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Abstract: Supramolecular structures with strain-stiffening property are ubiquitous in nature, but
remain rare in the lab. Here we report on strain-stiffening supramolecular hydrogels that are entirely
produced through self-assembly of synthetic molecular gelators. The involved gelators self-assemble
into semi-flexible fibers which thereby crosslink into hydrogels. Interestingly, these hydrogels are
capable of stiffening in response to applied stress, resembling biological intermediate filaments
system. Furthermore, strain-stiffening hydrogel networks embedded with liposomes are constructed
through orthogonal self-assembly of gelators and phospholipids, closely mimicking biological tissues
in both architecture and mechanical properties. This work furthers the development of biomimetic
soft materials with mechanical responsiveness and presents potentially enticing applications in broad

fields, such as tissue engineering, artificial life, and strain sensors.
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Biological systems have the capacity to actively respond to external mechanical forces, with the
aim, among others, to protect themselves from the damage led by large deformations.[*) Such a
mechanical responsiveness is referred to as strain-stiffening which is defined as an increase in the
stiffness of a system with applied strain. The strain-stiffening behavior of biological systems is
provided largely by their cytoskeleton structures. These cytoskeleton consist of crosslinked semi-
flexible biopolymers,? such as collagen fibers,3! actin filaments (F-actin),!* and fibrins.! Interestingly,
in nature, these biopolymers are entirely formed by self-assembly of the corresponding protein
subunits. Inspired by biomolecular systems, in recent decades, a mass of synthetic supramolecular
gels bearing fibrous matrix structures have been prepared via self-assembly of small molecular
building blocks!® with a few of them even well-suited for clinical applications.l”? However, when
mimicking living tissue, these synthetic supramolecular gels lack of exhibiting strain-stiffening
behavior, a fundamental property of living tissue.

To mimic the strain-stiffening behavior, a series of theoretical models have been established to
understand the stiffening mechanism.® These theoretical studies suggest that strain-stiffening, in
principle, can be observed in all semi-flexible polymers crosslinked materials for which the bending
modules of the assemblies is comparable to the thermal energy, ksT. The lack of observation in
synthetic systems can be ascribed to the challenge to prepare self-assembled structures composed
of semi-flexible fibers that are thin enough and sufficiently crosslinked that allow the matrix
structures to access their stiffening regimes before rupture.® So far, very few examples of synthetic
semi-flexible filaments leading to strain-stiffening materials have been reported. Kouwer and his
colleagues presented the first example of synthetic strain-stiffening hydrogels that are formed by the
entanglement of semi-flexible polyisocyanopeptides (PICs) bundles, closely mimicking the
characteristic mechanical properties of biological intermediate filaments.[2% The other example was
described very recently by Sijbesma.l®! In their work, strain-stiffening hydrogels are prepared by
covalently crosslinking of semi-flexible rod-like micelles that are formed through self-assembly and
covalent fixation of oligo(ethylene oxide) grafted bisurea bolaamphiphiles. In the present work, we
describe a new class of strain-stiffening supramolecular hydrogel materials that are formed entirely
through self-assembly of synthetic molecules.

In recent years, we have developed a hydrazone-based modular gelator system in which neutral
gelators (NGs: HA3) are formed in situ from the building blocks of hydrazide (H) and neutral aldehyde
A through formation of hydrazone bonds (Figure 1a).l'* The generated NGs self-assemble into semi-
flexible neutral fibers (NFs) which subsequently crosslink into hydrogel networks through physical
interfibrous interactions and entanglements (Figure S1). However, the resulting hydrogels do not
show stiffening with applied strain (Figure S2), which can be explained by the formation of bundles

(Figure S1). While bundling would significantly enhance the stiffness of the fibers, & as a result, the



physical crosslinks are not sufficiently strong to permit these stiff bundles to enter their athermal
stiffening regimes.l°!

