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Transient supramolecular hydrogels formed by catalytic control over molecular self-

assembly

Hucheng Wang, Liqun Liu'*?

The present work shows how transient supramolecular hydrogels
can be formed by catalytically controlled molecular self-assembly.
Catalysis formation of molecular gelators leads the self-assembly
along a kinetically favored pathway resulting in transient
hydrogels. This work demonstrates an effective approach towards
pathway-dependent supramolecular materials.

Out-of-equilibrium self-assembly are widely observed in nature,
contributing to the sophisticated functions of biological
systems. Therefore, controlling self-assembly to proceed under
out-of-equilibrium conditions may unlock new functions that
are not associated with typical thermodynamic occasions, in
that they can be autonomous,? 2 self-healing,3 4 adapting,> ¢ or
even self-replicating.”? As such, the development of out-of-
equilibrium self-assembly systems in manmade scenarios has
been the focus of great interest in recent years.1% 11 With the
access to synthetic mimics, one can on the one hand get insight
into the complex functions of biology, and, importantly, on the
other hand design new synthetic materials with unparalleled
functionalities.?

Towards out-of-equilibrium supramolecular structures, one
typical approach is to regulate the self-assembly along a
pathway that does not proceed towards the thermodynamic
equilibrium state, ultimately giving rise to supramolecular
architectures stabilized at a local energy minimum state.13 The
key to this goal is to interfere with the self-assembly kinetics of
the building blocks, thereon to force the self-assembly along a
kinetically preferred pathway rather than the thermodynamic
one.* Along this line, significant efforts has been invested in
recent years, and a few elegant strategies, including catalytic
pathway
programmed pH feedback,23-25> have been developed to control
the pathway of molecular self-assembly, leading to different
supramolecular products showing distinctly different material
properties while still using the identical building blocks.26-2°
Despite of these progresses, the examples of pathway-
dependent out-of-equilibrium self-assembly remains scarce,
impeding further advances in the fundamental researches and
the design of more advanced systems.

Here we report on transient supramolecular hydrogels that
are formed by catalytic control over the self-assembly of
molecular gelators. The self-assembly system involves
hydrazone-based gelators decorated with non-ionic (G) and
anionic (G7) groups that are formed in situ from their precursor
molecules, hydrazide (H) and aldehydes (A and A-, respectively)
(Fig. 1a). Previous work has demonstrated that these differently
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charged gelators can self-assemble into neutral fibers (F) and
negatively charged fibers (F~) through a kinetic self-sorting
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Fig. 1. a) Scheme of the formation of G (HA3) and G- (HAzA—,
HAA-;, and HA73) from the building blocks of H, A, and A-; b)
self-assembly energy landscapes of G and G~ along different
pathways controlled by aniline catalysis.

process at the molecular level.3° The resulting fibers can further
organize into thermodynamically more stable heterogeneous
hydrogels comprised F~-rich crumpled sheets surrounded by F-
rich coarse fibrous networks through a higher level self-sorting
process at the fiber scale (Pathway | in Fig. 1b, Fig. S1, ESI).21.30
Now, here we show that aniline catalysis dramatically
accelerates the formation and self-assembly of hydrazone
gelators, thereby bypassing the multilevel self-sorting processes
and giving rise to kinetically favored homogeneous hydrogels
consisting of thin F~ (Pathway Il in Fig. 1b). Over time, these
homogeneous into the
thermodynamically more stable heterogeneous ones, indicating
the out-of-equilibrium property (Fig. 1b).

The previous study has pointed out that the different
nucleation rates of G and G~ are responsible for the kinetic self-
sorting process, leading to the thermodynamically more stable
heterogeneous hydrogels.3® Thus interfering with the
nucleation of gelators may force their self-assembly along a

hydrogels spontaneously convert

kinetically favored pathway, giving rise to kinetic outcomes.2! In
our self-assembly system, using aniline catalysis can effectively
facilitate the formation rate of the hydrazone-based gelators,18
thereby affecting the supersaturation and in turn the nucleation



of gelators. In this context, here we propose to use aniline
catalysis to control self-assembly kinetics of the gelators with
the aim to alter the self-assembly pathway and control the
formation of out-of-equilibrium product.

