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Exploring Macrocycles in Functional Supramolecular Gels:
From Stimuli Responsiveness to Systems Chemistry
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CONSPECTUS: Supramolecular gels are ideal candidates for soft, stimuli-responsive S
materials, because they combine the elastic behavior of solids with the microviscous ~ )
properties of fluids. The dynamic networks of fibers in supramolecular gels are
reminiscent of the cytoskeleton of a cell and provide scaffolds to implement function.
When gels are made responsive to stimuli, these mechanical properties can be controlled.
Gel—sol transitions also open opportunities to immobilize molecules inside the gel’s
cavities and to release them on demand. To establish selective responsiveness, suitable
recognition sites are required influencing the properties of the fiber network depending on
the presence of the stimulus. Supramolecular gels are expected to be stimuli-responsive
per se, for example, to temperature, mechanical stress, or an environment that is com-
petitive with the noncovalent interactions connecting the low-molecular weight gelators.
Nevertheless, the opportunities for controlling the mechanical properties are rather
limited, if one merely relies on interfering with these interactions. It would be much more
promising to equip the gel with additional receptor sites that offer selectivity for a broader
variety of chemical stimuli. Macrocycles often exhibit a distinct host—guest chemistry and thus are excellent candidates for this
purpose. A broad variety of macrocycles differing with respect to structure, topology, solubility, or biocompatibility have been
incorporated in gels and endow gels with responsiveness and function. Macrocycles can have different roles: They offer rather
rigid scaffolds for the construction of structurally well-defined gelator molecules. Furthermore, their host—guest interactions can
be integral to gel formation, if these interactions are required to build the gel fibers. Finally, macrocycles can also be functional
groups with which gelators are equipped that would also form gels in the absence of the macrocycle. Here, the macrocycle can be
used as a binding site to allow additional stimuli control. To combine different stimuli for triggering gel—sol transitions certainly
expands the options for establishing stimuli responsiveness. If, for example, an agent trapped inside the gel is only liberated when
two different stimuli are present simultaneously, its release can be controlled with much higher precision and selectivity
compared with a gel that responds to one stimulus only.

In this Account, the recent progress in the construction of functional macrocycle-containing supramolecular gels is summarized.
First, recent strategies to engineer responsiveness into macrocycle-containing gels are discussed. Next, different functions are
presented including applications as responsive reaction media, for controlled drug-delivery or tissue engineering, and as self-
healing materials. Finally, we highlight the recent progress in designing macrocycle-containing supramolecular gel materials
exhibiting complex behavior. This field is part of systems chemistry and still in its infancy but appears to be one of the most
promising routes to smart responsive materials.

B INTRODUCTION

gel-forming interactions are stimuli that induce gel—sol
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Combining the elastic behavior of solids with the micro-
viscous properties of fluids makes gels a unique class of soft
materials.' > Microscopically, gels consist of three-dimensional
(3D) networks that span the volume of a liquid and entrap it
through the surface-tension effect.* These fibrous networks can
be constructed either by covalent bonds (chemical or polymer
gels) or by noncovalent interactions (physical or supramolecular
gels). In supramolecular gels, low-molecular weight gelators form
networks through noncovalent interactions such as hydrogen
bonding, 7—7 interactions, metal coordination, or host—guest
inclusion.®

Supramolecular gels, to which we restrict this Account, are
particularly suited to implement stimuli responsiveness, because
noncovalent interactions strongly depend on the environment.
Consequently, temperature, mechanical stress, the choice of
solvent, or the addition of molecules that compete with the
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transitions and have a significant effect on the gels’ mechanical
properties. In particular, reversible changes in the gel network and
the physical properties of these gels in response to a specific signal
input are thus pivotal for the creation of responsive materials. The
integration of selective molecular recognition units into the gelator
molecules or their nanostructures is advantageous to create specific
responses or develop multistimuli-responsive gels. The recognition
process at these sites must of course affect the nanostructures of
the gel in order to mediate a macroscopic property change.
Macrocycles often reversibly bind guest molecules with quite
high selectivity and can be fine-tuned chemically. Many different
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Figure 1. Macrocycles that were already utilized in supramolecular gels.

