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Abstract

Supramolecular gels assemble via non-covalent interactions between low-molecular-weight gelators
(LMWGs). The gels form a solid-like nanoscale network spanning a liquid-like continuous phase,
translating molecular-scale information into materials performance. However, gels based on LMWGs
are often difficult to manipulate, easily destroyed and have poor rheological performance. The
recurring image of newly-discovered supramolecular gels is that of an inverted vial showing that the
gel can support its own weight against gravity. Such images reflect the limitation that these gels simply
fill the vessel in which they are made, with limited ability to be shaped. This property prevents
supramolecular gels from having the same impact as polymer gels, despite greater synthetic tunability,
reversibility and bio/environmental compatibility. In this Review, we evaluate strategies for imposing
different shapes onto supramolecular gels and for patterning structures within them. We review
fabrication methods including moulding, self-healing, 3D printing, photopatterning, diffusion and
surface-mediated patterning. We discuss gelator chemistries amenable to each method, highlighting
how a multi-component approach can aid shaping and structuring. Supramolecular gels with defined
shapes, or patterned structures with precisely-controlled compositions, have the potential to
intervene in applications such as tissue engineering and nanoscale electronics, as well as opening-up

new technologies.

Web summary

Supramolecular gels comprise low-molecular weight gelators that assemble by non-covalent
interactions. In this Review, a range of fabrication methods, as well as strategies for shaping,
structuring and patterning supramolecular gels are discussed.
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[H1] Introduction

Low-molecular-weight gelators (LMWGs) self-assemble through non-covalent interactions into
responsive and tuneable gel-phase materials.! The characteristics of these small-molecule gelators are
translated up via hierarchical self-assembly into nanoscale fibres, and ultimately a macroscopic
sample-spanning network (Fig. 1a).? The applications of supramolecular gels range from well-
established technologies in lubrication, personal care, and the polymer industry, based on their
rheological properties, through to proposed applications ranging from drug delivery and tissue
engineering to nanoscale electronics and optical materials, based on the chemical information
inherent within their structures.>* However, the dynamic properties bestowed on these materials by
non-covalent network linkages often come at the cost of mechanical strength. LMWGs thus tend to
form weak gel networks compared with polymer gelators (PGs).

The majority of supramolecular gels are formed as homogeneous materials in vials on
treatment of a gelator solution with a stimulus (for example, heat, light, ultrasound or enzymes).
Gelation is often initially evidenced by inverting the vial and observing a lack of flow under the force
of gravity — such photographs are ubiquitous in the LMWG literature. However, to realise the full
potential of LMWGs, we must fabricate gels with well-defined shapes and spatially-controlled
structures (Fig. 1b, 1c). Gels with spatially-resolved structures and mechanical properties could, for
example, direct stem cell fate for organ growth in vitro.® Shaped, degradable gels are also a focus for
in vivo drug delivery and tissue engineering;’ for example, implantable shaped gels can minimise
abrasion-related inflammatory responses.® The precise structuring of conducting or resistive
supramolecular gels may control electrical gradients and current flow across integrated soft electronic
materials devices — systems that may ultimately interface with living systems.®

In this Review, we discuss strategies to shape and structure supramolecular gels. We assess
the feasibility of different fabrication techniques and the advantages of shaping gels. We also show
that multi-component gels can offer precise control’® — however, such systems introduce complexity
and must be effectively characterised to understand the interplay between components.!? It is worth
noting that many excellent examples from the extensive PG literature provide inspiration for spatially-

resolved LMWG materials,>*3* but here we focus on LMWG systems.

[H1] Moulding and self-healing

The simplest way of shaping gels is to mould and then release them in self-standing form, as is
classically done in the kitchen when making jelly (jell-o). Surprisingly, however, there are relatively
few studies where moulding has been reported for supramolecular gels. This may reflect researchers

not attempting the experiment, but in our experience, only a limited range of supramolecular gels



have the rheological strength to be unmoulded and retain their shape. An early example is a sugar-
based organogelator that formed self-standing objects at concentrations as low as 0.3% wt vol1.%® It
was argued that the high mechanical strength is likely a consequence of restricted conformational
freedom and high intermolecular interaction affinity of the LMWG®®, These gels were also formed in
heavy oils like pump oil or silicone oil, rather than the more usual light organic solvents - this may have
assisted the strength of the gel. Another robust gel based on an acid-amine salt in nitrobenzene as
solvent could be moulded into a sculpture.’” However, to create this moulded structure, a very high
gelator loading (7% wt vol) was required (Fig. 1d, left). A metallogel with similarly high loading (4%
wt vol'!) was moulded into a free-standing structure depicting a portrait of a girl.2® In addition, robust
free-standing gels (G’ = 300 kPa) based on high loadings of a two-component gelator have been
reported.’® High loadings can also be used to create self-standing gels from a simple, industrially-
relevant dibenzylidenesorbitol LMWG in deep eutectic solvents; these gels have high conductivity, and
may have potential applications in energy technology.?

