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Stimuli responsive dynamic transformations in
supramolecular gels

Santanu Panja® and Dave J. Adams 2/ *

Supramolecular gels are formed by the self-assembly of small molecules under the influence of various
non-covalent interactions. As the interactions are individually weak and reversible, it is possible to
perturb the gels easily, which in turn enables fine tuning of their properties. Synthetic supramolecular
gels are kinetically trapped and usually do not show time variable changes in material properties after
formation. However, such materials potentially become switchable when exposed to external stimuli like
temperature, pH, light, enzyme, redox, and chemical analytes resulting in reconfiguration of gel matrix
into a different type of network. Such transformations allow gel-to-gel transitions while the changes in
the molecular aggregation result in alteration of physical and chemical properties of the gel with time.
Here, we discuss various methods that have been used to achieve gel-to-gel transitions by modifying a
pre-formed gel material through external perturbation. We also describe methods that allow time-
dependent autonomous switching of gels into different networks enabling synthesis of next generation
functional materials. Dynamic modification of gels allows construction of an array of supramolecular
gels with various properties from a single material which eventually extend the limit of applications of
the gels. In some cases, gel-to-gel transitions lead to materials that cannot be accessed directly. Finally,
we point out the necessity and possibility of further exploration of the field.

1. Introduction

One route for preparing interesting and useful functional soft
materials is to use supramolecular gels. Such gels are formed by
the self-assembly of small organic molecules into larger structures
by non-covalent forces like n—r stacking, hydrogen bonding, van
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der Waals interactions, ion pairing, solvophobic forces and ion
coordination;"” these interactions lead to fiber formation that
immobilizes the solvent.>™ This solvent entrapment ultimately
results in the formation of a viscoelastic semi-solid. In contrast
to their polymeric counterparts, supramolecular gels derived
from low molecular weight gelators (LMWGS) involve discrete
molecular components with well-defined chemical structures.
As a consequence, tuning of the materials is conceptually possible
at the molecular level.°® These gels are easy to make and if
structural designs are appropriate, it is then possible to utilize
these small molecules as functional materials by controlling the
gel properties.”™*>

The design and synthesis of LMWGs is complicated because
the structural requirements of the gelators that influence self-
aggregation are often not well understood.”*™® In spite of
reasonable progress in the field, it is still unclear why some
molecules form gels and some do not. In particular, the
correlation between precursor, assembly conditions and self-
assembled structure is not fully understood.*®™® Furthermore,
prediction of gel properties is difficult because of the pathway
dependency of the gelation.'®** The final gel properties are
often influenced by the kinetics of self-assembly which means
a number of different supramolecular structures can be
constructed under similar final conditions from a single building
block by varying the method used to carty out the self-assembly."**°
However, typically once the self-assembly reaches the final set of
conditions, the assembled structures usually do not change their
properties with time. Most gels are typically devoid of self-
regulating behavior which means time dependent changes
in gel properties are not possible until the environmental con-
ditions in which the gel system exists are changed. However,
such materials potentially become switchable when exposed to
external stimuli. As the gel structure is maintained by non-
covalent interactions, supramolecular gels are highly stimuli
responsive where the properties can be modulated through
external perturbation, for example by exploiting chemical,
thermal, optical, electrical, mechanical, or magnetic stimuli.>*>*
On perturbation, the response can bring about microscopic
changes like changes in aggregation and morphology. Such a
transformation enables a gel-to-gel transition resulting in an
alteration of physical and chemical properties of the gel. This is
an extremely powerful approach to adapt material properties.

As most of the synthetic gels exist in a kinetically trapped
state, autonomous behavior is largely absent, and so the
modification of gel properties mostly relies on external triggers
or stimuli. However, under certain conditions, a subset of
supramolecular gels can evolve and reconfigure their properties
over time (Fig. 1). In such systems, initially a gel matrix is
formed which gradually transforms into a different type of
network without any external input. Such self-regulating
switching between different gel states is relatively a new concept
in material research to prepare exciting materials involving
biomimicry. In some cases, self-regulating gel-to-gel transitions
lead to materials that cannot be obtained directly or through
most assembly modifications. Here, we summarize the different
methods that allow gel-to-gel transitions. We have categorized
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Fig. 1 Cartoon representing formation of a self-supported gel network
from initially discrete molecules on applying a trigger followed by a change
in network structure with time. For traditional gels, a stimulus is applied
externally at stage 2 to induce the changes. For systems that show self-
regulating gel-to-gel transitions, no external stimulus is required at this
stage.

the work into two approaches: (i) gel-to-gel transitions induced
by stimuli-responsive post-assembly fabrication and (ii) time-
programmable self-regulating gel-to-gel transitions. Each section
is further divided depending upon the nature of the conditions
used for reconfiguring the gel states. We also address how such
methods can be explored in controlling material properties
during assembly transitions.

2. Gel to gel transitions and energy
landscape

Supramolecular gels are formed by the self-assembly of an
initially freely dissolved or colloidal dispersion of small building
blocks (the LMWGs). The assembly process needs to be activated
first by a trigger, after which one- or two-dimensional anisotropic
structures are formed, followed by their entanglement into a 3D
network. As a result, the solvent is retained and trapped inside
the resulting self-supporting matrix through surface tension and
capillary forces. Typically, only a low concentration of gelator is
needed to trap the solvent and so even strong gels can have a
final composition of less than 1 wt% of the LMWG.

The self-assembly of LMWGs can be triggered by various
techniques; a pH change, UV light irradiation, temperature
change, addition of chemical analytes, or solvent switch have
all been used to trigger the self-assembly. In order to form a gel,
the environmental conditions need to be controlled such that
the initially-freely dispersed molecules would prefer to associate
with one another as opposed to remaining discrete. Ideally,
when the conditions are changed to favour self-assembly, this
leads to a situation where there is a significant amount of the
free molecule present in solution whilst the self-assembly is
occurring and the ‘on-off rate’ (the rate at which molecules add
to and leave the assembled structure) is high (Fig. 2a).>>**>®
This means that the assembled structure can easily reach a low

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Schematic representation of possible energy landscapes during
the self-assembly of supramolecular materials: (a) in-equilibrium assembly,
(b) kinetically trapped assembly and (c) metastable assembly. The kineti-
cally trapped state cannot overcome the energy barrier to reach the
thermodynamic minimum unlike the metastable state.

energy state, with errors in assembly being corrected during the
process. In other words, if less favourable assembly happens,
the fast exchange of building blocks facilitates a correction to a
more energetically favourable state, ideally the state at a global
thermodynamic minimum.*®”” For instance, da Silva et al
reported that, in case of relatively weak non-covalent bonds
between peptide amphiphiles, the ongoing exchange of such
molecules between the sample network and the medium is high,
and the energy of the assembled structure is in equilibrium with
the environment.>

Unfortunately, this ideal case is not always possible. With
stronger non-covalent interactions between building blocks,
the dynamic exchange and consequently thermodynamic
optimization become harder to achieve and sometimes may
even be impossible.”®*%*" For traditional gel systems, the self-
assembly process occurs at a high rate, or there are very ‘sticky’
molecules, meaning that errors are maintained and cannot be
corrected during self-assembly.’*° Hence, the self-assembled
structures cannot reach the most stable state; instead, they exist
as kinetically trapped structures (Fig. 2b)."**°7> Although such
a system is not at the thermodynamic minimum, a rearrange-
ment into a more favourable state is not possible as there is
little or no exchange of the molecules. The assembly is there-
fore trapped in a local energy minimum from which it cannot
escape. This kinetically-trapped structure may be in a suffi-
ciently deep energy well such that the gel states are stable, and
their mechanical properties do not generally change over their
useful lifetime. However, reconfiguration of such gel state is
possible by inducing post-assembly fabrication (PAF) where
exposure of the gel state towards some external stimuli such
as heat can provide the system with enough energy to overcome
the barrier and re-assemble into the more stable product.®*>*
PAF typically allows transition between two different thermo-
dynamically stable states on energy input (stimuli).

In some cases, matter is exchanged with the environment,
and a slow transformation of a kinetically trapped state into
the thermodynamically favoured state is possible.*®*"*>3¢ This
kind of systems is referred to as metastable (Fig. 2c). For
metastable gels, the formation and material properties are
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governed by both kinetics and thermodynamics where a kinetic
product formed at first which slowly transforms into a thermo-
dynamic one. Accessing a metastable state can allow auto-
nomous programming of gel-to-gel transition. However, unlike
PAF, no additional trigger/stimuli is required for rearrangement
of the initially formed gel state. Initially, the gelation process can
be controlled by kinetic factors that eventually dictates the final
self-assembled structure and consequently physio-chemical
properties of the material.

In all of this, a key part of the system is the solvent.
Depending on the solvent, a wide number of parameters can
be changed including polarity, hydrogen bond donor and
acceptor ability, boiling point and viscosity. As such, it is
normal for a gelator to only be able to gel a number of solvents,
as opposed to all solvents. It can be hard to predict in advance
which solvents will be gelled, although there has been recent
progress using Hansen parameters.’”*® The solvent molecules
cannot be ignored when considering the dynamic nature of
such gels, but to the best of our knowledge there is little
currently available data discussing the importance of solvent
in gel-to-gel transitions. This is an area which could prove very
fruitful in terms of increasing our understanding in the future.

3. Gel to gel transitions induced by
stimuli responsive post-assembly
fabrication

Typically, gels are used in their original form without any major
changes in their mechanical properties. However, there are
ways to adapt the material properties outside the range of
the original gelator. One option is gel functionalisation after
the assembly process has taken place. PAF aims to expand the
range of applications for already known supramolecular structures
without losing their self-assembly abilities.

(i) Thermal annealing of supramolecular gels

Temperature is one of the most common stimuli applied in gel
chemistry.*>*® When supramolecular gels are subjected to
heating, they usually exhibit a gel-to-sol phase transformation
driven by the weakening of the intermolecular interactions
prevailing in gel system. On decreasing the temperature below
the temperature of gelation (Tg.), reaggregation occurs due to
the change in solubility followed by establishment of the
hydrophilic/hydrophobic balance within the network. One specific
example of thermo responsive supramolecular hydrogels was
using a N-acetyl-galactosamine-appended amino acid gelator.**
Temperature induced gel-sol transition is commonly considered
as a parameter of the strength of the intermolecular inter-
actions existing in gel architectures.***** However, rare reports
are also found where an increase in temperature stimulates
aggregation.”*™® For example, Kimizuka et al reported a
metallogelator based on Co>" coordinated-4-alkyl triazole
complex that formed a gel upon heating.*” On lowering the
temperature to 0 °C, the blue gel converted to a pink coloured
solution, which formed a gel state again by increasing the
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temperature to room temperature. Such thermochromic beha-
viour accompanying a phase transformation occurs because of
the reconfiguration of the coordination polymer system from
tetrahedral complexes in the gel state to the metastable octa-
hedral complexes in solution state.

Typically, supramolecular gels are formed after cooling the
gelator solution from an elevated temperature. Depending
upon the thermal history, more specifically upon the cooling
rate, the gel network may exist as a kinetically trapped state.*>
For instance, Murata et al. showed that the microstructure of a
cholesterol coupled azobenzene gel depends upon the cooling
rate.*® While a rapidly cooling solution of the gelator favoured
the formation of right-handed helices, slow cooling preferred
left-handed helices formation. Interestingly, chirotopic switching
from the right-handed to left-handed helix was achieved by slow
heating but the reverse transition was not possible without
dissolution of the gel. These results indicate that the right-
handed helices network were the kinetically trapped metastable
product, whilst the left-handed helical aggregates were the ther-
modynamically stable state. Furthermore, the metastable state
persisted only if the cooling rate was higher than the rate of
formation of the thermodynamic product. Hence, a heat-cool
operation on a kinetically trapped state eventually drives the
system towards the, or at least a, thermodynamic minimum
state.*®*® This method is typically known as thermal annealing.

Annealing is applied for many kinetically trapped systems to
achieve their local thermodynamic minimum.’>*> Although
thermal annealing is a powerful strategy to avoid competition
between self-assembly pathways, surprisingly little work has
been carried out in this domain for supramolecular gels.
In case of supramolecular gels, thermal annealing at a tem-
perature above the melting temperature of the gel results in sol
formation and re-gelling on cooling.”*>® Thermal annealing
results in more homogeneous network formation®® by elimina-
ting the errors in the initial assembly states and often causes
substantial increase in robustness of the gels.>”>° Recently,
thermal annealing has been shown to be also applicable to
tune the material properties for multicomponent gel systems
(Fig. 3).°° Two gelators were chosen and adjusted their concen-
tration in such a way that the single component gels exhibit two
distinctly different gel melting temperature (65 °C and 80 °C).
On heating the multicomponent gel, sequential melting of the
individual gels close to their respective gel melting temperature
was recorded by temperature sweep rheology. The heat-cool
operation led to a self-sorted network with a different micro-
structure to the initial gels, which resulted in a considerable
increase in the storage modulus. Furthermore, heating the
multicomponent gel to 65 °C followed by cooling subsequently
allowed the selective melting and annealing of only one of
the networks. However, heating a gel is not always desirable
as some gelators containing specific functional groups can
undergo bond cleavage,®**> Diels-Alder reactions®*® etc. at the
elevated temperature that causes permanent chemical changes
on gelator backbone. Such limitations of thermal annealing
demands new and sophisticated methods of annealing gel sys-
tems under mild conditions.
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Fig. 3 Cartoon representing thermal induced sequential disassembly and
reassembly of networks in a multicomponent self-sorted hydrogel system.
The chemical structures used to prepare the multicomponent hydrogel
are shown and color coded.®°

Recent research focuses on designing more complex systems
where a gel state can be directly tailored to form a different gel
state by heating without the formation of a sol state. These
types of gels are referred to as “thermally bisignate” gels where
reorganization of the hydrogen bonded networks, preferentially
driven by solvent exchange allows temperature induced gel-to-
gel transitions. A pioneering work was carried out by the Aida
group where supramolecular polymerization was designed
to occur upon both heating and cooling.®® They synthesized
trialkyl substituted gallic acid-based metalloporphyrin mono-
mer with eight H-bonding amide units on backbone. The
resulting supramolecular aggregate obtained from hydrocarbon-
based solvents at ambient temperature was exceptionally
thermodynamically stable and hardly depolymerized upon
heating to 110 °C. However, the presence of alcohols acted as
competitive solvents (described as hydrogen-bond scavengers)
and destroyed the existing H-bonded network leading to
depolymerization. Whether on heating or cooling, the alcohol
molecules detached from the amide groups of the monomers,
making them eligible for polymerization.®®®” Xie et al. utilized
this concept and reported temperature dependent accessing of
two distinctly different gel states obtained from a zwitterionic
amphiphile 3,3’-(octadecylazanediyl)dipropionic acid (Fig. 4).%®
On heating, a turbid hydrogel at 25 °C gradually transformed to
a translucent gel at 50 °C. The gel-to-gel transition temperature
was determined to be 43 °C. The change in turbidity of the
material was attributed to the conversion of a low-temperature
crystalline branched-tubular gel into a high-temperature
entangled worm-like micellar gel. Such “thermally bisignate”
gels provide opportunity of accessing two fundamentally
different gel networks just by successive cooling-heating
cycles.®®7°

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Chemical structure of the gelator studied by Xie et al%®
(b) Pictures of 2% hydrogel at pH = 5.37 at 25 °C and 50 °C together with
its transmittance data during successive cooling—heating cycles. Figure (b)
is adapted from ref. 68 with permission from the Springer Nature,
copyright 2017.