Scheme 1. Illustration of the Different Roles of Macrocycles in Supramolecular Gels: (a) Macrocycles as a Scaffold Only. (b)
Macrocycles Involved Directly in Gel Formation. (c) Macrocycles Appended to a Gelator Molecule, but Not Directly Involved
in Gelation
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classes of macrocycles with different structure, solubility, and or competitive guests can control their formation or dissociation.
biocompatibility have been incorporated in gels (Figure 1).° These features were successfully utilized to construct sophisti-
Because macrocycle—guest complexes are sensitive to environ- cated supramolecular architectures’ and molecular machines.®
mental changes, external stimuli like temperature, pressure, light, Although the first reports on macrocycle-containing supramolecular
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Figure 2. An example of gel formation that occurs only at elevated
temperatures. Adapted from ref 26 with kind permission. Copyright
2009 American Chemical Society.

gels date back to the early 1990s,” the utility of macrocycles and
their host—guest chemistry for gel chemistry has been exploited
more systematically only recently. The macrocycles in Figure 1
have either been part of the supramolecular gel network'®
mediating the gel-forming noncovalent interactions or were
appended to low-molecular-weight gelators (LMWGs) as
functional groups that are not directly involved in these
interactions.'"'* Some earlier reviews are available that focused
on particular macrocycles for designing supramolecular gels.'***
Very recently, Huang et al. published a survey of the recent
progress in the area of macrocycle-based supramolecular
polymers, a field closely related to supramolecular gels."®

In this Account, we summarize how to take advantage of the
macrocycles’ host—guest chemistry for fabricating functional
gels. First, we discuss some recent achievements in engineering
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Figure 4. Chemical structure of the crown-ether-functionalized
heteroditopic gelator DB24-A (top) and reversible gel—sol transitions
of the supramolecular DB24-A gel in acetonitrile triggered by multiple
stimuli. Adapted from ref 28 with kind permission from Wiley-VCH,
copyright 2012.

responsiveness into macrocycle-containing gels. Based on this,
diverse functions are presented in the second part. In the last
section, we highlight recent developments of macrocycle-
containing gels into materials with complex behavior.

B RESPONSIVENESS: A PRIMER

Many macrocycle—guest pairs with binding strengths tunable,
for example, by substitution with suitable functional groups
exist. For example, azobenzene (Azo) and ferrocene (Fc) are
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Figure 3. Schematic illustration of pressure-induced transitions of the network structure of supramolecular gels, which result in pressure-responsive
fluid permeation through a gel membrane. Inset: Permeation rate-dependence on the pressure-to-membrane thickness quotient. HPR-X/W and
PAAmM-X/W, respectively, refer to SR gels and polyacrylamide hydrogels. Reprinted from ref 27 with kind permission from Wiley-VCH, copyright

2013.
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Figure S. Jiang’s hybrid cyclodextrin-containing supramolecular gel shows multiple gel—sol and sol—gel transitions triggered by different stimuli.
Adapted from refs 30—32 with kind permission. Copyright 2010 and 2011 American Chemical Society.
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Figure 6. (a) Schematic illustration of responsive supramolecular gels for immobilization and controlled release. (b) The chemical structure of the
chiral gelator r-BC7. (c) Its application as a new reaction medium. (d) After the formation of Pickering emulsions, enzyme catalyzed reactions can be
performed in the polar phase inside the microparticles, while the surrounding medium is a nonpolar organic solvent. Adapted from ref 35 with kind
permission from Wiley-VCH, copyright 2013.

popular guests for constructing photo- and redox-responsive suitable positions for supramolecular polymerization (Scheme 1a).
macrocycle-containing gels."”> Crown ether/ammonium com- Macrocycles can also be directly involved in gel construction
plexes can be addressed by acid/base addition.'* The macro- (Scheme 1b), when neighboring gelator molecules are held
cycles may have different roles in the gel. They can merely together in the supramolecular gel by noncovalent macrocycle—
provide a suitable scaffold to direct the binding sites into guest interactions. In this case, environmental changes and the
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addition of stimuli such as competitive guests directly affect the
gelator—gelator interaction and can trigger macroscopically
detectable gel—sol transitions. They may finally be appended to
a gelator molecule without directly participating in the gel
formation event (Scheme 1c). Molecular recognition of a
suitable guest can then indirectly affect gel formation. For
example, charged guests may weaken the gel through charge
repulsion; sterically demanding guest may lead to the
destruction of the gel network through their bulkiness.

