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ABSTRACT: The cytoskeleton is a highly adaptive network of
filamentous proteins capable of stiffening under stress even as it
dynamically assembles and disassembles with time constants of
minutes. Synthetic materials that combine reversibility and
strain-stiffening properties remain elusive. Here, strain-stiffen-
ing hydrogels that have dynamic fibrous polymers as their main
structural components are reported. The fibers form via self-
assembly of bolaamphiphiles (BA) in water and have a well-
defined cross-section of 9 to 10 molecules. Fiber length
recovery after sonication, H/D exchange experiments, and
rheology confirm the dynamic nature of the fibers. Cross-
linking of the fibers yields strain-stiffening, self-healing hydrogels that closely mimic the mechanics of biological networks, with
mechanical properties that can be modulated by chemical modification of the components. Comparison of the supramolecular
networks with covalently fixated networks shows that the noncovalent nature of the fibers limits the maximum stress that fibers
can bear and, hence, limits the range of stiffening.

■ INTRODUCTION

Biological fibrous networks are both adaptive and robust.
These seemingly conflicting properties are encoded at different
length scales. On the one hand, the constituent fibers (actin,
microtubules, collagen) are held together by often quite weak
supramolecular forces, enabling dynamic structural adaptation
through assembly and disassembly.1−6 On the other hand, their
networks, taken as a whole, are capable of “strain
stiffening”,7−12 a strengthening that is prompted by external
loading, without the need for structural changes. Combination
of these antithetical properties provides biological function-
ality, 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. Here, we present biomimetic hydrogels
composed of self-assembled semiflexible nanofibers with
reversibility on a time scale of days that are simultaneously
strain-stiffening and self-healing.
Bolaamphiphiles (BA), which are nonionic amphiphiles with

two polar head groups (Figure 1A), have previously been used
to create fully covalent strain-stiffening networks.20 In water,
these molecules self-assemble into elongated fibers composed
of 9 to 10 aggregated ribbons with an average contour length
of 157 nm, 3.3 nm radius, and a persistence length of 280 nm.
The assemblies are held together via intermolecular urea−urea
hydrogen bonds and hydrophobic interactions. Photopolyme-

rization of the diacetylenes produces fibers with a covalent
polydiacetylene backbone.21 The system forms a covalent
strain-stiffening hydrogel upon chemical cross-linking of
reactive BAs with azide and acetylene moieties (Figure 1)
using a Cu-catalyzed click reaction.
In the current work, we investigate strain-stiffening in gels of

supramolecular BA fibers that are not fixated via diacetylene
cross-polymerization. We confirm with several experiments
that the fibers are dynamically equilibrating. For instance, the
fibers reassemble after being fragmented by ultrasound, with
the fragments recombining completely after 2 days. Despite
being in dynamic equilibrium, supramolecular BA hydrogels
exhibit strain-stiffening and thus represent a self-assembling
system with sufficient aggregation strength to withstand forces
required to sustain a regime of nonlinear mechanical response.
Furthermore, we demonstrate control over mechanical
performance; by using a combined cross-linking-fixation
strategy we significantly extend the stiffening range (i.e., the
overall increase in modulus relative to the initial modulus
before failure).

■ RESULTS AND DISCUSSION

Hydrogel Formation. BA fibers were chemically cross-
linked using two different strategies: direct cross-linking and
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multiarm cross-linking. In the first approach, BA fibers were
functionalized by coassembling BA with a cross-linkable
analogue BA-AC and in a separate solution with BA-N3
(Figure 1B, red). Direct cross-linking was then achieved by
mixing solutions containing BA-AC-labeled fibers and BA-N3-
labeled fibers (note that upon mixing, the concentration of
each reactive bolaamphiphile is halved) followed by addition of
a cross-linking catalyst. Assuming that the dynamics of
monomer exchange is slower than the cross-linking reaction
(see below), formation of intrafiber cross-links due to insertion
of a BA-N3 molecule into a BA/BA-AC fiber is limited. Thus,
every time a reaction between an acetylene and an azide group
occurs, it effectively connects two different fibers, thereby
contributing to the network’s modulus (see Figure 1B, red). In
the second cross-linking strategy, multiarm cross-linking was
performed by mixing BA/BA-AC with 5-N3, a pentaazide
linker capable of forming up to five cross-links per molecule
(Figure 1A).22,23 This linker can react with BA-AC groups of
different fibers (i.e., network formation), although reaction of
one molecule of 5-N3 with more than two fibers is unlikely due
to steric reasons. 5-N3 can also react with BA-AC groups
within a fiber, creating covalent bonds along the hydrophilic
periphery of the fiber (i.e., intrafiber fixation) (Figure 1B,
blue). The reaction between azide and acetylene groups in
direct cross-linking and in the multiarm cross-linking strategy