(ii) Enzymatic reaction

Enzymes are abundant biomacromolecules that play catalytic
roles in numerous physiological and metabolic processes.”"”>
As enzymatic reactions are highly substrate specific as well as
regio- and stereo-specific in nature, they are widely used for
constructing various functional materials.”>””> Among various
functional materials, supramolecular hydrogels are promising
for biological applications. Enzyme-triggered assembly of small
molecules provides a facile approach to study the properties of
the assembled structures in a cellular environment which is
important for exploring the possibilities of supramolecular gels
in biomedical research.”®7®

Enzyme responsive assemblies are usually formed by
enzyme-reactive centres on a gelator skeleton which leads to
either formation or cleavage of a covalent bond upon enzymatic
reaction. Such chemical transformations result in a change
in chemical structure of the building blocks which in turn
perturbs the existing non-covalent interactions, leading to self-
assembly. For example, while phosphatases catalyze phospho-
ester bond cleavage, thermolysin catalyzes the formation of
an amide bond via reverse hydrolysis. Both these strategies
have been effectively used to trigger gelation by converting a
pro-gelator to an active gelator. Yang et al. reported alkaline
phosphatase induced dephosphorylation of the pro-gelator
Fmoc-tyrosine phosphate to generate Fmoc-tyrosine (the gelator)
which self-assembles to form nanofibres and so a gel.” Ulijn’s
group investigated hydrogelation of a tripeptide produced by a
chemical reaction between diphenylalanine dipeptide and
Fmoc-phenylalanine in the presence of thermolysin.*® Many
enzymes such as P-lactamase,®” chymotrypsin,®* B-galacto-
sidase,® esterase,® glucose oxidase,*®® peroxidase®” phos-
phatase,”®®® and thermolysin®**° have been explored to trigger
and control molecular gelation. Abul-Haija and Ulijn illustrated
that dynamic transformation of different nanostructures
could be achieved by coassembly of sequence adaptive peptide
obtained through dynamic combinatorial chemistry in
presence of polysaccharides and thermolysin.’® When a mix-
ture of anionic Fmoc-cysteic acid (CA), cationic Fmoc-lysine (K)
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and phenylalanine amide (F) coexist with thermolysin, the rate
of amide bond formation and hydrolysis was comparable and
no self-assembly occurred in absence of the polysaccharide
template. In the presence of the polysaccharide templates,
amide bond formation could be accelerated which in turn led
to a dynamic peptide library consisting of two different Fmoc-
dipeptides (CA-F and K-F). The presence of the cationic poly-
saccharide chitosan led to the formation CA-F peptide, whilst
the anionic heparin resulted in formation of K-F selectively.
The co-assemblies formed by CA-F and K-F were nanosheets
and nanotubes in their respective gel states.

It is possible to induce a gel-to-gel transformation involving
a solution state as an intermediate by using an enzyme in a
hydrogel system. Yang et al. sequentially performed the tyrosine
kinase catalyzed phosphorylation followed by the alkaline phos-
phatase induced dephosphorylation reaction on a pentapeptide
hydrogelator and explored the kinase/phosphatase switch to
regulate self-assembled structures (Fig. 5).°' When kinase was
added to the hydrogel prepared in presence of adenosine tripho-
sphate (ATP), phosphorylation of the corresponding peptide led to
return to the solution state. The phosphorylated compound
served as a precursor for phosphatase. Further treatment of the
resulted solution with phosphatase regenerated the pentapeptide
through dephosphorylation and caused reappearance of the gel
with time.

(iif) UV light induced reaction

Photoinduced morphology transformation is an important
and convenient method in gel chemistry.***°> Unlike other
stimuli, light offers the opportunity for ambient simulation of part

93796 photoresponsive
97-100

of a system in a spatially controlled manner.
gels are extensively used in cell culture and optoelectronics.

asejeydsoyd

Fig. 5 Change in chemical structures of the pentapeptide gelator (PG)
and the phosphorylated compound (phosphate-PG) with corresponding
phase transformations catalyzed by kinase and phosphatase. The hydrogel
of PG (a) transformed into a solution (b) when treated with kinase and ATP.
(c) the hydrogel of PG restored by adding phosphatase. Insets represent
TEM images of the nanofibres of PG formed by adjusting the pH (a), and
the restored nanofibres of PG by enzymatic dephosphorylation of
phosphate-PG. Reproduced from ref. 91 with permission from the American
Chemical Society, copyright 2006.
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In these gels, usually the gelators are directly functionalized with
photoresponsive chromophoric units, or noncovalently binds with
the photoresponsive moieties. The photoresponsive groups, upon
irradiation, absorb light of a specific wavelength and undergo
photoreactions such as molecular switching, bond cleavage or
bond formation leading to a change in physical and chemical
properties like dipole moment, conjugation, geometric structures
and electronic properties. Such changes alter the molecular level
supramolecular interactions and result in transformations of the
self-assembly. A number of chromophores including azobenzene,
stilbene, diacetylene, spiropyran, coumarin, and salicyl-imine have
been utilized to prepare photoresponsive gels. A common pattern
of reactivity of the chromophores can be identified which includes
trans—cis photoisomerization, photodimerization and photopoly-
merization, electrocyclic reactions, photoredox reaction etc.'* %
Such photochemical reactions often either lead to gelation or
trigger gel-to-sol phase transformations. However, few structurally
designed LMWGs are found that execute changes in material
properties like viscosity, rigidity, morphology transformations,
swelling, or electronic properties in response to light without
phase transformations. Here, we discuss the different approaches
that have been used to devise optically responsive gel-to-gel
transitions.

Photoisomerization. Photoisomerization is a reaction where
the chemical state of the interactive molecule remains intact
upon UV-illumination, but the photoresponsive functional
group switches between two fixed configurations e.g. change
from a cis isomer to trans isomer or vice versa (Fig. 6). Gelators
based on photoresponsive chromophores like azobenzene,
stilbene etc. exhibit such transformations, which can lead to a
change in the self-assembled structures. The trans-isomers are
generally more stable than the cis-isomers. Importantly, the
two isomers exhibit two distinctly different absorption and
emission signatures. For example, in case of azobenzene,
photoinduced conversion of the trans-form to cis-form results
in a decrease in absorbance at 360 nm with concomitance
appearance of strong m-n* and n-n* bands near 290 and
460 nm, respectively. Interestingly, under visible light or in the
dark, the reverse reaction is also possible (cis- to trans-
isomerization). Such reversible responses to light make such
gels ideal for constructing optical sensors and display materials.

The vast majority of photo-isomerized gels belong to the azo-
benzene family. For azobenzene-based gelators, photoisomerization

-0~y

trans - isomer

’ cis - isomer

Fig. 6 Schematic representation trans/cis (Z — E) photoisomerization in
presence of light resulting in significant changes to the molecular shape.
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usually causes either formation or disruption of gels."*>"'°
Zhao et al presented a fluoroazobenzene-based hydrogel,
where E — Z isomerization of the azo group could disrupt
the physical cross-links leading to less elastic hydrogel
formation."™* Similar observations were documented by the
Ravoo group, where the E-configuration of the hydrogelators
produced stiff gels due to more stable and planar structure,
whilst photoinduced conversion to the Z-isomer disrupted
the planarity, resulting in a softer gel with a lower storage
modulus.'™ In order to maintain the assembled structure upon
photoirradiation, multicomponent systems were proposed by
Xie et al. who reported a hydrogel system prepared by mixing a
L-glutamic acid-based amphiphile (OGAc) and an azobenzene
containing pyridinium-salt (AzoPy) (Fig. 7)."*® The hydrogel
exhibited thermally reversible deswelling at ambient tempera-
ture (20 °C) but converted to swollen state upon UV-irradiation.
On exposure of UV-light, the peak at 344 nm for the shrunken
gel slowly decreased, while a new peak at 420 nm was generated
over time indicating trans to cis-azobenzene formation. The
photoirradiated swollen gel consisted of wider and twisted
fibrous structure than the original gel. However, a drawback
of azobenzene gels is that thermal re-isomerisation can be very
fast that results in quick reversion to the ¢trans-form. Because of
this, the trans-to-cis conversion never reaches completion and
photoisomerization typically leads to a photostationary state
(the equilibrium state where the composition of both isomers
remains unchanged on further irradiation)’> with a 30-50%
conversation to the cis-isomer.**> Ajayaghosh and co-workers
demonstrated UV-triggered gel-to-gel transformation of a
metal-organic azobenzene gel with about 37.5% conversion
to the cis isomer in the photostationary state.'**

Like azobenzenes, stilbenes undergo trans-to-cis isomeric
switching in a similar way, but with relatively high conversion
rate and quantum yields."> Again here the trans-stilbenes are
thermally more stable than cis-stilbenes and UV-illumination
usually causes gel-to-sol transformations."***” A methodology
to modify gel properties by using a stilbene gelator as one
component in a two component self-sorted gel has been
reported (Fig. 8).''® Importantly, the stilbene gelator alone
could form a hydrogel and a gel-to-sol transition was achieved
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[P | Resting | uv L)
iz . ﬁ Heating Vis
HN” ‘\/\ﬂ*N “OH
},?‘;\/L:O o \L

OGAc ..
O”"OH &

=

=\

N NP2 A

AzoPy L

Fig. 7 (a) Molecular structures of amphiphile OGAc and AzoPY.
(b) Reversible deswelling and swelling transitions of a two-component
hydrogel of OGAc and AzoPy on resting and after exposure to UV light.
Reproduced from ref. 113 with permission from the Royal Society of
Chemistry.
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Fig. 8 (a) Chemical structures of the stilbene gelator and the dipeptide
gelator. (b) Cartoon representing photo tuning of the multicomponent gel
formed. From left to right: a slow pH decrease resulted in sequential fibre
formation for both stilbene (blue segments) and dipeptide (red segments)
leading to a multicomponent self-sorted gel. (blue and red lines for the
fibres that consist of stilbene and dipeptide, respectively). The fibrous
network formed by the stilbene gelator is then selectively removed by
irradiation with light. Figure (b) is adapted from ref. 118 with permission
from the Springer Nature, Copyright 2015.

by irradiation in a single component system. The two-
component hydrogel was prepared by a decrease in pH of the
mixture of the stilbene gelator and a dipeptide-based gelator.
Due to their different pK,, the slow pH decrease resulted in
sequential self-assembly and formation of a self-sorted system.
On irradiation, only the stilbene gelator underwent isomeriza-
tion while the non-photoreactive gelator remained unchanged.
The gel state maintained its integrity, however due to selective
removal of stilbene assemblies through the gel-to-sol transi-
tion, the stiffness of the overall gel decreased. By using photo-
mask, it was possible to convert selected regions of the
two-component system into the single component gel, and
hence prepare photopatterned multicomponent networks.
Recently, hydrazine-based Schiff bases have been used to
synthesized photochromic gels. Such gelators exhibit £ — Z
photoswitching across the C=N bond and produce remarkable
changes in absorption and emission spectra. A naphthalimide-
hydrazine Schiff base was reported to show emission colour
changes from orange to blue under sunlight."*® Che et al. mixed
a photoactive acylhydrazone Schiff base with a photo-inert
gelator and found that the properties of the two-component
gel could be tuned by visible light (350-570 nm)."*° Light
irradiation caused trans-cis photoisomerization across the
C=N bond of the photoactive component while the second
component remained unaffected. Photoirradiation resulted
in 30 nm hypsochromic shift during the gel-gel transition.
Further, the irradiated gel showed weak emission as well as
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reduced mechanical strength. Interestingly, the single component
gel of the photoactive Schiff base showed gel-to-sol transition
upon photo exposure. Based on these results, it was proposed that
the two component system was formed by the orthogonal self-
assembly of two gelators. Elimination of one fibre from the mixed
system under visible light was responsible for inferior mechanical
properties of the irradiated gel. Use of a photo mask further
allowed patterned two-component gel to be constructed by selec-
tively removing one component from a specific area of the gel.

Electrocyclic reactions. Another approach to inducing gel-to-
gel transitions involves intramolecular formation or breaking
of covalent bonds by electrocyclic reactions. In case of photo-
responsive gelators, this leads to ring opening or ring closing
reaction for the chromophores like dithienylethenes, spiro-
pyrans and spirooxazines."”'** Here, the gel transformation
is primarily driven by the photoinduced changes of planarity
due to loss or gain of sp” hybridized centres, which leads to a
change in effective m-conjugation length as well as stacking
interactions. For example, on UV exposure, spiropyrans and
spirooxazines (commonly known as chromones) undergo elec-
trocyclic ring opening to give a product with more sp” character
making them flexible but planar and more conjugated than
the reactant (Fig. 9).">*'*® Dithienylethenes (DTE) undergo
electrocyclic ring closing upon UV-irradiation giving rise to
the products containing more sp’ centres so tend to adopt a
relatively rigid conformation (Fig. 9).">°'** The increase in
effective m-conjugation length imposes significant changes
in optical properties of the gelators. Interestingly, similar to
azobenzenes, reverse photoreaction can occur under heat or
visible light.

An interesting example was carried out by Chen et al. showing
photophysical properties of spiropyran gel can be altered by light
(Fig. 10)."* In their design, aromatic stacking was used as the
driving force in order to maintain the assembled structure after
photoreaction. A spiropyran-functionalized dendron (DG) formed
a yellow gel on cooling a toluene/benzene solution to 0 °C.
Extensive m-m stacking exerted by the dendron was ascribed to
the formation of long fibres of width 50 nm in the gel state.
On UV-irradiation, the closed form of the spiropyran was con-
verted to the open form, which produced a new absorption band
in the region 500-700 nm. The gel did not collapse but showed a
colour change from yellow to purple-blue. The presence of the
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Fig. 9 Photoresponsive ring closing and opening of (a) spiropyran and (b)
dithienylethene molecules.
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Fig. 10 Photoresponsive structural change of the dendron organogelator
DG responsible for the colour change during gel to gel transitions.
Reproduced from ref. 125 with permission from the John Wiley and Sons,
copyright 2009.

open form of the spiropyran group allowed the purple-blue gel to
emit relatively strong red fluorescence. Repetitive transition
between these two gel states was possible by alternating UV and
visible light irradiation. An opportunity afforded by spiropyrans is
that they act as a proton source on ring closing. Using catalytic
amounts of spiropyran, it is possible to achieve spatial control
over gelation.”** However, a serious issue is the short lifetime of
the open form of the spiropyrans in the excited state, and they
return back to the closed form in the dark. Even the photo-
responsive product in the gel state which has a longer stability
shows a significant loss of product within minutes."**"*
In comparison, dithienylethenes (DTE) exhibit relatively photo-
stable products.”**"*” The closed-ring structure formed upon UV
exposure shows high stability from months to years at ambient
temperature, making such systems suitable for chemical informa-
tion storage.'**'%°

The first photoswitching dithienylethene organogel was reported
by Wang et al. in 2006 (Fig. 11)."*° The gelator (BTE-NA-Chol)
was synthesized by coupling of a diarylethene segment and a
cholesteryl-naphthalimide with the intention that the cholesterol
part aid to gelation through van der Waals interaction and the
naphthalimide groups contribute to fluorescence of the molecules.