Chemical stimuli include the addition of acids/bases'” or
ions,"® metal coordination,'” CO, absorption,20 redox chemicals,**
chiral guest molecules,”* and biomolecules.* Combining such
stimuli-responsive units with other stimuli such as temperature,
pressure, light, or mechanical stress can be advantageous™ since
this opens a window toward controlling the gel properties with
complex inputs that, for example, operate as logic gates.

But even thermoresponsiveness, which is a universal char-
acteristic for supramolecular gels because supramolecular
interactions are commonly temperature-dependent, can come
with surprises. Normally, supramolecular gels show a gel—sol
transition at temperatures above a critical gelation temperature.
However, gel formation in some cases can also occur only at
higher temperatures due to the particular binding properties of
the macrocycles incorporated.*® For example, Danjo et al. have
reported a new class of supramolecular gels based on
D;-symmetric tris(spiroborate) cyclophanes that show gel
formation only at elevated temperature.”® Macrocycle tSB
adopts a back-to-back twin-bowl shape and exhibits molecular
recognition of cationic metal complexes through 7—z and
electrostatic interactions at both sides (Figure 2). Polymer-
ization results in rapid gelation when a solution is heated above
the lower critical solution temperature (LCST) of 78.5 °C.
After cooling to ambient temperature, the gel returns into a
clear solution within 15 min. Of course, such an unexpected
temperature-dependence is best explained with entropically
driven complex formation that originates from the liberation of
several solvent molecules from the macrocycle cavity upon
guest complexation.

Ito’s pressure-responsive gel is another intriguing example for
unusual responsiveness through macrocycle incorporation.””
The design (Figure 3) is based on polyrotaxanes in which
a-CD monomers are threaded onto a linear poly(ethylene
glycol) (PEG) and cross-linked covalently to yield what was
termed a slide-ring (SR) gel. Due to the “handcuff” a-CD
dimers connecting two neighboring chains, the fluid perme-
ation through SR gel membranes exhibits a nonlinear pressure
dependence in marked contrast to conventional covalent
polymer gels. The authors traced back this quasi-on—off con-
trol of fluid permeation rates to a pressure-induced transition
within the network structure of SR gels. This transition is based
on the high mobility of the a-CD rings along the PEG chains.
The permeation rate is closely related to pore-size distribution.
At low pressure, the SR gel is more or less homogeneous in the
distribution of a-CD dimers resulting in smaller pore sizes and
a low permeation rate. When the imposed pressure increased
above a critical value, p, the dimers locally stacked together.
As a result, the SR gels have a heterogeneous network structure
with significantly larger pores and a higher permeation rate.

B MULTIPLE RESPONSIVENESS

A growing number of gels responsive to multiple stimuli have
recently been reported, which are smart materials that pre-
dictably adapt to combinations of different external stimuli.
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Huang’s crown-ether-appended supergelator DB24-A is a
fascinating example (Figure 4).® The crown-ether moiety on
DB24-A can form a pseudorotaxane with the dibenzylamine
incorporated in another DB24-A molecule forming supra-
molecular polymers. The chloride counterion is pivotal to
achieve low critical gelation concentrations (CGC). The CGC
of DB24-A in acetonitrile is only 0.6 wt % with chloride but
4.6 wt % with PF,~ counterions.* Eight different stimuli exist
that trigger gel—sol transitions: The crown ether binds com-
petitive cations such as K*, Na*, dibenzylammonium (DBA),
paraquat, and Fe®', which destroy the supramolecular polymer
fibers. Triethylamine as a base leads to dethreading of
dibenzylamine. Protection of the secondary amine with di-
tert-butyl dicarbonate (Boc,O) covalently blocks the dibenzyl
ammonium binding site. Both stimuli can be reversed by
addition of acid. As mentioned above, changing the counter-
anions, for example, by precipitation of AgCl with silver
trifluoroacetate, also induces a gel—sol transition, when the
gelator concentration is between the two CGCs mentioned
above. This example nicely shows how the host—guest
chemistry of macrocycles can enrich the stimuli responsiveness.