Most LMWGs assemble at <1% wt vol?, and many are insufficiently soluble to create networks
at such high loadings. Nonetheless, for suitable LMWGs, high loading can help self-standing behaviour
— for example, a series of gelators has reached vyield stresses of 23 kPa at 5% wt volX.?! In these
gelators, the maximum strength could be optimised by tuning the dual solvent, which also modified
nanoscale morphology (Fig. 1d, middle). Optimising the balance between gelator solubility and
insolubility can thus help develop stronger supramolecular gels with greater solid-like character. For
example, optimising the amino acids on anthracenemethoxycarbonyl-capped dipeptides enabled the
creation of self-supporting, moulded 3D hydrogels at lower loadings (~ 1% wt vol?).2? These gels have
antibacterial properties and are biocompatible towards human cells. Nonetheless, it is difficult to
predict whether a gelator will be sufficiently robust to form self-standing gels. We suggest that a
greater predictive understanding of the relationship between gelator chemical structure and
mechanical performance, would be of extremely high value to researchers in the field. We believe it
is likely that the impact of gelator structure on solubility and gel fibre stiffness will control this
relationship.

Another strategy for enforcing shape onto LMWGs is to combine polymers with
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supramolecular gels (Fig. 1d, right In early work, the addition of small amounts of a soluble
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polymer to a LMWG converted an opaque viscous paste into a stable transparent gel. It was

argued that the polymer modified the nucleation growth mechanism of gel nanofibres, introducing
crystallographic mismatch branching, modifying the gelation kinetics and leading to a more highly
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branched and interconnected network of fibres. Recently, the addition of water-soluble

poly(vinylalcohol) has been shown to increase the temporal and mechanical stability of a LMWG



hydrogel, which as a result, exhibited thixotropic behaviour.?® However, polymer additives can also
weaken supramolecular gels by changing the viscosity of the solution prior to gelation, impacting on
self-assembly kinetics?® and causing spherulitic nanoscale morphologies to become less
interconnected and thus less capable of effective sample-spanning.3® Clearly, optimisation of LMWG
systems incorporating soluble polymers is required to maximise rheological outcomes.

Rather than formulating a soluble polymer into an LMWG, it is possible to create hybrid
materials that incorporate a more robust polymer gel. This strategy is analogous with the formation
of dual network polymer gels®! and interpenetrated network polymer gels®? which have been
transformative in the field of polymer gel materials. The first example combining LMWGs with a PG
used agarose to reinforce an LMWG and demonstrated that the mechanically reinforced hybrid gel
could remove dyes from solution and re-release them.®* When agarose was combined with a pH-
responsive LMWG (DBS-CO;H) based on 1,3;2,4-dibenzylidene-D-sorbitol (DBS), hybrid gels resulted
that were physically robust (due to agarose), yet retained their pH-responsiveness (due to DBS-
CO,H).3* The LMWG network could be assembled and disassembled within the hybrid gel by changing
pH. The PG/LMWG approach has since been used to formulate self-standing gels in which an LMWG
network based on DBS-CONHNH; remediates waste precious metals from the environment, reducing
them to metal nanoparticles templated on the LMWG nanofibres.®® The resulting gels containing Au
nanoparticles were used as conductive materials for electrode modification, while those with Pd
nanoparticles were used as environmentally-friendly reusable catalysts for Suzuki-Miyaura
reactions.® This LMWG/PG approach has also been applied to develop heparin-release gels for drug
delivery,® and tissue engineering materials in which the presence of the LMWG network ensured
adhesion of the growing cells, even though the cells do not adhere to the agarose polymer gel alone.3®
In these cases, agarose acts as a robust inert PG matrix, allowing the LMWG to express its unique
activity in readily-manipulated form. Similarly, hybrid guanosine/poly(N,N’-dimethacrylamide) gel
networks maintain the luminescent LMWG properties but exhibit stretching ability and tear resistance
as a consequence of the presence of the supporting polymer gel network.?®

An advantage of supramolecular systems is their dynamic nature, which can enable gels to
recover their materials performance after damage. This behaviour is termed thixotropic (a materials-
level description) (Fig. 2). In the LMWG field, thixotropic gels are often referred to as self-healing.*
In polymeric systems, self-healing requires that cleaved bonds within the polymer are re-formed (a
molecular-level description).** Within the supramolecular polymers, which underpin self-assembled
gels, the non-covalent interactions holding together the polymeric backbone are often reversible and
thus have greater potential to be re-formed. However, to assign a material as self-healing requires

careful characterisation that both rheological performance and underlying molecular self-assembled



structure have fully repaired. Rheologically, a gel has G’ (storage modulus) > G” (loss modulus) by an
order of magnitude — imposition of shear breaks down the gel such that G” > G’ (Fig. 2b). For a self-
healing system, removal of shear should then allow the gel to rapidly re-establish itself with G’ and G”
returning to their original values. This behaviour should be combined with a full repair of the
underlying molecular and nanoscale structure. Such careful characterisation is not always the case in
the literature, with some authors referring to any system which can reform into a gel as self-healing.
This limitation should be noted.

