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Transient Supramolecular Hydrogels Formed by Aging-
Induced Seeded Self-Assembly of Molecular Hydrogelators

Yiming Wang, Tomasz K. Piskorz, Matija Lovrak, Eduardo Mendes, Xuhong Guo,

Rienk Eelkema, and Jan H. van Esch*

Here, transient supramolecular hydrogels that are formed through simple
aging-induced seeded self-assembly of molecular gelators are reported. In
the involved molecular self-assembly system, multicomponent gelators are
formed from a mixture of precursor molecules and, typically, can spontane-
ously self-assemble into thermodynamically more stable hydrogels through
a multilevel self-sorting process. In the present work, it is surprisingly found
that one of the precursor molecules is capable of self-assembling into nano-
sized aggregates upon a gentle aging treatment. Importantly, these tiny
aggregates can serve as seeds to force the self-assembly of gelators along a
kinetically controlled pathway, leading to transient hydrogels that eventually
spontaneously convert into thermodynamically more stable hydrogels over
time. Such an aging-induced seeded self-assembly process is not only a new
route toward synthetic out-of-equilibrium supramolecular systems, but also
suggests the necessity of reporting the age of self-assembling building block

solutions in other self-assembly systems.

In this work, we present how transient supramolecular hydro-
gels can be formed by an aging-induced seeded self-assembly
of molecular hydrogelators. Inspired by nature, synthetic
supramolecular self-assembly performed under out-of-equi-
librium conditions has received extensive interest in recent
years.lll The implementation of such a system in a man-
made scenario would not only improve our understanding
of the biological counterpart, but also result in supramolec-
ular materials with numerous intriguing functions, such as
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adaptation,?! self-replication,?®! and asso-
ciative learning.! To date, most of the
already developed examples of out-of-
equilibrium self-assembly are achieved
through interfering in the self-assembly
kinetics of the subunits using, for
instance, catalysts (enzymes),P’) chemical
fuels,®l and designed nucleation seeds.’!
As a result, kinetically captured or tran-
sient supramolecular structures that
function at out-of-equilibrium states are
obtained.’%] Here we show an aging-
induced seeded self-assembly process of
molecular gelators resulting in transient
formation of supramolecular hydrogels.

Very recently, we have described a
hydrazone-based multicomponent hydro-
gelators system in which hydrazide (H)
and aldehydes composed of neutral (A)
and negatively charged (A7) species are
coupled together to form neutral (G)
and negatively charged hydrogelators (G7) through the in situ
formation of hydrazone bonds (Figure 1a).”! The resulting G
and G~ can self-assemble into thermodynamically more stable
heterogeneous hydrogels consisting of separated microdo-
mains rich in neutral fibers (F) or negatively charged fibers
(F7) through a multilevel self-sorting process (Pathway I in
Figure 1b).’! Our previous study has demonstrated that this
multilevel self-sorting mainly results from the different nuclea-
tion rates of G and G~."d

In this work, we show that an aging treatment on the H solu-
tions can lead to the formation of nano-sized aggregates of H.
These tiny aggregates of H can serve as seeds to interfere in
the nucleation step of hydrogelator assembly, and direct their
self-assembly along a kinetically controlled pathway, resulting
in the formation of kinetically favored hydrogels composed of
F~ (Pathway II in Figure 1b). These resulting kinetic hydro-
gels have a finite lifetime and can ultimately convert into ther-
modynamically more stable hydrogel states (Figure 1b). This
work, on the one hand, shows a simple aging-induced seeding
approach toward transient hydrogel states yet without necessary
addition of synthesized seeds, and on the other hand highlights
the essential role of the age of self-assembling building block
solutions in a self-assembly process.

All the hydrogel samples used in this work were prepared by
mixing the aldehydes (A + A7) and H in phosphate buffer (0.1 u,
pH 7.0). Excess aldehydes (six times higher than [H]) were used
to ensure a complete conversion of H into tris-hydrazone
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Figure 1. a) Scheme of the formation of G and G~ from the building blocks of H, A, and A~; b) illustration of the self-assembly of G and G~ through
different pathways leading to formation of different hydrogel products. Fluorescent probes of A-FL and Hoechst 33342 are used to label all the gel

fibers and only F-, respectively.

products.l'% The age of H solutions used for aging-induced
seeded self-assembly was 2 weeks or more, as at this time scale
the aging effects leveled off and further aging did not cause
additional acceleration effects on the self-assembly. The self-
assembled structures were characterized using confocal laser
scanning microscope (CLSM). To make the structures visible
under CLSM, aldehyde functionalized fluorescein (A-FL) (green
channel) and cationic dye Hoechst 33342 (blue channel) were
used to label both types of self-assembled structures, and the
negatively charged structures, respectively (Figure 1b).