Jiang et al>**' synthesized -CD-modified CdS quantum
dots (f-CD@QD) and azobenzene- (Azo) and ferrocene-
functionalized (Fc) block copolymers (Figure S). Mixing f-
CD@QD with either one of the block copolymers forms a
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Figure 7. Schematic representation of the formation of supramolecular
biocompatible hydrogel and its modular modification using highly
selective and strong host—guest interactions of cucurbit[6]uril with
polyamines. Adapted from ref 41 with kind permission. Copyright
2012 American Chemical Society.
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and ferrocene. Adapted from ref 42 with kind permission from the Nature Publishing Group, copyright 2012, and from ref 43 with kind permission

from Wiley-VCH, copyright 2013.

hybrid complex because of the inclusion of Azo or Fc in the
cyclodextrin. The corresponding supramolecular gels exhibit
thermo- and chemical responsiveness. In addition, the oxida-
tion of the Fc moiety also stimulates the gel—sol transition.
Following the same strategy, other materials like B-CD-
functionalized graphene oxide sheets (CD-GO) form multi-
stimuli-responsive gels.*”

B RESPONSIVE REACTION MEDIA

Since chemical gels are interconnected by persistent non-
reversible bonds, they are mechanically stable and can be
considered permanent on most experiments’ time scales. This
feature is favorable for applications that require tough polymer
materials, but it is unfavorable if these materials are to be
further processed or recycled. In contrast, the tenability of the
stability of supramolecular gels makes them promising
candidates for responsive reaction media®® and for immobiliz-
ing cargoes ¢ such as drugs or proteins that need to be released
on demand.” Shinkai’s early crown-ether-substituted cholesterol
gelators successfully served as removable templates for the
fabrication of hollow silica nanotubes around the tubular gel
fibers.**

Recently, we proposed to utilize the selective responsiveness
of a crown-ether-functionalized gelator for the immobilization
and recycling of biocatalysts in Pickering emulsions (Figure 6).%°
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The crown-ether-appended chiral gelator r-BC7 shows quite
impressive gelation ability in a variety of solvents. Due to the
crown ether, the resulting supramolecular gel is sensitive to
multiple chemical stimuli, and the sol—gel phase transitions
can be reversibly triggered by host—guest interactions. The 3D
network in the gel is able to entrap the enzyme Candida
antarctica lipase B and to release it upon the addition of
potassium ions. Therefore, this gel system has been exploited
as a novel matrix for enzyme-catalyzed reactions in organic
chemistry. Pickering emulsions consist of microparticles that
are stabilized by colloidal nanoparticles. Using a polar gelled
phase inside these microparticles creates a suitable environment
for the enzyme, which remains active, even though the medium
surrounding the particles is a nonpolar organic solvent such as
hexane. Nonpolar organic reactants nevertheless have access
to the biocatalyst because of the large surface area of the
microparticles. These particles are sufficiently stable to collect
them after the reaction by centrifugation and reuse them in the
next batch.

B BIOMEDICAL APPLICATIONS

Cyclodextrins are macrocycles with excellent biocompatibility.
They thus have attracted considerable attention as biomedically
useful materials. Currently, cyclodextrins are the only family of
macrocycles approved by the Food and Drug Administration to

dx.doi.org/10.1021/ar500193z | Acc. Chem. Res. 2014, 47, 2222—-2233
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be used in food and medical applications. In 1994, Li et al.
reported the first necklace-like CD-polypseudorotaxane based
on linear water-soluble polymers.” The resulting polypseudor-
otaxane is biocompatible and shows thixotropic properties and
shear-thinning and has been used as an injectable hydrogel
drug-delivery system. Later, CD-based supramolecular hydrogels
based on block copolymer poly(pseudo)rotaxanes flourished.*
For example, Kros and co-workers recently developed a series of
cyclodextrin-based photoresponsive hydrogels as injectable protein
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carriers that release their load in a stimulus-controlled way.”” In
2010, two research groups reported also cucurbiturils (CB[n]s) to
be generally nontoxic so that they can also be used in biomedical
applications.’®*  Scherman’s group designed CB[8]-based
hydrogels and found that they can be employed for sustained
therapeutic applications.*’

