

An effective way to change the mechanical properties of the gels is through varying 

the polymer concentration, c. Indeed, the linear modulus of the hydrogels G0 is 

strongly dependent on DA concentration, as was determined for bolaamphiphile 

concentrations between 6 mg mL-1 and 35 mg mL-1 for a fixed molar ratio [DA]/[DA-
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AC] of 10:1 and a stoichiometric alkyne/azide ratio. The data in Fig. 3.7.a show, that 

upon increasing the concentration in the hydrogels by a factor of 6, the modulus 

increases by nearly 3 orders of magnitude while the stress at failure σmax rises by 4 

decades. Concurrently, the onset of the nonlinear regime is delayed to higher critical 

pre-stresses σc at higher bolaamphiphile concentration. Over the whole concentration 

range explored, both G0 and σc scale strongly with concentration, G0 ∝ cn and σc ∝ cn 

with high exponents n of 3.4 and 3.6 respectively (Fig. S3.7). These values were found 

to be well above the exponent of n =11/5 predicted for permanently crosslinked 

semiflexible networks in which the elasticity is entropic in nature37. Nonetheless, n 

values as high as 2.5 for bundled actin networks7,38 and 3 for reconstituted collagen 

type-I networks39 have been experimentally reported, suggesting that the original 

theoretical predictions, relying on single chains to support the stresses, may need to be 

adjusted upward in bundled systems. We suspect such corrections to be of particular 

relevance in situations where there is a distribution of fiber diameters.  

Upon imparting a critical stress σc that is concentration-dependent, all gels begin to 

stiffen, entering their nonlinear regime. Normalizing of K’ and σ against G0 and σc 

collapses all data onto a single master curve (Fig. 3.7.b) featuring the characteristic 

linear relationship between K’ and σ (K’ ∝ σ1) also reported in Chapter 2. The same 

relationship has been observed in various types biopolymer gels reconstituted from 

extra- and intracellular proteins including type I collagen11, neurofilament hydrogels34 

and, more recently, branched actin networks measured under compressive forces 

exerted by magnetic cylinders40. These results highlight the common origins of 

elasticity in these systems where non-linearity sets in due to enhanced flexural rigidity 

and backbone stiffness of the constituent biopolymers7,41. Normalization of the curves 

also reveals relatively narrow stiffening ranges K’max/G0 of approximately 2.5-3-fold at 

this specific [DA]/[DA-AC] molar ratio, tightly coupled to the inherently weak 

supramolecular interactions between bolaamphiphiles. Such weak mechanical 

responsiveness is in stark contrast to strain-stiffening PIC hydrogels where robustness 

relies on the use of covalent polymers leading to K’max/G0 values well above 1017,18. 
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Fig. 3.7 ǀ (a) Differential modulus K’ vs. stress σ for crosslinked DA mixtures containing 10 
mol% DA-AC of different concentrations. (b) Plot of K’ vs stress σ with K’ normalized to G0 
and σ normalized to σc, showing collapse onto single master curve with K’ ∝ σ1 dependency at 
high σ. 

Effect of crosslink density 

The mechanical properties of hydrogels are profoundly influenced by the density 

of crosslinks found within the 3D meshwork. To assess the effect of crosslinking 

density on DA hydrogel mechanics, the degree of functionalization of the fibers was 

modified by blending functionalized DA-AC and unfunctionalized DA at different 

molar ratios prior chemical crosslinking with 5-N3 ensuring a stoichiometric ratio of 

acetylene/azide groups in all experiments. Figs. 3.8.a-c summarize the findings: 

increased [DA-AC]/[DA] molar ratios were shown to enhance hydrogel elasticity 

(measured as the ratio G’/G’’ in the linear regime) (Fig. S3.8). Concomitantly, the 

stiffening range K’max/G0 of the gels dramatically increased with [DA-AC]/[DA] ratio 

reaching a maximum value of 8.6 at 20 mol% DA-AC beyond which a cloudy 

dispersion of undissolved material was observed at 25 mol% DA-AC that resulted in 

both decrease of G’/G’’ and K’max/G0 (Figs. 3.8.c and S3.8.b). The enhancement of 

K’max/G0 at a higher density of crosslinks can be rationalized on the basis of an 

external covalent reinforcement of the supramolecular fibers caused by the inherently 

non-selective crosslinking strategy here employed. Thus, according to this hypothesis, 

a single 5-N3 molecule can either react with acetylene groups present along the same 

fiber (intrafiber fixation) or bridge different fibers thereby contributing to the linear 

modulus of the network. The formation of intrafiber crosslinks provides an external 

reinforcement that covalently interconnects bolaamphiphiphiles within the same fiber 

(Fig. 3.8.d). Now, considering the high conversion of the crosslinking reaction as 
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measured by NMR in Fig. 3.3 (i.e. ca. 80 %), the degree of functionalization of the 

fibers required for connectivity and that each fiber is composed of about 10 ribbons 

aggregated perpendicular to the fiber axis (Scheme 3.2), we can expect almost 2 

acetylene groups every urea-urea repeat distance (0.46 nm)42 along the fiber axis at a 

degree of functionalization above 10 mol% DA-AC. Indeed, a steeper increase in 

K’max/G0 is observed beyond 10 mol% corresponding to full external fixation of the 

fibers presumably in combination with cross-fixation of the ribbons leading to 

stronger fibers, capable of bearing considerably higher extensional loading at high 

shear stress. This allows the hydrogels to retain their integrity over a broader range of 

applied stress. 

To compare the nonlinear rheology of our gels to that of biogels, we apply a model 

introduced by Shull and coworkers43. This phenomenological hyperelastic model is 

equivalent to the Fung model44 commonly used to describe the mechanics of 

collagenous tissues such as those found in arteries45,46. In the Fung-Shull model, the 

stress σ as a function of the strain γ is given by: 

σ = G0γe(γ/γc)2 

With σc the critical strain (at which nonlinearity sets in) and G0 the plateau 

modulus. Taking the strain derivative of this function, eliminating γ in favour of σ 
from the result, and normalizing G to G0 and σ to σc, respectively, yields a universal, 

zero-parameter stiffening curve which captures our data remarkably well (see Fig. 

3.8.b). The stiffening exponent m in the Shull-Fung model is equal to 1. This 

agreement between biomaterial and synthetic performance again highlights the 

biomimetic character of our hydrogels. 
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Fig. 3.8 ǀ (a) Differential modulus K’ vs stress σ for different DA/DA-AC ratios. (b) Scaling 
of K’ with G0 and σ with σc showing a collapse into single master curve with K’ ∝ σ1 
dependency at high σ. Data fitted to Fung model (red line). (c) Stiffening range K’/G0 plotted 
against molar percent of DA-AC with the arrow indicating the onset of fiber precipitation. d) 
Fiber strengthening through external covalent reinforcement.  

Incubation time dependence on the nonlinear regime 

In the previous section, we have illustrated how the stiffening range K’max/G0 of 

the hydrogels varies in line with extent of functionalization of the fibers. Accordingly, 

we used K’max/G0 to probe the exchange of monomer between labelled (DA/DA-AC) 

and unlabelled (DA) fibers as previously illustrated in Fig. 3.5. Thus, the K’max/G0 

values from gels formed by chemical crosslinking of fibers previously incubated in 

solution were measured as a function of the incubation time. Figs. 3.8.a and b. clearly 

illustrate that mixtures of labelled/unlabelled fibers crosslinked without exchange, 

exhibit predominantly the K’max/G0 values reminiscent of networks composed of 

fibers with 20 mol% DA-AC. By allowing the mixture of labelled/unlabelled fibers to 

exchange in solution for a few days, the K’max/G0 of the resultant hydrogels gradually 

decreases over time approaching the values associated to networks of fibers 

containing 10 mol% DA-AC functionalization, suggestive of an homogeneous 
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distribution of DA-AC across the system at full equilibration (1 week) consistent with 

the timescales measured in Fig. 3.5.a. These results provide further evidence that DA 

fibers are in slow dynamic equilibrium and that these dynamics directly influence the 

rheology of their gels. 

 

Fig. 3.9 ǀ (a) Monomer exchange between labelled (DA/DA-AC) and unlabelled (DA-AC) 
fibers followed by gelation via covalent crosslinking. (b) Differential modulus K’ vs stress σ 
obtained from gels of Fig. 3.5.b. (c) Measured change in stiffening ranges K’max/G0 as a 
function of fiber incubation time. Dashed lines indicate the K’max/G0 values measured for 
networks containing 20 and 10 mol% DA-AC as obtained from normalized curves of Fig. 
3.7.b. 

Suppressing external fiber fixation through selective crosslinking 

So far, we have shown that strain-stiffening hydrogels are formed using 

supramolecular polymers after crosslinking. Nevertheless, the use of covalent, non-

selective crosslinks potentially induces covalent fixation of the fibers along their 

hydrophilic contour in a similar fashion to fiber reinforcement through internal 

diacetylene cross-polymerization discussed in Chapter 2. In other words, the presence 

of intrafiber surface fixation conceals the contribution arising exclusively from the 

supramolecular network thereby augmenting its responsiveness towards applied stress. 

To circumvent this, an alternative crosslinking strategy was adopted that is similar to 

that presented in Chapter 2, where the extent of internal loop formation −and by 
extension that of external fiber fixation− is minimized. According to this method, co-

assembled mixtures from DA/DA-AC and DA/DA-N3 were blended in chloroform 
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and re-dissolved in water separately to a final concentration of 50 mg mL-1. Equal 

volumes of azide- and acetylene-labelled fibers were mixed and the crosslinking 

reaction was immediately started upon addition of the catalyst mixture (Fig. 3.9.a). 

Herein, given the slow dynamics of exchange measured for DA monomers under no 

stimulus (Fig. 3.5.b), the formation of inactive loops due to insertion of DA-N3 into a 

DA-AC-labelled fiber can be considered negligible within the experiment timescales 

(i.e 12-15 h). Gels formed via this procedure were subjected to a full range of applied 

constant pre-stress and the stiffness of the material was measured as a function of σ. 
Remarkably, gels formed through selective crosslinking strategies were found to 

exhibit stress-stiffening, where the modulus of the material is initially characterized by 

its plateau storage modulus G0 at low σ yet it increases after a σc is imparted to the 

hydrogel (Fig. 3.10.b). We then proceeded to calculate the magnitude of K’max/G0 

from the normalized curves and compare them with the values derived from non-

selective crosslinking strategies (Fig. 3.10.c). Fig. 3.10 clearly shows the appearance of 

two distinct regimes: a regime characterized by lower values of K’max/G0 

corresponding to the stiffening arising from the supramolecular network. Here, the 

magnitude of K’max/G0 is independent on the density of crosslinks (negligible effect of 

intrafiber fixation) and a regime where K’max/G0 is tightly coupled to the extent of 

external covalent fixation that continuously increases with [DA]/[DA-AC] molar ratio. 

Furthermore, the values of K’max/G0 of gels formed through selective and non-

selective strategies converge at the point where the extent of external fixation reaches 

a minimum in the latter case. 
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Fig. 3.10 ǀ (a) Schematic representation of non-selective crosslinking of DA-AC labelled fibers 
with 5-N3 resulting in the formation of intra- and interfiber crosslinks (upper). Suppression of 
intrafiber crosslinks (inactive loops) via mixing of separated solutions containing DA-AC/DA 
and DA-N3/DA fibers followed by chemical crosslinking (lower). (b) Differential modulus K’ 
vs stress σ obtained from DA gels formed through selective crosslinking strategies. (c) 
Stiffening range K’/G0 plotted against molar percent of DA-R, with R = -AC or -N3. The blue 
rectangle illustrates the K’max/G0 that separates the mechanics of purely supramolecular and 
externally fixated stress-stiffening gels. 
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3.3. Conclusions 

In summary, fibers made through supramolecular polymerization of diacetylene 

bisurea bolaamphiphiles were crosslinked to form strain-stiffening gels. In contrast to 

the supramolecular hydrogels with long crosslinkers21,22, the current gels do show 

pronounced strain-stiffening, even though the fiber backbone is not fixated like in 

PDA hydrogels described in Chapter 2.  

The observation of strain-stiffening in the supramolecular materials yields two 

generally applicable principles: (1) Strain-stiffening is inherent to any connected 

meshwork of semi-flexible, supramolecular polymers provided that the non-covalent 

interactions that hold the fibers together are sufficiently strong to remain intact under 

stresses larger than the characteristic network critical stress. (2) Crosslinks between 

fibers should be short and robust, allowing the network to rapidly enter its nonlinear 

extensional regime and ensure that failure does not happen due to crosslinking 

unbinding prior to the critical stress. Thus, the crosslinking strategy crucially 

determines the presence or absence of strain-stiffening in gels composed of robust, 

semi-flexible, supramolecular polymers. 