was initiated at room temperature by addition of a catalyst
mixture containing Cu(I) and accelerating ligands.24 No
diacetylene polymerization took place under these conditions.
1H NMR showed high conversions of the cross-linking
reaction, in which 80% of the terminal acetylene groups
from BA-AC reacted with 5-N3 during the gelation process
(Figure 2).
Structural characterization of the system before (sol) and

after (gel) a cross-linking-fixation reaction with 5-N3 was
performed by small-angle X-ray scattering (SAXS). Except for
small changes in slope at low q-values the scattering profiles
were nearly overlapping (Figure 3). Fitting of the scattering
profiles (Supporting Information and Figure S5) gave a value
for the cross-sectional radius of 3.3 ± 0.2 nm before and after
gelation, consistent with the radius of 3.3 nm measured in
cryo-electron microscopy (cryo-EM) (Figure 4A). The
absence of bundling is in marked contrast to the
polyisocyanopeptide (PIC) strain-stiffening hydrogels reported
by Rowan’s group, where gelation relies on physical
aggregation of individual polymer chains with an associated
increase in bundle dimensions measurable by SAXS.25

Dynamics from Sonication-Induced Fragmentation
of BA Fibers and Recovery. The reversibility of BA
aggregation was probed by sonication of un-cross-linked fiber
solutions. Similar to experiments reported by Talens et al.26

Figure 1.Molecules and methods used to form strain-stiffening supramolecular hydrogels. (A) Molecular structure of the fiber-forming diacetylene
bis-urea bolaamphiphile (BA), its cross-linkable analogues BA-AC and BA-N3, and the pentaazide 5-N3 cross-linker. (B) Hierarchical self-assembly
through intermolecular H-bonding and hydrophobic interactions of functionalized (BA-AC) and unfunctionalized (BA) diacetylene bisurea
bolaamphiphiles. The molecules self-assemble in water into fibers integrating 9 to 10 ribbons. Direct cross-linking via mixing of equal volumes of
BA/BA-AC and BA/BA-N3 fibers results in the formation of exclusively interfiber triazole cross-links (upper, red). Multiarm cross-linking of BA/
BA-AC fibers with 5-N3 results in the formation of inter- (network formation) and intrafiber (fiber covalent fixation) triazole cross-links (lower,
blue).
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involving analogous squaramide-based bolaamphiphiles, cryo-
EM of fibers before and after sonication for 1 h shows that the
average fiber contour length is reduced from 267 nm to 46 nm
by sonication (Figure 4A and B, respectively) but regrow to
206 nm on average after equilibration for 2 days (Figure 4C).
Similar reversible disassembly into much shorter fibers
followed by recovery has been observed in solutions of
amyloid fibrils subjected to sonication.27

H/D Exchange Kinetics of Un-Cross-Linked BA Fibers.
Relevant insight into the solvent accessibility and dynamics of
BA fibers was obtained by using hydrogen−deuterium
exchange mass spectrometry (HDX-MS), which has been
reported to be a powerful label-free method to unravel the
dynamic processes of biological and synthetic supramolecular
polymers.28,29 A 500 μM solution of BA in H2O was diluted
100-fold in D2O. Time dependence of the deuterium exchange
is shown in the HDX-MS spectra (Figure 5A). The four
hydrogen atoms of urea NH groups can undergo H/D
exchange, increasing the molecular weight of the monomer by
1 Dalton for each exchanged proton. Solvent-accessible NH
protons that are not involved in hydrogen bonding undergo
rapid H/D exchange, while protons that are shielded from the
surrounding water exchange more slowly or not at all. Two
isotopic distributions corresponding to BA and BA-d4 were

observed in the MS spectra, and their intensities were followed
over time. In the first 10 h, 40% of the BA molecules
exchanged their NH protons, after which exchange slowed
down significantly (see Figure 5B), and nearly 40% of the urea
protons had not exchanged after 7 d (Figure 5B).
Proton exchange does not follow simple monoexponential

kinetics, which excludes a mechanism in which all aggregated
molecules have the same solvent accessibility and exchange
with free molecules in solution at the same rate. Differences in
solvent accessibility between molecules in fibers that contain 9
to 10 amphiphilic molecules in cross-section20,30 may explain
the slow, nonexponential kinetics if recycling at chain ends is
required for the protons of solvent-shielded molecules to
exchange. In that sense, H/D exchange in BA fibers is
reminiscent of H/D exchange in tightly packed biopolymer
amyloid fibrils.31,32