If self-standing gels are cut into shapes, such as cubes, these shapes can act as building blocks
to fabricate complex objects. In principle, supramolecular gel blocks may re-heal if the cut surfaces
are joined together owing to their molecular-scale components, which can diffuse rapidly. However,
not all LMWG systems self-heal due to their balanced solubility/insolubility,*> meaning in many cases,
gel nanofibres are non-dynamic, because they are effectively a precipitated form of the LMWG. In
such cases, self-healing is challenging, because if the gel is broken down, the LMWG becomes insoluble
under ambient conditions, and is thus unable to reassemble. This hypothesis is consistent with the
fact supramolecular gelation usually requires a stimulus (for example, heat, ultrasound, solvent
change and pH change) to encourage the system to dissolve and only subsequently self-assembles
into solid-like nanofibres as it becomes less soluble again once the stimulus is removed.

Conceptually, self-healing has been exemplified by the creation of self-standing bridges by
joining gel cubes, and healing between them (Fig. 1c). In an early report,* the gelator was a dendrimer
reinforced with a nanoscale clay, relying on multivalent PG-like interactions to give the material
strength. Since this report, this approach has been emulated by LMWG chemists. In one study, bridges
could be built using a simple LMWG by fusing blocks of the gel (1% wt vol?) cut with a razor.®> A
pyrene-doped gel was fused to an undoped gel and pyrene slowly diffused across the interface,
demonstrating exchange in the liquid-like phase across the self-healed area. More recently, the
electrical conductivity of a dipeptide hydrogel was shown to recover on self-healing indicating that
healed materials may be used to create shaped electronic devices with patterned conducting
properties.** Self-healing studies were performed with other self-supporting gels.*82!1  When
comparing PG and LMWG systems, it is noted that polymer gels are typically stronger but do not
necessarily self-heal as quickly and can take hours or even days to self-heal compared with minutes
for LWMG materials.*® It was proposed that the greater molecular-scale mobility of LMWGs facilitates
self-healing kinetics.

Many metallogels appear to demonstrate thixotropic properties. The binding of ligand to
metal underpins formation of the metallogel gelators, and as such, the two components can be

soluble, and only the complex need be insoluble to self-assemble. Therefore, we suggest that the gel



nanofibres can partly disassemble, retaining solubility and hence molecular-scale mobility. Similar
arguments may be also applicable to other multi-component gels. A metallogel formed from the
deprotonation of histidine in the presence of Zn(NOs); is thixotropic over at least three cycles, with
rapid recovery of the gel on removal of strain.*® Using this self-healing behaviour, four gel discs were
joined together to form a self-standing column, which retained the rheological properties of the
original gel. Similar properties have been demonstrated for mono-metallic and bi-metallic
organogels.*”#® Importantly, a self-healing metallogel based on copper acetate and oxalic acid
(strictly, a coordination network gel, held together through metal-ligand bonds) is able to impart its
self-healing performance to other non-healing gels (Fig. 2¢c).** For example, incorporating a 20%
loading of this system into diaminocyclohexane-bis-amide gels, which cannot self-heal in their own
right, induced self-healing. This addition of self-healing additives to non-healing gels enables repair
and also shaping. Interestingly, two-component LMWGs have been used as supramolecular glue to
enable polymeric hydrogels to be adhered to one another, demonstrating that not only can PGs
enhance the robustness of LMWGs, but dynamic LMWGs can endow PGs with improved self-healing
behaviour.*®

Surprisingly, reports of more complex shapes formed via self-healing are limited.>! Gel discs
from a transparent self-healing gel formed on basification of dimethyl 2,6-pyridinedicarboxylate with
KOH in methanol:water (9:1) were combined to yield self-standing columns, which were further
stacked to form a gel gateway. These gels could be used as a fuel source, with the high methanol
content making them flammable and the empty cells becoming reswollen in methanol to recharge.

These examples demonstrate that moulding and self-healing can create shaped gels that are
more complex than the containers in which they form. If the gels have sufficient strength, or are
reinforced with PGs, they can then be cut into any shape, which, if the gel is capable of self-healing,
can be brought into contact to produce the required shape whilst retaining the original gel properties.
By contacting gels with different compositions and healing interfaces, more complex patterned
shaped gels may be possible. Individual components of these larger objects could be loaded with
diffusionally-constrained species such as enzymes to spatially-define functionality, or the diffusion of

small molecules through the gel could be used to create secondary networks within the self-healable

gel.