We first employed oscillatory rheology to test the effects of
aniline on the hydrogel formation (Fig. S2, ESI). All the samples
were prepared using 0.1 M, pH 7.0 phosphate buffer, and the
concentration of aldehyde (A + A~) was constantly kept at six
times higher than H to ensure a complete conversion of H into
gelators.18 31 The results showed that the presence of aniline
can significantly accelerate the gelation process (Fig. S2, ESI).
For instance, for the sample prepared with 30 mol% A-, the
gelation time (the time when the elastic modulus G’ starts to
exceed the viscous modulus G”) was reduced from ~2.6 to ~0.25
h upon increasing the concentration of aniline from 0 to 15 mM
(Fig. 2a). A remarkable drop in gelation time was observed as
well in the other samples prepared with different contents of A~
(Fig. 2a). Additionally, the stiffness of the resulting hydrogels
was dramatically increased with the concentration of aniline
(Fig. 2b). The plateau elastic modulus, G’, was enhanced from
~0.04 to ~4.5kPa for the sample containing 30 mol% A~ or from
~0.70 to ~100.0 kPa for the sample containing 0 mol% A-, upon
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Fig. 2. Catalytic effects of aniline on the formation of hydrogels:
a) gelation time; and b) hydrogel stiffness as a function of aniline
concentrations. Samples: [H] = 20 mM, [A + A7] = 120 mM
(different mol% A-) in 0.1 M, pH 7.0 phosphate buffer. Error
bars are the s.d. calculated from three independent
measurements.
increasing aniline from 0 to 15 mM (Fig. 2b). The accelerated
gelation process and increased hydrogel stiffness are attributed
to the rapid formation of gelators catalyzed by aniline, which
has been demonstrated in a previous study.® Moreover, we
further found that the presence of aniline substantially
decreased the critical concentration of H required for
occurrence of gelation (CGC, Fig. S3, ESI), further showing the
catalytic effects of aniline on the self-assembly of gelators.18 32
It is noteworthy that A and A~ show identical reactivity with H,3°
thus the accelerated gelation results from the aniline catalysis
rather than the composition variation of gelators. It is
noteworthy that the pH of samples can be well buffered in the
presence of aniline. These results suggest that hydrazone
gelators are rapidly formed to reach a supersaturated state
under aniline catalysis, thereby accelerating the nucleation of
gelators and in turn resulting in the faster gelation.

After confirming the acceleration of aniline catalysis on the
gelation process, we were keen to know the effects of catalysis
on the morphologies of the resulting hydrogel networks. To
study this effect, confocal laser scanning microscopy (CLSM)
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measurements were performed. Hydrogel samples prepared
with different concentrations of aniline were labelled by

aldehyde tailored fluorescein (A-FL) which is covalently linked
to the fibers; moreover, cationic Hoechst 33342 was used to
identify the F~ in the hydrogel networks on the basis of
electrostatic interactions (Fig. S4, ESI).

We found that upon increasing the concentration of aniline
from 0 to 15 mM, the networks of the hydrogels prepared with
0 mol% A~ changed from large clusters to dense fibrous bundles
(Fig. 3), in line with the previous study.!® For the hydrogel
samples prepared with A~ (10 to 30 mol%), heterogeneous
networks comprising F—-rich crumpled sheets with F-rich
bundling networks in between were formed in the absence of
aniline (Fig. 3), which have been systematically investigated
previously.3° However, with increasing the concentration of
aniline from 0 to 15 mM, the crumpled sheet structures
gradually vanished, and instead, relatively more homogeneous
networks are generated; when the concentration of aniline was
increased to be higher than 10 mM, completely homogeneous
fluorescence without any visible fibrous structures was
observed (Fig. 3). Moreover, the transparency of the resulting
hydrogel samples increased with the concentration of aniline
(Fig. S5, ESI), which is in good agreement with the observed
structural variations. The hydrogel turned complete
transparent when made using 30 mol% A-. Cryo-TEM
measurements demonstrated that the homogeneous hydrogel
networks were mainly composed of single nanofibers with a
diameter of ~5.8 nm (Fig. S6, ESI), in keeping with the
homogeneity of the hydrogel networks observed in CLSM tests.
Furthermore, cationic Hoechst 33342 showed that the thin
fibers in the homogeneous hydrogel networks were F~ (Fig. S7,
ESI). The evolution from large clusters to dense fibers with
addition of aniline would lead more fibers to participate in the
crosslinking of hydrogel networks, explaining the high gel
stiffness and low CGC as discussed above.
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Fig. 3. CLSM images showing the morphology variations of the
hydrogel networks against the concentration of aniline and the
content of A~. Samples: [H] = 20 mM, [A + A7] = 120 mM



(different mol% A-), [A-FL] =30 uM in 0.1 M, pH 7.0 phosphate
buffer. Scale bars = 40 um.