BA Exchange Dynamics Measured by Rheology.
Exchange dynamics of BA fibers at equilibrium were further

Figure 2. 1H NMR (CDCl3, 25 °C) spectra of 20 mg mL−1 BA
containing 20 mol % BA-AC, cross-linked with 5-N3 acquired before
(blue line) and 24 h after addition of the catalyst (black line), showing
80% conversion (inset) calculated by integrating the area below the
curve ascribed to the terminal acetylene protons of BA-AC. The
known value of the integral corresponding to the −CH2COOCH2−
protons was used as an internal standard.

Figure 3. SAXS profiles recorded before (black squares) and 24 h
after cross-linking (blue circles) of 15 mg mL−1 BA/BA-AC (20 mol
% BA-AC) solutions with 5-N3.

Figure 4. Cryo-EM micrographs of BA in water (1 mM). (A)
Unperturbed system. (B) After 1 h of sonication. (C) After 1 h of
sonication followed by 2 d of reassembly. Scale: 200 nm.
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investigated by equilibrating mixed aqueous solutions of BA
fibers with and without 20 mol % reactive BA-AC amphiphiles
for 0, 1, 4, and 7 d, after which time multiarm cross-linking
with 5-N3 was initiated by addition of the catalyst mixture.
After completion of the cross-linking reaction, the storage
moduli G′ of the gels were measured. Without equilibration,
only half of the fibers can contribute to the network formation,
whereas the dynamic exchange of amphiphilic molecules will
lead to a homogeneous distribution of reactive BA-AC in all
fibers at full equilibration (i.e., all fibers contribute to the
network’s modulus). After completion of the cross-linking
reaction, the storage modulus G′ was nearly 3 times higher
after equilibration for 1 week than without equilibration
(Figure 4B and SI Figure S6), showing that redistribution of
reactive BA-AC molecules takes place and leads to additional

network formation. The increase in modulus is still incomplete
after 1 and 4 d, indicating a slow dynamic equilibrium with a
time constant slower than that found in the sonication/
recovery experiment but in line with the rate found in the H/D
exchange. It should be noted that the maximum cross-link
density may already be obtained even when the reactive
monomer has not yet fully redistributed over the fibers.

Nonlinear Mechanics of BA Hydrogels. In contrast to
conventional synthetic hydrogels based on flexible polymers,
biological networks are known to display a well-defined
nonlinear response to deformation after a characteristic critical
stress σc is imparted to the material.7,9−11,33,34 Networks of BA
fibers were likewise found to respond to applied shear stress
with an associated increase in modulus. To carefully capture
linear and nonlinear regimes of cross-linked BA networks, a
prestress protocol35 was used for the measurements, 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 prestress σ.
By plotting K′ against σ, two distinct regimes arise: a low-stress

Figure 5. Time-dependent exchange experiments. (A) Mass spectra
during the exchange reaction after 100-fold dilution of a 500 μM BA−
H2O solution in D2O or H2O. The spectra at four different stages are
presented in different colors: the black spectrum is a reference
spectrum of BA diluted in H2O; the red spectrum and the blue
spectrum are recorded after HDX for 1 and 24 h, respectively; the
green spectrum is the spectrum of a control measurement where the
polymers were diluted 100 times in a solvent mixture containing
acetonitrile (ACN−D2O, 1:1 (v/v)) to break down the supra-
molecular assemblies. (B) Percentage of nondeuterated BA as a
function of equilibration time. Error bars represent standard deviation
of three separate experiments.