[H1] 3D printing
3D printers are widely used to print polymers,®? and polymer gels,>® where rapid progress is being
made with particular relevance to the fabrication of biomaterials and in bioprinting that incorporates

cells.>* The traditionally weak mechanical properties of LMWG-based gels, as well as the relatively



small number of gelators with appropriate thixotropic properties for extrusion have made progress
comparatively slow. Nonetheless, 3D-printed LMWGs are beginning to emerge (Fig. 3). For example,
a calixarene-based LMWG that formed thermally-initiated gels and importantly exhibited rapid
thixotropy in organoalkoxysilanes was extruded from a hot solution in a syringe and reformed with
shape control, enabling the creation of printed organogel shapes.>®

In a key study, the 3D printing of dipeptide hydrogels using solvent and pH switching as
gelation triggers was described (Fig. 3a).>® To achieve high quality 3D printing, parameters such as
extrusion volume and speed, printing height and printer movement speed were optimised. This
approach printed complex, multilayer gels with defined positions and small dimensions (4 x4 x 1 mm).
The solvent switching method was more effective, which was thought to be a result of the spherulitic
nanostructure that is much less perturbed by extrusion than the comparatively highly ordered
extended fibrillar morphology formed by acidification. A significant number of LMWGs can be induced
to form gels on solvent mixing or switching, and the generality of this approach could be widespread.
It is likely that self-healing gels will become valuable for 3D printing. We also predict that multi-
component gels, which form on mixing of two soluble components will be useful.

An alternative way of 3D-printing LMWGs is to combine them with polymers (Fig. 3b). In one
example, a two-step enzyme-based 3D printing method® uses a naphthalene-tripeptide,
functionalised with an acrylate, as the LMWG, which assembles on acidification. A mixture of glucose,
horseradish peroxidase, acetylacetone and poly(ethylene glycol) methacrylate (PEGMA) is then added
to this gel, followed by addition of glucose oxidase (GOx). GOx catalyses glucose oxidation, and the
H.0, formed as a by-product is converted into H,O by horseradish peroxidase. The radical produced
in this step is transferred onto acetylacetone, which initiates covalent polymerisation of the pendant
acrylate on the LMWG network with PEGMA. Polymerisation increases the rheological properties of
the gel by an order of magnitude, and because it is rapid, allows the LMWG precursor to be used as
an ink and extruded to form multilayer shaped materials. By loading the precursor solution with
fibroblasts, it was demonstrated that the process and resulting gel were highly biocompatible.

Interestingly, some patents explore a similar approach to develop phase change inks. For
example, trans-1,2-cyclohexane bis(urea-urethane)s® which form gels as a result of intermolecular
hydrogen bonding can incorporate polymerisable alkenes capable of photo-induced crosslinking. In
addition, bis-urea gelators comprising photocurable monomers have been used in 3D printing
technologies.®® It was argued that combining supramolecular self-assembly with photo-induced
polymerisation allowed stable raised print features to be rapidly built-up, without needing
intermediate curing steps prior to photocuring of the final 3D printed object. This demonstrates the

commercial potential of shaped LMWGs.



Recently, a number of other printable supramolecular gels have been reported. One printable
example is a folate-based supramolecular hydrogel that assembles by n—n stacking and forms a gel on
binding zinc(ll) (the metal ion acts a crosslinking unit to create a 3D coordination polymer network,
and hence this system is not strictly an LMWG).®® This gel had robust mechanical properties even at
concentrations below 1% wt vol?, and produced a variety of 3D structures by injecting the gel through
syringes. Similarly, gels based on a G-quartet motif reversibly crosslinked with arylboronate units
(albeit not strictly an LMWG, as it depends on reversible covalent bond formation for crosslinking),
demonstrated thixotropic behaviour that was compatible with 3D printing through a bioprinter to
generate 3D gel blocks of different shapes.’? Demonstrating the value of this approach in high-tech
applications, a gel based on G-quartet assembly crosslinked with boronic acid was used as an ink to
print flexible electronic devices.®® Moreover, the incorporation of hemin in these gels gave
catalytically active materials and the in situ catalytic deposition of polyaniline on the nanofibres
enabled the direct printing of a flexible electrochemical electrode. By loading this gel with glucose

oxidase, a flexible glucose biosensor was developed.

Given the rapid developments in 3D printing, its use in LMWG chemistry is likely to grow rapidly. This
will require chemical engineering expertise to be embedded in the organic chemistry labs that develop
supramolecular gel systems. This technological transformation is underway and promises to offer
rewards in a number of fields.%*®* For example, 3D printing is compatible with biological cells, and

hence could lead to the formation of shaped and structured LMWG materials for tissue engineering.>?

[H1] Photopatterning

The most common method to induce spatial control over a material is to expose selected regions to
electromagnetic radiation. This method has been prevalent with PGs, with numerous examples of
light-controlled formation of shaped polymer gels for applications including tissue engineering,® and
electronic devices.®® Using supramolecular crosslinks enables the reversible shaping of polymer gels
by light.®” The formation and/or breakdown of a gel network can be controlled on the mesoscale by
using photomasks, whilst on the microscale or nanoscale, one-photon and two-photon laser
techniques can achieve precise spatial-resolution of these processes in 2D and 3D, respectively (Fig.
4).