Our results critically expand current knowledge about the origins of strain-

stiffening in bio- as well as synthetic polymers breaking ground for the rational design 

of genuinely supramolecular, biomimetic soft matter whose mechanical properties can 

be purposely modulated by tuning the strength of the supramolecular interactions. 

These novel materials are expected to mimic the dynamic mechanical environment of 

cells more closely and may potentially find application in the biomedical field as 

artificial scaffolds for cell culture or tissue engineering. 
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3.4. Experimental section 

Materials 

All solvents used were of reagent grade quality or better and purchased from 

Biosolve, Sigma-Aldrich or Actu-All Chemicals. DCM was dried using molecular 

sieves (3 Å) prior use. Diethylenetriaminepentaacetic dianhydride (DTPA) was 

obtained from Sigma-Aldrich (Benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) was obtained from Bachem, 1-Azido-4,7,10-trioxa-13-

tridecanamine (TOTA-N3) was obtained from Iris Biotech. DA was prepared 

according to literature procedures23. The synthesis of DA-AC has been detailed in 

Chapter 2. 

General methods 

NMR spectra were recorded 400 MHz Bruker UltraShield Magnet (100 MHz for 
13C-NMR). Chemical shifts (δ) are reported in parts per million (ppm) using residual 

solvent signal or tetramethylsilane (TMS) as internal standards.47 Splitting patterns are 

labeled as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q), pentet (p) 

and multiplet (m). Matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF) measurements were carried out on a Perseptive DE PRO Voyager mass 

spectrometer using α-cyano-4-hydroxycinnamic acid as the calibration matrix. (LC-

MS).  

Small-Angle X-Ray scattering (SAXS) profiles were recorded on SAXLAB 

GANESHA 300 XL SAXS equipped with a GeniX 3D Cu Ultra Low Divergence 

micro focus 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 sample-to-detector distances of 113, 713, and 

1513 mm respectively to cover a q-range of 0.07 ≤ q ≤ 3.0 nm-1 with q = 4π/λ(sin 
θ/2). Silver behenate was used for calibration of the beam centre as well as the q-

range. Samples were measured within 2 mm quartz capillaries (Hilgenberg GmbH, 

Germany). The two-dimensional SAXS patterns were brought to an absolute intensity 

scale using the calibrated detector response function, known sample-to-detector 

distance, measured incident and transmitted beam intensities, and azimuthally 

averaged to obtain one-dimensional SAXS profiles. The scattering curves of the fibers 
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were obtained by subtraction of the scattering contribution of the solvent and quartz 

cell. 

Ultraviolet-visible (UV-vis) absorbance spectra were recorded on a Jasco V-650 

UV-vis spectrometer equipped with a Jasco ETCT-762 temperature controller. All 

samples were measured using quartz cuvettes (1×1 cm) at 20 oC. 

The mechanical properties of the hydrogels were tested by oscillatory rheology. 

Dynamic viscoelastic measurements were performed on a stress-controlled Anton 

Paar and a Physicia MCR 501 Discovery HR-3 and TA Instruments rheometers 

equipped with a 25-mm stainless steel sand-blasted plate-plate geometry to prevent 

slippage of the sample in a temperature-controlled environment. Measurements were 

performed at a fixed temperature of 20 oC sealed by placing mineral oil around the 

sample to minimize evaporation at a fixed plate-to-plate gap of 500 µm. After addition 

of the catalyst, gelation was monitored by continuous oscillations with a strain 

amplitude of 1 % and an angular frequency of 6.28 rad/s. To probe the elasticity of 

the gels, we applied a steady prestress, σ on which an oscillatory stress, δσ(t) = δσeiwt is 

superimposed with an amplitude at most 10% of σ and at an angular frequency of ω = 
6.28 rad s-1.  

Synthetic procedures 

Scheme S3.1 ǀ Synthetic route towards 5-N3 

DTPA-anhydride (26 mg, 0.074 mmol) was dissolved in 10 mL of CH2Cl2:DMF 

(7:3, v:v), solid PyBOP (127 mg, 0.24 mmol) and TOTA-N3 (100 mg, 0.41 mmol) 

were added. The pH was adjusted to 8 with N,N-Diisopropylethylamine (DIPEA). 

After 1 h of stirring at room temperature, solvents were removed in vacuo. The 
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resulting crude was dissolved in 10 mL of CH2Cl2 and washed with 5% NaHCO3 (10 

mL). The organic phase was evaporated, and the resulting crude was transferred to a 

15 mL tube while dissolved in CH2Cl2 (2 mL) and hexane (12 mL) was added. The 

mixture was stirred vigorously and centrifuged. The supernatant was discarded and the 

remaining oily precipitate corresponded to pure compound (93 mg, 82% yield). 

1H-NMR (400 MHz, CDCl3): δ = 7.52 (t, 4H, J = 5.50 Hz, NH, 7.33 (t, H, J = 5.66 

Hz, NH), 3.60 (m, 40H, OCH2), 3.52 (m, 20H, OCH2CH2CH2), 3.37 (t, 10H, J = 6.70, 

CH2CH2CH2N3), 3.32 (m, 10H, NHCH2CH2CH2), 3.14 (s, 8H, NCH2CO), 3.05 (s, 

2H, NCH2CO), 2.63 (m, 4H, NCH2CH2N), 2.57 (m, 4H, NCH2CH2N), 1.83 (m, 10 

H, CH2CH2CH2N3), 1.77 (NHCH2CH2CH2). 

13C-NMR (100 MHz, CDCl3): δ = 170.46, 70.56, 70.49, 70.35, 70.16, 69.56, 67.94, 
58.45, 53.29, 48.52, 37.64, 29.16. 

MS: Theoretical mass for [C64H123N23O18+H]+: 1533.93. Experimental mass detected 

by LC-MS: 768.08 (M+2)/2. 

 

Fig. S3.2 ǀ 1H-NMR (CDCl3, 25 oC) spectrum of 5-N3 
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Fig. S3.3 ǀ 13C-NMR (CDCl3, 25 oC) spectrum of 5-N3 

Gel preparation method 

Non-selective crosslinking of DA/DA-AC fibers with 5-N3 was performed by 

weighing DA and DA-AC in the solid state to the desired molar ratio followed by the 

addition of ca. 300 µL chloroform which was subsequently allowed to evaporate 

overnight. The resultant solid was dissolved in mili-Q water to a concentration of 50 

mg mL-1 assisted by applying combined cycles of ultrasonication (ca. 30 min) and 

vortex until the full dissolution of the solid material. The solutions were then placed in 

a UV-protected environment for a minimum of 2 d. Samples were then prepared by 

adding mili-Q water and an aqueous solution of 5-N3 (20 mg mL-1) to the desired 

concentration while ensuring a stoichiometric azide/alkyne molar ratio. Chemical 

crosslinking was initiated upon addition of premixed aqueous solutions of 

CuSO4/THPTA and a solution of Na-Ascorbate to a final concentration of 0.1, 0.5 

and 10 mM respectively. 

For selective crosslinking of DA/DA-AC and DA/DA-N3 fibers an analogous 

procedure was carried out in which DA was separately blended in chloroform with 
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DA-AC or DA-N3 to the desired molar ratio. After allowing the solvent to evaporate 

overnight, the remaining solids were dissolved in mili-Q water to a concentration of 

50 mg mL-1 and the fibers were allowed to grow for a minimum of 2 d. Samples were 

then prepared by adjusting the concentration with mili-Q water followed by mixing of 

equal volumes of DA/DA-AC and DA/DA-N3 and chemical crosslinking upon 

addition of the catalyst. 

1H-NMR conversion of crosslinking reaction 

Self-assembled DA/DA-AC fibers were allowed to react with 5-N3 for 24 h. The 

resultant hydrogel was freeze dried and the remaining solid re-dissolved in deuterated 

chloroform for 1H-NMR analysis. 

SAXS profiles 

Small angle X-Ray scattering was used to determine the cross-sectional radius of 

DA fibers in solution and the gel state. Density measurements of water and DA 

aqueous solutions were performed using an Anton Paar DMA 5000M. 

First, the specific volume (υ) of DA rods at a concentration of 15 mg mL-1 was 

determined by measuring the density (ρ) of DA aqueous solutions over the 

concentration range indicated in Fig. S3.4. 

 

Fig. S3.4 ǀ Plot of ρ vs c of PDA in mili-Q water measured at 20 oC including linear 
regression. 
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Thus, the density of a 0.015 g cm-3 PDA aqueous solution was calculated by 

extrapolation of the linear fit in Fig. S3.4 DPDA = 1.0002 g cm-3. The specific volume 

was then calculated using the following equation: 

υ = 
1

Dwater
 (1-

DPDA-Dwater

c
) = 

1
0.9982 g cm-3  (1-

1.0002-0.9982 g cm-3

0.015 g cm-3 ) =  

= 0.8682 cm3g-1 

To fit the experimental data with a non-linear least squares procedure implemented 

in Igor Pro, we employed a model that calculates the form factor of a flexible cylinder 

with a uniform scattering length density (𝜌cyl) and cross-sectional radial polydispersity 

which is averaged over a Schultz distribution of cylinder radii. The non-negligible 

diameter of the cylinder is included by accounting for excluded volume interactions 

within the walk of a single cylinder. Inter-cylinder interactions are not included.  

We then proceeded to fix the values of volume fraction (ϕ = 0.00868) and use the 

values of contour length (Lc = 157 nm) and Kuhn length (b = 2×lp = 560 nm) as 

derived from cryo-EM analysis detailed in Chapter 2. The tabulated value of 𝜌water = 

9.37 × 1010 cm-2 was used.  

 

Fig. S3.5 ǀ SAXS profiles recorded before and 24 h after crosslinking of 15 mg mL-1 DA/DA-
AC (20 mol% DA-AC) solutions with 5-N3. 

Fitting of the scattering data with the model (Fig. S3.5) gave a value of 3.3 ± 0.2 

nm for the radius, consistent with the value of 3.3 nm measured in cryo-EM. The 

fitting procedure also provided a value for 𝜌cyl = (10.69 ± 0.02) × 1010 cm-2 that agrees 
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well with the fitting results reported in Chapter 2, where 𝜌cyl = (10.43 ± 0.01) × 1010 

cm-2. 

Cryo-EM sample preparation 

DA aqueous solutions (18 mg mL-1) were placed in a sonication bath for 1 h and 

subsequently allowed to re-assemble for 2 d in a UV-protected environment unless 

otherwise noted. Samples were diluted by a factor of 1000 with mili-Q water prior 

imaging.  

Vitrified films were prepared in an automated vitrification robot (VitrobotTM Mark 

III, FEI) at 20 oC and at a relative humidity of 100%. In the preparation chamber, 3 

µL sample was 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, the samples 

were blotted to remove the excess of solution and vitrified in liquid ethane. The 

vitrified films were transferred to a cryoholder (Gatan 626) and studied in a FEI 

Tecnai 20 (type Sphera) microscope operating at 200 kV, equipped with a LaB6 

filament. The images were recorded using a 1k × 1k Gatan CCD camera. Gatan 

DigitalMicrograph was used for image analysis. 

UV-Vis spectra 

 

Fig. S3.6 ǀ (a) UV-Vis spectra of aqueous PDA (dashed line) and DA (solid line) solutions (0.5 
mM). Photo-polymerization was carried out by irradiating an aqueous solution of DA (18 mg 
mL-1) with UV-light (254 nm) for 15 min under stirring. (b) UV-vis spectra of DA (18 mg mL-

1) in water recorded before (solid line) and after (dashed line) 2 h of sonication 
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Scaling relationships  

 

Fig. S3.7 ǀ Plateau modulus G0 (black) and critical stress σc (red) plotted against concentration 
with dash lines indicative of the corresponding power-law fits. 

Cross-linker dependency 

 

Fig. S3.8 ǀ (a) Time course of storage G’(solid dots) and loss G’’ (empty dots) moduli 
measured at constant strain amplitude of γ = 1% and ω = 6.28 rad s-1 during Cu-catalyzed click 
reaction of DA/DA-AC with 5-N3 derived from gels measured in Fig. 3.8. (b) Ratio between 
storage G’ and loss G’’ moduli plotted against molar percent of DA-AC with the arrow 
indicating the onset of fiber precipitation.  
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Abstract: Fiber covalent reinforcement is essential in extracellular filamentous proteins such as 

collagen, fibrin or elastin and their networks as it increases stretching modulus and flexural rigidity 

generally at the expense of dynamics. Here we report on the cooperative effect of internal and external 

covalent fixation in gels of hierarchically self-assembled diacetylene bis-urea bolaamphiphiles (DA). 