To address this problem and avoid bundling, we propose to decorate the fibers with electrically
charged groups with the aim to prevent the occurrence of bundling relying on interfibrous
electrostatic repulsion. For this purpose, besides the addition of A, an anionic aldehyde (A~) is added
to the system to induce the formation of a mixture of gelators consisting of NGs and charged gelators
(CGs: HAA-, HAA™,, HA™3) (Figure 1a).[*2l Charged fibers (CFs) are obtained through a seeding-driven
co-assembly of NGs and CGs (Figure 1b).[3! We find that homogeneous hydrogels composed of CFs
are formed. Importantly, these new homogeneous gels show interesting strain-stiffening behavior
resembling the mechanical properties of other biological strain-stiffening networks. Furthermore,
more complex supramolecular structures consisting of coexisted strain-stiffening fibrous networks
and liposomes are created through orthogonal self-assembly of these gelators and phospholipids,
closely mimicking biological tissues in both the architectures and the mechanical properties (Figure
1c).
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Figure 1. a) Scheme of formation of gelators (NGs and CGs) from the molecular building blocks (H, A, and A7);
b) seeding-driven co-assembly of NGs and CGs leading to CFs crosslinked hydrogel networks; and c) orthogonal
self-assembly of the gelators and phospholipids towards complex supramolecular structures consisting of

coexisted hydrogel networks and liposomes.

All the gel samples were prepared from phosphate buffered stock solutions (0.1 M, pH 7.0) of H,
A, and A~. The total concentration of aldehydes (A + A”) was constantly kept at six times higher than
H to achieve a complete conversion of H into tris-hydrazone gelators. To initiate the co-assembly of
NGs and CGs, seeds composed of 1.0 mM NGs were added (see supporting information).[*3] An
aldehyde functionalized fluorescein derivative (A-FL) (green, Figure S3) was used to label all the self-
assembled structures; and a cationic dye, Hoechst 33342 (blue, Figure S3), was used to label the CFs.

The fluorescent probe labelled structures were characterized by confocal laser scanning microscopy



(CLSM). The phospholipids used in this study was DOPG (1,2-Dioleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) and the self-assembled liposomes were labeled using a lipid decorated with rhodamine (L-
Rh, red) (Figure S3).

We found that the presence of A~ led to an increase in the transparency of the resulting gel
samples (Figure S4), and the gel became completely transparent with addition of 30 mol% A~ (Figure
2a and S4). CLSM observations (green channel) showed that the dimensions of the crosslinked gel
fibers were effectively reduced with the content of A-, varying from large clusters with 0 mol% A~ to
thin bundles with 20 mol% A~ (Figure S5), and further to completely homogeneous gel networks with
30 mol% A~ of which the microscopic structures cannot be resolved by CLSM (Figure 2a). Cryo-TEM
studies revealed that such a homogeneous gel network was composed of nano-sized thin fibers with
a diameter of ~5.8 nm (Figure 2b) which is comparable to the single hydrazone fibers.['> 131 |n the blue
channel of CLSM, we found that the intensity of blue fluorescence increased with the content of A-,
indicating the increase in the content of charges of the fibers (Figure S5). For the gels prepared with
30 mol% A~, a completely homogeneous blue fluorescence was observed (Figure S5), which therefore
demonstrates that the thin fibers are CFs. Indeed, the electrostatic interactions between CFs would

effectively prevent the occurrence of bundling, thereby resulting in the homogeneous gel networks.!3!
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Figure 2. a) Confocal images of the gel networks, inset in a) is photograph of the gel sample; and b) cryo-TEM
image of the gel fibers, inset graph is the diameter distribution of the fibers. Samples are prepared from [H] =
20mM, [A+A7] =120 mM (30 mol% A7), [A-FL] = 30 uM, [Hoechst 33342] = 20 uM, and seeds consisted of 1.0
mM NGs.