s s R \g 0.
BTE-NA-Chol N
vis 1L w

-

Fig. 11 Photoresponsive switching of BTE-NA-Chol and the corres-
ponding colour change of the organogels. Reproduced from ref. 140 with
permission from the Royal Society of Chemistry.
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The gel exhibited a photochromic response associated with a
colour change from yellow to red when irradiated. The colour
change was attributed to the cyclization of the dithienylethene
functionality. The emission intensity of the irradiated gel
significantly increased at around 460 nm than the original
yellow gel. Similarly, Feringa and co-workers developed a
lysine—glycine functionalised dithienylethene which showed a
colour change in gel state on light exposure."*" The yellow
hydrogel produced by the ring-open dithienylethene when
irradiated at 312 nm turned to a red gel due to the formation
of the more conjugated and rigid structure in the closed-ring
isomer. Surprisingly, such a transition did not apparently
influence the macroscopic appearance or the mechanical pro-
perties of the gel. The closed to open ring conversion was
reversible using visible light (>500 nm) and the original yellow
colour of the gel was recovered. Reversible switching between
two gel states was achieved over several cycles without a loss of
efficiency. Xiao et al. introduced a dithienylethene coupled
pyridinium gelator suitable for non-destructive fluorescent
storage and switching.'** In their study, isomerisation to the
closed- and open-ring structures in acetonitrile was achieved by
irradiation at 365 and 620 nm, respectively. The pale brown gel
formed by the ring-open-ring state changed to blue because
of increased m-electron delocalization in the closed form.
Recently, Park and co-workers introduced a reversible and
multistate addressable fluorescent organogel formed by the
mixing of spiropyran and diarylethene gelators.'** In the
co-assembled gel, while the spiropyran switching can be
thermally activated, the diarylethene dopant exhibited selec-
tive photoinduced turn-on switching. A combinational logic
gate circuit was established by applying these two orthogonal
stimuli (heat and light) that allowed access to different gel
states with different fluorescence colours. Such logic circuits
based on optical memory are crucial for future optoelectronic
applications.*****> Another advantage of dithienylethenes is that,
if the open-ring molecules are chiral, cyclization lead to diaster-
eomeric products which can have different aggregation and
optical properties.'*®

Photodimerization and photopolymerization. Photodimeri-
zation is another powerful approach to achieve optical control
over material properties during morphological transformations.
Many conjugated molecules like coumarins, anthracenes, alkenes,
styrenes, thymine etc. exhibit photodimerization resulting in the
formation of highly stressed cyclobutane rings."*”**° Photopoly-
merization involves formation of covalent cross-links leading to
construction of arrays of conjugated m-bonds.'**™**> Functional
groups like diacetylenes or butadienes undergo photopolymeriza-
tion leading to a “zipping up” of the molecules. As in the
aggregated state, the relative orientation of different functional
groups remains fixed meaning that the molecules often exhibit
fixed conformations, and covalent cross-linking becomes facile
and more selective. Typically, dimerization or polymerization of
the gelator molecules leads to the structures that are less soluble
due to the increase in molecular size. Consequently, an increase
in hydrophobicity disrupts the gel network, leading to a decrease
in the rheological properties and thus results in dissolution of the
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gel. Rare examples are found where the steric constraints as well
as intermolecular forces serve to stabilize the products inside the
gel network.

Coumarin-based gelators when irradiated with light >300 nm"*°
undergo a [2+2] dimerization that alters the intermolecular
interactions (Fig. 12a). There are a number of possibilities for
the product formation such as syn-syn, anti-syn, syn-anti and
anti-anti cyclobutanes depending on the orientation of the
molecules in the aggregated states. However, in gel chemistry,
the effect of photodimerization on morphology transition and
mechanical properties is most studied. For instance, dimeriza-
tion of coumarin under 365 nm was found by Draper et al. to
convert a peptide hydrogel into a stiffer material.">* Photoreac-
tion resulted in increase in turbidity of the gel and a decrease in
fibre diameter from 42 nm to 39 nm which indicates dimerization
occurred within the fibres rather than cross-linking between
fibres. Similarly, the Parquette group illustrated photodimeriza-
tion of a lysine-functionalized 7-(diethylamino)-3-coumarin
carboxylic acid-based hydrogelator within the fibre under
365 nm light that enhanced the mechanical properties.'>*
However, a drawback of these systems is that, although partial
crosslinking enhances the mechanical properties of the gels,
prolonged irradiation disrupts the network due to stiffening'>
and can lead to precipitation in some cases.'>® Therefore, the
irradiation time is crucial in controlling the gel properties.
Another issue is, as the generated cyclobutane ring is highly
stressed, reverse ring opening is possible on further irradiation
by 260-280 nm light. Hence, the choice of wavelength if light is
vital for coumarin gelators. Yu et al. prepared an alkyl amide
bearing a coumarin chromophore that showed reversible photo-
dimerization in the gel phase without losing its mechanical
integrity.">® The cyclohexane gel was subjected to photoirradiation
successively by >300 nm and <280 nm light and the variation of
material properties was investigated by fluorescence spectroscopy
and scanning electron microscopy (SEM) studies. Irradiation with
>300 nm light significantly decreased the emission of the gel at
390 nm due to dimerization of coumarin; further irradiation with
<280 nm light stimulated bond cleavage and caused a slow
recovery of the emission spectra. SEM revealed a morphological
transformation of the fibres from helical fibres to lumps upon
irradiation with >300 nm and then again changed to a sponge
like aggregates when irradiated with <280 nm.
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Fig. 12 Reversible photodimerization of (a) coumarin and (b) anthracene.
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In a related fashion, anthracene-based systems can undergo
a [4+4] dimerization when irradiated with light >300 nm and
the reverse cycloaddition occurs in presence of light of
<300 nm (Fig. 12b)."*® Again, depending upon the relative
position of the anthracenes during the cycloaddition reaction,
syn-head to tail, anti-head to tail, syn-head to head and anti-
head to head stereodimers can be formed. However, in the gel
state, photodimerization can be highly selective and lead
predominantly to a single photodimer.’*”"*® For example,
Wang et al. designed an anthracene modified urea organo-
gelator which showed head-to-tail cycloadduct formation upon
on irradiation with >300 nm light without showing major
deformation of the gel structure."’

Photocoupling of alkenes has also been used in photo-
responsive gel-to-gel transitions. Jung et al. reported the gels
obtained from Schiff base formation between a calixarene-
acylhydrazone and a stilbene-aldehyde when exposed to UV light,
the mechanical strength of the gel was enhanced (> 1300-fold
increase in rheological moduli) because of the formation of
cyclobutane units that contributed to the tolerance against sheer
stress.'® Furthermore, the stilbene units of the Schiff base
exhibited strong blue emission due to H-aggregation in the gel
state (Fig. 13). On heating the gel to 60 °C, solvent encroachment
into the gel network modulated the stacking pattern of the
molecules which resulted in partial conversion to J-aggregation
and a change in fluorescence to green. The authors noted that,
in presence of UV-light, while the H-aggregate underwent cyclo-
addition between the stilbene functionalities, the J-aggregate
remained unperturbed. As a result, a partially cyclobutane
conjugated gel could be obtained where the blue fluorescence
was suppressed. The addition of DMSO led to destruction of the
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Fig. 13 Illustration of gel formation by calixarene—acylhydrazone with
stilbene—aldehyde: (a) before and (b) after heating at 60 °C; (c) after UV
irradiation; (d) after immersion in DMSO. Reproduced from ref. 160 with
permission from the American Chemical Society, copyright 2017.
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J-aggregates present in the cyclobutane gel and consequently
the green emission was diminished. It was finally shown that,
thermal induced tuning of molecular aggregation followed by
photo cross-linking of the H-aggregates allowed controlled
fluorescence photopatterning of the gels.

Wang et al. presented a new strategy, using the ruthenium-
catalyzed photo-crosslinking of tyrosine to dityrosine to
enhance the mechanical strength of a Fmoc-peptide hydrogel
by 104-fold with a final storage modulus of around 100 kPa."®*
Recently, photocoupling of 1,3,4-oxadiazole coupled styrenes
was utilized by Dumur et al. to convert the blue fluorescence of
the organogels into yellow by a tandem [4+2] and [3+2] cascade
reaction."®”

Another fascinating approach is photopolymerization of
diacetylenes to create conductive arrays of conjugated m-bonds
(Fig. 14).°*'®* The final polydiacetylene gel shows a dramatic
increase in rheological strength because of the formation of
covalent cross-links into the network. An early report by Shinkai
and co-workers showed polymerization resulted in significant
increase in thermal stability (from 46 °C to 58 °C) and robustness
of the material."®® Later, George and Weiss reported that photo-
polymerization of diacetylenes led to organogels that may lose
thermoreversible properties unlike the primitive non-polymerized
gels.'®® However, because of increase in conjugated n-length, the
polydiacetylene gels became highly coloured. Applying a similar
strategy, a number of diacetylene gelators have been reported that
showed remarkable stability as well as drastic colour change
(usually colourless to blue) and morphology transformations
during gel-to-gel transitions.’®”'”® However, structural modifica-
tions have been carried out keeping the basic diacetylene platform
intact to achieve high control over optical and mechanical proper-
ties of the polymerized gel. For example, Stupp’s group synthe-
sized diacetylene containing linear peptide hydrogels and showed
that the efficiency of photopolymerization decreased in branched
architectures due to poor molecular packing within the fibre.'*”
In some cases, instead of long alkyl chain, cholesteryl segments
have been introduced'®® to uphold the polymerized network
through extensive hydrophobic and van der Waals interactions."®
Moreover, incorporation of sugar or amino acids at the terminal
positions provided H-bond assisted extra stability to the polymer-
ized gels and increased material strengths.”®"”* Metalloporphyr-
ins have also been used to induce template-directed polymerization
of diacetylene in gels, forming highly elongated networks with a
unimolecularly stacked array.'”*'”> Shirakawa et al. utilized
this concept and used diacetylene decorated Cu(u)-porphyrins

Fig. 14 Photopolymerization of a diacetylene-containing LMWG leads to
formation of an arrays of conjugated n-bonds.
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as photopolymerization template. On photoirradiation, unimole-
cularly segregated polydiacetylene nanowires were obtained from
columnar fibrils.’”® C3-symmetric diacetylenes also showed similar
topochemical coupling upon photoirradiation, producing conju-
gated 1D nanowires made of three connected polydiacetylenes
under solvent free conditions."””

Study of such structure-property relationship is essential
for exploring the possibilities of these gels because minor
structural changes can significantly influence the optoelectronic
properties of the polyacetylenes. For example, Aoki et al. studied
photogelation of a series of diacetylene diastereomers (DD) and
showed that a good gelation ability was found for enantiomers
while for the racemic mixtures of diastereomers no gelation was
observed (Fig. 15a and b)."”® Additionally, a prominent odd-even
effect in the alkyl chain length was found that regulated the
properties of the photopolymerized gels. Upon photoirradiation,
the cyclohexane gels with an odd number of carbon atoms
exhibited thermal stability and a vivid colour change from orange
(n = 3) to blue-purple (1 = 7). Gels with even number of carbon
spacers were non-photoreactive. A similar odd-even effect was
observed by the Shinkai group for a series of diacetylene-gallic
ester conjugates (DGE).'®® The carbon atoms present on the
aliphatic chains controlled the planarity during polymerization
and produced various colours from red to dark blue (Fig. 15c).
Apart from these, photopolymerization of methyl methacrylate
also resulted in change in turbidity, thermal stability as well as
morphology of gels.'®!

Recently, the Jeong group illustrated thermal behaviour
of a diacetylene-functionalized dendron in n-butanol.’®* The
dendron molecules contain amide functionalities for hydrogen
bonding, long alkyl chains for van der Waals interactions and a
diacetylene core as a photoresponsive unit. Initially, a turbid
organogel was formed by the self-assembly of the molecules
involving hydrogen bonding and hydrophobic interactions.
After photoinduced polymerization of the diacetylene cores,
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Fig. 15 (a) lllustration of gelation ability of diacetylene diastereomers
(DD).}® (b) Photographs of the cyclohexane gels of diacetylene diaster-
eomers (DD) after photoirradiation. Reprinted from ref. 179 with permis-
sion from the American Chemical Society, copyright 2004. (c) Structures
of the diacetylene—gallic ester conjugate (DGE) gelators and photographs
of DGE gels after photoirradiation.®® Reproduced from ref. 180 with
permission from the American Chemical Society, copyright 2007.
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the colorless turbid gel turned into purple. These two gels
behaved differently when subjected to heating. While the
non-polymerized gel underwent gel-sol transition on heating,
the polydiacetylene gel exhibited wringing behavior at 85 °C
with a color change to red. From wide-angle X-ray diffraction
studies, they suggested that at 85 °C, the solvent was completely
squeezed out of the gel network due to wringing behavior arises
from the poor miscibility of the polydiacetylene fibers with
n-butanol.

Photoreduction. Photoreduction uses light to change the
electronic configuration of a component inside the gel matrix.
Gels that show this effect either incorporate photo-reducible
metal ions in the network structures'® or are built from gelators
that contain a highly conjugated m-surface like naphthalene*®* or
perylene'®® diimides that can form radical anion upon irradiation.
Photoreduction of metal ions changes the oxidation state of the
metal ions and thereby influences the electrostatic interactions
and crosslinking density of the gel systems. Photoreduction
of silver ions generates silver nanoparticle in situ and can
influence the gel properties like fibre diameter, thermal stabi-
lity, mechanical strength etc.'®® Although such reactions are
facile under sunlight, polarized UV-irradiation allows control
over the rate of formation of nanosized silver as well as the
nanoparticle size."®” Nanocomposite hydrogels are indispensable
for biological applications, catalysis and fabricating semiconduc-
ting devices.'®%19°

Based on the same principle, Fe(m)/Fe(u) redox conversion
has been utilized extremely in fabricating dynamic gels. For
example, Zhang et al. synthesized a redox tunable hydrogel
system comprising of poly(acrylic acid) (PAAc), hexadecyl
methacrylate and Fe(im)-citrate that evolved under UV-light.**
Photoreduction of Fe(m) in presence of citric acid led to significant
decrease in mechanical strength of the corresponding Fe(u)-gel.
The reaction could be reverted by oxygen and so forth the
mechanical strength of the hydrogel can be controlled. Similar
methodology was undertaken by Tong and other research groups
for further developing iron-based dynamic gels.'>"%?