Internal fixation of DA fibers via diacetylene topochemical polymerization (PDA) imparts sufficient 

mechanical stability to allow the fibers retain their integrity under prolonged exposure to 

ultrasonication. At the network level, covalent reinforcement provides the constituent fibers with 

enhanced axial strength and orientational persistence to sustain a broader range of nonlinear 

deformation. Here we show how the combined effect of internal and external fixation due to extensive 

intrafiber crosslink formation allows amplifying the macroscopic stiffening range of the hydrogels by a 

factor of 45 relative to an analogous hydrogel lacking covalent reinforcement (i.e. fully 

supramolecular). Thus, we access via this novel approach responsiveness, previously restricted to DA 

and PDA-based hydrogels, that are within the typical range of many biopolymer networks as well as 

strain-stiffening gels composed of covalent polyisocyanopeptide polymers. 
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4.1. Introduction 

ormation of covalent crosslinks in extracellular filamentous proteins is essential 

for many biochemical and biomechanical processes. For instance, ligation 

between fibrin fibers mediated by transglutaminase factor XIIIa stiffens the fibers and 

protects blood clots against degradation1–3. At the single filament level, this results in 

both enhancements of bending and stretching modulus by a factor of 8 and 4 

respectively relative to unligated fibers4. Similarly, the formation of covalent bonds in 

collagen −primarily via lysine post-modifications between tropocollagen molecules5,6− 

plays a critical mechanical role, rendering the fibers stiffer, although more brittle as 

their ability to dissipate stress is reduced at higher crosslinking7. Taken as a whole, 

networks reconstituted from both collagen and fibrin fibers are capable of strain-

stiffening, and the observed macroscopic nonlinear response to deformation is tightly 

coupled to the complex hierarchical structure and the relative amount of covalent 

crosslinks present within each biopolymer8–12.  

 

Fig. 4.1 ǀ Molecular structure of the diacetylene bis-urea bolaamphiphile DA, its functionalized 
analogues DA-AC and DA-N3 and the pentaazide 5-N3 crosslinker. 

Along these lines, it was shown in Chapter 3 that the formation of covalent 

intrafiber crosslinks in gels composed of fibers of self-assembled diacetylene bis-urea 

bolaamphiphiles (DA) (Fig. 4.1) yielded hydrogels with enhanced axial strength and 

orientational persistence able to withstand an increasingly extended regime of non-

linear deformation depending on the degree of external fixation. This, in turn, 

translated into a concomitant increase of the stiffening range K’max/G0 (i.e. the overall 

relative increase in K’ before failure) relative to hydrogels lacking external fiber 

reinforcement. In parallel, in Chapter 2 it was shown that gels whose fibers were 

F 
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internally fixated via diacetylene cross-polymerization into polydiacetylene fibers 

(PDA) (Fig. 4.2) also stiffen pronouncedly under applied stress. There, the 

crosslinking strategy used was designed such that formation of intrafiber crosslinks 

was suppressed. Hence, we have thus far reported on two different approaches to 

mechanically reinforce self-assembled fibers via internal and external covalent fixation 

both of which were separately shown to lead to stress-responsive hydrogels. However, 

while networks reconstituted from intra- and extracellular filamentous proteins often 

respond to applied stress with an associated increase in modulus by more than a factor 

of 100 prior to failure8,11,11,13–16, both DA and PDA gels are characterized by much 

weaker responsiveness below 10-fold.  

 

Fig. 4.2 ǀ Photo-polymerization of self-assembled bis-urea diacetylenes with change in optical 
properties corresponding to the formation of a covalent π-conjugated ene-yne backbone. 

Within the scope of this work, we seek to crosslink internally fixated PDA fibers 

using selective and non-selective approaches. We demonstrate that topochemical 

polymerization of self-assembled DA fibers mechanically reinforces the fiber 

backbone with the loss of dynamics. Thus, contrary to supramolecular DA fibers, 

PDA fibers retain their integrity under prolonged exposure to ultrasonication. At the 

network level, PDA covalent reinforcement produces hydrogels capable of stress-

stiffening by more than 10-fold. Our most important finding is that the combined 

effect of internal and external fiber fixation extends the non-linear stiffening regime. 

Thus, the K’max/G0 can be selectively adjusted through the extent of external covalent 

reinforcement to match those of gels reconstituted from various types of biopolymers 

as well as synthetic polyisocyanopeptide (PIC) strain-stiffening hydrogels. In the latter 

system, both mechanical responsiveness and stability have been realised by making use 

of covalent polymers as their main structural components.  
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Scheme 4.3 ǀ Hierarchical self-assembly in water of functionalized (DA-AC) and 
unfunctionalized (DA) diacetylene bis-urea bolaamphiphiles through intermolecular H-
bonding and hydrophobic interactions into supramolecular fibers integrating 9-10 ribbons 
(left). Covalent fixation via diacetylene photo-polymerization to form identical fibers with a 
polydiacetylene (PDA) backbone (right). (a) Selective crosslinking (i.e. exclusively interfiber 
crosslinks) of supramolecular DA fibers with DA-N3-labeled fibers. (b) Non-selective 
crosslinking (i.e. inter- and intrafiber crosslinks) of supramolecular DA fibers with 5-N3. (c) 
Non-selective crosslinking of covalent PDA fibers. (d) Selective crosslinking of PDA fibers. 
Color coding is used to differentiate between selective (red) and non-selective (blue) 
crosslinking. 

4.2. Results and discussion 

PDA fibers under ultrasonication 

To test the stability of the PDA backbone at the single fiber level, we subjected 

aqueous solutions of DA lacking backbone covalent fixation and PDA fibers to 

ultrasonication, and the morphology was studied with cryo-electron microscopy (cryo-

EM). Thus, DA fibers were photo-polymerized at a concentration of 18 mg mL-1 

following the procedure detailed in the experimental section and subsequently 

subjected to sonication by placing the solutions in a sonication bath for 2 h. Figs. 4.4.a 
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and b (taken from Chapter 3) show that, for self-assembled DA fibers lacking 

backbone fixation, sonication disrupts the morphology of the fibers breaking them 

into visibly shorter fragments. By contrast, PDA fibers retain their morphological 

integrity showing similar-sized fibers –preserving both length and diameter− before 

and after sonication for 2h (Figs. 4.4.c and d). 

 

Fig. 4.4 ǀ Cryo-EM micrographs of DA and PDA fibers in water (1 mM): (a) DA unperturbed 
system. (b) DA after 1 h of sonication. (c) PDA unperturbed system. (d) PDA After 1h of 
sonication. Scale bars: 200 nm. 

To illustrate further the effect of backbone covalent fixation, we sonicated aqueous 

solutions of DA and PDA fibers functionalized through the incorporation of reactive 

DA-AC (Fig. 4.1) prior to crosslinking with 5-N3. Immediately after addition of the 

catalyst, solutions were transferred to the rheometer where the gelation process was 

monitored under continuous oscillatory strain until a stable value of the elastic 

modulus G’ was reached. Gels formed by chemical crosslinking of a mixture of 

unreactive DA and reactive DA/DA-AC fibers directly after ultrasonication were 

approximately ten times less stiff than an identical solution crosslinked without 

sonication thereby inferring shortening of the fibers (Fig. 4.5.a). Conversely, 

a) b)b)

c) d)
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crosslinking of an analogous mixture of unreactive PDA fibers and reactive 

PDA/DA-AC after 1 h of sonication had no measurable impact on the final modulus 

of the gels obtained in the absence and after 1 h sonication (Fig. 4.5.b). These results 

support those derived from cryo-EM and indicate that the process of backbone 

covalent reinforcement via diacetylene cross-polymerization imparts sufficient 

mechanical stability to the fibers enabling them to withstand prolonged exposure to 

ultrasonication under the experimental conditions here reported.  

 

Fig. 4.5 ǀ Time course of storage modulus G’ measured by applying oscillatory shear γ=1% 
and ω = 6.28 rad s-1 during Cu-catalyzed click reaction with 5-N3 of: (a) 18 mg mL-1 DA/DA-
AC (20 mol% DA-AC) mixed with 18 mg mL-1 DA subjected to 1 h ultrasonication, (b) 25 mg 
mL-1 PDA/DA-AC (20 mol% DA-AC) mixed with 18 mg mL-1 PDA subjected to 1 h 
ultrasonication. 

SAXS characterization of PDA hydrogels 

Structural analysis of the so-formed hydrogels was performed by Small-Angle X-

Ray scattering (SAXS). The SAXS profiles of a mixture of PDA/DA-AC (20 mol% 

DA-AC) fibers and 5-N3 with a stoichiometric molar ratio of azide/acetylene groups 

were recorded in the absence (sol) and 24 h after addition of the catalyst (gel). The 

results were analyzed in relation to an identical sample consisting of unpolymerized 

(DA) fibers (taken from Chapter 3). Fig. 4.6 shows that both DA and PDA hydrogels 

exhibit identical structural features as the system undergoes gelation, where in the low 

q-regime the scattering profiles of the gels feature a slightly more pronounced increase 

in scattering intensity relative to the uncrosslinked system (sol). While these 

differences cannot be explicitly attributed to a change in the fiber’s length or rigidity 
solely based on SAXS (Fig. 4.6), the overlap in the high q-region suggests that the 

cross-sectional diameter of the fibers remains unchanged before and after crosslinking 
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without additional bundling. Specifically, the cross-sectional radius calculated from 

fitting of the scattering profiles in Chapter 3 gave a value of 3.3 ± 0.2 nm in excellent 

agreement with the value obtained from cryo-EM. Moreover, the overlap over the 

whole q-range between DA and PDA before and after chemical crosslinking confirms 

previous observations in Chapter 2 indicating that the process of diacetylene 

topochemical polymerization does not bring about morphological changes to the 

fibers. 

 

Fig. 4.6 ǀ SAXS profiles recorded before and 24 h after crosslinking of 15 mg mL-1 DA and 
PDA (20 mol% DA-AC) solutions with 5-N3. 

Concentration dependence 

The mechanical behaviour of PDA gels formed via non-selective chemical 

crosslinking of PDA/DA-AC fibers with 5-N3 (Scheme 4.3.c) was studied as a 

function of PDA concentration at a fixed degree of DA-AC incorporation (i.e. 10 

mol% DA-AC) ensuring a stoichiometric molar ratio of azide and acetylene groups. 

Gels formed via this method were mechanically tested using the protocol described in 

previous chapters17, in which the differential modulus K (the elastic part of which 

relates the change in stress with strain, K’ = δσ/δγ) was recorded and plotted as a 
function of the applied steady pre-stress σ. 

Figs. 4.7.a and S4.1 show that the low-stress plateau modulus G0 of the gels scales 

strongly with PDA within this concentration regime, whereby a 2-fold increase rises 

the value of G0 by 100-fold, i.e. from 2.2 to 218 Pa. All gels have a linear mechanical 

response at low stress. However, with sufficiently large applied stress, beyond the 

critical stress σc, the moduli of the networks increase for a concentration-dependent 
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range of applied σ until rupture beyond the stress at failure σmax. Scaling of K’ to its 

value in the low-stress linear regime G0 and σ to σc collapses all data remarkably well 

onto a single master curve (Fig. 4.7.b) featuring the characteristic linear relationship 

between K’ and σ (K’ ∝ σ1) also reported in Chapter 3 for unpolymerized DA fibers 

crosslinked under the same conditions. However, while the relative overall increase in 

moduli associated to DA hydrogels was about 2-fold (Chapter 3), gels formed by 

crosslinking of PDA fibers with 5-N3 exhibit much broader stiffening ranges 

K’max/G0, surpassing the order of magnitude within the concentration range of 13 to 

17 mg mL-1. On increasing PDA concentration beyond 17 mg mL-1, the magnitude of 

K’max/G0 was found to decrease continuously reaching a value of 5.6 at 25 mg mL-1 

(Fig. 4.7.b, inset). The drop in K’max/G0 is consistent with that observed in Chapter 2 

where at higher concentrations it was shown that the increased confinement of PDA 

fibers results in both decrease in responsiveness and stiffening range. A similar trend 

has been measured in synthetic PIC gels where at a concentration of 0.5 mg mL-1 

K’max/G0 reaches a maximum value of 80, whereas at 2.5 mg mL-1 K’max/G0 drops to 

values as low as 718. We can, therefore, conclude that at a fixed [PDA]/[DA-AC] 

molar ratio, the relative extent of external fixation due to non-selective 5-N3 

crosslinking remains constant yielding a homogeneous distribution of K’max/G0 values 

in sufficiently diluted PDA networks.  