Figure 6. Reversibility of BA fibers in water measured by rheology.
(A) Monomer exchange between labeled (BA/BA-AC) and unlabeled
(BA) fibers followed by gelation via covalent cross-linking-fixation
with 5-N3. (B) Storage modulus G′ measured in oscillatory shear (γ =
1% and ω = 6.28 rad s−1) of cross-linked solutions of 16 mg mL−1

BA/BA-AC (20 mol % BA-AC) mixed with 16 mg mL−1 BA after
different incubation times. Error bars represent the standard deviation
of G′ at the conclusion of the cross-linking reaction for hydrogels
prepared from the same stock solution.
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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 yields a direct measure of the
network’s sensitivity to applied stress; a property commonly
termed responsiveness.
To minimize the effect caused by the formation of intrafiber

covalent bonds along the fiber axis, gels were prepared using
the direct cross-linking approach depicted in Figure 1B (red).
Given the slow kinetics of monomer exchange, formation of
intrafiber cross-links due to insertion of, for instance, a BA-N3

molecule into a BA-AC-labeled fiber can be considered
negligible within the experimental time scales (i.e., 14 h).
Solutions (15−22 mg mL−1) containing equal amounts of BA-
AC- and BA-N3-labeled fibers were cross-linked by adding the
catalyst, and the differential moduli K′ of the so-formed
hydrogels were measured as a function of σ. Gels formed via
this procedure were found to strain-stiffen in spite of the
absence of intrafiber covalent bonds reinforcing the fibers. The
modulus of the material is characterized by a plateau storage
modulus G0 at low σ, which increases beyond the critical stress
σc (Figure 7A, red). The critical strain γc at which stiffening
sets in is in the range of 0.14−0.21, similar to critical strains in
biological networks.36 The relative increase in moduli prior to
gel rupture K′max/G0 obtained after scaling of K′ to G0 and σ to
σc is limited to values close to 2 (Figure 7B, red). Upon
increasing the overall concentration of cross-linksby
increasing the fraction of cross-linkable BA in the BA host

G0 increases, but the stiffening range does not change
significantly (Figure 7B,C, red).
Similarly, gels formed with the multiarm cross-linking

strategy through reaction of BA/BA-AC fibers with 5-N3
(Figure 1B, blue) showed strain stiffening with a similar
critical stress. However, K’max/G0 was higher than for the
directly cross-linked system and displayed a clear upward trend
with increasing functionalization of the fibers (Figure 7B,C,
blue). These results can be rationalized by considering that the
multiarm cross-linker may provide external reinforcement of
the fibers because a single cross-linker molecule can react with
multiple acetylene groups in a single fiber. For fibers
incorporating 10% BA-AC, nearly two acetylene groups are
present every urea−urea repeat distance (0.46 nm).37 This
reaction provides fixation along the fiber axis and imparts
enhanced axial strength, thereby extending the range of
nonlinear deformation of the hydrogels prior to failure. Indeed,
K′max/G0 reaches a value of 8.6 for a hydrogel with fibers
labeled with 20 mol % BA-AC. Plotting of K′max/G0 vs mol %
cross-linkable BA for both cross-linking strategies (in Figure
7C) shows that at 5% functionalization K′max/G0 is the same
for direct cross-linking and for multiarm cross-linking, whereas
at higher percentages, the stiffening range increases only for the
multiarm strategy because external fiber fixation strengthens
the fibers.
Normalizing of K′ and σ against G0 and σc in Figure 7B

reduces all data to a single master curve featuring a well-
defined linear relationship between K′ and σ (K′ ∝ σ1) above
σc. A similar linear increase of the differential modulus with
stress has been observed in various types of biopolymer gels