To make the hydrogels, phosphate buffered stock solutions of
H, A, and A~ were mixed together at a prescribed ratio and incu-
bated at room temperature for occurrence of gelation. We have

Adv. Sci. 2019, 1902487 1902487 (2 of 6)

previously shown that turbid heterogeneous hydrogels with
separated microdomains composed of F or F~ can eventually be
formed (Figure S1, Supporting Information).”’) However, to our
surprise, when a stock H solution that was stored for more than
2 weeks was used, the transparencies of the resulting hydrogels
were increased with the amount of A~ (Figure S2, Supporting
Information). Such behavior is distinctly different from the pre-
vious turbid heterogeneous hydrogels prepared with relatively
fresh H solutions. To gain further insight into this aging effect,
we characterized the morphologies of the resulting hydrogel
networks using CLSM. The hydrogel prepared with fresh H
and pure A showed typical networks composed of large fibrous
clusters, while the networks consisting of separated F-rich and
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Figure 2. CLSM images of the hydrogel networks prepared with a) fresh and b) aged H solutions as a function of the amount of A, scale bars =40 pm.
Samples: [H] =20 x 103 m, [A + A7 =120 x 1073 m (different mol% A~), and [A-FL] =30 x 107% m.

F-rich microdomains were formed with the addition of A~
(Figure 2a; and Figure S3, Supporting Information). All these
observations match with a previous study.”) However, in case
the aged H solution was used, distinctly different hydrogel net-
work morphologies were obtained (Figure 2b). For the hydrogel
formed with pure A, the size of the fibrous clusters was markedly
decreased compared with the hydrogel prepared with fresh H.
Moreover, with increasing the content of A~, the fibrous cluster
content decreased. The hydrogel networks showed homoge-
neous fluorescence without any distinguishable structures when
the content of added A~ was >10 mol%. Cryogenic transmission
electron microscopy (Cryo-TEM) indicated that the homogenous
hydrogel networks were mainly composed of thin fibers with
a diameter of =5.8 nm (Figure S4, Supporting Information),
which is comparable to a single hydrazone gelator fiber.''] These
thin nano-sized fibers scatter less light, thereby explaining the
increased transparency of the hydrogels with increasing con-
tent of A™. Furthermore, Hoechst 33342 staining tests revealed
that the thin fibers in these homogenous hydrogel networks are
F~ (Figure S3, Supporting Information). Apparently, F~ are not
prone to form bundles due to the interfibrous electrostatic repul-
sions, thereby leading to the crosslinked homogeneous networks
consisting of thin fibers. It is noteworthy that the dyes we used
have no effects on the self-assembled structures.”) These CLSM
results clearly demonstrate that the use of aged H solutions pre-
vents formation of heterogeneous hydrogels, instead leading to
formation of F~-based homogeneous hydrogels.

The aging effects on the hydrogel network morphologies
thereby lead us to investigate the corresponding material
properties of the resulting hydrogels. To this end, oscillatory

Adv. Sci. 2019, 1902487 1902487 (3 of 6)

rheological measurements were performed to study the mechan-
ical properties of the hydrogels. For the samples prepared with
fresh H solutions, the gelation time (the time at which the
storage modules G”surpass the loss modulus G”) was increased
from =45 min to =2.65 h with increasing the content of added
A~ from 0 to 30 mol% (Figure 3a); and the stiffness of the
resulted hydrogels was first increased from =800 Pa (0 mol% A")
to =1.2 kPa (10 mol% A7) and then decreased to =60 Pa
(30 mol% A~) (Figure 3b). These results are in line with a pre-
vious study.’d The use of aged H solution led to an increase
in gelation time from =9 to =50 min with an increase in the
content of A~ from 0 to 30 mol% (Figure 3a), indicating faster
gelation rates compared to the case using fresh H. Moreover,
the stiffness of these hydrogels was between 2.6 and 5.6 kPa and
showed only slight variations depending on the content of A~
(Figure 3b). In all cases, these values are higher than for the
hydrogels prepared with fresh H solutions. These rheological
results clearly demonstrate that the use of aged H solution can
have a marked effect on the gelation process and the resulting
mechanical properties of the hydrogels.