Next, we employed oscillatory rheology to investigate the mechanical properties of the gels
prepared with addition of A~ (see supporting information). The results showed that the gelation time,
defined as the time at which the storage modulus G’ surpasses the loss modulus G”, was increased
from ~8 to ~42 min with increasing the content of A~ from 0 to 30 mol% (Figure S6). Correspondingly,
the stiffness of the resulting gels was reduced from ~10.8 kPa to ~ 2.7 kPa (Figure S6). The longer
gelation time and softer gels with higher A~ content can be explained by the increased electrostatic
repulsions between the gelators or fibers which therefore limit the self-assembly of gelators or

crosslinking of fibers, without changing significantly the persistence length of single fibers via addition



of charged groups. Frequency sweep measurements demonstrated that G’ of the gels was constantly
higher than G”, and both G’ and G” were independent of frequency (Figure S7), indicating the stable
solid feature of these hydrogels.

To examine the mechanical behavior of the gels under applied strain, we further performed
strain sweep tests on the formed gels. The results showed that the gels prepared with < 20 mol% A~
were destroyed directly after a linear regime upon the increase in strain. Interestingly, we found that
the critical strain, at which the gels undergoes a transition from linear regime to non-linear regime,
shifted from ~0.1% with 0 mol% A~ to ~1.2% with 20 mol% A~ (Figure S8). We attribute this critical
strain shift to the decrease in the sizes of the bundles with increase in A~ content as we observed in
CLSM (Figure S5). The resulting thinner bundles are relatively softer than the thicker bundles, which
are capable of dissipating more stress through bending and therefore enable the gel networks to
tolerate a larger deformation before breaking. To our surprise, upon a further increase in the content
of A~ (2 20 mol%), the resulting gels presented strain-stiffening behavior after the linear regime
instead of the aforementioned softening (Figure S8). This can be explained by the further decrease in
the sizes of the bundles (Figure S5) by which the stiffness of the semi-flexible fibers (bundles) is
reduced to a level that is comparable to the thermal agitation energy, thereby activating the stiffening
regime of the fibers. This also implies that the stiffening of our gels is led by exhaustion of soft bending
modes.13 Moreover, the critical strain, at which the gels start to enter stiffening state, increased from
~1.2% (20 mol% A~) to ~1.3% (25 mol%), and almost leveled off at ~¥1.5% when the content of A~
reaches 30 mol% (Figure S8). This means that the sizes of the bundles were further decreased with
increasing the A~ content and reached the lowest level (single hydrazone fibers) with addition of ~30
mol% A™. Indeed, preceding cryo-TEM experiments have confirmed that the gel prepared with 30 mol%
A~ is mostly composed of single hydrazone fibers (Figure 2b). The most striking stiffening behavior
was observed in the gel prepared with 30 mol% A™. It is likely that in this case the gel networks are
mostly composed of single hydrazone fibers, therefore each fiber is allowed to bend and contribute
to the stiffening. However, the stiffening behavior became less prominent with a further increase in
the content of A~ (35 mol%). This can be caused by the decreased crosslinking degree of the fibers
resulting from larger electrostatic interfibrous repulsions. The weak crosslinks cannot permit a
sufficient deformation of the fibers, thereby leading to weakening of the stiffening behavior. In the
following strain-stiffening studies, we only focus on the gel samples prepared with 30 mol% A~, as the
resulting gel networks are uniform and show obvious stiffening property.

To obtain further insight into the strain-stiffening hydrogels, the differential modulus K’ = do/dy
(where o is the shear stress, and y is the applied strain) of the gels prepared with different
concentrations of H (c) (the relative contents of other species are kept constantly) was recorded on

the basis of a previously reported method.* We found that transparent gels are nicely formed at



varying ¢ from 5 to 20 mM (Figure 3a). In the lower stress regime, K’ is equal to the storage modulus
in linear region Gy (Figure 3b). Go was increased with ¢ (Figure 3b), showing a correlation of Gp ~ ¢?8
(Figure S9) which is comparable to the concentration dependence of collagen fibers.32 3¢ 43, 14]
Interestingly, in the high stress regime, all the K’ curves collapsed to a single master curve, showing a
stiffening exponent n = 1.0 (Figure 3b and 3c). Such a strain-stiffening property resembles the
mechanical properties of neurofilaments and type | collagen fibers (Table S1, see supporting
information). In biological system, stiffening with n = 1.0 has been argued to be caused by the bending
of semi-flexible filaments, which further suggests that the stiffening of our gels originates from the
soft bending of the hydrazone fibers. Additionally, the stiffening range was reduced with increasing ¢
because higher c leads to denser gel networks and increased confinement of the fibers, thereby
effectively limiting the softer response of the fibers. Moreover, the critical stress of the stiffening o
showed a linear dependence of ¢, i.e. oc ~ ¢28, which enables the rescaling of the K’ versus o curves
to Go and o, respectively. We found that all the rescaled curves corresponding to different ¢
overlapped at a single master curve, indicating that all gel samples undergo a common stiffening