These morphological characterization results together with
the rheological results strongly suggest that the rapid formation
of G and G-under the aniline catalysis leads to a high
supersaturation which dramatically accelerates the
nucleation of gelators, leading to co-assembly instead of self-

level,

sorting of G and G~. As a result, only F~ is formed, giving rise to
formation of the kinetically favored homogeneous hydrogel
networks. The electrostatic repulsions between F- effectively
prevent the occurrence of bundling, explaining the
dimension of the fibrous networks as observed in CLSM tests.
The preceding investigations clearly demonstrate that using
of aniline catalysis forces the self-assembly of G and G~ along a
kinetically controlled pathway, giving rise to kinetically favored
homogenous hydrogels (Fig. 4a). To examine the out-of-
equilibrium properties of these kinetic hydrogels, we incubated
the hydrogel samples against time under ambient conditions.
Interestingly, after a storage of the hydrogel samples for ~16
days, we found that the crumpled sheet structures with small
visible clusters in between were formed in the hydrogel
networks, showing comparable morphologies to the
thermodynamically more stable heterogeneous hydrogels (Fig.
4b). Cryo-TEM measurements confirmed that the 16-day aged
hydrogels were composed of thin single fibers and large fibrous
bundles (Fig. 4c). Furthermore, upon addition of Hoechst
33342, we identified that the crumpled structures were mainly
composed of F-, while the small clusters in between mainly
consisted of F (Fig. S8, ESI). Thus it can be concluded from these
results that, through aniline catalysis, homogeneous kinetic
hydrogels composed of F~ are transiently formed and are
capable of converting into the thermodynamlcally more stable
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Fig. 4. a, b) CLSM images of a) freshly prepared and b) 16-day
aged kinetic hydrogel; c) cryo-TEM images of the 16-day aged
kinetic hydrogel; d) lifetime of the kinetic hydrogels against

gelator the error bars are s.d. of the

measurements of three parallel samples; and e) illustration of

concentration,

the time-dependent evolution process of the kinetic hydrogel
networks. The hydrogel samples in a-c): [H] =20 mM, [A + A7] =
120 mM (30 mol% A-), [A-FL] = 30 uM, [aniline] = 15 mM in 0.1
M, pH 7.0 phosphate buffer; and in d): [H]/[A + AT] = 1/6 (30
mol% A-), [Aniline] =15 mM in 0.1 M, pH 7.0 phosphate buffer.

heterogeneous hydrogels over time.

To further insight into the structural evolution process, we
the lifetime of the hydrogels against the
concentration of gelators using CLSM, where the lifetime was
defined as the time when the heterogeneous hydrogel

measured

networks starts to be observed (Fig. S9, see supporting
information). All the tested hydrogel samples were prepared
with addition of 15 mM aniline to ensure efficient catalysis. It
was found that the lifetime of the resulting hydrogels was
increased from ~6 to ~16 days with increasing the concentration
of gelators from 5 to 20 mM (Fig. 4d). The increase of lifetime
with concentration of gelators indicates that the homogeneous
kinetic hydrogels are off-pathway or competitive pathway
outcomes in respect to the thermodynamic state according to
previous studies;1% 33 and during the structural transformation,
gelators G and G~ first escape the F~ in homogeneous kinetic
hydrogels and then reassemble into F and F~ through a
molecular self-sorting process (a* step in Fig. 4e),3* which
further organize into heterogeneous hydrogels through fiber
self-sorting as demonstrated before (b* step in Fig. 4e).3°

Conclusions

In summary, we have demonstrated how transient
supramolecular hydrogels can be prepared through catalytic
control over self-assembly of molecular gelators. In a
hydrazone-based modular gelator system, the formation of
gelators is dramatically accelerated to rapidly reach a
supersaturated level, facilitating the nucleation of gelators.
Thereon, the presence of catalysis forces the self-assembly of
gelators along a kinetically favored pathway, giving rise to
hydrogel products very different network
morphologies and mechanical properties from the
thermodynamically more stable ones. Interestingly, these
kinetically more preferred hydrogels show finite lifetime, and
are capable of transforming into the thermodynamically more
stable states over time. Furthermore, we have unveiled that the
formation of these kinetically favored transient hydrogels are
associated with an off-pathway or competitive pathway self-
assembly in respect to the thermodynamic self-assembly. Such
over molecular self-assembly leading to
transient supramolecular structures can serve as a useful
alternative way towards out-of-equilibrium supramolecular
materials with pathway-dependent properties for high-tech
applications.3> 36

showing
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