The first example of a photo-patterned LMWG system was reported in 2004 and was based
on a photo-degradable stilbene-based organogel.%® The surfactant LMWG formed opaque organogels
in toluene at high concentrations (8% wt vol?). On photo-irradiation, LMWG dimerisation leads to

loss of gel behaviour, yielding a transparent sol. Performing photo-irradiation through a mask gave
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some spatial control over the gel-sol transition leading to rudimentary patterning. It is likely that the
high loading of the gelator helped provide macroscopic stability.

In 2005, reversible ring-closure of a dithienylcyclopentene derivative was used to spatially-control
organogel assembly.®® Both open and closed species assembled into sample-spanning networks in
toluene, but under different conditions. At a concentration of 1.5 mM, conversion from the open to
the closed form (initiated by UV light) resulted in a robust gel. This gel disassembled on exposure to
visible light owing to ring opening, with the rate determined by intensity. Simultaneous and patterned
exposure of a solution of the LMWG to UV and visible light created dynamic, reversible materials with
microscale resolution and programmable lifetimes. These remarkable systems can be considered as

write/read/erase gels.

Photo-responsive azobenzene chemistry can also achieve spatially-controlled sol-gel and gel-
sol transitions.”® Addition of water to a dimethylformamide solution of an azobenzene-functionalised
benzene-1,3,5-tricarboxaminederivative resulted in gelation. Spatially-resolved gel breakdown was
initiated by UV-triggered trans-cis isomerisation of the peripheral azobenzenes, disrupting
intermolecular hydrogen bonding (Fig. 4b, top). Rapid regeneration of the trans-azobenzene by
exposure to visible light resulted in recovery of the gel and erasure of the pattern. This
write/read/erase cycle took <4 min, in contrast to longer timescales required for the system described
above (>1 h).® It was argued that the short cycle time is more practical for supramolecular memory

systems.

In 2008, light-responsive hydrogels based on a glycolipid LMWG with a fumaric amide linker
were reported (Fig. 4b, bottom).”* Exposure to UV light resulted in trans-cis isomerisation, converting
the fumaric amide into the maleic amide, with the loss of hydrogen-bond interactions causing a gel-
sol transition. A focussed laser spatially controlled gel breakdown and photolithography created sol
‘spots’ within the gel. These materials achieved spatiotemporal control over the diffusion of
biomacromolecules. In later work, laser beams created channels through these gels, which were
seeded with cells.”? Two cell types were cultured in the channels — demonstrating the potential for

tissue engineering.

In 2012, photo-acid induced transitions were shown to spatially-resolve assembly. More
specifically, a photo-acid generator protonates the carboxylic acid of a naphthalene dipeptide
hydrogelator (Fig. 4c, top).”® Diphenyliodonium nitrate (DPIN) was the photo-acid generator, with UV

irradiation converting the photo-acid generator into iodobenzene, phenol and nitric acid, lowering the



pH and hence switching on gelation. By using a mask, only the region of the sample exposed to the
UV-light was acidified and hence converted into a gel. For such systems, it is important that gelation
kinetics are faster than molecular-scale diffusion and convection, as these processes limit resolution.

In 2015, an alternative photo-acid generator was reported to initiate gel formation (Fig. 4c,
bottom).”* Merocyanine cyclises on exposure to visible light to form a spiropyran, liberating a proton.
Crucially, when irradiation ceases, the spiropyran rapidly reverts to the merocyanine, ensuring
acidification is confined to areas exposed to light. By incorporating this photo-acid generator into a
mixture of aldehyde and tris-acyl hydrazide, acid-catalysed formation of a tris-hydrazone gelator and
subsequent self-assembly was achieved in a spatially-controlled manner using a laser-printed
photomask. The rate of gelation was slow compared to catalyst deactivation in the shielded regions,
and therefore, microscale resolution was possible, with diverse shapes being patterned.

Later studies used the same photo-acid generator to elicit the opposite response from an
amine-terminated diphenylalanine organogel.”> On UV-exposure, the terminal amine was
protonated, causing gel breakdown owing to an increase in electrostatic repulsion between gelators.
This process was reversed on removal of the stimulus, allowing spontaneous reformation of the gel
on a relatively short timescale (< 20 min). Self-erasing patterns were made in a bulk gel using a
photomask, with UV-exposed regions undergoing three reversible gel-sol transitions without loss of
resolution.

An elegant approach to photo-triggered gelation involves disruption of gelator-gelator
interactions by clipping a photo-degradable macrocycle around a perylene bisimide (PBI) gelator.”®
The macrocycle prevents formation of hydrogen bonds between PBI units until UV light is applied.
Photolytic cleavage of the macrocycle reveals the hydrogen bonding moieties, causing gelation.
Interestingly, solvent has a crucial role in controlling the resolution. In organic solvents, rapid gelation
kinetics prevent diffusion of free PBI and confine assembly to stimulated areas, but in aqueous media,

the greater solubility of PBI slows gelation, resulting in lower resolution.