Figure 7. Nonlinear mechanics of BA hydrogels using direct cross-linking (red symbols) and multiarm cross-linking (blue symbols) strategies (c BA
in mg mL−1:mol % cross-linkable BA: 22:5% (red squares), 15:7.5% (red circles), 15:10% (red triangles), 15:5% (blue circles), 15:10% (blue
squares), 15:15% (blue up triangles), 13:20% (blue down triangles)). (A) Differential modulus K′ vs stress σ obtained from BA gels formed
through direct and multiarm cross-linking strategies. (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. (C) Stiffening factor K′max/G0 plotted against mol % percent of cross-linkable BA, with acetylene or
azide groups. The yellow area indicates the K′max/G0 range of gels lacking fiber covalent reinforcement due to multiarm cross-linking. (D)
Normalized data fitted to the Shung−Fung model (black line). (E) Differential modulus K′ vs stress σ obtained from gels of Figure 6B and Figure
S7. (F) Stiffening ranges K′max/G0 as a function of fiber incubation time of the mixture of Figure 6. The dashed lines indicate the K′max/G0 values
measured for networks containing 20 and 10 mol % BA-AC as obtained from normalized curves of Figure 7E.
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reconstituted from extra- and intracellular proteins including
type I collagen,11 neurofilament hydrogels,33 and, more
recently, branched actin networks measured under compres-
sive forces exerted by magnetic cylinders.38 These results
highlight the common origins of elasticity in these systems
where nonlinearity sets in due to enhanced flexural rigidity and
backbone stiffness of the constituent biopolymers.7,39 To
compare the nonlinear rheology of our gels to that of biological
networks, we applied a model introduced by Shull and co-
workers.40 This phenomenological hyperelastic model is
equivalent to the Fung model41 commonly used to describe
the mechanics of collagenous tissues such as those found in
arteries.42,43 In the Fung−Shull model, the stress σ as a
function of the strain γ is given by

G e0
( / )c

2
σ γ= γ γ

with γc being the critical strain (at which nonlinearity sets in)
and G0 the plateau modulus. Taking the strain derivative of this
function, eliminating γ in favor of σ from the result, and
normalizing G to G0 and σ to σc, respectively, yields a universal,
zero-parameter stiffening curve that captures our data
remarkably well (see Figure 7D). The stiffening exponent m
in the Shull−Fung model is equal to 1, a direct consequence of
an exponential stiffening. This agreement between biomaterial

and synthetic performance again highlights the biomimetic
nature of the hydrogels.
K′max/G0 values measured in the previously discussed

equilibration experiment of Figure 6 gave additional con-
firmation of the dynamic nature of the self-assembled BA
fibers. Figure 7E and F show that gels obtained without
incubation exhibit a K′max/G0 of 6.7, similar to the value found
in networks composed of fibers with 20 mol % BA-AC. K′max/
G0 steadily decreases with increasing incubation times, after 4
to 7 days leading to a stiffening range remarkably close to the
value for networks incorporating 10 mol % BA-AC (see Figure
7F). The gradual decrease in stiffening range reflects the
dynamics of BA-AC redistribution across the fibers because
without incubation, only fibers containing 20 mol % BA-AC
form a network, while after equilibration, 10 mol % of BA-AC
is distributed uniformly in all fibers (see Figure 6A).

Nonlinear Mechanics of PDA Hydrogels. To further
investigate the impact of fiber covalent reinforcement on the
nonlinear mechanics of BA hydrogels, the experiments of
Figure 7A−C were repeated with gels whose fibers were fixated
prior to cross-linking via topochemical photopolymerization of
the diacetylene groups to produce poly(diacetylene) (PDA)
fibers (Figure 8A) in analogy to previous work.20 The presence
of a covalent PDA backbone was found to have a strong effect

Figure 8. Nonlinear mechanics of PDA hydrogels using direct (red solid symbols) and multiarm (blue solid symbols) cross-linking strategies (c
PDA in mg mL−1:mol % cross-linkable BA: 22:5% (red squares), 15:7.5% (red circles), 15:10% (red triangles), 15:5% (blue circles), 15:10% (blue
squares), 15:15% (blue up triangles), 13:20% (blue down triangles)). (A) Sample preparation method involving topochemical polymerization of
self-assembled BA/BA-AC fibers by irradiating with UV light resulting in the formation of a π-conjugated PDA framework, followed by direct or
multiarm cross-linking. (B) Differential modulus K′ vs stress σ obtained from BA gels formed through direct and multiarm cross-linking. (C) Plot
of K′ vs stress σ with K′ normalized to G0 and σ normalized to σc, showing collapse onto a single master curve with K′ ∝ σ1 at high σ. (D) Stiffening
factor K′max/G0 plotted against mol % percent of cross-linkable BA, with acetylene or azide groups.
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on the stiffening range of the hydrogels. Thus, the K′max/G0
values of directly cross-linked hydrogels were raised from 1.5
to 2 to 8−11 upon photopolymerization of BA fibers regardless
of the fraction cross-linkable BA (Figure 8B−D, red).
Concomitantly, multiarm cross-linking of PDA fibers produced
hydrogels characterized by K′max/G0 values ranging from 11.6
at 5 mol % BA-AC incorporation up to 68 at 20 mol % BA-AC
incorporation (Figure 8B−D, blue). These values are much
higher than for their nonfixated BA counterparts (2.5 to 8.6).
Overall, these results showcase that, although the dynamic BA
fibers are robust enough to exhibit strain-stiffening, covalent
fixation results in a pronounced increase of the stiffening range
from 1.5 up to 68 in a fully controlled fashion (in Figure 8D).
Self-Healing Behavior of BA Hydrogels. To test the