Photoreduction can be used to change the properties of
perylene bisimide (PBI) based gels (Fig. 16). A red coloured
self-supported hydrogel was formed by acidification of a PBI
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Fig. 16 (a) Chemical structure of the gelator PBIG. (b) Photograph of a gel
of PBIG prepared at a pH of 3.4 in a mould and then removed; (c) after
irradiation with a 365 nm LED for 30 min and (d) after 24 h photographed
under natural light. (e) Strain sweeps performed on gels of PBIG before
(black data) and after photoirradiation with a 365 nm LED for 1 h (red data).
The closed symbols represent G’, the open symbols G”. Reproduced
from ref. 203 with permission from the American Chemical society,
copyright 2016.
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Fig. 17 (a) Chemical structure of NDIG used to construct smart window.
(b) (from left to right): transparent NDIG gel as prepared, and the same gel
after irradiation and recovered. (c) UV-Vis absorption data of NDIG gel
prepared in a cell irradiated with UV light (red data and d) and after applying
0.6 V for 60 s (black data and e). Reproduced from ref. 195 with permission
from the Springer Nature, copyright 2018.

substituted with a valine at the imide positions. The fibre
network was controlled primarily by stacking of the perylene
cores."”* Photoreduction of the gelator by 365 nm UV-light
lead to generation of a stable PBI-radical anion which was
confirmed by electron paramagnetic resonance (EPR) studies.
With time, the intensity at 710 and 810 nm in the UV-vis spectra
of the gel progressively increased due to generation of the radial
anion and the colour of the gel changed to dark purple. These
radical anions altered the PBI stacking within the network
resulted in a change in fibrous structures and improved
the rheological properties. The reverse reaction occurred on
keeping the gel in air for several hours and allowed recovery of
the initial gel properties. Using a naphthalene diimide (NDI)
core resulted in a transparent pale-yellow gel (NDIG) instead of
the turbid red gel (Fig. 17).">> When this gel was exposed to
sunlight or irradiated by 365 nm light, the gel darken due to the
formation of the radical anion. Generation of NDI-radical
anions that turned the transparent gel into black could also
be achieved electrochemically. The reverse colour change could
be observed by applying a low voltage of 0.6 V for 30 s. Such
reversible and highly desirable transparent to dark colour change
offered a great potential for smart windows.'”® In addition to
these attributes, use of photomask on PBI and NDI gels further
allowed spatiotemporal control and switching of material proper-
ties that also extends the utility of such gels as organic electronics
and semiconducting materials.'®” >

(iv) pH changes

A change of pH is one of the most effective and convenient
method used to trigger and control molecular gelation in water.”®*
With biological systems being highly pH dependent, pH
responsive hydrogels are particularly of interest for biomedical
research.?®>2%” A subtle change of pH brings about dramatic
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Fig. 18 Cartoon representing pH dependent morphology transformation
of the hydrogel formed from 3-nitrotyrosine functionalized Fmoc-gelator.
Reproduced from ref. 208 with permission from the American Chemical
society, copyright 2019.

changes in gel properties. For example, Singh et al. reported
hydrogelation of a 3-nitrotyrosine functionalized Fmoc-gelator
at a wide pH range from pH 4.5-8.5 in 50 mM phosphate buffer
solutions (Fig. 18).%°® Field emission scanning electron micro-
scopy (FESEM) studies showed an increase in nanofibres over-
lapping at high pH. Interestingly, the yellow colour of the gel
gradually increased from lower pH to higher pH. The colour
change was ascribed to the deprotonation of the -OH group
at higher pH. The corresponding phenolate ion involved in
electron conjugation with the nitro group that resulted in a red-
shift in the absorption spectrum and produced intense yellow
colouration.

The key concept of preparing pH-triggered gels either
includes the presence of ionizable pendant groups such as
amine or carboxylic groups on the gelator backbone or incor-
porates active cleavable bonds like Schiff base bonds into the
structure. As consequence, such gels typically exhibit reversible
sol-gel transformations on reversal of the pH of the medium.
For ionizable functionalities, the solubility of the molecules is
controlled by the degree of protonation or deprotonation of the
groups. For example, many peptide hydrogels are pH-triggered
and exhibit hydrogel formation at a pH above or below the
apparent pK, of the gelators. pH-controlled deprotonation of a
carboxylic group results in increase in electrostatic repulsion
and causes gel-to-sol transition.?*>"" Similarly, amine or
pyridine functionalized gels are stable at basic pH, while
decreasing the pH below the pK, causes formation of ammo-
nium or pyridinium ions that results in return to the solution
state.”’®>'® Hydrogelation involving imine bond formation
is typically favoured at neutral or slightly basic pH while at
acidic pH the reverse reaction occurs that causes a gel-to-sol
transition.””” In addition, gelators containing amphoteric
functionality like imidazole or benzimidazole exhibit gelation
near neutral pH while either an increase or decrease in pH of
the medium results in weakening of the gels.>'**'® Because of
such limitations, gel properties have often been varied within
a short pH window®?° typically without crossing the pK,.>*!
Outside this pH region, sol formation occurs.

Variation of pH changes the nature of non-covalent inter-
actions such as hydrogen bonding, electrostatic as well as
hydrophobic interactions, chemical compositions etc. between
the assembled building blocks. As a result, apart from phase
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transitions, pH induced morphological transformations or a
change in molecular conformation is common in supramole-
cular self-assembled systems.**>”*>> pH triggered gel-to-gel
transitions are limited in the literature. Several strategies have
been undertaken to provide stability to the assembly structures
of LMWGSs upon pH change. A common method is to increase
the hydrophobicity of the peptide gelators so that at high pH
they behave as a surfactant and form micellar aggregates. This
can be achieved by incorporating large m-surface or long alkyl
chain into the structure.??*>>® The micellar aggregates may be
capable of sufficiently increasing the viscosity of the solution
such that it can resist flow.>** The carboxylate anions formed
upon deprotonation at high pH can bind the counter cation of
the base to reduce the electrostatic repulsion and further
crosslinking results in formation of a stable gels at high
pH.>*°2*% The change in cation induces different packing in
the micellar phase and thereby determines the material
properties.>** A transition from the salt-induced gel to pH-
triggered gel is possible by reducing the pH using hydrolysis
agent like glucono-3-lactone (GdL).>** This method further
allowed to prepare gels with transient gradient in pH which
can be visually observed by incorporating a pH responsive dye
into the gel. The changes in material properties during the
transition was further demonstrated by time sweep rheology.

Another method involves incorporation of two opposite
ionizable pendant groups on the same gelator backbone so
that when the pH is changed, one group may ionise and so
decrease its ability to sustain a self-assembled network, but the
other loses charge and so can trigger self-assembly. For example,
one can exploit the presence of a histidine functionality where
the degree of solubility of the molecules can be determined by
protonation/deprotonation of both the carboxylic acid and
imidazole groups. Patra et al. synthesized a r-histidine-based
amphiphiles containing an octyl chain.>** This compound
exists mostly in three different forms: cationic, zwitterionic,
and anionic and thereby exhibited hydrogelation over a broad
pH range of pH 2-11. A dipeptide hydrogelator H,N-ADDAPhe-
Phe-COOH (ADDA: 12-amino dodecanoic acid) containing an
amine and a carboxylic acid functionality at two opposite
terminals was introduced by the Banerjee group.**® In presence
of either HCl or NaOH, the peptide formed self-supportive
hydrogels, while it produced white aggregates under neutral
conditions. The high pH gel was translucent in nature while the
HCI triggered gel was quite transparent. The Escuder group
modified this strategy and prepared pH-responsive gels through
combination of two oppositely charged self-assembling peptides
(Fig. 19).**” The gelators either contained acid sensitive amine
functionality or a base sensitive acid group. The co-assembled gel
was formed at neutral pH which turned into a single component
gel either at acidic or basic pH due to the in situ dissolution of one
component through protonation of amine or deprotonation of
carboxylic acid group, respectively. Consequently, the morphology
and mechanical properties varied depending on the pH of the
medium.

A change of pH can also be used to tune the degree of metal-
ligand crosslinking in coordination polymer gels. Lee et al

This journal is © The Royal Society of Chemistry 2021
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sentation of the pH-responsiveness of mixtures A and B. Insets demon-
strate the macroscopic aspect of the hydrogels. Reproduced from ref. 237
with permission from the Royal Society of Chemistry.

reported a polymer hydrogel obtained through polymerization
of dopaminemethacrylamide (DMA).>*® The polymer chain con-
tained a number of catechol units that formed strong complexes
with Fe(w) ions. Depending on the pH on the medium, three
different metal-ligand complex [mono(<pH 5.6), bis(pH 5.6-9.1)
and cis(>pH 9.1)] formations was observed. The gels formed at
lower pH were week because of a smaller number of cross-
linking while stronger catechol-Fe(ur) binding at high pH allowed
deswelling and formation of relatively stiff gels. A similar strategy
has been taken by various research groups to devise pH-responsive
hydrogel-based actuators.>**>*

Smith’s group proposed a new idea to control material
properties of multi-component gels by sequential implementa-
tion of two different pH triggers (Fig. 20).>** They synthesized
two carboxylic acid functionalized gelators by derivatizing
1,3:2,4-dibenzyldene-p-sorbitol (DBS) that form self-sorted gels
when the pH is lowered in a controlled way. The DBS gelators
chosen had two distinctly different pK, meaning that in the
multicomponent system, their self-assembly can be triggered at
different pHs. They used base promoted hydrolysis of glucono-
d-lactone (GdL) as a proton source to lower the pH of the
mixture of gelators which initially triggered self-assembly of
DBS-CO,H (pK, 5.4), followed by DBS-Gly (pK, 4.3). By adjusting
the initial GdL concentration, a high degree of kinetic control
was achieved where almost all the DBS-CO,H was incorporated
into the network while negligible amounts of DBS-Gly were
immobilized. At this point they turned on the second pH-
trigger ie. the diphenyliodonium nitrate (DPIN), a well-known
photoacid generator.>** Upon irradiation, further activation of
DBS-Gly allowed second network formation. Hence, use of
two different triggers allowed two step acidifications of the
multicomponent gel system.

The same research group later introduced photopolymeriza-
tion to generate poly(ethylene glycol) dimethacrylate (PEGDM)
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Fig. 20 (a) Fabrication approach to multidomain hydrogels formed by

DBS-CO,H and DBS-Gly. Initially, because of higher pK, DBS-CO,H
assembled in the presence of GdL before DBS-Gly. The DBS-Gly then
assembled second which when activated by the photoacid DPIN. Photo-
triggered network formation in presence of a photomask yielded a
photopatterned hydrogel system. (b) NMR experiments demonstrating
that DBS-CO,H assembled in the presence of GdL before DBS-Gly.
(c) Photopatterned multicomponent gel of DBS-CO,H and DBS-Gly in
which one-half was exposed to UV to activate DPIN (upper, opaque half,
pH 4) while other-half was left unexposed (lower, translucent half, pH 5).
The experiment was carried in presence of Congo Red indicator to
monitor the pH change visually. The lower pH of the photopatterned
region than the unexposed region indicated proton generation through
DPIN activation in the patterned region. Reproduced from ref. 243 with
permission from the American Chemical society, copyright 2015.

polymer gel (PG) inside the mixture of DBS-CO,H and DBS-
Gly.>** They successively employed three different triggers to
fabricate step by step assembly of three gelators (two LMWGs and
one polymer gel). Initially they prepared an alkaline mixture of
six components: three gelators, GdL, DPIN and 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (HMMP). HMMP was
used as the photo-initiator for PEGDM polymerisation.
On irradiation of the mixture solution, initially rapid photo-
polymerization resulted in formation of polymer gel while the
rest of the LMWGs were nonresponding. Then GdL hydrolysis
with time allowed second network formation involving DBS-
CO,H at acidic pH. Finally, DPIN activation led to further
decrease in pH of the medium and allowed DBS-Gly network
assembly. They also performed same photopolymerization
reaction inside a preformed DBS-hydrazide gel and showed
that formation of polymer network resulted in significant

increase in the mechanical stiffness of the final hybrid gel.**®

(v) Dynamic covalent chemistry

Modification of gel networks can be achieved by exploiting
dynamic covalent chemistry. Dynamic covalent bonds undergo
formation and rupture reversibly under mild reaction
condition.>*”?* Dynamic covalent chemistry has emerged as
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a powerful tool to construct functional materials.
materials, dynamic covalent bonds usually work alongside
various non-covalent forces. Generally, only mild conditions
are needed to reversibly make or break a dynamic covalent
bond, however such systems still show resistance against small
environmental fluctuations (for example temperature).*’
Thermodynamic products that are stable with time are favoured
which makes the kinetics of bond formation and cleavage slower
than in case of kinetically controlled systems. Moreover, as the
dynamic exchange generally occurs at equilibrium, this allows
error correction of kinetically-trapped imperfections. Possible
suitable reactions include hydrazone and acylhydrazone formation,
olefin metathesis or Diels-Alder cycloaddition. Condensation of
amino and carbonyl groups to generate C—N double bond is very
popular, especially imine formation from the reaction between a
primary amine and aldehyde or ketone.>***>* Generally, this Schiff
base condensation is acid catalysed, the resulting imine is stable at
neutral or basic pH. On the other hand, hydrazines and acyl-
hydrazines react with aldehydes or ketones under mild acidic
conditions***>*® and produce hydrazone bonds that are stable
under neutral, basic as well as acidic conditions.?*® However,
the imine system can be kinetically fixed to prevent the
reversibility, e.g. reduction of dynamic C=N bond to a non-
reversible covalent C-N bond.*®°

There are numerous examples of supramolecular gelators
formed from dynamic covalent chemistry that includes for-
mation of imines, hydrazones, acylhydrazones, boronic esters,
Diels-Alder reaction, disulfides exchange reaction. Such gelators
form under equilibrium condition and often exhibit unidirec-
tional responses on perturbation resulting in gel-to-sol transi-
tions. A number of reviews have described the opportunities
afforded by stimuli responsive dynamic covalent gels.>>*>3!2¢1

Fabrication of dynamic covalent gels relies on multilevel
self-assembly mechanism. Lehn and co-workers introduced a
guanosine hydrazide-based supramolecular gelator which under-
went G-quartet formation in the presence of template cations like
K" (Fig. 21).>°® This G-quadruplex superstructure, stabilized by
H-bonding, self-assembles to form fibres and gels. This super-
structure was capable to undergoing dynamic decoration through
construction of acylhydrazone bonds with aldehydes. Among the
aldehydes tested, 1-formyl furan-3-sulfonic acid and pyridoxal-5-
phosphate reacted to produce gels from the corresponding acylhy-
drazones. This is a unique example of cation-templated multilevel
self-organization with component selection and amplification in
dynamic hydrogels based on G-quadruplex superstructure formation.
Later on, Arnal-Hérault et al. utilized similar strategy to synthesize
G-quartet macroscopic hydrogen-bonded membrane films.>®*

Chirality transfer as well as chiroptical switching can be
achieved through dynamic covalent bond formation and
cleavage.?®**>°® The Liu group reported the synthesis of a chiral
supramolecular organogel obtained from the co-assembly
of an achiral gelator with N,N’-bis(octadecyl)-.-Boc-glutamic
diamide.?®” The achiral imine 2-((octadecylimino)methyl)phe-
nol did not form a gel in many organic solvents tested; however,
in the presence of the universal gelator N,N’-bis(octadecyl)--
Boc-glutamic diamide,”*®***® it produced a gel in ethanol.
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The co-assembled gel showed a left-handed helical morphology
in scanning electron microscope. The supramolecular chirality
was thought to arise because of chirality transfer from the
chiral diamide through interchain interactions. Importantly,
the chirality transfer stopped when the imine bond was
ruptured on acidification and reappeared under alkaline
condition. Such a pH-induced rupture and formation of imine
bond enabled the gel to show significant change in circular
dichroism (CD) signals. Additionally, based on pH-responsive
imine chemistry, the morphological transformation of imine
assemblies can also be controlled.>*>*”°

Khalily et al. described post-modification of a hexapeptide-
based gel involving dynamic imine bond formation.””" In their
study, they synthesized a peptide gelator (Lauryl-VVAGKK-Am)
which self-assembled into nanofibres (diameter of ca. 10 nm)
directed by PB-sheet formation at pH 7.5. The hydrophobic
interactions exerted by the lauryl group as well as the
hydrogen-bonding facilitated by B-sheet forming amino acids
(VVA) drives the peptide to form a self-supported gel. When the
free amines of the peptide were reacted with glutaraldehyde,
the corresponding crosslinked gel was formed via imine bonding.
Interestingly, no significant change of the nanofibre morphology
or porosity was noticed during the gel-to-gel transition. However,
dynamic imine bond formation resulted in considerable increase
in viscoelastic properties compared to the initially formed gel.
It was possible to tune the viscoelastic properties of the gels
either by changing the ratio of glutaraldehyde or by adding
aldehydes of different lengths. A similar methodology was
undertaken by the Smith group for dynamic modification of
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acylhydrazide-functionalised 1,3:2,4-dibenzylidene sorbitol
(DBS-CONHNH,) gels.>”*> Reaction of DBS-CONHNH, with
various aromatic and aliphatic aldehydes produced acylhydra-
zones that retained the aggregated structure. However, the
thermal stability, morphology and rheological properties of
the aldehyde modified gels differ from the initially prepared
gel. Aldehyde modification resulted in decrease in fibre
lengths, however the fibre width increases from around
50 nm to around 500 nm in the modified gel. The increased
thermal stability and higher rheological properties were more
prominent when aldehydes with aromatic groups were used
compared to simple aliphatic aldehydes.