When measuring the critical gelation concentration (CGC),
defined as the minimum concentration of H (see the Sup-
porting Information), we noticed that hydrogels can only be
formed with [H]gesn > 17 X 107 M. However, the use of aged
H solutions led to a stark decrease in CGC, varying from =2.5
to =3.5 x 107 m depending on the content of A~ (Figure 3c).
This remarkably lower CGC due to the use of aged H further
confirms the accelerated gelation process./®"

The rate of gelator formation usually plays an important role
in the gelation process.®>112 To investigate the mechanism of

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Effects of aged H solution on a) gelation time; b) hydrogel stiffness; and c) CGC. Samples in a,b): [H] =20 X 103 m, [A+ A]=120x 1073 m
(different mol% A). Error bars are calculated as s.d. of three measurements.

the observed accelerated gelation, we performed high perfor-
mance liquid chromatography (HPLC) to analyze the kinetics
of gelator formation. The results indicated that the addition of
aged H solution did not change the hydrazone formation rates,
nor the product compositions as compared with the case using
fresh H solutions (Figure S5, Supporting Information). More-
over, 'H-NMR test manifested that both the new and aged H
showed the same resonances (Figure S6, Supporting Informa-
tion), indicating that the aging treatment did not change the
chemical structure of H. These HPLC results together with the
!H-NMR test suggest that the observed accelerated gelation is
ascribed to the interference of aged H in the self-assembly pro-
cess, rather than in the formation of the gelators. Such an accel-
erated self-assembly process would lead to a fractal-like growth
of the fibers, which is responsible for the higher hydrogel
stiffness.[8%13]

It is necessary to note that the aging effects seem to be inde-
pendent of the absorption of CO,, and in case we freeze-dry
the aged H solution and re-dissolve the resultant H powders
for the preparation of gel, heterogeneous gels are ultimately
formed (Figure S8, Supporting Information). On the basis of
these data, we propose an aging-induced seeded self-assembly
mechanism. In this hypothesis, H molecules self-assemble
into nanoaggregates during aging. These nanoaggregates act as
seeds to accelerate the self-assembly of G and G~ by interfering
in the nucleation step. As a result, the seeded self-assembly
bypasses the multilevel self-sorting process”! and leads to a co-
assembly of G and G-, ultimately resulting in homogeneous
hydrogels exclusively composed of F~.”“l Indeed, H molecules
have the potential to form intramolecular interactions including
hydrogen bonds between the hydrazide groups and hydrophobic
interactions between the cyclohexyl cores, which drive the self-
assembly of H molecules during aging. This was confirmed
by a simple molecular dynamic simulation (see Figure S7
and Movie S1 in the Supporting Information). To further test
this hypothesis, we employed dynamic light scattering to check
the aged H solution (see the Supporting Information). As com-
pared to the control samples of blank phosphate buffer and
fresh H solution, a scattering signal indicating structures with
a 1.28 nm hydrodynamic diameter was detected in the aged H
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solution (Figure S9, Supporting Information), indicating that
some nanostructures had indeed formed during aging. Further-
more, with addition of THF, a good solvent for H, into the aged
H solution, the characteristic scattering peak at 1.28 nm dis-
appeared (Figure S9, Supporting Information). Moreover, after
evaporating THF away from the THF treated aged H solution,
the resulting solutions led to formation of heterogeneous gels,
indicating the vanishing of seeding effects (Figure S8, Sup-
porting Information). These results further suggest the forma-
tion of H-based nanoaggregates. However, we cannot distinguish
these nanoaggregates in cryo-TEM observations (Figure S10,
Supporting Information), which could be ascribed to the small
size and low contrast of the aggregates of H. It should be
noted that the level off of the aging effects after 2 weeks can
be ascribed to the self-assembly of H molecules reaching at a
dynamic equilibrium state where the rate of the self-assembly is
equal to that of the disassembly.