Recently, a 6-nitroveratryloxycarbonyl-protected dipeptide hydrogel for the light-controlled
release of therapeutic agents (for example, insulin) was reported.”” Unlike the more common
fluorenylmethyloxycarbonyl (Fmoc)-protected peptide gels, these materials undergo UV-triggered
disassembly via photo-induced, irreversible cleavage of the protecting group, with the resulting loss
of m-mt stacking interactions inducing rapid gel disassembly and insulin release in exposed regions. It
was suggested that two-photon near-IR irradiation could spatially control gel breakdown and release

in vivo.
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In addition to using light to pattern gels, it can give some nanoscale morphological control.
For example, in photo-switchable dithienylethene-tripeptide hydrogelators,’® the dithienyl group
undergoes partial cyclisation (open/closed ratio = 52:48) on UV irradiation, followed by ring-opening
in response to visible light (open/closed ratio = 92:8). Differences were visualised by transmission
electron microscopy in the aggregate morphologies of irradiated and non-irradiated samples. These
morphological changes were not manifested in a change in rheological performance, but emission
properties were altered, allowing a readable and rewritable pattern to be etched into the gel.

Recent work achieved spatially-resolved morphological control” in gels formed by reaction of
a hydrazine-functionalised calixarene with an aldehyde-bearing stilbene derivative. The resulting gels
had blue fluorescence, attributed to H-aggregate assembly. Under UV light, the stilbene moieties
underwent [2+2] cycloaddition resulting in a loss of fluorescence. This process covalently links the gel
nanofibres and enhances mechanical robustness by three orders of magnitude. In contrast, J-
aggregates do not undergo [2+2] cycloaddition. By combining thermal pre-treatment of the gel
(converting some of the H-aggregates into J-aggregates) with controlled UV-exposure, spatially-
resolved control over gel composition was achieved.

Reversible photoreduction of a valine-appended perylene bis-imide gelator has been used to
give control over gel mechanical properties.® Bulk gelation was achieved through hydrolysis of
glucono-delta-lactone (GdL), which lowers pH in a controlled manner. Exposure of the sample to UV
light (A = 365 nm) then initiated formation of a radical anion of the perylene unit, increasing the
mechanical strength of the gel for 24 h (the lifetime of the radical anion). Small angle neutron
scattering revealed that irradiating the sample increases the density of fibres, and DFT calculations
predicted this increase is a result of contraction of the inter-gelator and inter-fibre distances through
anion-mt interactions. Dynamic nanoindentation confirmed that the application of UV light only to
certain areas, restricted mechanical change to these regions. This work demonstrates that photo-
patterning can impact macroscopic gel properties in a spatially-resolved way as a result of localised

modifications to nanoscale morphology — an example of gel structuring.

To gain additional functionality in spatially resolved photo-controlled gels, LMWGs have been
combined with liquid crystal phases. The presence of the liquid crystal can enforce morphological
constraints on the gel network.8%® For example, the photo-induced trans-cis isomerisation of an
azobenzene-containing LMWG induced gel breakdown, accompanied by cholesteric liquid crystal-
phase formation in the irradiated areas. Subsequent conversion back to the gel-forming trans-isomer
resulted in gel reformation, the microstructure of which was then templated by the liquid crystal

phase, giving rise to alignment of the gel nanofibres in these domains. This synergistic approach to the
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control of the liquid crystal phase behaviour and the gel morphology is reversible — the application of
heat erases the pattern, which can be reformed by repeating the procedure.

There is increasing interest in photo-patterning multi-component gel systems (Fig. 5). These
approaches offers advantages — for example, a pre-formed supporting gel network can limit
convection and diffusion, enforcing better spatial resolution as a second gel network gets patterned-
in. Multiple components also introduce the possibility of orthogonal functionalities in a spatially-
resolved manner to achieve multi-functional applications.

In 2014, patternable hybrid LMWG/PG hydrogels were reported® A 1,3:2,4-
dibenzylidenesorbitol-based LMWG (DBS-CO,H) was combined with a poly(ethylene glycol)
dimethacrylate (PEGDM) monomer (Fig. 5b). Crosslinking PEGDM via exposure to UV light generated
the PG, while the DBS-CO;H hydrogelator (pKa,, 5.4) self-assembled via slow acidification with GdL. All
components were mixed together, and UV irradiation was performed using a photomask to achieve
spatial resolution of the PG. The regions of the gel exposed to UV light were more robust, allowing
these hybrid PG/LMWG domains to be removed intact from the much softer bulk LMWG —in this way,
the photo-patterned PG enforces a self-standing shape onto the LMWG. The LMWG retained its
properties within the PG, being assembled/disassembled within the shaped hybrid gel on changing
pH.