 

Fig. 4.7 ǀ (a) Differential modulus K’ vs stress σ for crosslinked PDA mixtures containing 10 
mol% DA-AC of different concentrations. (b) Plot of K’ vs stress σ with K’ normalized to G0 
and σ normalized to σc, showing collapse onto single master curve with K’ ∝ σ1 dependency at 
high σ. Inset: Stiffening range K’max/G0 vs PDA concentration. 
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Effect of crosslink density 

To study the effect of fiber external fixation on PDA hydrogel mechanics, fibers 

containing varying [PDA]/[DA-AC] molar ratios were prepared and chemically 

crosslinked with 5-N3 using a stoichiometric ratio of alkyne and azide groups (Scheme 

4.3.c). All gels were prepared using PDA concentrations in the range of 13 to 17 mg 

mL-1 where we expect the highest K’max/G0 values as inferred from the results in Fig. 

4.7.b. (inset). At the lowest DA-AC incorporation (i.e. 5 mol% DA-AC) however, we 

failed to form a hydrogel at concentrations below 20 mg mL-1. Gels formed via this 

procedure were mechanically tested by applying a full range of steady pre-stress σ and 
the elastic part of the differential modulus K’ was plotted as a function of σ. Fig. 4.8.a 

displays the expected low-stress linear regime immediately followed by a pronounced 

increase in modulus within the non-linear stiffening regime at stresses higher than σc 

for all networks. Within the stress-stiffening regime, all curves converge asymptotically 

without the need for data normalization. Normalization of the curves allows for 

calculation of the stiffening range K’max/G0 (Fig. 4.8.b inset). This ratio reaches 

remarkably high values, previously inaccessible for PDA hydrogels in which K’max/G0 

is substantially amplified above 15 mol% DA-AC incorporation. In striking agreement 

with DA hydrogels in Chapter 3, K’max/G0 is maximized at 20 mol% DA-AC where it 

reaches a value of 89 followed by a decrease at 25 mol% DA-AC related to the 

miscibility limit of DA-AC in the unfunctionalized DA host (Fig. 4.8.b). Plotting 

K’max/G0 against the molar percentage of DA-AC within the fibers (Fig. 4.8.b inset) 

yields an upward trend reminiscent of that observed for unpolymerized DA hydrogels 

in Chapter 3. There, the magnitude of K’max/G0 was found to be intimately coupled to 

the extent of external fiber reinforcement as a result of non-selective 5-N3 

crosslinking. Also in analogy to DA hydrogels, the steepest increase in K’max/G0 is 

observed just above 10-15 mol% DA-AC corresponding to a degree of incorporation 

at which 2 acetylene groups are expected every urea-urea repeat distance of 0.46 nm 

along the fiber axis19. Thus, above 10-15 mol% DA-AC we expect full external 

fixation in combination with cross-fixation of the ribbons aggregated perpendicular to 

the fiber axis upon chemical crosslinking with 5-N3. The K’max/G0 obtained for PDA 

gels at 20 mol% is in the same range as that measured for various types of biopolymer 

gels reconstituted from fibrin11, collagen type I8, actin13,14,20, and neurofilament fibers15 

as well as synthetic strain-stiffening PIC hydrogels18,21. In the latter example, both 
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mechanical responsiveness and stability are realised through physical aggregation of 

covalent polymers. 

 

Fig. 4.8 ǀ (a) Differential modulus K’ vs stress σ for different DA/DA-AC ratios. (b) Plot of 
K’ vs stress σ with K’ normalized to G0 and σ normalized to σc, showing collapse onto single 
master curve with K’ ∝ σ1 dependency at high σ. Inset: Stiffening range K’max/G0 vs. molar 
percent of DA-AC. 

Suppressing external fiber fixation through selective crosslinking 

Similar to the experiments shown in Chapter 3, in order to isolate the mechanical 

contribution arising exclusively from the PDA matrix, we utilized the same 

crosslinking strategy reported in Chapter 2 to suppress the formation of intrafiber 

crosslinks and by extension also the effect of fiber surface fixation. Herein, every 

crosslink that is formed by reaction of an acetylene and an azide group contributes to 

the network’s modulus (Scheme 4.3.b). Thus, DA was blended with its cross-linkable 

analogues DA-AC and DA-N3 separately and dissolved in water. The so-obtained 

fibers were covalently fixated via diacetylene photo-polymerization followed by 

mixing of equal volumes ensuring a stoichiometric ratio between azide and acetylene 

groups (Fig. 4.9.a). At this stage, insertion of a DA-N3 bolaamphiphile into a DA-AC-

labelled fiber to form an intrafiber crosslink can be fully neglected due to loss of 

dynamics upon covalent fixation as was previously inferred in Figs. 4.4 and 4.5 for 

PDA fibers under sonication. The mechanical properties of gels formed by chemical 

crosslinking of PDA/DA-AC and PDA/DA-N3 fibers were studied in relation to the 

degree of DA-AC and DA-N3 incorporation. Thus gels within the concentration 

range of 15 to 22 mg mL-1 (similarly to experiments shown in Fig. 4.8, we failed to 

gelate a mixture of fibers containing 5 mol% functionalized DA-R at a concentration 
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below 22 mg mL-1) were prepared. Gels formed via this procedure responded to 

applied stress the featuring the expected linear and nonlinear regimes. In the nonlinear 

regime, above the critical stress, all curves converge asymptotically at high σ. Upon 
rescaling the data, the curves collapse onto a single master curve featuring a K’ ∝ σ1 

dependency inherent to DA and PDA hydrogels as well as type-I collagen networks8. 

The magnitude of K’max/G0 was calculated from the normalized curves and plotted 

against the molar percent of cross-linkable DA-R in the fibers. Fig. 4.9.c (inset) 

demonstrates that in the absence of external fiber fixation the stiffening range of the 

hydrogels is independent of the density of crosslinks and thereby yields the 

contribution associated to the PDA matrix which features a relative increase in 

modulus of approximately 10-fold prior to rupture. The K’max/G0 measured for PDA 

selectively crosslinked is in stark contrast to DA hydrogels formed under identical 

conditions where the relative increase in modulus was found to be around 2-fold 

(Chapter 3).  

 

Fig. 4.9 ǀ (a) Suppression of intrafiber crosslinks via mixing of separated solutions containing 
DA-AC/DA and DA-N3/DA fibers followed by covalent fixation via diacetylene photo-
polymerization and chemical crosslinking into strain-stiffening gels. (b) Differential modulus 
K’ vs stress σ obtained from PDA gels formed through selective crosslinking strategies. (c) 
Plot of K’ vs stress σ with K’ normalized to G0 and σ normalized to σc, showing collapse onto 
single master curve with K’ ∝ σ1 dependency at high σ. Inset: Stiffening range K’/G0 plotted 
against molar percent of crosslinkable DA-R, with R = -AC or -N3. 
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Comparison between DA and PDA networks 

To capture the overall differences in mechano-responsiveness caused by the 

different crosslinking approaches adopted thus far for self-assembled (DA) and 

polymerized (PDA) fibers (Scheme 4.3.a-d), we plotted the stiffening ranges as a 

function of the density of crosslinks. Fig. 4.10 clearly illustrates the appearance of two 

distinct regimes delimited at around K’max/G0 = 8.5 corresponding to the transition 

between fully externally to only internally fixated fibers. For gels formed lacking 

external covalent reinforcement via selective crosslinking (Scheme 4.3.a and d), the 

relative increase in stiffness is independent of the density of crosslinks present within 

the 3 D meshwork. By contrast, gels crosslinked via non-selective approaches reflect 

the dependence of K’max/G0 on the extent surface fiber reinforcement due to 5-N3 

intrafiber crosslink formation (Scheme 4.3.b and c). Furthermore, the K’max/G0 from 

gels of DA and PDA fibers selectively crosslinked converge remarkably well with their 

non-selectively crosslinked counterparts at the point where the effect of external 

fixations becomes negligible at lower crosslink densities. 

 

Fig. 4.10 ǀ Stiffening range K’/G0 plotted against molar percent of DA-R, with R = -AC or -
N3. The blue rectangle illustrates the K’max/G0 that separates the nonlinear mechanics of 
hydrogels based on supramolecular (DA) (solid) and internally fixed (PDA) (empty) fibers. 
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4.3. Conclusions 

From the results presented in this Chapter it is clear that the mechanics of 

connected meshworks of semi-flexible supramolecular polymers are greatly influenced 

by the presence and relative amount of covalent crosslinks within and between fibers. 

Here, we show that covalent backbone fixation is sufficient to protect the fibers from 

forces exerted in a conventional ultrasonication apparatus, known to disrupt the 

morphology of assemblies from both synthetic and biological building blocks22,23. 

From an applied perspective, these results expand the application range of 

polydiacetylenes which has been classically limited to their outstanding chromatic and 

semi-conducting properties24–27.  

Furthermore, the combination of internal and external reinforcement prompted by 

the formation of intrafiber crosslinks between PDA/DA-AC fibers and 5-N3 has 

proven to be a useful technique to maximize the nonlinear deformation regime of 

PDA hydrogels in a fully controlled manner. Following this approach the stiffening 

response of PDA hydrogels was maximized to reach values only accessible thus far to 

biopolymer gels and synthetic PIC hydrogels formed through physical aggregation of 

covalent polymers. Ultimately, we have illustrated the versatility and scope for 

manipulation of DA bolaamphiphiles covalently cross-linked using selective and non-

selective strategies.  

4.4. Experimental section 

Materials 

All solvents used were of reagent grade quality or better and purchased from 

Biosolve, Sigma-Aldrich or Actu-All Chemicals. DCM was dried using molecular 

sieves (3 Å) prior use. The synthesis of 5-N3 has been detailed in Chapter 3, DA was 

prepared according to literature procedures28. The synthesis of DA-AC has been 

described in Chapter 2. 

General methods 

Small angle X-Ray scattering (SAXS) profiles were recorded on SAXLAB 

GANESHA 300 XL SAXS equipped with a GeniX 3D Cu Ultra Low Divergence 

micro focus 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 
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172 × 172 µm2 in size placed a three sample-to-detector distances of 113, 713, and 

1513 mm respectively to cover a q-range of 0.07 ≤ q ≤ 3.0 nm-1 with q = 4π/λ(sin 
θ/2). Silver behenate was used for calibration of the beam center as well as the q-

range. Samples were measured within 2 mm quartz capillaries (Hilgenberg GmbH, 

Germany). The two-dimensional SAXS patterns were brought to an absolute intensity 

scale using the calibrated detector response function, known sample-to-detector 

distance, measured incident and transmitted beam intensities, and azimuthally 

averaged to obtain one dimensional SAXS profiles. The scattering curves of the fibers 

were obtained by subtraction of the scattering contribution of the solvent and quartz 

cell. 

The mechanical properties of the hydrogels were tested by oscillatory rheology. 

Dynamic viscoelastic measurements were performed on a stress-controlled Anton 

Paar and a Physicia MCR 501 Discovery HR-3 and TA Instruments rheometers 

equipped with a 25-mm stainless steel sand-blasted plate-plate geometry to prevent 

slippage of the sample in a temperature-controlled environment. Measurements were 

performed at a fixed temperature of 20 oC sealed by placing mineral oil around the 

sample to minimize evaporation at a fixed plate-to-plate gap of 500 µm. After addition 

of the catalyst, gelation was monitored under continuous oscillations with a strain 

amplitude of 1 % and an angular frequency of 6.28 rad s-1. To probe the elasticity of 

the gels, we applied a steady prestress, σ on which a oscillatory stress, δσ(t) = δσeiwt is 

superimposed with an amplitude at most 10% of σ and at an angular frequency of ω = 
6.28 rad s-1.  

Gel preparation method 

Non-selective crosslinking of DA/DA-AC fibers with 5-N3 was performed by 

weighing DA and DA-AC in the solid state to the desired molar ratio followed by the 

addition of ca. 300 µL chloroform which was subsequently allowed to evaporate 

overnight. The resultant solid was dissolved in mili-Q water to a concentration of 50 

mg mL-1 assisted by applying combined cycles of ultrasonication (ca. 30 min) and 

vortex until full dissolution of the solid material. The solutions were then placed in a 

UV-protected environment for a minimum of 2 d. Samples were then prepared by 

adding mili-Q and an aqueous solution of 5-N3 (20 mg mL-1) to the desired 

concentration ensuring a stoichiometric azide/alkyne molar ratio. For PDA samples, 

solutions at the desired concentration were transferred to quartz cuvettes (1×1 cm) 
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equipped with stirring bars (see Fig. 4.2) and irradiated with UV-light (254 nm) for 15 

min under continuous stirring using a Luzchem photoreactor (model LCZ 4V) 

equipped with 7.2 W UV-C lamp. Chemical crosslinking was initiated upon addition 

of premixed aqueous solutions of CuSO4/THPTA and Na-Ascorbate to a final 

concentration of 0.1, 0.5 and 10 mM respectively. 