From the preceding results and discussions, we can con-
clude that the tiny aggregates of H formed during aging force
the self-assembly of G and G~ along a kinetically favored
pathway, where a co-assembly of G and G~ instead of the
previously reported multilevel self-sorting occurs, leading to
the F~ crosslinked homogeneous hydrogels.’?l Interestingly,
after an incubation of around 3 weeks, we found that the
transparent hydrogel prepared with 30 mol% A~ turned from
transparent to turbid (Figure 4). CLSM observations indicated
that this turbid hydrogel showed identical network morpholo-
gies with the heterogeneous hydrogels. Moreover, in the blue
channel we found that the crumpled structures showed higher
intensity of blue fluorescence, while the fibrous networks in
between showed relatively low blue intensity (Figure 4a). This
result indicates that the crumpled structures are mainly com-
posed of F~, while the networks in between are composed of F.
Similar morphological transformations in the other hydrogel
samples prepared with different mol% A~ were observed as
well (Figure S11, Supporting Information). It therefore dem-
onstrates that these homogeneous hydrogels formed using
aged H solutions are in metastable transient states and are
capable of converting into thermodynamically more stable
hydrogel states over time.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a,b) Photographs and CLSM images of the gel networks prepared with aged H solutions: a) after an incubation of 3 weeks; and b) the
freshly formed hydrogel. Samples in a,b): [H] =20 X 107 m, [A + A =120 x 10 m (30 mol% of A7), [A-FL] = 30 x 10~® m, and [Hoechst 33342] =

20 x 107% wm, scale bars = 40 um.

In conclusion, we have presented the formation of out-
of-equilibrium supramolecular hydrogels through an aging-
induced seeded self-assembly process. One of the gelator pre-
cursor molecules self-assembles into nano-sized aggregates,
which drive the self-assembly of multicomponent gelators along
a kinetically controlled pathway by interfering in the nucleation
step, leading to kinetically favored hydrogel products. Interest-
ingly, we have found that these hydrogels are in metastable
transient states, and can convert into the thermodynamically
more stable hydrogel states over time at room temperature.
Our findings underline the potential importance of the ages of
self-assembling building blocks in a supramolecular system.[4

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The authors thank Dr. J. M. Poolman and Dr. C. Maity for providing H,
A, A7, and A-FL. The authors would like to acknowledge NSFC Grant
(21908061), ECUST Innovation Talent Funds (50621011901008), and
China Scholarship Council (CSC) for financial support.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2019, 1902487 1902487 (5 of 6)

Keywords

aging, hydrogels, pathway complexity, self-assembly, supramolecular
chemistry

Received: September 12, 2019
Revised: November 19, 2019
Published online:

[1] a) J. H. van Esch, R. Klajn, S. Otto, Chem. Soc. Rev. 2017, 46,
5474; b) E. Mattia, S. Otto, Nat. Nanotechnol. 2015, 10, 111;
c) A. Sorrenti, |. Leira-Iglesias, A. ]. Markvoort, T. F. A. de Greef,
T. M. Hermans, Chem. Soc. Rev. 2017, 46, 5476.
a) C. Mattheck, Design in Nature: Learning from Trees, Springer,
Berlin, Germany 1998; b) R. Weinkamer, |. W. C. Dunlop, Y. Brechet,
P. Fratzl, Acta Mater. 2013, 61, 880; c) J. D. Halley, D. A. Winkler,
Complexity 2008, 14, 10; d) S. Debnath, S. Roy, R. V. Ulijn, J. Am.
Chem. Soc. 2013, 135, 16789; €) X. Hao, L. Chen, W. Sang, Q. Yan,
Adv. Sci. 2018, 5, 1700591.
a) K. Kurihara, M. Tamura, K. Shohda, T. Toyota, K. Suzuki,
T. Sugawara, Nat. Chem. 2011, 3, 775; b) ). M. A. Carnall,
C. A. Waudby, A. M. Belenguer, M. C. A. Stuart, J. J. P. Peyralans,
S. Otto, Science 2010, 327, 1502; c) ). W. Sadownik, E. Mattia,
P. Nowak, S. Otto, Nat. Chem. 2016, 8, 264; d) M. Altay, Y. Altay,
S. Otto, Angew. Chem., Int. Ed. 2018, 57, 10564.
H. Zhang, H. Zeng, A. Priimagi, O. Ikkala, Nat. Commun. 2019, 10,
3267.
[5] a) F. Trausel, F. Versluis, C. Maity, J. M. Poolman, M. Lovrak,
J. H. van Esch, R. Eelkema, Acc. Chem. Res. 2016, 49, 1440;
b) H. Wang, Z. Feng, B. Xu, Angew. Chem., Int. Ed. 2019, 58, 5567.