More recently, Kim’s lab further extended the application of
CB[6]-containing supramolecular gels toward cellular engineering.
They reported an easy-to-prepare hydrogel using CB[6]- and

dx.doi.org/10.1021/ar500193z | Acc. Chem. Res. 2014, 47, 2222—-2233
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polyamine-conjugated hyaluronic acids (CB[6]-HA and
PA-HA; Figure 7).41 The strong host—guest interaction was
used as a driving force for the cross-linking of biopolymer
chains. After mixing of CB[6]-HA, PA-HA, and NIH3T3 cells,
the gel, entrapping cells, formed in situ after 2 min. Cyto-
compatibility studies showed the resulting gels to possess high
cell viability, enzymatic degradability, and negligible cytotox-
icity, which are essential characteristics for their application to
three-dimensional cellular engineering. Intriguingly, some
uncomplexed 1,6-diaminohexane (DAH) moieties in the
CB[6]/DAH-HA hydrogels provide additional groups for
dynamic modular modification of the obtained hydrogels through
the addition of CB[6] tagged with fluorescein isothiocyanate (FITC),
rhodamine B derivatives ,or RGD-based adhesion peptides. The
authors demonstrated that treatment of the CB[6]/DAH-HA
hydrogel with c(RGDyK)-CB[6] (c(RGDyk) is a promoter for
cell adhesion) was able to postmodify the hydrogel as a stable
RGD environment for efficiently proliferating the entrapped
NHDF human fibroblast cells.

B MECHANICAL MOTION

Macroscopic shape changes of gels induced by environmental
stimuli are of particular interest for the creation of actuators and
artificial muscles. Among the increasing number of successful
muscle mimics, Harada’s group developed a versatile scaffold of
macrocycle-functionalized supramolecular actuators (Figure 8).*
The a-CD-Azo gel exhibits reversible deformation resulting in
changes of both size and shape under UV—vis irradiation.
Amazingly, the deformation of this supramolecular hydrogel
depends on the direction of the incident light. Similarly,
replacing the a-CD/Azo pair by $-CD and Fc units leads to a
redox-responsive expansion and contraction of the resulting
/-CD-Fc gel.43

B SELF-HEALING MATERIALS

Self-healing is crucial to the survival of living species. Aiming to
extend lifetimes and ensure sustainability, supramolecular gels
with self-healing properties are an interesting research topic.
Two pieces of research from Harada’s and Huang’s groups used
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host—guest complexes of macrocycles to develop self-healing
supramolecular gels.**** As shown in Figure 9, both self-healing
gels are based on poly(acrylic acid) backbones with different
side chains. Harada et al. utilized cyclodextrins and ferrocenes
as the recognition units, while Huang employed the crown-
ether/secondary ammonium binding motif. Both groups
demonstrated host—guest inclusion to be the key factor driving
the healing process. Since the formation of the inclusion com-
plex between Fc and S-CD is redox sensitive, self-healing of
the pAA-f-CD/pAA-Fc hydrogel can be controlled by redox
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stimuli.

stimuli. Huang et al. extended the self-healing gels to
supramolecular gels based on low molecular-weight gelators:
A crown-ether based supramolecular gel was generated through
orthogonal self-assembly of two homoditopic monomers and a
transition metal cross-linker.*®