mechanism.B3¢ 9-10]
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Figure 3. a) photographs of the gel samples at various concentrations c; b) differential modulus K’ of the gels
with varying concentrations as a function of applied stress o; and c) rescaling of K"~o curves with leveled off

modulus Gp and the critical stress o, leading to a single master curve independent of gel concentrations.

Biological tissues are mainly composed of living cells embedded in the extracellular matrix
(network), forming complex structures through the self-assembly of biological building blocks,
including proteins and phospholipids. In recent years, various groups have tried to mimic the
fundamental structures of biological tissues by performing so called orthogonal self-assembly of

molecular building blocks, [**! producing for instance lipid vesicles embedded in a self-assembled gel



network.[*®] However, none of them show strain-stiffening like their biological counterparts.

Here, with a strain-stiffening supramolecular hydrogel at hand, we are curious to see whether
we can build a complex supramolecular system that mimics biological tissues in both the architectures
and mechanical properties. To this end, we constructed hybrid materials by orthogonal self-assembly
of the above studied gelators and DOPG phospholipids (see supporting information). We found that
the resulting hybrid gel networks consist of coexisting homogeneous gel networks and giant
liposomes with a diameter of ~16 um (Figure S10, Figure 4a and Movie S1). The higher density of
fibers in the areas of liposomes is caused by the local formation and self-assembly of hydrazone
gelators due to the local catalysis of the phospholipid bilayers which has been investigated in a
previous study.['”] After the construction of such tissue-like structures, we further investigated the
mechanical properties of the resulting hybrid gels by recording the evolution of differential modulus
K’ against the applied stress . We found that these hybrid gels showed a similar strain-stiffening
behavior as the preceding pure gels. All the curves in the stiffening regimes collapsed to a single
master curve with a characteristic exponent of ~1.0. Furthermore, rescaling K’ to Gp and oto o. led to
a universal curve for all the K’ ~ o curves measured at different ¢ (Figure 4c). These results confirm
that the formation of embedded liposomes in the gel did not alter the mechanical responsiveness of
the gel networks, and this artificial heterogeneous supramolecular system largely mimics biological

tissues not only in the architectures, but also in the strain-stiffening behavior.
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Figure 4. a) Confocal images in different channels showing the gel networks (green) and embedded giant

liposomes (pink); b) differential modulus K’ of the gels containing liposomes as a function of applied stress o;



and c) rescaling of K’ with the leveled off modulus G’p and o with the critical stress o, leading to a single master

curve independent of gelator concentrations.

In conclusion, we have shown a type of biomimetic strain-stiffening supramolecular hydrogels
that are formed entirely by the self-assembly of synthetic gelators. These hydrogels show comparable
stiffening parameters and undergo a similar stiffening mechanism as compared to some biological
intermediate filaments systems. Furthermore, strain-stiffening hydrogel networks embedded with
micrometer-sized liposomes have been successfully created through the orthogonal self-assembly of
the gelators and phospholipids. The resulting complex supramolecular structures open the door for
a more realistic mimic of biological tissues in both the architectures and mechanical properties. Since
the presented gelators can be easily decorated with functional groups due to their modularity, 8! we
believe this mechanically responsive supramolecular system would have useful applications in various
fields, for instance, tissue engineering. Furthermore, this complex strain-stiffening system can serve
as a model system for the fundamental study on the deformation of vesicles or artificial cells to a local

strain-stiffening environment.
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