In subsequent research, the LMWG was modified from DBS-CO,H to DBS-CONHNH,,%* which
is thermally triggered (Fig. 5b). In this case, the self-assembled LMWG was assembled first, and the
PEGDM PG network was subsequently patterned-in. This method has advantages in terms of spatial
control, as the pre-formed LMWG network limits convection and diffusion. The resulting gels were
self-standing, with the polymer gel imposing shape onto the LMWG. Importantly, DBS-CONHNH,
retained its unique properties, interacting reversibly with acidic compounds, such as non-steroidal
anti-inflammatory drugs and releasing them in a pH-dependent manner. Indeed, a shaped hybrid gel
selectively released naproxen in a directional manner, mostly into solution-phase compartments of
elevated pH.

In addition to using a PG to pattern a LMWG, one LMWG network can be patterned within
another — a process called positive writing. Positive writing has been achieved using two acid-
triggered gelators with different pK, values (DBS-CO;H, ca. 5.4 and DBS-Gly, ca. 4.3) (Fig. 5¢).% A
mixture of the two gelators was activated using two proton sources (GdL and DPIN). Just enough GdL
was added to assemble DBS-CO.,H, and as the supply becomes exhausted, subsequent photo-
irradiation reduces pH further through DPIN activation, resulting in the assembly of the second DBS-
Gly network in the first network. NMR spectroscopic studies demonstrated the largely orthogonal

assembly of these two LMWGs. Photo-irradiation under a mask gave patterned materials, with
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excellent resolution. The formation of the second network yielded gel domains with different network
compositions and significant pH differences, maintained for a period of days, as visualised using
indicator dyes. In principle, these patterned gels can be erased (disassembled) by adding base, and
then rewritten by sequential acidification.

In contrast to the positive writing approach, a negative-writing approach can be used, in which
one network within a multicomponent gel is broken down (Fig. 5¢).86 Stepwise acidification using a
single proton source (GdL) triggered self-sorted stepwise gelation of a carboxylic acid-functionalised
trans-stilbene gelator (pK, ca. 5.8) and dipeptide gelator (pK, ca. 5.0), with both LMWGs assembling
throughout the material. Subsequent irradiation using a 365 nm LED caused trans-cis isomerisation
of the stilbene, selectively disassembling the corresponding network. *H NMR spectroscopy confirmed
this was confined to regions where light penetrated the sample. This generated a gel with different
domains containing either single or dual networks, the same end-point achieved using positive writing,
but applying stimuli in a different order.

An example of a photopatterned multicomponent gel, reported in 2017, is based on dual-
network organogels comprising self-sorted anthracenylacylhydrazone and a fluorescent hydrazide
derivative.®” Once again, one of the networks (the acylhydrazone) was selectively removed through
photo-isomerisation. In this case, however, the network did not break down as a direct consequence
of visible light exposure. Disassembly only occurred when light emitted by the other fluorescent
(hydrazide) network was absorbed, inducing trans-cis isomerisation. The presence of one network is
thus essential to trigger the breakdown of the other; that is, co-operative disassembly. The
mechanical properties and wettability of irradiated regions, were similar to those of the single
component gel. Spatial resolution could also be visualised, as disassembly of the anthracenyl J-
aggregates resulted in much weaker emission under UV light than in regions where both networks
remained intact

Gel photopatterning is a simple approach to achieve spatial resolution and we anticipate it
will continue to be exploited, possibly alongside other shaping approaches to yield more sophisticated
materials. In the future, positive and negative writing approaches may be combined to generate more
complex patterned multi-component gels. It is also important to note that in self-assembled gels the
history of the material plays a role in controlling its properties. Control over kinetic gel-assembly
pathways and metastable states will be increasingly important in maximising the potential of

889 Furthermore, at present , photoirradiation often only achieves 2D

supramolecular materials.
pattering by using masks and we suggest that 3D photo-patterning using two-photon methods, will

become more prevalent.
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[H1] Diffusion control

In hierarchical LMWG self-assembly, the rate of transport of gelator to the site of fibre growth
has profound impact on the kinetics of network formation and resulting materials properties.®®
However, diffusion processes have also been used to fabricate gels with spatio-temporal control (Fig.
6).

Seminal work used agar or preferably alginate polymer gels as a matrix to control the diffusion
of reagents and hence template the reaction between a tris-hydrazide and three equivalents of
aldehyde, leading to a tris-hydrazone which subsequently self-assembles (Fig. 6).°* Reservoirs were
cut in the alginate gel matrix to separate the reactive components at the start of the experiment. The
gelator precursors then diffuse through the alginate gel — when the precursors come into contact they
react and spontaneously assemble into an opaque gel. The final shapes are determined by the shapes
of the reservoirs and their relative locations (Fig. 6b). Dissolving the calcium alginate gel with
ethylenediaminetetraacetic acid (EDTA) yielded self-standing tris-hydrazone hydrogel structures,
multiple millimetres in size. Once again, this approach demonstrates how a pre-existing PG network
can provide robustness and prevent convection. Fascinatingly, spatial control of chemical
functionality was achieved by loading different reservoirs with different aldehydes. The composition
of gels formed at each location depended on which aldehydes were present there as a result of
diffusion.