Self-healing was also observed recently for a supramolecular
ionogel (Figure 10).* We serendipitously discovered that gelator
r-BC7 forms gels not only in a number of organic solvents but also
in ionic liquids. The mechanical strength of the resulting ionogels
is significantly higher than that of the organogels. The storage
moduli, G, increased to levels in the range of 10° Pa, which is
even comparable to that of cross-linked protein fibers. Moreover,
the change of solvent causes the gel to exhibit unusually rapid self-
recovering properties (Figure 10). Shear rate changes are quickly
reflected in the mechanical properties. At low shear rates, the gels’
viscosities are more than 2 orders of magnitude higher compared
with those at high shear rates. When the shear rate is reduced
again, the initial mechanical properties of the gel recover within ca.
100 s. Even though the ionic liquid is itself a guest for the crown
ether, pseudorotaxane formation with secondary alkyl ammonium
ions still induce gel—sol transitions. Consequently, the ionogels
can be controlled through an external chemical stimulus. These
gels are the first macrocycle-equipped supramolecular gels in pure

ionic liquid that show self-healing.

B FROM SUPRAMOLECULAR GELS TOWARD
SYSTEMS CHEMISTRY

Stimuli-responsiveness is only the beginning, if one thinks
about chemical systems exhibiting complex behavior. Quite
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recently, the term systems chemistry*® was coined for complex
mixtures of molecules that are interconnected in a reactivity
network and exhibit emergent properties. Self-organization
phenomena can occur, if they operate far from thermodynamic
equilibrium. Developing gels in this direction, creating, for
example, spatiotemporal patterns depending on the sequence,
amounts and types of stimuli added, remains challenging.*’
Yoshida’s intriguing examples for the integration of oscillating
Belousov—Zhabotinsky reactions into polymer gels represent
one approach to construct unique gel materials.”® The auto-
catalytic step causing the oscillations between two states of a
redox catalyst, for example, causes viscosity oscillations of gels>!
and achieves directional transport of macroscopic particles on
the surface of gels.*> Similarly intriguing examples on the basis
of supramolecular gels are not yet available, but a number of
groups are working to implement systems chemistry in
supramolecular gels. This field is thus still in its infancy, but
several steps in this direction have been made.

Besides stimuli responsiveness, self-sorting phenomena are
another central aspect for the realization of chemical systems.>®
As mentioned previously, dynamic fibrous gel architectures
possess some similarity to the cell skeleton. Therefore, the self-
sorted arrangement of other components across the fibrous
skeleton is certainly important. The orthogonal self-assembly of
supramolecular gels with surfactants reported by van Esch et al.
can be seen as a method to construct cell architecture mimics.>*
Recent attempts by Huang et al. examined two different
supramolecular polymers and their mixtures with respect to
self-sorting phenomena and observed the formation of very
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different superstructures for both pure polymers and a third
one differing from both for the mixture (Figure 11).°°
Monomer 1 forms a supramolecular gel in which fibrous net-
works exist, while monomer 2 self-assembles into supramolecular
polymers with honeycomb-like structures. Upon blending of
these two monomers, a distinguished self-sorting organization of
two types of microstructures was observed.

Self-sorting is not only achievable on the microscopic level of
molecules in solution. Self-discriminating recognition on the
microscopic scale can also be utilized to direct the assembly of
macroscopic objects into larger aggregated structures. Harada’s
group56 used two acrylamide gels equipped with two
cyclodextrins of different sizes. They served as the host gels
(a-CD-gel and S-CD-gel, respectively). n-Butyl (n-Bu) and
t-butyl (+Bu) groups were selected as the corresponding guests,
which were also attached to polyacrylamide polymers (n-Bu-gel
and t-Bu-gel, respectively). In solution, t-Bu groups bind
strongly to #-CD, while the n-Bu group prefers a-CD. When
differently colored gel pieces, each one containing one of the
four side chains, were mixed and shaken in water (Figure 12),
self-sorting was observed. Pieces of a-CD-gel selectively
connect to n-Bu-gel blocks and B-CD-gel cubes exclusively
bind to t-Bu-gel pieces producing perfectly self-sorted “gel
islands”. Such a macroscopic self-sorting molecular recognition
can be further by controlled by other factors such as light.>’