For selective crosslinking of DA/DA-AC and DA/DA-N3 fibers an analogous 

procedure was carried out in which DA was separately blended in chloroform with 

DA-AC or DA-N3 to the desired molar ratio. After allowing the solvent to evaporate 

overnight, the remaining solids were dissolved in mili-Q water to a concentration of 

50 mg mL-1 and the fibers were allowed to grow for a minimum of 2 d. The 

concentration was then adjusted upon addition of mili-Q water. At this stage, PDA 

samples were transferred to quartz cuvettes and irradiated with UV-light using the 

experimental conditions previously reported. Equal volumes of DA/DA-AC and 

DA/DA-N3 or PDA/DA-AC and PDA/DA-N3 were mixed and chemical 

crosslinking was initiated by adding the catalyst. 

Cryo-EM sample preparation 

DA aqueous solutions (18 mg mL-1) were placed in a sonication bath for 1 h and 

allowed to re-assemble for 2 d in a UV-protected environment unless otherwise noted. 

Samples were diluted by a factor of 1000 with mili-Q water prior imaging.  

Vitrified films were prepared in an automated vitrification robot (VitrobotTM Mark 

III, FEI) at 20 oC and at a relative humidity of 100%. In the preparation chamber, 3 

µL sample was 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, the samples 

were blotted to remove the excess of solution and vitrified in liquid ethane. The 

vitrified films were transferred to a cryoholder (Gatan 626) and studied in a FEI 

Tecnai 20 (type Sphera) microscope operating at 200 kV, equipped with a LaB6 

filament. The images were recorded using a 1k × 1k Gatan CCD camera. Gatan 

DigitalMicrograph was used for image analysis. 
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Scaling relationships 

 

Fig. S4.1 ǀ Plateau modulus G0 (black) and critical stress σc (red) plotted against concentration 
with dash lines indicative of the corresponding power-law fits. 
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Abstract: Stiffening due to internal stress generation is of paramount importance in living systems 

and underlies many biomechanical processes. For example, cells stiffen their surrounding matrix by 

pulling on collagen and fibrin fibers. At the subcellular level, molecular motors prompt fluidisation 

and actively stiffen the cytoskeleton by sliding polar actin filaments in opposite directions. Synthetic 

materials able to change their stiffness in response to internally generated and externally applied forces 

remain unexplored. Here, we demonstrate that chemical crosslinking of thermoresponsive poly(N-

isopropylacrylamide) (PNIPAM) in a fibrous matrix of synthetic semi-flexible polymers allows for 

internal stress generation upon induction of coil-to-globule transition resulting in a macroscopic 

stiffening response that spans by up to three orders of magnitude. The forces generated through 

PNIPAM collapse are sufficient to drive a fluid material into a stiff gel within a few minutes. 

Moreover, rigidified networks dramatically stiffen in response to applied stress featuring power law 

rheology with exponents that match those of reconstituted actomyosin networks pre-stressed by 

molecular motors. This concept holds potential for the rational design of synthetic materials that are 

fluid at room temperature and rapidly rigidify at body temperature to form hydrogels mechanically and 

structurally akin to cells and tissues. 
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5.1. Introduction 

ilamentous biomaterials, such as the actin cytoskeleton, collagen-based 

extracellular matrix, and fibrin blood clots are three-dimensional, interlinked 

meshworks of protein biopolymers. They are the scaffold of life, shaping and 

supporting our cells and tissues. In order to do so in a robust and adaptive manner, 

their architecture (the spatial arrangement of, and connections between fibers) is 

highly dynamic – both in terms of constituent polymers, that grow, shrink and 

reorient1–7 and in terms of connections which relocate, dissociate and (re)bind8–10. In 

parallel, the mechanical response of a given architecture may be actively amplified; 

previous work in cells, tissues and reconstituted protein meshworks has demonstrated 

the capacity of external and internal stresses and strains to change the stiffness of a 

material by orders of magnitude8,11–16. One such active control modality consists of 

the exertion of small and highly localized forces on a polymer network. At subcellular 

scales, these forces may be imparted by molecular motors17–24, in the extracellular 

matrix they arise from contractile cells (platelets, smooth muscle cells (SMCs))25–30. 

This microscopic pinching is at the root of a number of highly functional 

biomechanical behaviours: motors may prompt flow and fluidization of the cellular 

cytoskeleton to permit cell motility18,23,31,32, SMC mediated forces exert significant pre-

stress on the aortic wall, which strengthens it by prompting remodeling and 

deposition of additional collagen30,33. Platelet-mediated forces prompt the collapse and 

contractility of blood clots. Clearly, such responsive functionality allows biopolymer 

materials to robustly perform and respond at different lengthscales, and to a variety of 

external cues. Inspired by these biological regulatory mechanisms, recent work of 

Rowan and co-workers34, successfully exploited the potential of lower-critical solution 

temperature (LCST) polymers to augment the mechanical response of composite 

materials upon induction of coil-globule collapse. In their work, stiff fibers were 

grafted with thermo-responsive LSCT polymers and embedded within a soft rubbery 

matrix. Gels made from these materials reversibly change modulus with heating and 

cooling. Stiffening arises from the formation of a percolated network of stiff fibers 

brought into physical contact via the collapse of the thermo-responsive element and 

softening to recover the original modulus is brought about re-hydration of the 

collapsed globules below their LSCT point.  

F 
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In this work, we combine the potential of LCST polymers to induce local 

contractile forces with the strain-stiffening behaviour intrinsic to meshworks of semi-

flexible polymers35. We demonstrate that the induction of LCST coil-globule collapse 

of poly(N-isopropylacrylamide) (PNIPAM) chains that crosslink semi-flexible fibers 

of poly(diacetylene) bis-urea bolaamphiphiles (PDA) (Scheme 5.2.b), dramatically 

changes the linear mechanical response, rigidifying a previously fluid system to 

produce a robust and elastic material. Moreover, we show that in the nonlinear 

deformation regime, universal strain-stiffening occurs, with a power-law stiffening 

exponent that matches that of collagen networks. This process happens at a constant 

overall volume. With this work we engineer the first strain-stiffening soft material that 

shows a temperature-controlled, local strain-induced rigidification transition, directly 

mimicking cytoskeletal biopolymer-motor composites in both linear and nonlinear 

response. 

In Chapter 4 it was illustrated that, fiber reinforcement through diacetylene cross-

polymerization (Scheme 5.2.a) dramatically enhances the non-linear stiffening regime 

of the hydrogels, enabling them to prevent rupture over broader ranges of applied 

stress. We showed that the stiffening range of these hydrogels is maximized at the 

miscibility limit of crosslinkable monomers (DA-AC or DA-N3) in the 

unfunctionalized DA host.  

 

Fig. 5.1 ǀ Molecular structure of the fiber-forming diacetylene bis-urea bolaamphiphile DA, its 
azide-functionalized analogue DA-N3 and the linear, thermo-responsive PNIPAM-AC linker. 

In the current Chapter, we use PDA fibers functionalized by incorporation of 20 

mol% DA-N3 during assembly, followed by fiber reinforcement through diacetylene 

photo-polymerization. These azide functionalized fibers were chemically crosslinked 

with a PNIPAM copolymer containing 5% propargyl acrylate residues (PNIPAM-AC, 

Fig. 5.1) with a ligand-accelerated Cu-catalyzed cycloaddition reaction (CuAAC)36,37 
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(Scheme 5.2.a). The reaction yielded fibrous hydrogels covalently crosslinked with a 

thermo-responsive linear polymer. 

 

Scheme 5.2 ǀ (a) Hierarchical self-assembly through intermolecular H-bonding and 
hydrophobic interactions of functionalized (DA-N3) and unfunctionalized (DA) diacetylene 
bisurea bolaamphiphiles followed by topochemical polymerization of the self-assembled 
diacetylenes. Covalent fixation results in the formation a PDA π-conjugated ene-yne 
framework that leads to strong absorptions in the visible spectral region. Each fiber integrates 
9-10 ribbons arranged perpendicular to the fiber axis. Chemical crosslinking with linear 
PNIPAM-AC into strain-stiffening networks with triazole crosslinks. (b) Internal stress 
generation within the fibrous PDA scaffold through PNIPAM-AC coil-to-globule transition 
above its LCST. 

 

 



Mimicking active biopolymer networks with a synthetic hydrogel 

 

─113─ 

 

5.2. Results and discussion 

Synthesis and characterization of PNIPAM-AC 

PNIPAM-AC was prepared via reversible addition-fragmentation chain-transfer 

(RAFT) copolymerization of NIPAM and trimethylsilyl(TMS)-protected propargyl 

acrylate. TMS-protection was carried out in order to prevent unwanted branching and 

eventual crosslinking of the individual chains by polymerization of the somewhat 

polymerizable terminal alkyne moieties38. In the final step, the TMS groups were 

removed with tetra-n-butylammonium fluoride (TBAF) to give a linear polymer with 

an average molecular weight of Mn = 6.96 kDa and a dispersity index of (Ɖ) = 1.08 

(see experimental section for details). Thus, each polymer chain consists of 62 repeat 

units on average, of which 4 are propargyl acrylate residues. The LCST behaviour of 

PNIPAM-AC in water was studied by measuring the drop in transmittance at 600 nm 

in a UV-vis spectrophotometer over a temperature range from 20 to 55 oC. Solutions 

became turbid at ca. 27 oC at a concentration of 5 mg mL-1 and shifted towards lower 

temperatures at increased polymer concentration (Fig. 5.3). The LCST was taken as 

the temperature at which transmission had dropped by 50%, and was lower than the 

literature value of 32 oC39,40, likely due to the incorporation of a hydrophobic co-

monomer as has been previously reported for other PNIPAM copolymers41–43. In fact, 

increasing the amount of propargyl acrylate to 10 mol% in the monomer feed 

rendered the polymers insoluble in water. 

 
Fig 5.3. ǀ LCST behaviour of PNIPAM-AC in water measured at different concentrations. 
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Gelation and thermal analysis of the hydrogels 

Chemical crosslinking was initiated by adding the catalyst mixture to an aqueous 

solution of polymerized PDA (containing 20 mol% DA-N3) fibers and PNIPAM-AC 

(see experimental section). Solutions were immediately transferred to the rheometer 

where the gelation process was monitored by measuring the change in moduli at a 

constant temperature of 20 oC under continuous oscillatory strain until a constant 

value of the elastic modulus was reached. Concurrently, networks below the critical 

connectivity threshold (no measurable storage modulus G’ at 20 oC) were allowed to 

react for ca. 15 h in the rheometer prior to analysis.  

Thermal analysis was performed by subjecting the hydrogels to a linear 

temperature ramp from 20 to 55 oC while continuously recording the change in 

moduli under small-amplitude oscillatory strains. At room temperature, increasing of 

PDA concentration at a fixed molar ratio of [PNINAM-AC]/[PDA] = 0.089 

produced progressively stiffer materials with moduli G’ ranging from 2 to 200 Pa in 

the concentration range of 13 and 23 mg mL-1 (Fig. 5.4.a). Below 10 mg mL-1 PDA 

however, the G’ of the networks could not be probed at room temperature. Within 
this concentration regime, all networks remained in the liquid state below the LCST of 

PNIPAM-AC and rapidly evolved into elastic hydrogels by placing the vials in a water 

bath at 50 oC. After removal of the vials from the heating source, all gels remained 

irreversibly in a gel state. Interestingly, the gel transition happened at a constant 

overall volume with no visible gel shrinkage, nor was water expelled from the hydrogel 

(Fig. 5.4.c). Rheology during the T-ramp showed an increase of G´ by more than two 

orders of magnitude (Fig. 5.4.a). Stiffening sets in at temperatures slightly above the 

measured LSCT of PNIPAM-AC in water (Fig. 5.3) and gradually shifted towards 

lower temperatures at increased polymer concentrations (Fig. 5.4.a). The significant 

increase in G’ prompted by PNIPAM-AC coil-to-globule transition here observed for 

PDA/PNIPAM-AC networks can be related to the isotropic nature of the induced 

deformation, whereby PNIPAM-AC collapse pulls on PDA fibers regardless of their 

initial orientation. By contrast, stiffening due to anisotropic shear stress preferentially 

recruits fibers aligned in the direction of the imposed deformation35,44,45. The large 

increase in stiffness of approximately 100-fold in the PNIPAM containing system is 

reminiscent of filamin A (FLNa)-crosslinked F-actin networks isotropically stressed 
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via contractile forces imparted by embedded myosin II motor proteins or fibrin in 

blood clots stiffened by contractile platelet-mediated forces20,23,46–48.  