[2

[3

[4

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(6]

[7

(8]

Adv. Sci. 2019, 1902487

a) ). Boekhoven, W. E. Hendriksen, G. ). Koper, R. Eelkema,
J. H. van Esch, Science 2015, 349, 1075; b) R. Merindol, A. Walther,
Chem. Soc. Rev. 2017, 46, 5588; c) M. Tena-Solsona, B. Riess,
R. K. Grotsch, F. C. Lohrer, C. Wanzke, B. Kasdorf, A. R. Bausch,
P. Muller-Buschbaum, O. Lieleg, ). Boekhoven, Nat. Commun. 2017,
8, 15895; d) S. A. P. van Rossum, M. Tena-Solsona, J. H. van Esch,
R. Eelkema, J. Boekhoven, Chem. Soc. Rev. 2017, 46, 5519; €) S. De,
R. Klajn, Adv. Mater. 2018, 30, 1706750; f) G. Ragazzon, L. ]. Prins,
Nat. Nanotechnol. 2018, 13, 882.

a) T. Fukui, S. Kawai, S. Fujinuma, Y. Matsushita, T. Yasuda,
T. Sakurai, S. Seki, M. Takeuchi, K. Sugiyasu, Nat. Chem. 2017,
9, 493; b) T. Fukui, M. Takeuchi, K. Sugiyasu, Sci. Rep. 2017, 7,
2425; c) Y. Wang, R. M. de Kruijff, M. Lovrak, X. Guo, R. Eelkema,
J. H. van Esch, Angew. Chem., Int. Ed. 2019, 58, 3800.

a) P. A. Korevaar, S. ). George, A. ]. Markvoort, M. M. Smulders,
P. A. Hilbers, A. P. Schenning, T. F. De Greef, E. W. Meijer, Nature
2012, 481, 492; b) ). Boekhoven, ). M. Poolman, C. Maity, F. Li,
L. van der Mee, C. B. Minkenberg, E. Mendes, J. H. van Esch,
R. Eelkema, Nat. Chem. 2013, 5, 433; c) S. Ogi, T. Fukui, M. L. Jue,
M. Takeuchi, K. Sugiyasu, Angew. Chem., Int. Ed. 2014, 53, 14363,
d) C. Vigier-Carriere, T. Garnier, D. Wagner, P. Lavalle, M. Rabineau,

1902487 (6 of 6)

9]
(10]

1]

2]

(13]
4]

www.advancedscience.com

J. Hemmerle, B. Senger, P. Schaaf, F. Boulmedais, L. Jierry, Angew.
Chem., Int. Ed. 2015, 54, 10198; e) |. P. Moreira, T. K. Piskorz,
J. H. van Esch, T. Tuttle, R. V. Ulijn, Langmuir 2017, 33, 4986;
f) C. Vigier-Carriere, D. Wagner, A. Chaumont, B. Durr, P. Lupattelli,
C. Lambour, M. Schmutz, |. Hemmerle, B. Senger, P. Schaaf,
F. Boulmedais, L. Jierry, Langmuir 2017, 33, 8267; g) E. E. Greciano,
B. Matarranz, L. Sanchez, Angew. Chem., Int. Ed. 2018, 57, 4697,
h) S. Panja, C. Patterson, D. ). Adams, Macromol. Rapid Commun.
2019, 40, 1900251.

Y. Wang, M. Lovrak, Q. Liu, C. Maity, V. A. A. le Sage, X. Guo,
R. Eelkema, ). H. van Esch, J. Am. Chem. Soc. 2019, 141, 2847.

J. M. Poolman, J. Boekhoven, A. Besselink, A. G. Olive,
J. H. van Esch, R. Eelkema, Nat. Protoc. 2014, 9, 977.

Y. Wang, F. Versluis, S. Oldenhof, V. Lakshminarayanan, K. Zhang,
Y. Wang, J. Wang, R. Eelkema, X. Guo, J. H. van Esch, Adv. Mater.
2018, 30, 1707408.

Y. Wang, S. Oldenhof, F. Versluis, M. Shah, K. Zhang, V. van Steijn,
X. Guo, R. Eelkema, J. H. van Esch, Small 2019, 15, 1804154.

X. Y. Liu, P. D. Sawant, Adv. Mater. 2002, 14, 421.

E. R. Draper, T. O. McDonald, D. |. Adams, Chem. Commun. 2015,
51, 6595.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