(vi) Redox reactions

A common strategy to achieve gel-to-gel transformations is to
use redox reactions. Redox-responsive gels typically either con-
tain redox active functionalities like tetrathiafulvalenes, ferro-
cenes, disulfides, thiophenes on the gelator backbone or they
accumulate redox active metal ions into the gel fibres.””*>>”>
Hence, such gels are intrinsically capable to respond to oxida-
tion or reduction. While a redox-induced change in molecular
structure dramatically influences the intermolecular interactions,
a change in oxidation state of the metal ions in a metal ligand
complex alters the coordination mode and potentially impacts the
electrostatic interactions.

Redox-responsive gels can be achieved either chemically or
electrochemically. In chemically active gels, chemical reagents
are used to activate the molecular components. Zhou et al
synthesized a yellow coloured coordination polymer supramo-
lecular gel by interactions between 3,5-dinitrosalicylic acid
(DNSA) and europium (Eu®") ions in presence of TiO,
(Fig. 22).”7° The gel exhibited the characteristic red fluores-
cence of Eu*". The yellow colour of the gel turned to red on
addition of NaBH, due to reduction of DNSA to 3-amino-5-
nitrosalicylic acid. The reduced gel became non-fluorescent.
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Fig. 22 (a) Schematic representation of the reversible redox switching of
fluorescence and visual colour change of DNSA/Eu**/TiO, coordination
polymer gel. (b) Emission spectra of the DNSA/Eu®*/TiO, gels in presence
of different concentrations of reducing agent NaBH, (0-6 mmol L) and
the reduced DNSA/EU**/TiO, gels with different UV light irradiation times
(0-4 h). (c—e) represent SEM images of the initial DNSA/Eu**/TiO, gel (c),
reduced DNSA/Eu**/TiO, gel by aqueous NaBH, (d), and the restored
oxidised DNSA/EU®*/TiO, gel after UV irradiation (e). Reproduced from ref.
276 with permission from the American Chemical society, copyright 2019.
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However, the presence of TiO, made the gel photoactive that
causes further oxidation to DNSA and restoration of the original
yellow gel by UV-light. Panja and Ghosh illustrated a H,O,
induced transformation of a Fe(u)-metallogel into a Fe(m)-
gel.””” Their study showed that a yellow coloured gel could be
obtained from the self-assembly of 1-((pyridin-3-ylimino)-
methyl)naphthalen-2-ol, a well explored imine functionalized
2-naphthol.>’® The gelation was proposed to be mostly driven
by n-stacking interactions exerted by the naphthyl groups. The
hydroxyl group of the gelator involved in intramolecular hydro-
gen bonding and locks the molecular conformation in a planar
arrangement. Such a molecular arrangement resulted in exten-
sive m-m stacking between the naphthyl rings and triggered
gelation. The presence of either H,O, or Fe(u) individually
caused a marginal effect on photophysical properties of the
gel. However, when H,0, was added on the top of the Fe(u)-
metallogel, a visual transformation to a deep brown coloured
gel was observed with time. The colour change was associated
to the oxidation of Fe(u) to Fe(u) ions followed by a change in
the metal-ligand coordination. They further explored the Fe(r)/
Fe(m) redox conversion in visual recognition of H,O, from other
reactive oxygen species (ROS) by performing Fenton reaction
inside the Fe(un)-gel medium. The deep-brown Fe(in) gel under-
went demetallation in presence of F~ ions and regenerated the
original yellow coloured gel. Based on such colour changes in
presence of different analytes, paper-based test kits were pre-
pared for further development of the gels as rewritable display
materials. In a recent development, Zhu and co-workers
exploited the redox properties of thiols to control swelling of
gels.””® They synthesized a poly(acrylamide)-based disulfide
cross-linked photonic crystal hydrogel containing mono-
disperse carbon-encapsulated Fe;O, nanoparticles. The nano-
particles were regularly spaced within the polymeric network
and exhibited a green structural color indicative of their lattice
spacing. When the gel was exposed to glutathione solution,
reduction of the disulfide bonds occurred which led to decrease
in the cross-linking degree of the gel network, triggering the
swelling of the hydrogel. As a result, an increase of the
nanoparticle lattice spacing happened which causes a red-
shift in the hydrogel’s structural color. Increasing concen-
tration of glutathione (1 to 10 mM) resulted in more reduction
of the disulfide bonds, allowing the gel to expand in a greater
degree. Consequently, the lattice spacing between the nano-
particles increases with higher concentration of glutathione,
causing a larger red-shift in the hydrogel’s structural color
(from green to yellow and then red gradually).
Electrochemically-responsive hydrogels change their proper-
ties on exposure to externally applied electrical field.**°>%?
In this case, the gelators bear redox-responsive functionalities
such as catechol or anthraquinone which undergo reversible
electro-mediated oxidation-reduction and exhibit changes in
their physical and chemical properties. An anthraquinone
functionalized glycine-based peptide was synthesized by Jones
et al.”® The peptide formed a self-supported hydrogel driven
by n-n stacking and hydrogen bonding. Electrochemical con-
version of anthraquinone to anthrahydroxyquinone caused
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Fig. 23 Schematic representation of the electro-responsive supra-
molecular peptide hydrogel actuator. Presence of DOPA segment on
naphthyl gelator (a) enables the hydrogel to exhibit changes in morphology
(AFM images) (b) and volume (c) at different potentials. Adapted from ref. 284
with permission from the John Wiley and Sons, copyright 2016.

reversible variation in transmittance over the entire visible range.
Similarly, Xue et al. coupled 3,4-dihydroxyphenylalanine (DOPA)
with 2-naphthalenyl-glycine-phenylalanine-phenylalanine to
synthesize an electrochemical active hydrogelator (Fig. 23).**
The presence of the DOPA segment made the hydrogel redox-
responsive. Electrochemical oxidation of the corresponding
hydrogel resulted in conversion of DOPA to dopaquinone and
made the hydrogel more hydrophobic. This resulted in swelling
of the hydrogel (up to 50%) as well as an increase in mechanical
properties. In presence of an alternative redox potential, it was
possible to constitute a hydrogel actuator that showed
unidirectional expansion and shrinkage with a change in the
redox states of the peptide. In some cases, redox active metal
ions have been incorporated to fabricate the supramolecular
gels which, upon electrical simulation, change the oxidation
state of the metal ions and cause ion mobility between the
electrodes.”® Such an uneven distribution of the ions inside
the gel active led to reorganization of the counter anions and
generated an osmotic pressure gradient leading to swelling or
shrinking of the hydrogels.?***® The Meyer group reported
Cu(u)/Cu(1) based redox responsive polymer based actuators
where conversion to Cu(i) resulted in a significant decrease in
material strength.*®” The polymer gel could reversibly switch
between hard and soft states, where the mechanical properties
were controlled by the oxidation states.

(vii) Post assembly fabrication of gels by chemical analytes

Gelators with specific binding sites for charged as well as
neutral analytes provide interesting opportunities in gel
chemistry.*®*>°> The key concept relies on binding of the
analytes into specific sites present on the gelator structure,
leading to changes in the aggregation and properties of gels.
Common chemical analytes include metal ions, amino acids,
carbohydrates, amines and carboxylic acids.****°' The nature
of the chemical analytes demands specific design of the
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gelators in order to exhibit changes upon interaction. Generally,
gelators possessing heteroaromatic scaffolds (like pyridine,
imidazole, thiazole etc.), crown ethers, triazole, hydrazone,
and salicyl-imine segments are responsive towards cations
whilst the presence of hydrogen bond donor groups like
hydroxyl, urea and amides tend to interact with anions. While
the ionic analytes interact electrostatically with the gelators,
neutral guests mostly depend on hydrogen bonding and stacking
interactions. The donor-acceptor charge transfer interaction is
also a possibility to prepare co-assembled gels with remarkable
photophysical properties.’*>*%  Although rare, cation-n and
anion-n interactions are also found in gels.****% Chemical
analyte responsive dosimetric gelators are another topic of
interest in recent years.>**% Generally, the binding sites are
connected to some associating units on the gelator structure that
assist self-assembly involving non-covalent interactions.'®3%7311
Such associating units may contain hydrophobic moieties like
cholesterol'®®?'>3* and aromatic surface,®’® or hydrophilic
functionalities like peptide,*'® sugar®'” etc. Chemical analyte
responsive gels have huge potential as molecular sensors,
aggregation probes, antibacterial agents, conducting materials
and water purifying agents,>'*?99-3187322

The presence of chemical analytes can dramatically alter the
gel properties.***™2° A specific example is the Tb** metallogel
investigated by Ma et al**® The hydrogel of 2-(2-butyl-1H-
benzimidazol-1-yl)acethydrazide exhibited weak fluorescence
at 480 nm which was significantly increased ( ~ 4-fold increase)
and red shifted to 498 nm in the presence of 0.3 equivalent of
terbium nitrate. The enhanced and red shifted emission was
attributed to the coordination effect between the gelator and
Tb*" ions which induced the morphology change of the gel
from rod like nanostructure to highly entangled and densely
bundled aggregate. As an extension, the authors used a similar
strategy to convert a weakly fluorescent hydrogel of a benz-
imidazole functionalized acylhydrazone Schiff base to a strong
blue-light emitting metal-organic gel by implanting Cd** into
the gel network.>”” In a seminal work, Maji and co-workers
reported a terpyridine substituted tetraphenylethelene-based
LMWG whose optical and fibre properties can be tuned by
Eu’*.’*® Insertion of metal ions into the LMWG converts the
supramolecular gel into a 3D coordination polymer gel. It is
further possible to incorporate two different metal ions
simultaneously into the same gel network and the properties
of the metallogels can be controlled by varying the stoichio-
metries of the metal ions.****! For example, Sutar et al.
reported a series of Ln-coordination polymer organogels where
the emission properties of the gels was tuned by varying the
stoichiometry of Tb** and Eu®" (Fig. 24).>*° However, the metal
ions were introduced at the beginning of gelation for these
systems, and hence, the changes in gel properties can be
ascribed to the different self-assembly pathway than the original
gels.'??27:332333 purthermore, in some cases, a heat-cool opera-
tion was performed after addition of the guest analytes onto
the gels.******% Here, we discuss the possibilities of modifying
gel properties by various chemical analytes in a post-assembly
pathway at room temperature.
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Fig. 25 (a) Schematic representation of the multianalyte responsive
system. (b) Fluorescence responses of the multi-analyte sensor array gel
(WJG) towards various chemical analytes. Adapted from ref. 296 with
permission from the Royal Society of Chemistry (RSC) on behalf of the
Centre National de la Recherche Scientifiqgue (CNRS) and the RSC.

Yao et al. explored an acylhydrazone functionalized benz-
imidazole gelator in multianalyte sensing in a gel-to-gel fashion
(Fig. 25).>°® The LMWG formed a gel in ethylene glycol and
glycerol exhibiting strong yellow-green fluorescence. Various
chemical analytes were added on the top of the gel, and then
allowed to diffuse through the gel. The organogel selectively
recognized CN~, AI**, Fe®" and 1-Cys via a fluorescence change.
Depending upon the nature of the chemical guests, different
modes of interaction were established in the recognition
events. The presence of CN™ ions resulted in deprotonation
of both phenolic-OH and the acylhydrazone -NH because of the
strong basicity. The yellow-green fluorescence of the gel chan-
ged to blue with enhanced intensity on interaction with CN™
ions. In addition to anions, the gel state could selectively
recognize both AI** and Fe*" by exhibiting opposite responses
in emission spectra. While addition of AlI** caused aggregation
induced blue shifted emission with colour change to blue, Fe**
quenched the yellow-green emission of the gel. Demetallation
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of Fe** from the Fe-metallogel by 1-cysteine resulted in restora-
tion of the original yellow-green emission, and thereby the
Fe-metallogel was inspected as a secondary sensing probe
to detect r-cysteine from other amino acids. The fluorescence
off-on switching by successive addition of Fe** and r-cysteine
was found to be an effective strategy for constructing rewritable
display materials. Many research groups adopted similar meta-
lation and demetallation techniques to modify the optical
properties of the gels and so to detect several anions by off-on
switching of the emission property of the metallogels.**'>** In a
recent study, Sebastian and Prasad synthesized a Cu-gel of a
terpyridine linked poly(aryl ether) dendrone.**> The non-
emissive spectra of the Cu-gel was selectively turned on in
presence of CN~ ion. As suggested, scavenging of Cu*" from the
gel fibres by CN~ ions through the formation of [Cu(CN),|*~
complex led to attend the original gelation attributes of the
poly(aryl ether) dendrone gelator which resulted in significant
enhancement in the emission of the gel. In some cases, instead of
demetallation, complexation of the incoming guest (or binding)
with the metal centre can also occur. Mukhopadhyay and
co-workers synthesized an organogelator N1,N3,N5-tris(4-cyano-
methylphenyl)benzene-1,3,5-tricarboxamide. On addition of Co®",
the colourless organogel became pink.**® This Co-metallogel
selectively senses r-tryptophan from other amino acids (Tyr,
Leu, Lys, Phe, Trp, Ala, Glu, Asp, Ser, His, Arg, Pro, and Cys)
through quenching of emission and a visible colour change to
yellow.>*” It was proposed that tryptophan binding with the Co()
ion changes the coordination environment around the metal
centre, which was responsible for the vivid colour change of the
metallogel. Interestingly, the Co-metallogel could also sense
L-tryptophan in a complex structure like bovine serum albumin
protein by exhibiting similar colour change with a detection limit
of protein of 8.7 x 107° M.

Such post-assembly modification enables the use the gels as
a catalyst and sensor for antibiotics. Huang et al. showed that
diffusion of Pd*" into a Fe*" metallogel resulted in replacement
of the iron ions.**® The corresponding Pd-gel behaved as
an efficient recoverable catalyst for Suzuki-Miyaura coupling
reaction under mild conditions. Similarly, diffusion of Tb**
into an Al*"-gel of 1,3,5-benzenetricarboxylic acid produced the
corresponding Pb-gel that exhibited an intense green emission
due to energy-transfer from the ligand to the metal centre.**’
Addition of sulfamide-antibiotics, such as sulfamethazine,
sulfadiazine caused quenching of the emission of the Tb-gel
by disturbing the ligand-metal energy transfer process.