Recent in vitro experiments on actomyosin networks have shown that the 

magnitude of the stiffening response is strongly coupled to the relative amount of 

force-generating and crossliking proteins. Accordingly, high [myosin]/[actin] or high 

[FLNa]/[actin] molar ratios translate into higher degrees of mechanical 

responsiveness20,23,49,50. To test the influence of density of crosslinks and force-

generating elements on PDA/PNIPAM-AC mechanics, 15 mg mL-1 PDA aqueous 

solutions were crosslinked with varying concentrations of PNIPAM-AC. (note that, 

much like in myosin in actin networks, PNIPAM-AC acts simultaneously as force-

generator and cross-linker). Fig. 5.4.b shows that the magnitude of the stiffening 

response is indeed coupled to the [PNINAM-AC]/[PDA] molar ratio leading to an 

striking 1000-fold increase in the linear modulus G´ at the highest PNIPAM-AC 

concentration studied. Conversely, at the lowest PNIPAM-AC concentration, the 

network remained initially below the connectivity threshold and rapidly evolved into 

an elastic gel only when prompted by PNIPAM-AC collapse. Thus, the temperature-

induced rigidification can depending on the concentration, be either a switch from low 

to high modulus or a proper sol-gel transition. 
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Fig. 5.4 ǀ Linear storage modulus G’ vs temperature recorded by applying γ = 1% and ω = 
6.28 rad s-1 at a heating rate of 1.25 oC min-1. (a) Concentration series of PDA (20 mol% DA-
N3) crosslinked using a fixed molar ratio [PNINAM-AC]/[PDA] = 0.086. The yellow rectangle 
represents the concentration threshold required for connectivity at 20 oC. (b) 15 mg mL-1 PDA 
(20 mol% DA-N3) crosslinked using different molar ratios [PNINAM-AC]/[PDA]. (c) 
Network below the connectivity threshold plunged into a water bath at 50 oC for 1-2 min 
resulting in the formation of an elastic gel able to support its own weight upon tilting the tube 
at a constant overall volume. Up-close, at the air-gel interphase, no water was expelled upon 
induction of PNIPAM-AC LCST transition. 
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Proposed mechanism of the thermally induced stiffening transition 

To identify the underlying mechanisms governing the LCST behavior of 

PDA/PNIPAM-AC networks, the moduli of the gels were monitored as they were 

heated to 55 oC and subsequently cooled back to 20 oC before and after chemical 

crosslinking of PNIMAM-AC and PDA/DA-N3 fibers (Figs. 5.5.c and d). For 

chemically crosslinked networks (Fig 5.5.a and c), heating above the LCST of 

PNIPAM-AC prompts a 100-fold increase in modulus G´ that infers strong pulling of 

PNIPAM-AC on PDA fibers as the linker undergoes coil-to-globule transition. After 

cooling back to 20 oC, the hydrogel remained in a stiffened state, consistent with 

previous observations (in Fig. 5.4.c) showing a permanent fluid-gel transition after 

removing the gel from the heating source. In other words, networks remain pinned to 

a stiffened state after PNIPAM-AC collapse. Surprisingly, a solution of PDA fibers 

and PNIPAM-AC coils without covalent connections between the two components 

also exhibited a sol-gel transition at around 35 oC. However, this network relaxes part 

of the built-up stress upon cooling back to 20 oC, as inferred from a decrease in 

modulus, although it remains above the connectivity threshold at room temperature 

(Fig. 5.5.d). These results are in clear contrast to the work of Cudjoe et al 34 showing a 

fully reversible stiffness transition in thermo-responsive composites of stiff cellulose 

nanocrystals (CNCs) grafted with an LCST polymer and embedded within a flexible 

poly(vinyl acetate) (PVAc) matrix. There, the increase in modulus was ascribed to the 

formation of a percolating network of stiff CNC fibers brought into physical contact 

via collapse of the LCST polymers. Recovery of the initial modulus occurs through 

dissociation of the CNC network as the globules, directly exposed to water, begin to 

swell below their LCST point, increasing the steric repulsions between CNCs. By 

contrast, the irreversibility of the stiffening transition found in PDA/PNIPAM-AC 

networks might be rooted in the amphiphilic nature of PDA fibers combined with a 

ubiquitous presence of urea groups parallel to the fiber axis. Thus, according to this 

explanation, globules formed above the LCST of PNIPAM-AC would be efficiently 

shielded from interaction with water, embedded within the hydrophobic inner core of 

the fibers. Several reports have identified urea to be an efficient stabilizing agent of 

the PNIPAM globule state due to its ability to bridge several carbonyl groups by 

means of intermolecular hydrogen bonds, both in solution51–54 and within an hydrogel 

matrix55. Thus, stabilization of PNIPAM-AC inside the hydrophobic envelope of 

PDA fibers combined with hampered diffusion of water into their inner core would 
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impede rehydration of PNIPAM-AC within the experimental timescales while, at the 

same time they create new physical connections (Fig. 5.5.b). This mechanism explains 

the formation of an elastic gel in the absence of chemical crosslinks connecting PDA 

and PNIPAM-AC (Fig. 5.5.b). 

 

Fig. 5.5 ǀ (a) Mechanism proposed for stiffening transition at a constant overall volume 
observed in a covalently crosslinked PDA/PNIPAM-AC network, and (b) Sol-gel transition 
via formation of a physical network in the absence of chemical crosslinks between PDA and 
PNIPAM-AC. Storage modulus G’ vs temperature recorded by applying γ = 1% and ω = 6.28 
rad s-1 at a heating/cooling rate of 1.25 oC min-1 (c) 15 mg mL-1 PDA (20 mol% DA-N3) 
crosslinked with [PNINAM-AC]/[PDA] = 0.086, (d) 15 mg mL-1 PDA mixed with 
[PNINAM-AC]/[PDA] = 0.086 in the absence of added catalyst.   

SAXS Characterization 

To get more insight into the structure of the PDA/PNIPAM-AC system, small-

angle X-ray scattering (SAXS) experiments were performed both below and above the 

LCST of PNIPAM-AC for chemically and physically crosslinked systems. Most of the 
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obtained profiles were featureless curves, typical for elongated systems. The 

continuous slope at low q-values confirms that the fibers are longer than what can be 

measured using the available setup (>±15 nm). While the observed differences in 

slope cannot be explicitly attributed to a change in the fiber’s length or rigidity solely 
based on SAXS (Fig. 5.6.a), the overlap in the high q-region shows that the diameter 

of the fibers remains 3 nm upon heating from 20 to 55 °C. This cross-sectional radius 

matches well with the value obtained in cryo-EM (Chapter 2). Similar results are 

obtained for the covalently crosslinked PDA/PNIPAM-AC. While the change in 

slope between covalent and physical networks (Figs. 5.6.a and b) can be attributed to 

different origins, the higher scattering intensity observed at 55 °C in the low q-regime 

suggests a higher local electron density difference on the ±15 nm lengthscale. This 

could be attributed to the system becoming more compact as a result of a contraction 

induced by the collapse of the covalently bonded PNIPAM-AC crosslinks. 

Furthermore, for the collapsed system an additional feature is observed in the 

scattering curve at around q = 0.08 Å-1 (Fig. 5.6.a). This oscillation implies the 

presence of a regular structure of about 4-5 nm. This structural organization is most 

likely related to the collapsed PNIPAM coils or the inter-fiber distance resulting from 

the contraction. 

 

Fig. 5.6 ǀ Small-angle X-ray scattering profiles of PDA (15 mg mL-1) measured below and 
above the LCST of PNIPAM-AC. (a) PDA crosslinked with [PNINAM-AC]/[PDA] = 0.086 
measured 24 h after addition of the catalyst. (b) PDA mixed with [PNINAM-AC]/[PDA] = 
0.086 in the absence of added sodium ascorbate. 
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Nonlinear mechanics of pre-stressed PDA/PNIPAM hydrogels 

To more accurately study the mechanical response to applied stress of 

PDA/PNIPAM-AC networks brought into a non-linear stiffened state via PNIPAM-

AC collapse, we applied the rheological protocol56 described in previous Chapters to 

pre-rigidified PDA/PNIPAM-AC gels by measuring their stiffness (recorded as the 

differential modulus K’ = δσ/δγ) as a function of the imposed pre-stress σ. Upon 

application of an additional steady pre-stress to the gels of Fig. 5.4.a at 20 oC, all 

networks exhibit an apparently linear response over a concentration-dependent range 

of applied σ (Fig. 5.7.a). However, at a characteristic critical stress σc the moduli of the 

gels begin to increase. The critical stress shifts towards higher values when PDA 

concentrations increase. Strikingly, a 4-fold increase in PDA concentration at 

[PNIPAM-AC]/[PDA] ratio of 0.086 combined with an externally applied stress rises 

the modulus from 2 Pa to 10 kPa, nearly 4 orders of magnitude. Concomitantly, the 

maximum pre-stress σmax before gel rupture rises by 3 full decades (Fig 5.7.a). For the 

highest PDA concentration, σmax has a value of 1.3 kPa, vastly surpassing the 

maximum stress of synthetic polyisocyanopeptides (PICs)-based biomimetic gels, i.e. 

σmax ~ 40-100 Pa57,58. This has important implications for mimicking biomechanics 

because at this specific molar ratio ([PNIPAM-AC]/[PDA] = 0.086), just above the 

range (0.005 to 0.05) for the myosin to actin ratios in adherent cells59–61, we can match 

the stiffness of PDA hydrogels to that of contractile cells, which spans the range from 

0.5 to 10 kPa (Fig. 5.7.a)62–65. 

The curves in Fig. 5.7.a can be collapsed onto a single master curve by normalizing 

K’ to its value in the low-stress linear regime G0 and by normalizing σ to σc (Fig. 

5.7.b). The master curve exhibits a power-law dependence K’ ∝ σ1 above σc. This 

value of the so-called stiffening exponent m features universally in biopolymer 

materials at all lengthscales. In subcellular scales, m = 1 has been reported for 

reconstituted, active networks of FLNa-crosslinked actin stiffened by myosin II23. At 

whole-cell scales, m = 1 is robustly seen in entire fibroblast66. Macroscopically, m = 1 

is likewise reported for extracellular hydrogels of reconstituted type I collagen15. In 

general, a stiffening exponent of 1 arises when the stress rises exponentially with 

strain, such that K’ = δσ/δγ ∝ σ1. Such mechanical response, in a range of systems 

from synthetic to entire vascular tissue, is captured phenomenologically by the Fung-
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Shull model67, which (in Fig. 5.7.b) adequately represent the collapsed data, without 

any fitting parameters. 

 

Fig. 5.7 ǀ (a) Differential modulus K’ plotted against stress σ measured at 20 oC for different 
concentrations of PDA crosskinked using a fixed molar ratio [PNINAM-AC]/[PDA] = 0.086 
obtained from pre-stressed gels of Fig. 5.4.a. (b) Plot of K’ vs stress σ with K’ normalized to 
G0 and σ normalized to σc, showing collapse onto single master curve with K’ ∝ σ1 at high σ.  

Combined temperature- and mechano-responsiveness 

So far, we have shown that PDA fibers crosslinked with thermo-responsive 

PNIPAM-AC integrate thermo- and mechano-responsiveness. The combined effect 

of temperature and applied stress translates into a macroscopic network stiffening 

spanning a broad range of elastic moduli. To illustrate this principle further on the 

same hydrogel, the modulus of a PDA/PNIPAM gel was recorded at different 

temperatures ―both below and above the LCST of PNIPAM-AC― by carefully 
applying a range of steady pre-stresses below the stress at which the gel ruptures, σmax. 

Fig. 5.8.a shows that the combination of externally applied stimuli in the form of 

temperature and mechanical stress triggers a strong macroscopic response that drives 

the network from an initial soft state with a modulus of 1.5 Pa at 20 oC to a final 

modulus of 2000 Pa at 55 oC just before failure. This exceptional change is mediated 

by local contractile forces ―caused by PNIPAM-AC coil-to-globule transition― and 
the nonlinear response to deformation of the constituent PDA fibers. Fig. 5.6 also 

illustrates that stress-stiffening sets in exclusively due to the stiff PDA matrix as a 

result of which the mechanical responsiveness is present, both below and above the 

LSCT of PNIPAM-AC. Similar physics behind the stiffening is also supported by the 

collapse of the data at all three temperatures onto a single master curve (Fig. 5.8.b). 
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Fig. 5.8 ǀ (a) Differential modulus K’ plotted against stress σ for a PDA hydrogel (12 mg mL-1) 
crosslinked using a [PNIPAM-AC]/[PDA] = 0.086 molar ratio, measured at different 
temperatures. The gel was brought to its σmax only in the last run at 55 oC. (b) Plot of K’ vs 
stress σ with K’ normalized to G0 and σ normalized to σc, showing collapse onto single master 
curve with K’ ∝ σ1 dependency at high σ. 