self-healing properties of BA hydrogels, a sample containing a
high concentration of fibers (30 mg mL−1) and a low density
(2.5 mol %) of cross-links was prepared using a direct cross-
linking approach in order to facilitate recombination of chain-
ends after disruption of the network structure. First, the cross-
linking reaction was monitored until the moduli of the gel
reached a plateau 40 h after addition of the catalyst (Figure
S8), thereby ensuring that changes in moduli do not occur due
to additional cross-linking.
The modulus of the so-formed hydrogel was continuously

monitored with small-amplitude (0.1%) oscillatory shear to
assess the extent and rate of recovery after cycles of 15 and 60 s
oscillatory shear at increased high-amplitude shear strain
ranging from 100% to 1000%. Figure 9 shows that the

application of large strains resulted in a pronounced decrease
of G′ with the material exhibiting fluid-like, viscous behavior at
strains larger than 100%. Shearing for prolonged intervals at
high strains resulted in accumulation of damage within the
network structure, as inferred from a continuous decrease in
moduli. After cessation of the strain, the material underwent a
partial recovery of G′ within seconds that was dependent on
the extent and duration of the damage sustained during the
preceding cycle. The G′ of the material continued to increase
more slowly thereafter, reaching its equilibrium G′ value after
healing for approximately 18 h even as it was sheared at strains
as high as 1000%. These results lead us to hypothesize a self-
healing mechanism in which highly reactive chain-ends rapidly
meet after rupture, leading to a fast recovery in modulus
followed by a slower equilibration process likely involving
interfiber monomer exchange.

The nonlinear mechanical properties of the healed material
were tested with a prestress protocol to obtain the differential
modulus as a function of the prestress. The healed material was
found to exhibit strain-stiffening with a K′max/G0 = 1.34
(Figure S9), similar to the values found in the undamaged
materials (1.5−2) (in Figure 7B and C). These results confirm
that BA hydrogels simultaneously exhibit strain-stiffening and
self-healing behavior, properties that are common to
biopolymer networks but have remained elusive in synthetic
materials up to now.

■ CONCLUSIONS
Strain-stiffening has been claimed to be inherent to any
connected meshwork of semiflexible polymers.36 The obser-
vation of strain-stiffening and self-healing in the dynamic BA
gels demonstrates that this behavior extends to supramolecular
polymers, provided that the noncovalent interactions that hold
the fibers together are sufficiently strong to support stresses
larger than the characteristic network critical stress yet
sufficiently dynamic to reassemble after rupture.
These 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 supra-
molecular, biomimetic soft matter with mechanical properties
that can be modulated by tuning the strength of the
supramolecular interactions. These novel materials are
expected to present cells with more dynamic environments
and may open further possibilities for application in the
biomedical field as injectable scaffolds to support cell growth
or tissue engineering provided that alternative, bioorthogonal
cross-linking strategies avoiding the use of cytotoxic copper are
adopted, such as copper-free, strain-promoted reactions.44

In addition to the insights in the physics of strain-stiffening
networks, the work advances chemical methodology to prepare
such networks. A novel method to reinforce self-assembled
fibers with covalent bonds has been introduced. The approach
using a multiarm cross-linker offers a series of advantages
compared to the use of diacetylene photopolymerization. The
use of multiarm cross-linkers does not require a complex
synthesis, and the extent of covalent fixation can be tuned.
Thus, external fiber covalent fixation via nonselective 5-N3
cross-linking will likely provide the means to reinforce
analogous fibrous assemblies without the complex geometrical
requirements needed to undergo diacetylene topochemical
fixation.
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Figure 9. Self-healing of a directly cross-linked BA hydrogel (30 mg
mL−1; 2.5 mol % cross-linkable BA) at 25 °C measured with
oscillatory rheology. Moduli were recorded continuously at ω = 6.28
rad s−1 and γ = 1% with 15 and 60 s intervals of higher strain
(denoted above).
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