Complex behavior can also be achieved in multistimuli-
responsive gels, when different inputs cooperate as logic gates.
Recently, we reported gelator uBC7 (Figure 13), which
responds to different inputs.’® The complexation of K*, the
formation of pseudorotaxanes with secondary ammonium ions,
or the disruption of hydrogen bonds by chloride addition are
stimuli, whose effects can be reversed by addition of a cryptand,
deprotonation and subsequent dethreading of the ammonium
ion, and the precipitation of the chloride ions by Ag" or K,
respectively. With this gelator, seven different logic gates
including the three-input INHIBIT gate can be constructed,
depending on the choice of inputs as well as the additional
components of the chemical system added to the gelator
initially. With respect to complex behavior, it is interesting to
note that the OR and the AND gate operate on the basis of the
same two inputs. They differ by the amount of signal present. If
only one equivalent of GA and K" are used, the resulting gate is
an AND gate. When two equivalents of these two inputs are
added, the result is an OR gate.

The last example to be discussed here combines almost all
aspects of self-organization of complex systems. It is based on a
very simple dynamic combinatorial library containing only one
peptide-substituted 1,3-dithiobenzene monomer, PSH (Figure 14).%
Under conditions that allow reversible disulfide formation,
macrocycles of different sizes can form and equilibrate with
each other. Through peptide—peptide J-sheet interactions,
these macrocycles can stack and form fibers. Most interestingly,
the library composition depends to a large extent on the
particular way in which mechanical energy is provided: Without
any agitation, three- and four-membered rings are most
prominent, with shaking, hexamers prevail, and heptamers are
most prominent when the solution is stirred. Upon irradiation
with light of the appropriate wavelength, the disulfides can be
cleaved and cross-connected between different layers in the
stack resulting in photoinduced gelation as shown in Figure 14.%

The surprisingly complex mechanosensitivity of these
systems can be explained when one invokes the following
three points: (a) The more peptides a macrocycle incorporates,
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Figure 14. Schematic representation of Otto’s hydrogel formed upon
photoinduced covalent capture of macrocycle stacks from dynamic
combinatorial libraries. The agitation condition plays a significant role
in exclusively producing hexameric macrocycles. Reprinted from ref 60
with kind permission from Wiley-VCH, copyright 2011.

the more stable the stacks become. (b) A macrocycle already
present in solution can act as a template for the formation
of another one with the same number of PSH monomers
incorporated. (c) Agitation leads to an autocatalytic growth
when fibers are cut into pieces. Each cut doubles the number of
templating fiber ends at which new macrocycles can attach.
Different ways to apply mechanical force exert different strength
of mechanical stress. Those fibers that bind with the appropriate
strength are then amplified. Too loosely bound monomers will
not template efficiently because the templating interactions are
too weak. Too strongly bound fibers will survive, and
autocatalytic growth is not initiated. Finally, the dynamic
combinatorial library shifts toward one of the macrocycles as
the main product depending on the type of agitation. This
example is intriguing also for the following aspect: Usually,
dynamic combinatorial libraries are considered to move into
thermodynamic equilibrium. Otto’s system clearly shows that the
application of a constant energy flow through the system by
agitation can clearly shift the system away from the equilibrium.

B CONCLUSIONS

The marriage of macrocycles and supramolecular gels brings
numerous opportunities for designing novel responsive func-
tional gels. We have highlighted recent advances in the
fabrication and application of functional gel materials based
on the incorporation of macrocycles and their dynamic host—
guest chemistry. However, there is still much room to expand
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this area. Possible future directions may include the following
aspects: (1) The utility of newly developed macrocycles; most
research focuses on the “classical” macrocyclic work horses
well-known in supramolecular chemistry. (2) There is still large
space for exploring functions of gel materials. Many naturally
existing gel objects are hard to mimic by artificial analogues.
One intriguing example, for example, is the shark’s skin, which
is covered by a gel layer to provide an antifouling effect. (3)
The integration of many existing or new gels into complex
chemical systems is a largely unexplored area, from which
effects will emerge that are beyond our imagination now.
Although many stimuli-responsive gels are already known, the
systems chemistry aspect appears to be one of most promising
routes to smart responsive materials.
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