5.3. Conclusions 

We have shown that chemical crosslinking of semi-flexible PDA fibers with an 

LCST polymer endows the resultant hydrogels with thermo- and stress-

responsiveness. The coil-to-globule transition of PNIPAM-AC produces internal 

stress within the PDA semi-flexible fibrous matrix that drives the system into a 

stressed regime with an associated network stiffening by up to 1000 times its room 

temperature linear modulus. The LCST of the linker rigidifies a previously fluid PDA 

network to rapidly form elastic, strain-stiffening hydrogels. This holds promise in the 

biomedical field where it opens the door to their use as injectable scaffolds that 

quickly form gels at body temperature mechanically indistinguishable from the 

surrounding cells and tissues. We have also shown that the so-formed hydrogels 

mimic biological systems both in linear and non-linear regimes. In the linear regime, 

the shear modulus of the gels can be readily tuned with temperature and 

concentration to access the typical stiffness of adherent contractile cells. In the 

nonlinear stiffening regime, the gels feature a linear relationship of the differential 

modulus with stress that mimics the stiffening of collagen gels and, most notably, of 

reconstituted, active actomyosin networks and fibroblast subjected to mechanical pre-

stress. Ultimately, we have illustrated the power and versatility of internally generated 

forces to enhance the mechanical response of soft materials constructed from entirely 

man-made building blocks, allowing us to emulate complex biomechanical functions. 
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5.4. Experimental section 

Materials 

All solvents used were of reagent grade quality or better and purchased from 

Biosolve, Sigma-Aldrich or Actu-All Chemicals. THF and DCM were dried using 

molecular sieves (3 Å). 3-(trimethylsilyl) propargyl alcohol, triethylamine and 

acrylochloride were used as received from Sigma Aldrich. Degassed tetrahydrofuran 

(THF) was used in the initial stages of the reaction. For the RAFT polymerisation 4-

cyano4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol was used as received. N-

isopropylacrylamide was recrystallised from hexane at 65oC, AIBN was recrystallised 

from methanol at 45oC and dioxane (stab. BHT) was freshly distilled for the synthesis. 

For the deprotection, tertbutyl ammonium fluoride in tetrahydrofuran (1 M) and 

glacial acetic acid were used as received. Degassed tetrahydrofuran was used in the 

initial stages of the deprotection and stabilized THF was used to wash the silica 

column during the removal of the TBAF impurities from the reaction mixture. DA 

was prepared according to literature procedures68. The synthesis of DA-N3 has been 

detailed in Chapter 2.  

General methods 

NMR spectra were recorded 400 MHz Bruker UltraShield Magnet (100 MHz for 
13C-NMR). Chemical shifts (δ) are reported in parts per million (ppm) using residual 

solvent signal or tetramethylsilane (TMS) as internal standards.69 Splitting patterns are 

labeled as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q), pentet (p) 

and multiplet (m). Infrared spectra were measured on a Perkin Elmer 1600FT-IR 

equipped with a Perkin Elmer Universal ATR Sampler Accessory. Matrix-Assisted 

laser desorption ionization time-of-flight (MALDI-TOF) measurements were carried 

out on a Perseptive DE PRO Voyager mass spectrometer using α-cyano-4-

hydroxycinnamic acid as the calibration matrix. (LC-MS).  

Small-Angle X-Ray scattering (SAXS) profiles were recorded on SAXLAB 

GANESHA 300 XL SAXS equipped with a GeniX 3D Cu Ultra Low Divergence 

micro focus 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 sample-to-detector distances of 113, 713, and 

1513 mm respectively to cover a q-range of 0.07 ≤ q ≤ 3.0 nm-1 with q = 4π/λ(sin 
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θ/2). Silver behenate was used for calibration of the beam center as well as the q-

range. Samples were measured within 2 mm quartz capillaries (Hilgenberg GmbH, 

Germany). The two-dimensional SAXS patterns were brought to an absolute intensity 

scale using the calibrated detector response function, known sample-to-detector 

distance, measured incident and transmitted beam intensities, and azimuthally 

averaged to obtain one-dimensional SAXS profiles. The scattering curves of the fibers 

were obtained by subtraction of the scattering contribution of the solvent and quartz 

cell. 

Gel permeation chromatography (GPC) was carried out on a Shimadzu 

Prominence-i LC-2030C 3D system equipped with a RID-20A refractive index 

detector. 

Ultraviolet-visible (UV-vis) transmittance spectra were recorded on a Jasco V-650 

UV-vis spectrometer equipped with a Jasco ETCT-762 temperature controller. All 

samples were measured using quartz cuvettes (1 cm). 

The mechanical properties of the hydrogels were tested by oscillatory rheology. 

Dynamic viscoelastic measurements were conducted on a stress-controlled Anton 

Paar and a Physicia MCR 501 Discovery HR-3, TA Instruments rheometers equipped 

with a 25-mm stainless steel sand-blasted plate-plate geometry to prevent slippage of 

the sample in a temperature-controlled environment. Measurements were performed 

by placing mineral oil around the sample to minimize evaporation at a fixed plate-to-

plate gap of 500 µm. After addition of the catalyst, gelation was monitored by 

continuous oscillations with a strain amplitude of 1 % and an angular frequency of 

6.28 rad s-1. To probe the elasticity of the gels, we applied a steady pre-stress, σ on 
which an oscillatory stress, δσ(t) = δσeiwt is superimposed with an amplitude at most 

10% of σ and  an angular frequency of ω = 6.28 rad s-1. 
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Synthetic procedures 

Synthesis of 3-(trimethylsilyl) prop-2-argyl acrylate 

 

3-(trimethylsilyl) propargyl alcohol (1.00 g, 7.8 mmol) and triethylamine (1.2 mL, 

8.6 mmol) were placed in a Schlenk flask under flow of Argon. Approximately 5 mL 

of degassed THF was added to this, and the whole solution was cooled in an ice bath 

for approximately 10 min. Then, acrylochloride (0.81 g, 8.6 mmol) was added 

dropwise to the solution, whereupon Et3N∙HCl salt precipitated. Further THF was 
added to allow free stirring and mixing of the reactants for complete conversion. The 

resulting solution was left stirring at room temperature overnight and in the dark. The 

reaction was then diluted with Et2O and extracted with dil. aq. Na2CO3 solution. 

Subsequently, the organic layer was separated, dried over MgSO4 and concentrated in 

vacuo to yield a clear yellow/brown solution of 3-(trimethylsilyl) prop-2-argyl acrylate 

(1) (1.33 g, 7.28 mmol, 94%).  

1H-NMR (400 MHz, CDCl3, 295 K): δ ppm 6.47 (dd, 1 H), 6.16 (dd, 1 H), 5.88 (dd, 1 

H), 4.77 (s, 2 H), 0.19 (s, 9 H).  

13C-NMR (100 MHz, CDCl3): δ ppm 165.7, 132.0, 128.1, 99.2, 92.6, 53.2, 0.1. 
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RAFT co-polymerization of NIPAM and Synthesis of 3-(trimethylsilyl) 

prop-2-argyl acrylate 

 

N–isopropylacrylamide (1.45 g, 12.83 mmol), 4-cyano-4-

[dodecylsulfanylthiocarbonyl) sulfanyl] pentanol (52.57 mg, 0.13 mmol), AIBN (4.62 

mg, 0.026 mmol) and 3-(trimethylsilyl) prop-2-argyl acrylate (1) (0.12 g, 0.64 mmol) 

were dissolved in 2 mL of freshly distilled dioxane. The resulting homogeneous 

solution was degassed by 3 consecutive freeze pump thaw cycles. The solution was 

then heated to 70oC and stirred for 3 h. Polymerization was stopped by cooling to 

room temperature and exposing the reaction mixture to air. Further, dioxane was 

added to the resulting viscous mixture and then precipitated into ice cold diethyl ether 

once. The precipitate was collected and dried in vacuo to afford the final product as a 

yellowish powder (0.74 g, 45%). 

1H-NMR (400 MHz, CDCl3, 295 K): δ ppm 6.48 (m, 117 H), 4.63 (m, 12 H), 4.01 (br. 

s. 120 H), 3.33 (m, 2 H), 0.17 (s, 57 H). 

TMS removal 

 

2 (0.74 g) was dissolved in 5 mL of degassed THF and 1.5 equivalents of glacial 

acetic acid relative to the number of TMS groups. The whole was degassed by purging 

with Argon for 10 min. The solution was cooled to -20oC and 1.5 equivalents of 

TBAF (1.0 M) in THF was added slowly and dropwise. The solution was left to stir at 

-20oC for a further 30 min then warmed to room temperature and left for a further 2 

h to ensure complete deprotection. The resulting solution was diluted with THF and 
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passed through a short silica column to remove TBAF impurities. The filtrate was 

dried in vacuo and then put under high vacuum for 1 h to remove the volatiles. The 

resultant solid was precipitated from dichloromethane into ice cold diethyl ether twice. 

The yellowish powder product obtained was dried in vacuo to yield PNIMPAM-AC 

(0.25 g, 34%).  

1H-NMR (400 MHz, CDCl3, 295 K): δ ppm 6.45 (m, 54 H), 4.67 (m, 9 H), 3.99 (br. s. 

56 H), 3.65 (m, 2 H), 3.32 (m, 2 H), 2.20-0.86 (m, 642 H).  

Mn (GPC) = 6.96 kD , Mw/Mn (GPC): 1.08. 

 

Fig. S5.1 ǀ 1H-NMR (CDCl3, 25 oC) spectrum of PNIPAM-AC. 
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Fig. S5.2 ǀ GPC trace of PNIPAM-AC. 

Gel preparation method 

Samples were prepared by weighing DA and DA-N3 in the solid state followed by 

the addition of ca. 300 µL chloroform. The organic solvent was allowed to evaporate 

overnight and the remaining solid subsequently re-dissolved in mili-Q water to a 

concentration of 50 mg mL-1 assisted by applying combined cycles of sonication (30 

min) and vortex (1 min) until the full dissolution of the solid material. The micelles 

were then allowed grow at this concentration for a minimum of 2d in a UV-protected 

environment. The samples were diluted with mili-Q water and an aqueous stock 

solution (20 mg mL-1) of PNIPAM-AC (stored at 5 oC) to the desired concentration. 

Covalent fixation was performed by transferring the mixtures to quartz cuvettes (1×1 

cm) and irradiating at 254 nm for 15 min under continuous stirring using a Luzchem 

photoreactor (model LCZ 4V) equipped with 7.2 W UV-C lamp. Gelation of the 

solutions was performed upon addition of premixed aqueous solutions of 

CuSO4/Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) and sodium ascorbate 

(Na-Ascorbate) to a final concentration of 0.1, 0.5 and 10 mM respectively.  
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Scaling relationships  

 

Fig. S5.3 ǀ Plateau modulus G0 (black) and critical stress σc (red) plotted against concentration 
with dash fitted lines.  
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he contents presented in this thesis describe novel approaches towards 

biomimetic strain-stiffening hydrogels relying on polymerizable, hierarchically 

self-assembled diacetylene bis-urea bolaamphiphiles as their main structural 

components. Herein, we briefly discuss the limitations of the current setup and put 

forward suggestions to gain deeper insight into the network’s architectural parameters. 
Furthermore, based on the results derived from this work, we propose future 

directions to engineer fully synthetic hydrogels, mechanically indistinguishable from 

cells and tissues that harness the rich structural diversity and dynamics inherent to 

supramolecular polymers. 

Current system limitations 

From the results discussed throughout this manuscript, it is clear that DA 

bolaamphiphiles are a versatile motif to engineer biopolymer network mimics. The 

supramolecular nature of DA monomers offers a unique opportunity to introduce 

reactivity along the fiber contour in a fully controlled manner by co-assembling cross-

linkable analogues such as DA-AC and DA-N3. However, while having 

supramolecular monomers may offer distinctive advantages, control over the fiber 

length −one of the key parameters in strain-stiffening materials− remains challenging. 
Indeed, Chapters 2, 3 and 4 showed relatively broad distributions in fiber lengths 

when visualized with cryo-EM. To minimize this effect, from Chapter 3 onwards, the 

sample preparation method was optimized such that, samples at a given functionalized 

(DA-AC or DA-N3) to unfunctionalized (DA) molar ratio were prepared from the 

same concentrated stock solution thus providing consistent results in concentration-

dependent studies. Nonetheless, a systematic research on the parameters that control 

the length and length distribution of DA-fibers (e.g. temperature, addition of co-

solvents, incorporation of salts, optimization of molecular design, etc…) would be 

rather desirable in order to gain superior control over the macroscopic properties of 

DA and PDA hydrogels. Also in relation to fiber lengths, it is noteworthy that, while 

the typical contour lengths of common filamentous proteins are by up to several 

microns, DA and PDA fibers are restricted to much shorter lengthscales of a few 

hundred nanometers, thereby limiting their morphological resemblance to 

biopolymers, and increasing the minimal concentration needed to form three-

dimensional networks. 
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Fiber covalent fixation through diacetylene topochemical polymerization has 

proven to be a useful technique to reinforce self-assembled DA fibers, dramatically 

changing the mechanical properties of PDA hydrogels especially in their nonlinear 

deformation regime as illustrated in Chapter 4. PDA fibers combine the hierarchical 

structure inherent to this type of supramolecular polymers with the mechanical 

strength of covalent polymers. However, the formation of a π-conjugated ene-yne 

framework produces materials that strongly absorb in the visible spectral region. This 

feature, intrinsic to all polyconjugated polymers, reduces the palette of available 

optical techniques such as dynamic and static light scattering (DLS/SLS) or diffusing 

wave-spectroscopy (DWS) that could be used to extract valuable information about 

the network structure. Specifically, little is known about the mesh size of PDA 

hydrogels as the length scales needed are beyond the resolution accessible by 

conventional small-angle X-ray scattering (SAXS), where qmin-1 ≈ 30 nm. Additionally, 

magnetic particle imaging1,2 and nanorheology3–5 have emerged as promising 

techniques, in which tracer iron oxide nanoparticles are embedded within the material 

and the magnetic field generated by these particles is used to measure the modulus or 

create a topographic image of the material using a magnetic scanner. Thus, the 

combined use of these techniques might allow extracting structural and mechanical 

information from PDA hydrogels without the need for an optical setup.  