Post-assembly fabrication can often give gels that can dis-
criminate between basic anions like F~ and AcO™. Xu et al.
synthesized a m-gelator (PG) containing a pyrenefluorophore
and urea-sulfonamide groups as anion binding sites
(Fig. 26).>*° Due to the strong basicity, both F~ and AcO™ ions
(both as tetrabutylammonium salt) formed strong inter-
molecular hydrogen bonding with the urea -NH. However,
the authors speculated that owing to its small size, F~ ions
can fit within the gel network. The gel structure was maintained
by aromatic stacking and hydrophobic interactions, but the
emission intensity was quenched significantly. On the other

Chem. Soc. Rev, 2021, 50, 5165-5200 | 5181


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cs01166e

Open Access Article. Published on 01 March 2021. Downloaded on 6/16/2026 9:23:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

OC1gH33

OC1gHa3
OCgH33

(b) N\/\N)KOR -
ity O‘ Y (©)

W{W

OAC' L F- Q. 02
«— — Y
. i v 005 a0 s0 0 7100
= Wavelength/nm

Fig. 26 Photographs showing anion responsive behaviour of PG towards
F~ and AcO™ ions. Reproduced from ref. 350 with permission from
Elsevier, copyright 2017. In comparison to PG, the naphthalimide—cholesterol
gelator NC exhibited opposite response for F~ and AcO~ (b). (c) UV-vis
spectra of the organogel NC in presence of F~ and AcO™ ions. Figures (b) and
(c) are reproduced from ref. 351 with permission from The Royal Society
of Chemistry (RSC) on behalf of the Centre National de la Recherche
Scientifiqgue (CNRS) and the RSC.
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hand, AcO™ ions altered the intermolecular interactions signifi-
cantly and destroyed the gel structure. This was ascribed to the
relatively larger size of the AcO™ ions. Recently, Pang et al.
introduced a cholesterol coupled naphthalimide (NC) that
exhibited the opposite response in presence of the same anions
(as tetrabutylammonium salt) (Fig. 26).>*" While addition of
F~ ion resulted in a rapid gel-to-sol transition associated with a
colour change from red to dark blue, addition of AcO™ ion
showed only a colour change of the gel from red to black
without a phase transition. The colour changes under both
conditions were attributed to the deprotonation of the acidic
-NH that enhanced the m-electron conjugation. Proton NMR
spectroscopy studies showed both hydrogen bonding and
anion-n interaction were responsible for these observations.
Due to strong hydrogen bonding and anion-m interaction
between the ligand and F~ caused destruction of the gel.
In this context, it is mentionable that, while triggering gelation
involving ion-ligand interactions, the nature of the counterion
often play decisive role on material properties.”®*>*>> However,
the effect of counterions on the kinetics of gel to gel transitions
is unexplored and hence demand future attention.

Anions can also modify gel properties by forming charge
transfer complexes. Ghosh et al. introduced bisurea gelator
1-pyridin-3-yl-3-[8-(3-pyridin-3-yl-ureido)-naphthalen-1-yl]-urea,
that formed a colourless gel in DMSO:H,0 (1:2, v/v).**?
Experimental evidence showed that extensive n-m stacking by
the naphthyl rings along with the bifurcated hydrogen bonding
involving the urea groups played pivotal role in fibre formation.
The gel became reddish brown when treated with iodide ions
due to formation of charge transfer complex. SEM images
suggested an increase in fibre density in the iodide gel. It was
proposed that cooperative hydrogen bonding interactions of
the pyridyl ureas with iodide ion packed the gelators molecules
effectively, reinforcing the stacking interaction between the
naphthalene groups. As a result, the iodide gel showed a higher
thermal stability than the initially formed gel. However,
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with time, I;” ions was generated in situ either through photo-
oxidation or by DMSO induced oxidation of I". A strong band at
370 nm in the absorption spectrum of the reddish-brown gel
indicated the coexistence of I;~ ions with I" in the gel network.
No such colour change was observed with other anions such as
HSO, , AcO™, H,PO, including halides F~, CI” and Br .
Hence, the gel state can be used for the visual recognition of
iodide ion over other anions. According to the authors, this was
the first report of naked eye detection of iodide through a
colour change involving no phase transformation.

A recent report describes a chemodosimetric method to
modify gel properties. In this case, the gelator backbone con-
tains a reaction centre where instead of reversible interactions,
a covalent bond formation or rupturing occurs. As a result, the
gelator molecules undergo permanent chemical changes after
reaction with the analyte. For example, nucleophilic addition of
cyanide ion to the gelator 2-(hexadecylthio)oxazolo[4,5-b]phe-
nazine resulted in a quenching in emission of the DMSO-water
gel.*** In a recent study, Mandegania et al. presented a supra-
molecular gelator composed of indolin-2-one and quinoline
moieties with an activated olefinic bond that exhibited gelation
in DMSO/water.>®> Among various anions, only CN~ ion
brought about a color change of the gel from orange to pink.
The selectivity arises from high nucleophilicity of cyanide
compared to other anions. The gelator first undergoes a
pseudo-Michael attack by CN™ ion followed by a ring closing.
Subsequent proton shift and tautomerization finally led to
generate corresponding conjugate anion which was responsible
for the dark purple color. Although such chemodosimetric
changes alter the optical and morphological properties of gels,
very little information is available on the changes in the
rheological properties.

A simple but efficient method was developed by the Smith
group to modify gel properties by chiral selection within gels
(Fig. 27).%>® They synthesized an 1-lysine dendron and demon-
strated selective incorporation of one enantiomer of an amine
over other into the fibrous network. When co-assembled gels
were prepared by the dendron with chiral amines (R and S
amines), the most stable gel was obtained from R-amine. They
showed that addition of R-enantiomeric amine to the gel
formed by the co-assembly of i-lysine dendron and S-amine
allowed diffusion of R-amine into the system followed by
displacement of the S-amine from the solid-like fibres. Chiral
recognition allowed selection and incorporation of component
(R-amine) leading to more thermodynamically stable gel. These
results suggest that chirality of the molecules plays crucial role
in determining thermodynamic stability and properties of
chiral gels.>****%” Other biomolecules like sugars can also be
used to tailor gel to gel transitions. Mahendar et al. synthesized
a hydrazone coupled phenylboronic acid-based chiral gelator.**®
The design principle underlines with the fact that the boronic acid
moiety exhibits selective interaction with p-(+)-glucose at alkaline
pH. Initially, a stiff metallogel was obtained from DMSO/water in
presence of LiIOH. The white Li‘-gel was then converted to a red-
colored metallogel by treating with p-(+)-glucose. Experimental
evidence revealed that, while Li" ions binds to the acyl carbonyls,
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Fig. 27 (a) Chemical structures of the chiral dendron (G2-Lys) and chiral

amines (C6R/S). (b) Cartoon representing thermodynamically controlled
gel evolution upon addition of C6R to the gel prepared from G2-Lys and
C6S. Reprinted from ref. 356 with permission from the American Chemical
Society, copyright 2014.

the boronic acid moieties undergoes esterification with b-(+)-
glucose. Glucose adduct formation resulted in weakening of
the mechanical properties. This decrease in stiffness in the
p-(+)-glucose bind gels led to a significant enhancement of the
conductance of the metallogel (compared to the p-(+)-glucose
free metallogel).

Self-assembled gels can show successive disassembly and
reassembly upon exposure to a chemical reagent followed by
a complementary counter-trigger resulting in gel-sol-gel
transitions.*>*% However, the changes in mechanical proper-
ties and morphology of the gels upon reappearance have been
rarely investigated. Recent research includes implementation
of a reaction cycle on a pre-formed gel to execute successive
phase change autonomously. The Hermans group synthesized
a hydrogel from an aldehyde saccharide hydrogelator (SachCHO)
(Fig. 28).3%* Addition of a chemical reaction cycle consisting of
dithionite (DT), GdL and hexamethylenetetramine (HMTA)
to the hydrogel gave a self-regulating gel-sol-gel transition
involving chemical changes of the gelator. Initially, SachCHO
was quantitatively converted to an o-hydroxy sulfonate
(SachSO; ™) that resulted in collapse of the hydrogel into a clear
solution. The second chemical reaction between GdL and HMTA
produced formaldehyde in situ, which consumed SachSO;™ and
regenerate the SachCHO gelator. The production of form-
aldehyde can be controlled by adjusting the initial GAL concen-
tration, and thereby the onset of regelation could be
programmed which allowed reappearance of the gel at different
time. The final properties of the gels depend upon the initial
concentration of GdL, and hence the rate of formaldehyde (fuel)
production. While flower-like assemblies consisting of short
fibres (60-100 pum) appeared during slow catalyzed ([GdL] =
234 mM) formation of SachCHO, fractal-like assemblies
composed of long fibres (=200 pm long) formed at fast catalyzed
([GdL] = 374 mM) formation of SachCHO. Consequently, the
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Fig. 28 (a) Schematic representation of sequential disassembly and reas-
sembly of SachCHO hydrogel in presence of a chemical reaction cycle. (b)
Evolution of SachSOz™ in the transient cycles as recorded by NMR at
different [GdL]. Initial gel with [SachCHO] = 54 mM, and [HMTA] = 190 mM,
[DT] = 191 mM. (c and d) represent confocal microscopy images of the
SashCHO gels obtained from a slow catalyzed ([GdL] = 234 mM) (c) and a
fast catalyzed ([GdL] = 374 mM) (d) production of SachCHO during the
transient cycles. Reproduced from ref. 364 with permission from the
American Chemical Society, copyright 2020.

storage moduli of the chemically fuelled gels varied from
~110 Pa ([GdL] = 46.8 mM) to ~2100 Pa ([GdL] = 374 mM)
depending upon the initial concentration of GdL. By employing
the reaction cycle, they were able to achieve 13 gel-sol-gel cycle
without significant loss of material properties.

4. Time programmable self-regulating
gel to gel transitions

Stimuli-triggered post assembly fabrication of supramolecular
assemblies provides an effective strategy to prepare functional
nanomaterials with well-defined architectures and properties.
In living organisms, many biological processes are associated
with stimuli responsive structural changes.?*>>% Integration
of biological processes with the state-of-the-art stimuli
responsiveness of synthetic materials has helped understanding
of the fundamental principles related to the biological
processes.””*”® However, natural processes operate under tem-
poral regulation and are always associated with self-monitoring
and self-correcting properties.*®>%97437¢ A true challenge
emerges when considering dynamic transformations of synthetic
gels by post assembly modification. Here, self-regulating and self-
correcting usually demands an external input from the user which
limits the scope of autonomous access of the two states. In this
section, we discuss various methods that are documented in
order to induce time programmable self-regulating gel-to-gel
transitions. Integration of biomimicking with traditional gels
not only allows temporal access of various properties, but also
provides an opportunity to synthesize sophisticated materials
which cannot be prepared under normal conditions. In particular,
engineering of complexities of living organisms into synthetic gels
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has opened new avenues toward the construction of next genera-
tion functional materials.'#®>$>377-381

(i) Aging

In some ways, gel-to-gel transition is the process of aging.
In cases where the assembled network is formed under kinetic
control and not necessarily in a thermodynamic minimum, it
may undergo a transition over time where the initially formed
aggregates rearrange or ‘self-correct’ to form a more stable
assembly. This often leads to a change in microstructure as well
as bulk properties like gel melting temperature, mechanical
strength and visual appearance of the material. For example,
Baral et al. reported an increase in turbidity of a peptide hydrogel
over two days.*®> This transition was driven by an increase in the
helicity of the fibre network which resulted in a stiffer (higher G)
gel over time. The Pozzo group reported an amide and carboxylic
acid functionalized dynamic system that showed entangle-
ment of small, branched and needle-like fibres to produce
unbranched and larger rod-like structures involving Ostwald
ripening during aging.*®® While aging simply involve sponta-
neous reorganization of assembled structures, it may be asso-
ciated with conformational switching of the gelator molecules in
the aggregated state. Xu and co-workers demonstrated a gel-to-
gel transition of a cinnamoyl-based peptide gel with time.***
Initially, an opaque gel appeared that finally evolved into a
transparent hydrogel after aging for ten days. They proposed
that the reversible cis/trans-isomerization of the cinnamoyl
group is responsible for rearrangement of the supramolecular
structures. Aging is also common in multicomponent gel system.
Nandi and co-workers synthesized a series of multicomponent
hydrogels by varying the concentration of 6,7-dimethoxy-
2,4[1H,3H]-quinazolinedione and melamine.*® They found that
all the multicomponent gel showed aging induced optical as well
as rheological changes. Recently, Gayen et al. reported aging
induced tuning of thermal and mechanical properties of a two-
component hydrogel system formed from a histidine-coupled
naphthalenediimide gelator and tartaric acid.**® Initially (for the
freshly prepared gels), the interaction between the imidazole
moieties and the carboxylic groups was poor due to the weak
dissociation constant of tartaric acid. With time, the imidazole
ring of the gelator molecule was slowly protonated. Consequently,
the electrostatic interaction set up between the oppositely charged
imidazolium unit of the gelator and the carboxylate group of
tartrate increases. As a result, the gel became more rigid which led
to increase in thermal stability of the gel. The weak fluorescence
of the fresh gel was also transformed into bright greenish
fluorescence on aging. Importantly, the stiffness of the gel was
enhanced by 146 times upon aging for 40 days.

Although this natural evolution might be utilized in some
cases, it is mostly an uncontrollable process. However, there are
various factors that can influence aging. For the gels where
gelation is triggered by a heat—cool cycle, aging is observed
when the cooling rate is high.*®® This is quite obvious as the
aggregated structures can have sufficient time to form thermo-
dynamically minimum network when the cooling rate is slow.
If the cooling rate is sufficiently slow, then the system directly
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leads to more stable equilibrated state.
system mentioned above, showed that while a fast cooling
produced a kinetically-trapped gel capable of exhibiting aging
phenomena, significantly slower cooling triggered the formation
of turbid solution instead of any gelation.*®** An unusual gel aging
was reported which was driven by the carbonate concentration as
a result of CO, in the air dissolving into solution.>®® The aging
time for turbid to transparent gel transition could be tuned by
treatment of the gelator solution either by gaseous CO, or by
directly with carbonate salt. Gel aging was ascribed purely due to
morphological transformation from spherical aggregates to long
continuous fibres structures (three days). The presence of carbo-
nate ions affected the hydrophobicity of the fibres and so the
amount of bound water molecules which resulted in reduction in
the inter-fibre interaction leading to decrease in turbidity of the
gel. Such solvent exchange between the fibres and medium is also
possible in absence of ionic analytes. Mallia et al. described
peptide-based organogels in CCl; that showed thermally-
induced opaque to transparent gel-to-gel transitions.*®*® They
suggested that when the opaque gels were heated, reversible
inclusion of further solvent molecules between the fibres occurred
which caused decrease in turbidity.

The effect of aging is unpredictable, but however crucial
for determining the final material properties and hence, for
desired applications. The Gazit group reported a aging induced
two-step assembly formation of a Fmoc-based dipeptide and
successfully studied its use in cell scaffolding.’*® Aging
can allow self-correcting properties for the gels that can, for
example, result in an increase in thermal stability of the
network.**" Although aging is known to have an effect on
thermal behaviour of gels, surprisingly little work is carried
out in this domain. People typically use gels after the systems
reach the (apparent) equilibrium conditions and do not change
their properties further. Hence, there are real opportunities
here to study time variable dynamic changes in thermal beha-
viour within supramolecular frameworks. The Smith group
explored the possibility of increasing the thermal stability of
a multicomponent gel system by using one gelator which
showed aging-induced enhanced thermal stability.*** Later,
Wang et al. utilized a similar concept in developing more
thermodynamically stable hydrogels involving a multilevel
self-sorting process.**>*%* Using multicomponent gelators that
spontaneously self-assemble into a stable heterogeneous
network, they found that the age of gelator precursors plays
an important role in the assembly process. One of the precursor
molecules when subjected to an aging treatment produced
so-called “tiny aggregates”. These age-induced aggregates then
served as seeds forming a kinetically-controlled transparent
homogeneous gel in the multicomponent system at a faster rate
compared to the case with fresh precursor. After some time,
this metastable state converted to the more stable hetero-
geneous turbid gel. Accessing aging-induced seeded metastable
state also resulted in significant robustness of the final gel.
Aging often leads to improvement in rheological properties of the
gels.*®% However, this is not always true. Saha et al. reported
Zn*" capped metallogels that showed an opaque-to-transparent
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Fig. 29 (a) Hydroxylamine induced hydrazone—oxime exchange reaction
of progelator Z-F,-BPS,. (b) Schematic representation of aging induced
transition of a supramolecular nanofibre network (hydrogel state) to
subsequent bundled and aggregated nanofibre network (shrunken gel
state). Reproduced from ref. 405 with permission from the Royal Society
of Chemistry.

transition associated with inferior mechanical properties both in
terms of gel stiffness and gel strength.>** In some cases, aging can
causes a considerable weakening of interlocked fibre networks
leading to spontaneous evolution to crystallization.>*>™*° Further-
more, there are examples where the aged gel shows a shrinking
behavior.**>*** Recently, Sugiura et al. constructed a hydrogel
system involving hydrazone-oxime exchange reaction in response
to hydroxylamine (Fig. 29).*°> When the free-flowing solution of a
hydrazine coupled peptide was treated with hydroxylamine in
presence of catalytic amounts of aniline, the multicomponent
system underwent dynamic covalent bond exchange reaction to
produce hydrazide-containing peptide (with the removal of the
aldehyde segment) and converted to a gel. With time, the gel
underwent a morphological transformation from long fibres to
bundled and aggregated clots of the fibrous that caused reduction
in the volume of the gel. The aging time depends on various
factors like initial concentration of hydroxylamine, aniline and the
solution pH. As a result of shrinking, considerable amounts of
solvent is released from the gel matrix. Such aging induced
shrinking of gel was effectively utilized in removal of water

polluting toxic metal ions and dyes as showed by the Banerjee
406

group.