Additionally, one major drawback related to the non-transparent nature of PDA 

gels is that it will likely hamper their application in the biomedical field where, 

regardless of biocompatibility, optically transparent materials are required in cell-based 

studies6. A potential alternative to retaining the mechanical properties of PDA gels 

while having a transparent material would consist of reducing the double bonds of the 

PDA framework to produce a non-conjugated covalent backbone. For that purpose, 

we propose the in situ generation of diimides: A homogeneous reduction method 

widely used to convert unsaturated compounds −including π-conjugated systems such 

as porphyrins− into alkane products that is compatible with water7,8. Thus, we argue 

that this approach could potentially lead to optically transparent gels whose fibers 

remain covalently anchored by an alkane backbone.  
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Future perspectives 

Future directions of DA and PDA hydrogels 

Chapters 3 to 5 showcased the versatility of introducing reactive analogues (DA-

AC and DA-N3) into a fiber-forming host (DA). This feature was herein exploited to 

‘click’ DA and PDA fibers to a pentavalent linker (Chapters 3 and 4) as well as to a 
force-generating LCST polymer (Chapter 5). Hence, we believe that this crosslinking 

strategy offers an exceptional platform to link DA and PDA fibers as well as other 

supramolecular constructs to a large variety of systems. Here, we propose future 

directions to provide DA and PDA fibers with specific functionality and biomimicry. 

While replicating the mechanical and structural features of biopolymers and their 

networks is of paramount importance, several other factors need to be accounted for 

when using synthetic materials for biomedical purposes. Seminal work by Rowan et al.9 

showed that grafting of cell-adhesive peptides to synthetic strain-stiffening 

polysiocyanopeptide (PIC) hydrogels allowed for controlled stem cell differentiation 

into either into adipocytes or osteoblasts by tuning the mechanics of the stress-

responsive matrix. In line with these results, similar approaches could be adopted for 

DA hydrogels, whereby clicking of cells-adhesive motifs to fibers containing DA-AC 

or DA-N3 could impart these materials the correct bioactivity and biocompatibility 

making them suitable matrices for cell culture applications. 

Moreover, in Chapter 5 it was shown that crosslinking of poly(N-

isopropylacrylamide) (PNIPAM) into a fibrous matrix of PDA fibers induced both 

thermo- and mechano-responsiveness. Interestingly, at low fiber concentrations, the 

materials remained liquid at room temperature and rapidly formed strain-stiffening 

gels upon heating beyond the LCST of the PNIPAM linker. Such rapid sol-gel 

transition offers attractive prospects from an applied perspective as it potentially 

allows for injection of the desired cargo (e.g. mesenchymal cells) suspended in a cold 

solution below the LCST of PNIPAM, and quickly settle into a strain-stiffening matrix 

at body temperature, all while at a constant overall volume. Also along those lines, we 

conjecture that crosslinked PDA/PNIPAM networks are ideal candidates for 

encapsulation into sufficiently stable, cell-sized coacervate microdroplets while in the 

liquid state10. Thereby, gel formation beyond the LCST of the linker may lead to 

compartmentalized cytoskeleton mimics that could bring the realization of artificial 

cells one step closer. 
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Supramolecular fibers as building block for strain-stiffening materials 

As alluded to earlier in Chapter 1, the design of synthetic strain-stiffening materials 

holds promising potential, particularly in the biomedical field, where there is a growing 

need to develop highly customizable materials that are structurally and mechanically 

akin to cells and tissues. In this context, we believe that the results derived from 

Chapter 3 are of particular relevance because they prove that strain-stiffening 

materials can be obtained through covalent crosslinking of sufficiently robust 

supramolecular polymers. Thus, we argue that the field of biomimetic gels could 

considerably benefit from the incorporation of hierarchical supramolecular polymers, 

where the rich variety of structures (e.g. helices, tubes, ribbons, fibers, etc.), 

lengthscales, persistence lengths and dynamics could aid to develop an extensive 

catalogue of novel, nanostructured, reversible hydrogels with targeted, on-demand 

mechanical properties11–13. These new materials are expected to mimic more closely 

the dynamic environment of cells, allowing to integrate mechano-responsiveness and 

self-healing behavior within the same material, whereby the balance between dynamics 

and mechanical performance may be leveraged through the strength of the 

supramolecular interaction.  

Chapters 3 and 4 also yielded a valuable concept, as it introduced a novel method 

to reinforce self-assembled fibers with covalent bonds via non-selective crosslinking 

with 5-N3. This approach offers a series of distinctive advantages, namely: (1) The 

extent of covalent fixation can be programmed through the molar ratio functionalized 

to unfunctionalized monomer, (2) It does not require a complex synthesis, (3) The 

fixated product does not absorb in the visible region of the spectrum, (4) Unlike 

PDAs, the monomers don’t require to be pre-organized at a specific distance and 

orientation for the polymerization to occur. Thus, external fiber covalent fixation via 

non-selective 5-N3 crosslinking will likely provide the means to reinforce an extensive 

library of supramolecular fibers in which tight packing of monomers along the fiber 

axis is no longer an essential requirement. Along these lines, we envision to 

incorporate monomers capable of forming micrometre-long fibers in water including, 

for instance, benzenetricarboxyamide (BTAs) amphiphiles14 or ester-based triblock 

copolymers15 which we argue are as least as well suited as DA or PDA fibers to mimic 

the morphological attributes of filamentous proteins (see Figs. 6.1.a and b 

respectively). 
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Fig. 6.1 ǀ Cryo-EM micrographs showing the formation of micrometre-long supramolecular 
fibers in water from: (a) BTA derivative reprinted with permission from ref. [14]. Published by 
the Royal Society of Chemistry; (b) Ester-based bolaamphiphile adapted with permission from 
ref. [15]. Copyright © 2005, Royal Society of Chemistry. Scale bars: 100 nm.  
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Summary 

Biomimetic Strain-Stiffening Hydrogels 

he intra- and extracellular environment is rife with networks of filamentous 

proteins that are collectively capable of stiffening in response to stress or strain 

in a fully reversible manner without the need for structural adaptation. Strain-

stiffening plays a pivotal role in biology protecting cells and tissues from rupture 

under stresses exerted by external or internal sources, and allowing for mechanical 

signalling at various length scales. In recent decades, the marriage of biology and 

physics has enabled scientists to elucidate the central mechanisms governing strain-

stiffening, and their findings have hinted towards the main design principles required 

to reconstitute the structure and mechanics of biopolymer networks using synthetic 

materials, namely: (1) The polymers should be stiff or semi-flexible to access their 

nonlinear extensional regime prompted by small deformations, (2) Bundling of 

individual polymer chains is essential to enhance stretching and bending resistance, 

while providing the filaments with sufficiently high persistence lengths. The design of 

artificial cellular matrices represents exciting new avenues in a variety of fields ranging 

from tissue engineering, regenerative medicine to cell culture, where there is a growing 

need to develop highly customizable materials with lifelike structural and mechanical 

properties. 

In this context, amphiphilic, self-assembling molecules equipped with directional, 

self-recognition motifs are excellent building blocks to produce supramolecular fibers 

that recapitulate some of the most fundamental features of structural proteins: (1) they 

typically form long and rigid filaments, in which tight packing of monomers within the 

hydrophobic core results in an elongated conformation of the backbone, (2) the 

monomers are reversibly bound and the exchange dynamics can be adjusted through 

the strength of the supramolecular interaction, (3) many of the so-formed fibers exist 

as bundled structures where individual polymers assemble in water via segregation of 

their hydrophobic cores. 

This thesis aims to develop biomimetic strain-stiffening hydrogels by chemically 

crosslinking fibers of hierarchically self-assembled diacetylene bisurea bolaamphiphiles 
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(DA). The fibers can be mechanically reinforced with covalent bonds via photo-

polymerization of the assembled diacetylenes to produce a π-conjugated 

polydiacetylenic (PDA) backbone. In Chapter 2, the morphology and structure of 

PDA fibers are studied in their native environment with cryo-electron microcopy 

(cryo-EM) and small-angle X-Ray scattering (SAXS). The results reveal comparable 

contour and persistence lengths (i.e. semi-flexible) while inferring no changes in 

morphology after covalent fixation of the fibers. SAXS analysis shows moreover that 

each fiber integrates 9-10 ribbons in water thereby meeting all requisites mentioned 

above for DA and PDA to be applied as protein mimics. Introduction of cross-

linkable analogues within the fiber-forming DA host allows for chemical crosslinking 

of the fibers by a Cu-catalyzed click reaction. The so-formed hydrogels feature strain-

stiffening with universal power-law rheology sharing metrics with hydrogels 

reconstituted from neurofilament and collagen type-I fibers. 

In Chapter 3, the mechanical properties of self-assembled DA fibers that are not 

fixated via diacetylene polymerization are studied after crosslinking via selective (i.e. 

suppression of inactive, intra-fiber crosslinks) and non-selective strategies. First, the 

dynamics of DA fibers are studied in aqueous solution showing slow exchange rates 

that infer strong intermolecular interactions. The fibers are fragmented under 

ultrasonication and self-heal to recover their equilibrium length owing to their fully 

reversible nature. Hydrogels formed after chemical crosslinking exhibit pronounced 

strain-stiffening with stiffening ranges that can be selectively adjusted through the 

extent of external intra-fiber crosslinking. However, the most critical finding is that, in 

the absence of external covalent reinforcement, the gels do stiffen in response to 

applied stress with a rise in modulus by up to 3-fold relative to the value in the low-

stress linear regime prior failure. These results demonstrate that fully supramolecular 

strain-stiffening hydrogels can be formed as long as the fibers are robust enough to 

withstand a prolonged regime of nonlinear deformation. 

Chapter 4 explores the potential of covalent reinforcement to amplify the 

nonlinear stiffening regime of hydrogels constructed from self-assembled DA fibers. 

Internal crosslinking via diacetylene photo-polymerization imparts sufficient 

mechanical stability to PDA fibers to enable them retaining their integrity under 

prolonged exposure to ultrasonication. Such reinforcement is also manifested at the 

network level, whereby PDA hydrogels display much broader stiffening ranges than 

their non-fixated, supramolecular DA analogues. The combined effect of internal and 
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external fiber covalent reinforcement (i.e. via non-selective crosslinking) produces 

hydrogels that stiffen under applied stress by nearly 2 orders of magnitude prior 

rupture. Such stiffening ranges are reminiscent of many in vitro biopolymer hydrogels 

as well as covalent polyisocyanopeptide (PIC) gels. 

Finally, in Chapter 5 a thermo-responsive polymer is covalently crosslinked into a 

matrix of semi-flexible PDA fibers. Induction of coil-to-globule transition tenses the 

filaments regardless of their orientation resulting in a macroscopic stiffening that rises 

the modulus of the network by up to 3 orders of magnitude relative to its value at 

room temperature. Interestingly, diluted networks exhibit fluid behavior at room 

temperature and rapidly form strong hydrogels upon collapsing the linker above its 

LCST point. The resultant rigidified networks are also mechanically responsive under 

applied shear stress exhibiting power-law rheology with stiffening exponents similar to 

those of reconstituted actin/filamin networks stiffened by embedded myosin II 

molecular motors as well as entire fibroblast subjected to mechanical pre-stress. The 

combined effect of internally generated contractile forces and externally applied shear 

stress is sufficient to increase the modulus of the same hydrogel by a factor of 1500.  
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