(ii) pH regulated autonomous programming of gel-to-gel
transformations

pH driven self-regulated gel-to-gel transitions involve switching
between two pH-dependent energy states driven by the
presence of a particular chemical reagent. The key concept
relies on slow reactivity of the reagent at the early stages so that
initially a self-supported gel network can be accessed. However,
after a certain time, the chemical reaction is accelerated leading
to a rapid pH change of the medium. As a result, the initially-
formed gel state spontaneously evolves to a different type of
material over time. Alternatively, two different scenarios can be
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considered. Firstly, the chemical reaction shows a unidirec-
tional response leading to alter the pH of the medium. Another
situation may arise; if the chemical reaction is coupled with a
second reaction that resist the pH change with time, it is then
possible to revert the medium to its initial pH. However, under
both conditions, the pH changes need to be controlled to
achieve time dependent accessing of different gel states.

Typically, strong acids or bases are added externally to
change the pH of the medium. However, this is not desirable
for an autonomous gel-to-gel transition which demands a local
change in the pH of the medium so that an initially formed gel
state could be accessed before it evolves to a new state. A slow
PpH decrease may be effective to convert one component system
into a two component gel networks through sequential assem-
bly formation. For example, when an alkaline mixture of two
gelators having distinctly different pK, was treated with GdL,
slow hydrolysis of GdL to gluconic acid resulted in a gradual
decrease in pH that enabled sequentially assembly of each
gelator at their respective pK, values and allowed formation
of a self-sorted system."?”*® Use of GdL provides an advantage
over strong acids as it is possible to probe the kinetics of the pH
change by the amount of added GdL.>”® This method often
leads to more stable homogeneous hydrogel formation as
compared to the use of mineral acids and hence faster pH
changes.>'*%°

Recently, we developed a method to achieve an unusual gel-
to-gel transition for a single peptide system (Fig. 30). We chose
a naphthyl-derived dipeptide (2NapFF) that can form a gel at
low pH as well as exhibits Ca*" induced hydrogelation at
alkaline pH. We then employed the autocatalytic reaction
between urease and urea to increase the pH of the medium.

The urease-urea reaction was developed by Taylor et al.*'>*!" as
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Fig. 30 ) Chemical structure of dipeptide 2NapFF. (b) Photographs
showing autonomous gel to gel transition of the hydrogel of 2NapFF in
presence of Ca®* involving urease—urea reaction: after (i) immediate
addition, (i) 2 min, (i) 8 min, (iv) 30 min, (v) 1 h, (vi) 3 h, (vi) 16 h.
(c) Correlation of time sweep rheology with the pH change shows an
initially formed gel slowly disintegrates into solution as the pH of the
medium increases. Further increase in pH allowed Ca*-ion binding by the
carboxylate of 2NapFF. Consequently, there was an increase in rheological
moduli values with time. Black data represents G’, red data G” and blue
data pH. (d) Confocal microscopy images showed pH induced destruction
of the primary assembled structures followed by Ca®* induced reconstruc-
tion of aggregates at high pH. Reproduced from ref. 426 with permission
from the Royal Society of Chemistry.
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an alternative of conventional bases like gaseous NH;, metal
hydroxides or basic buffers, and then used by many other
research groups.?*®**™41¢ [n aqueous medium, urea undergoes
hydrolysis in presence of urease and produces ammonia. As a
result, the pH of the medium increases. The reaction is clean
and allows accessing of a broad pH range of pH 4 to pH 9. The
reaction itself is highly pH dependent as below pH 4 urease
loses its activity>'®*!**1” Therefore, the rate of the reaction can
easily be controlled by adjusting the initial pH and the reagent
concentrations. When we coupled the enzymatic reaction with
our hydrogel system in presence of Ca®", initially a self-
supportive gel was formed exhibiting pH of around 4. With
time, the pH increases slowly, deprotonation of carboxylic acid
occurred, and the gel gradually returned to a free-flowing
solution state under dissipative condition. Again, over time,
Ca®" ions binding to the carboxylates at high pH resulted in
reappearance of the gel. When we performed the same reaction
in the absence of Ca®', a transient hydrogelation occurred
(gel-to-sol transition) showing that the presence of Ca** was
necessary to drive gelation at high pH. Time sweep rheology
and confocal fluorescence microscopic studies confirmed the
pH-dependent destruction of the primary assembled structures
and salt induced gradual reconstruction of the assemblies
with time. The lifetime of the initially formed gel significantly
depends upon the rate of pH change and could be controlled by
adjusting the initial concentrations of urease, urea and Ca>*
ions which eventually led to the formation of transparent,
homogeneous and reproducible hydrogels with good control
over the final material properties. Interestingly, unlike the gels
formed by the dissipative process, direct hydrogelation by
adding Ca®" to the alkaline solution led to inhomogeneous
turbid gels. Inhomogeneity can be a real issue when the mixing
of the components competes with gelation and often results in
gels with irreproducible properties.'®*'® Hence our approach is
effective in triggering homogeneous hydrogelation of peptides
at high pH. Furthermore, unlike conventional gel-based dis-
sipative assemblies®'”*'°™**? where the limited lifetime of the
gels has rare practical applications,*****® our pH responsive
out-of-equilibrium system permits pre-programming of a system
to drive an unusual gel-to-sol-to-gel transition which allows access
of interesting materials that cannot be directly prepared.

We utilised the same enzymatic reaction to anneal pH-
responsive hydrogels (Fig. 31).**” We employed a reaction relay
on a peptide system (1ThNapFF) to anneal the structures locally
through a uniform and control pH change. To construct the
consecutive reaction relay, we coupled the autocatalytic urease-
urea reaction with methyl formate, a hydrolysis agent that
undergoes base promoted saponification to generate formic
acid that results in reduction of the pH. We adjusted the initial
conditions in such a way that at the early stages, production of
the ammonia is faster than the hydrolysis of methyl formate
while after certain time base promoted hydrolysis of methyl
formate becomes predominant. Again, the urea-urease reaction
initially drives the system to form an out-of-equilibrium gel,
followed by increasing the pH of the medium to form a
transient hydrogel. Subsequently, hydrolysis of methyl formate
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Fig. 31 (a) Annealing peptide hydrogel of 1ThNapFF by a pH cycle. The pH
cycle was constructed by coupling the urease—urea enzymatic reaction
with methyl formate. (b) represents variation of rheological moduli with pH
over time. Black data represents G/, red data G”, green data complex
viscosity and blue data pH. (c) A gel-sol—gel phase transition was observed
visually during the annealing process. For (b) and (c), initial reaction
condition: [IThNapFF] = 2 mg mL™%, [urease] = 0.2 mg mL™?, [urea] =
0.02 M, volume of methyl formate = 100 pL. Reproduced from ref. 427
with permission from the American Chemical Society, copyright 2020.

led to reassembly by reducing the pH over time. Our approach
enabled us to prepare homogeneous and reproducible gels
which are both stiffer and contain a different network structure
than the original gel. We suggested that, annealing resulted in
a change in the gel structure from spherulitic domains to a
more uniform distribution of fibres, that ultimately led to the
formation of homogeneous hydrogels with improved mechanical
properties. Conventionally, a heat-cool operation is conduced to
anneal gels.>>>*® We observed that, our annealing approach is
more effective in improving gel robustness than thermal annealing
for the present system.

As we discussed earlier, thermal annealing has limitations
in terms of thermal sensitivity of various functional groups
present on the gelator skeleton.®'*>**%4*° Fyrthermore, there
may be issues related to solvent evaporation that leads to a
change in the solvent composition of gels. During thermal
annealing, typically the gel is prepared inside a vial or a
container and then the whole system is subjected to heating
from outside, which imposes restrictions in terms of the
volume of gel that can be annealed. Moreover, during the
heat-cool cycle, there may be temperature gradients within
the gel as well as at the liquid-container junction that often
prevents a homogeneous temperature change inside the system.
Consequently, in true sense, homogeneous ‘moulding and
casting’ (i.e. melting followed by flowing and then solidification)
of gels is not possible using conventional annealing process.
Our approach of annealing offers local changes in pH at
ambient temperature and hence annealing of gels without
any volume restrictions (Fig. 31). The rate of annealing can
easily be controlled by adjusting initial reaction conditions
which enabled us to produce a range of materials from a single
starting gel. Furthermore, as it produced a free-flowing solution
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as an intermediate during annealing, it was possible to use our
annealing method for autonomous programming of homo-
geneous ‘moulding and casting’ of the hydrogel assemblies
in time. Additionally, this method can also be used to drive
controlled mixing of encapsulated components within different
gel environments.

The Wang group reported switching of a polymeric hydrogel
between two different pH dependent states in the presence
of the urea-urease reaction.**° The polymer gel was fabricated
by in situ formation of dynamic acylhydrazone bonds. The
chemical bond formation was efficient at a low initial pH of
4 yielding a red coloured gel in presence of neutral red (used as
dye to generate the colour). They observed that the hydrogel
behaved as a kinetically labile system at acidic pH where the
activation of the acylhydrazone bonds through protonation led
to faster gelation. On treatment with urea, production of
ammonia drives the system to a yellow coloured kinetically
stable gel with time. Interestingly, the hydrogel showed better
healing ability under acidic condition. A damage-healing
experiment was carried out where the kinetically stable yellow
gel was harmed first, followed by feeding with acidic urea
solution at the damaged site (Fig. 32). As a result, a transient
acidic pH state was temporarily created that allowed recovery of
the damage with red colouration. With time the enzymatic
reaction again drove the system to the yellow coloured kinetically
stable gel with complete recovery of the material properties.

We followed similar strategy to control properties and
lifetime of metastable hydrogels.**" We devised a system by
employing dynamic imine chemistry between 4-(dimethyl-
amino)benzaldehyde and hydrazine monohydrochloride in
DMSO/H,0 (molar ratio of aldehyde and amine was 2:1). The
system led to either a kinetically controlled transient orange
gel at acidic pH or a thermodynamically stable yellow gel at
high pH. Under both conditions, formation of the imine was

Urea—cpntaining acidic buffer

Urease

Acidified damaged surfaces
Fast activation of \
dynamic bonds at /

damage sites '\

I ’ ’

Damaged hydrogels with
kinetically locked dynamic bonds

%maga

Local pH increase

Slow base generation Fast healing

by urease-catalyzed
hydrolysis of urea

\

Property recovery

Bond reformation at low local pH

Fig. 32 Schematic representation of kinetically controlled damage-
healing experiment of hydrogel. A transient acidic pH state was temporarily
created that allowed recovery of the damage with red colouration. The
transient healability of damaged hydrogels was temporally programmed by
combining a fast acidic activator (acylhydrazone activation) with the slow
enzymatic generation of a base (urea—urease reaction). Adapted from ref.
430 with permission from the American Chemical Society, copyright 2020.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review Article

responsible for gelation, however, the response of the systems
was governed by the protonation/deprotonation of the in situ
synthesized imine compound. The orange colour of the hydro-
gels was attributed to the protonation state of the imine
product while the yellow colour was generated due to the
unprotonated form of the imine at high pH. Protonation of
the imine bond accelerates the nucleation of self-assembly
by intermolecular hydrogen bonding resulting in rapid
hydrogelation. By adjusting the initial pH, a metastable yellow
gel was accessed as intermediate which initially evolved into an
orange gel and then to an orange sol over time. Hence,
transient aggregation was occurred by successive formation of
two distinctly different kinetically controlled metastable states.
Interestingly, unlike Wang’s system mentioned above,**°
exploitation of the urease-urea reaction did not allow conver-
sion of the low pH-orange gel to the high pH yellow gel in our
case. Instead, we observed a controlled switching from a yellow
gel (high pH) to an orange gel (low pH) without any phase
transformation. Exploitation of the enzymatic reaction enabled
us to programming properties of a metastable assembly state
which ultimately pushed the system to a new material exhibiting a
gel-to-gel transition.

(iii) Redox responsive self-regulating gel to gel transitions

Redox responsive dynamic conformational changes are crucial
for the human organism. In living system, many processes like
Ca”" regulation, muscle control, cell division, genetic expression,
cell immunity, mitochondrial function, neurogenic events include
redox responsiveness to “sense and react”.**> Unregulated redox
mechanisms can lead to severe diseases like diabetes, fibrosis,
cancer, cardiovascular and neurological diseases etc.*** From this
perspective, there is significant interest in using a change in redox
state as a trigger for constructing biomimetic hydrogels.*””*3443

A well-accepted method of constructing gels that show self-
regulated redox-triggered gel-to-gel transitions is to synthesize
a metal-organic gel system followed by an in situ change in the
oxidation state of the metal ion by adding an appropriate
chemical reagent during the self-assembly process. This allows
the formation of time-programmable redox-induced gels. Such
gels have potential in designing biodegradable scaffolds, tissue
engineering, sensors and actuators. However, most of the
examples fall in this domain are based on polymeric hydrogels.
Yoshida et al. developed a copolymer gel of N-isopropyl-
acrylamide (IPAAm) and incorporated ruthenium(u)tris-(2,2'-
bipyridine) (Ru(bpy);>*) as Belousov-Zhabotinsky (BZ) reaction
catalyst within the gel.**® In the composite polymer, the BZ
catalyst was directly attached to the polymer chain via covalently
bond. The composite gel showed reversible shrinking and
swelling of the hydrogel due to change in oxidation state
between the reduced (Ru**) and oxidized form (Ru**). The BZ
reaction in the gel caused periodic charge modification on the
polymer backbone which resulting in mechanical oscillation
of the polymer network. Based on same strategy, the Suzuki
group further developed an oscillating microgel system which
exhibited fast swelling/deswelling and dispersing/flocculating
oscillation.**” They suggested that this system could be explored
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in fabricating autonomously oscillating micropumps similar to
human heartbeat.

Ballav and co-workers undertook a similar strategy to con-
vert a coordination polymer gel into a conducting polymer
gel.”*® A metal-organic gel initially comprised of Fe(u) and
terephthalic acid was subjected to redox changes in presence of
organic molecules like pyrrole, aniline and bithiophene. In situ
oxidation by Fe(ur) led to the formation of polypyrrole, poly-
aniline and polythiophene, respectively, and allowed transition
of the Fe(u)-gel into hybrid Fe(u)-conducting polymer gels
accompanied with drastic changes in morphology and lumi-
nescent properties. The redox reaction induced a remarkable
change in morphology of the metal-organic gel from spindle-like
structure to nanofibres. Additionally, the original nonfluorescent
metallogel was converted into a highly photoluminescent hybrid
gel. The fluorescence turn on response was attributed to the
production of oxidized polymers inside the porous gel matrix.

Zhang et al. prepared a complex heterometallic coordination
polymer gel by integrating Pd** and Cu®" ions simultaneously
with a pyridine functionalized isophthaloyl ligand (Fig. 33).**°
The ligand 5-(pyridin-4-yl)isophthalic acid was consisting of
two metal coordinating sites. When the ligand was mixed
with Pd** and Cu®" ions in a molar ratio of 2:2:1 (ligand:
Cu**:Pd*") in a mixed solvent like e.g. DMF-MeOH-MeCN, a
greenish yellow gel was obtained. In the gel state, while the Pd**
ions coordinate to the pyridine group and acted as a bridging
unit, Cu®" ions coordinate to the carboxylate groups resulted in
formation of a coordination polymers gel. With time, the colour of
the gel changes and after ~1 month it transformed into a blue
coloured gel without showing any phase transformation. By X-ray
photoelectron spectroscopic studies, it was suggested that the
colour change was due to reduction of Cu(u) to Cu(i). However,
since no Pd(0) was formed, the changes in Cu-oxidation state was
explained by the nanofibres reducing Cu(u) to Cu(i) in a confined
environment.

5 Coo- 2
(@) P pg#  (cu?s  (CuB-=— -00C a - —»(Cu
—_— / °N Fid N
23 r Co0" —={Cu?
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Cu(l)} pcu(l)
M

Binding energy/eV

Fig. 33 (a)

Proposed coordination
5-(pyridin-4-yllisophthalic acid. (b) TEM images of PdCu(NOs),-H,O gel
of the ligand. (c) Comparison XPS data over the Cu 2p regions for

in the heterometallic gels of

the xerogels of PdCu(NOs),-MeOH (bottom), and Cu() containing
PdCu(NO3),-MeOH (top). The Cu 2ps,» signal at 932.8 eV was due to
Cu(l) and the signal at 934.8 eV was for Cu(i). Reproduced from ref. 439
with permission from the John Wiley and Sons, copyright 2011.
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Recently, we reported a redox responsive dynamic system
and emphasized the importance of pathway dependency for
redox-based supramolecular gels.**° We synthesized an iron-
containing organic gelator by performing dynamic covalent
bond formation reaction between 4-(dimethylamino)benzalde-
hyde and N,N-dimethyl-p-phenylenediamine in presence of
Fe(u) salt. The presence of Fe(u) ions made the gel system redox
responsive. In situ oxidation of the Fe(n) ions by NaNO, resulted
in conversion of the Fe(u)-gel into a Fe(ur)-gel. We showed that
the final properties of the Fe(m)-gel depend upon the rate of
oxidation of Fe(u) which actually control the final gel properties
like rheological and optical properties. As the rate of oxida-
tion increased, the corresponding Fe(u) gel became weaker.
Moreover, upon oxidation, the materials exhibited up to 38%
increase in volume of the final material without any destruction
of the gel architecture. The extent of the swelling could be
controlled just by adjusting the initial NaNO, concentration.
The temporal changes in gel properties depended upon the
assembled structures, and the rate of formation of Fe(m)
changed the Fe-interactions with the fibres.

Another variant of the redox-responsive dynamic system is
the synthesise of temporally regulated transient hydrogels
where the assembled structures display a limited lifetime
before it undergoes sol formation.*>***»*4> There has been
recent interest in constructing transient hydrogels based on
redox reactions. Most of such systems are usually developed
either from the intermolecular disulfide exchange reaction-
based molecular probes,®******** or from incorporating redox
responsive metal ions onto the organic gelator backbone.**>"*
However, a key issue is the short lifetime of the gels in their active
state which limit their scope of application. In this regard, redox
responsive time programmable gel-to-gel transitions are worthy of
interest because of their widespread applications.

(iv) Chemically fuelled systems

A key issue for most of the self-regulating dynamic systems
(except aging, reaction cycle) is that the environmental condi-
tions (e.g. pH) of the final gel significantly differ from the
initially formed material. Even in some cases, the applied
method (e.g. covalent bond formation) results in changes in
the chemical structure of the gelators. To overcome these
issues, our group introduced a fuel-driven dynamic system that
exhibited an automated gel-to-gel transformation at similar
final conditions.**” Unlike conventional gel-to-gel transitions,
our target was to modify the gelator structure at the beginning
of gelation involving chemical reaction so that the initially
formed gel state incorporates the modified molecules. With
time, as the modified molecules started to regenerate the
original precursor, a different gel state could be achieved at
the end under similar final conditions.

To achieve this, we utilized the carbodiimide-induced acid-
anhydride reversible conversion as the key chemical reaction.
We used 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
as the chemical fuel to convert a C-terminal peptide into
its anhydride. EDC has been extensively used for constructing
fuel-driven transient hydrogel systems.*?"**5%°% Here, we
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exploited the same protocol to achieve a temporally pro-
grammed gel-to-gel transition. We deliberately chose the gela-
tor as it could form self-supporting gel in 20/80 DMSO/water in
absence of EDC exhibiting densely packed needle-like fibres
in the aggregated state. However, when EDC was added to,
the gelator molecules was converted into its anhydride that
initially caused a transition from a solution to a gel state by
co-assembly. Over time, the anhydride component started to
hydrolyze and regenerated the precursor, although the network
structure remained intact. As a consequence, the complete
cycle resulted in an autonomous gel-to-gel transformation with
the same gelator structure at the end. Although, no significant
change in the visual appearance as well as microstructures was
noticed during the gel evolution process, time sweep rheology
and spectroscopic studies demonstrated the gel-to-gel transi-
tion through successive covalent bond formation and rupture.
We also established that exploitation of fuel-driven pathway not
only allowed access to the materials that cannot be obtained
directly under similar final conditions, but also it provided
opportunity to control the final properties of the gels just by
varying the initial EDC concentrations. We proposed that when
different concentrations of EDC were used, the co-assembled
gels formed by the anhydride were kinetically trapped. Energy
dissipation from these kinetically-trapped states through
hydrolysis eventually governed the final properties of the gels.
This method was effective in improving gel strength than the
material prepared directly without using EDC.

There is a sharp difference between fuel-driven chemical
bonds and dynamic covalent bonds. Dynamic covalent bonds
are formed and broken reversibly under thermodynamic
equilibrium.**”**® In particular, formation of a dynamic covalent
bond follows energetically down-hill processes. As a result, the
newly formed bond is stable unless the equilibrium is disturbed by
means of chemical stimulants. In contrast, fuel-driven covalent
bond formation is an energetically up-hill process and so a constant
energy source is required to maintain the high energy chemical
structure.*>****> On removal of the energy source, the system
spontaneously drives to low-energy precursor structure. This differ-
ence probably makes fuel-driven pathways superior to constructing
gel-to-gel transition under similar final conditions.**’”

5. Future perspective

Functional supramolecular gels are promising in the field of
cell culturing, sensing, drug delivery, catalysis, tissue engineering,
environmental remediation, and optoelectronics.”** In all of
these cases, the gels need specific, but different properties. In
order to explore these gels for task-specific applications, it is
essential to adapt and control the material properties. This can be
achieved by changing the underlying gel structure through gel
evolution. Hence, the desired application apparently depends on
the chemical structure of gelator. In this context, aromatic peptide
gelators gain sever attention as they are easily functionalizing as
well as biocompatible."**® Again, the choice of gelator is
important as the functional group present on gelator backbone
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determines the suitability of the applied stimuli. The most
common stimuli that are used to induce dynamic changes
include temperature, pH, light, enzyme, redox, and chemical
analytes. The desired application also determines the appro-
priateness of these stimuli.

Stimuli-triggered post assembly fabrication (PAF) of gels is
the most common strategy applied in gel chemistry to adapt
material properties. One potential advantage of PAF is that it
provides opportunity to create heterogeneous and hierarchical
hydrogels with internal gradients in nanostructure, crosslink
density, mechanical and responsive properties.*>>**” Gradient
hydrogels enable to integrate variable properties into a single
gel material leading to many possible applications including
tissue engineering and cell culturing.**®** Different stimuli
can be employed to generate hydrogels with intrinsic hetero-
geneous structures over a broad length scale.”®” Photo-patterned
hydrogels are the most common heterogeneous gels with a
tunable gradients in mechanical and photophysical properties
(discussed in Section 3(iii)). On the other hand, diffusion of
metal ions, chemical analytes can also be used to fabricate to
spatiotemporal gradient gels.***®® For example, Wang et al.
developed a simple method, called ion transfer printing, to
devise gradient hydrogels.*®' They used a solution of Fe** as an
ink to print on a filter paper. When the filter paper printed with
Fe®* solution was placed in contact with a polymer hydrogel
sheet, slow diffusion of Fe** ions into the hydrogel resulted in a
change in local coordination and crosslinking of the fibres.
A patterned gel with gradient in stiffness was obtained with a
higher stiffness at the Fe** coordinated zones. Furthermore, the
oxidation state of the metal ion in the gel can be controlled
electrochemically or by redox reaction (discussed in Section 3(vi))
which enables to programme redox-responsive gradient gels
with pre-defined properties. Similarly, a change of pH can also
induce a diffusion controlled transient gradient in pH during
gel-to-gel transitions and thereby integrate transient hetero-
geneous structures.”** Longo and co-workers utilized pH gra-
dients to facilitate protein adsorption to a polymer hydrogel
film from binary and ternary mixtures of myoglobin, lysozyme
and cytochrome ¢.**> Change of pH can also be utilized to
control the degree of ion-ligand coordination as well as
distribution of metal ions in pH responsive metallogels
(discussed in Section 3(iii)) and thereby enables to control
inhomogeneity in crosslink density, rheological moduli, and
responsive properties in gradient hydrogel networks. However,
most of the chemical stimuli responsive gradient gels are
composed of polymeric backbone. It will be interesting to
investigate the effectiveness supramolecular low molecular
weight gels in devising chemical stimuli-induced gradient gels.
Furthermore, a major difficulty is to investigate the local
changes in material properties in gradient gels by oscillatory
rheology (as it measures the bulk properties). Modern techniques
such as nanoindentation,*®® cavitation rheology*®* etc. could be
used to provide information about how the underlying changes in
the network affect the local mechanical properties.

Dynamic transformations of supramolecular gels in presence
of a cyclic energy input is getting more and more interest to
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reprogramme gel properties after they are formed (Fig. 28 and
31).***27 However, the key challenge arises from how these
dynamic systems evolve. In presence of an energy cycle, mostly
the dynamic system incorporates a solution state as an inter-
mediate (i.e. gel-to-sol-to-gel transition) where the gel loses its
integrity and first falls apart completely before it reassembles
again (Fig. 28 and 31).*****” Hence, there is a possibility that after
the gel structures are completely destroyed, the free molecules
simply reassemble kinetically. To counter this, present research
focuses on creating more complex systems in which the molecular
dynamics can be controlled in such a way that the gel system
would resist the sol formation during evolution. This leads to the
development of ‘homeostatic’ hydrogels where a gel material
evolves through a gel-to-gel-to-gel pathway.*®®

Typically, homeostasis is a biological concept that refers to the
ability of a system to sustain its integrity in response to a change
in the environment.****®” Systems exhibiting homeostasis are
called homeostatic systems. Recently we tried to mimic the
concept of homeostasis by which a gel system can maintain its
gel form during evolution in presence of a feedback loop.*®
We consider the conservation of gel state (i.e phase integrity)
throughout an energy cycle as the essential criterion of home-
ostasis. We deliberately chose the system described in Fig. 31 for
this purpose. In Fig. 31, the gel fell apart completely or loses its
integrity at high pH.**” For the system to function as a homeo-
static module, instead of a gel-sol-gel transition, it needs to
evolve through a gel-to-gel-to-gel transition. To prevent the sol
formation, we incorporated Ca®>" into the system described in
Fig. 31. At high pH, cross-linking of the micellar dispersion of
the carboxylate anions by Ca*" was possible which resulted in
formation of a Ca**-triggered gel at elevated pH and eventually
allowed the system to evolve in a gel-to-gel-to-gel fashion in
presence of a pH cycle.*®® The on-off switching of the pH cycle
resulted in different feedback from the gel and creates three mini-
homeostatic modules with time. The value of this behavior is
clear: the gelator molecules utilized the sources available in the
medium to resist structural destruction under particular condition.
Furthermore, the evolution of the mini-homeostatic modules
induces self-correcting behaviour in the system leading to improve-
ment in the mechanical properties of the gel.

Apart from biomimicry, attempts have also been made to
explore homeostatic hydrogels for practical applications. He et al.
demonstrated a hydrogel-supported bilayer-based homeostatic
system that exhibits chemo-mechano-chemical self-regulation.*®®
They utilized this platform to perform several exothermic catalytic
reactions. However, the study of homeostatic hydrogels is still in its
infancy. Development of new models for homeostatic hydrogels
is necessary to explore this field. The effect of other energy cycles
(e.g chemical reaction cycle, light, redox etc.) on the synthetic
homeostatic system also needs to be investigated.

6. Conclusions and outlook

Supramolecular self-assembly is the heart of bio-organic
chemistry. Among various self-assembled system, low molecular
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weight gelators are receiving much current attention. Typically,
supramolecular gels exhibit responsive behaviour because of the
existence of non-covalent interactions and undergo gel to gel
transitions with a dramatic change in microscopic as well as
macroscopic properties over time. Here, we have discussed
various methods that have been used to achieve gel-to-gel
transitions. While traditional gel systems mostly rely on an
external input, self-regulating gels offer autonomous switching
between two gel states. Stimuli-triggered gel-to-gel transitions
allow construction of an array of supramolecular gels with
various properties from a single material which extends the
limit of applications of the gels. Application of gels in a parti-
cular field is determined by the bulk properties or specifically
mechanical properties of the gels. The mechanical properties
depend on the nature of the fibre formed during self-assembly.
Reconfiguration of gel states provide further advantage in tuning
and controlling the mechanical properties. In some cases, gel-to-
gel transitions allow one to produce materials that cannot be
accessed directly.

The research has been carried out so far in this domain has
encountered several drawbacks. One potential issue is limited
understanding of changes in the underlying microstructure
during gel evolution.*®® Techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM) or
atomic force microscopy (AFM) have been used to compare the
morphology changes after evolution. Drying of the sample is usually
required for these experiments although drying of gels can lead to
changes in the self-assembled network.*”® Confocal laser scanning
microscopy (CLSM),*”* and super-resolution microscopy techniques
such as Points Accumulation for Imaging in Nanoscale Topography
(PAINT)*”> demand attention in this context as they enable real time
monitoring of changes in microstructure of gels under native
conditions and thereby understanding their impact in material
properties. Further, small angle scattering”® experiments are rarely
carried out to probe the changes at the fibre level assembly, but
could be used to provide information as to how the underlying
changes are occurring. However, the major drawback is that
rheological studies are rarely performed to understand the changes
in mechanical properties of the gels during the transition process.
Surprisingly, people mostly perform UV-vis and fluorescence studies
to demonstrate the gel-to-gel transitions, which cannot inform as to
the mechanical properties. Indeed, the topic stimuli responsive
chemical and structural changes of gels is highly demanding to
inform new models of supramolecular gelation.**>*”***”® The rising
popularity in the field certainly promises construction of bioinspired
next generation functional materials.
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