Spatially-resolved gel formation on the micrometre scale was also achieved using a wet-
stamping method.®! A shaped agar stamp containing a pre-gelator component was placed in contact
with an alginate substrate into which the complementary reactive component was formulated. Atthe
interface, diffusional exchange of reactive components occurred and spontaneous network formation
was observed. The alginate substrate could be removed using EDTA to yield hydrazone hydrogels at
resolutions of 200 um.

Diffusion across a gel-gel interface has been explored using a dynamic two-component

).2 Each component can de-complex from the

organogel (comprising an acid and an amine) (Fig. 6¢
other and diffuse through the gel; indeed, the two components can be considered as pre-gelators.
When two gels with different compositions were placed in contact with one another, the individual
pre-gelator components could exchange between them, leading to changes in gel composition on
each side of the interface, and impacting on the nanoscale morphology in these regions. For example,
two different amines could exchange with one another across the interface, changing the composition

of the gel, especially around the interface. Alternatively two different acids, with opposite chiralities,

could exchange with one another. This study demonstrated a surprising degree of dynamic character,
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even in the supposedly solid-like nanofibres of these supramolecular gels. These gels combine
reaction diffusion and self-healing concepts to yield materials that develop gradient-like concentration
profiles around a gel-gel interface, however, in this case, the resulting gels were not self-standing.
Nonetheless, this report demonstrates a unique way in which patterning can be imposed within a
single block of gel via diffusion processes.

Indicating how diffusion and spatial control can lead to unique functionality, urease enzymes
have been trapped in specific locations in calcium alginate polymer gels. Diffusing urea through the
gels then undergoes spatio-temporally controlled processes, which can induce colour changes, or
localised gel disassembly.”® There is much to learn conceptually from this research that could be
useful to supramolecular chemists. However, as yet, LMWGs have not been included in these systems.

Control of reaction-diffusion processes is a powerful way of controlling gel
assembly/disassembly in defined locations. The principles outlined here could, with programmable
lifetimes and release profiles, ultimately find applications in microfluidics, or in sophisticated sensing
or delivery devices for use in vivo. The formation of spatially-resolved gels by controlled diffusion may
also be achievable in formal microfluidic experimental set-ups, and such systems are discussed further

in the following section.

[H1] Surface-mediated patterning

Gels can be shaped and patterned by triggering a surface-mediated event.®*%> For example,
electrochemical methods can control self-assembly of gels on a surface (Fig. 7).°® The oxidation of
hydroquinone was driven electrochemically, liberating two protons at the working electrode, with the
rate of acidification close to the working electrode being determined by the applied current (Fig. 7a).
On acidification to a pH below the pK, of a dipeptide LMWG, gelation was initiated on the electrode,
with gel thickness determined by applied current and time (Fig. 7b). Complex spatial and temporal
control of dipeptide gel formation could be achieved by controlling the location and time at which the
current is applied. For example, by shielding regions of fluorine-doped tin oxide using insulating
masks, gels with cavities were formed. These cavities could subsequently be filled with a different
gelator solution and current re-applied, forming spatially-patterned gels with distinct chemical and
rheological properties. By applying different currents, a gel with varying and controllable thicknesses
could be formed. Additionally, multi-layer and multicomponent gels were created by modifying the
LMWG to which the electrodes were exposed at a given time. This is therefore a versatile approach

to gel structuring, although the presence of the electrode substrate probably helps mechanically
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reinforce the gels formed. Other ways of strengthening the resulting objects, such as incorporating
PGs, can easily be visualised.

It was demonstrated that a hydrogel-coated nanoelectrode array created on a surface using
methods such as those described above could act as a biosensor.”” Once again, the gel varied in size
and thickness from nanoscale, to microscale and macroscale, depending on the area exposed to the
current and the magnitude of the current, respectively.The hydrogel mesh varied in density, which
was greater close to the electrode. The hydrogel structure could be firmly anchored to and through
an established clinically relevant biosensing layer without compromising detection, and was capable
of preventing protein biofouling whilst enabling smaller molecules to pass through the hydrogel matrix
and be detected.

Redox-switchable metallogels are prevalent in the literature,®® yet surprisingly, attempts to
use eletrochemical techniques to control and pattern gelation are very rare. It can be envisaged that
spatially-resolved electrochemically-controlled metal redox processes could, in the future, generate
dynamic, reversible and functional spatially-resolved metallogels.

Alternatively to electrochemical approaches, patterned surfaces can catalyse gel formation in
a localised manner (Fig. 8). This was achieved using a tris-hydrazone gelator with gelation being
localised to pre-defined areas of a glass slide by micro-patterning catalytic sulfonic acids onto a
hydroxysilane-functionalised glass slide using soft lithography (Fig. 8b).°® On contact with a solution
of aldehyde and tris-hydrazide, assembly only occurred on regions of the surface where the acid
catalyst was. The maximum height of the gel micropatterns was only 5.5 pm, which may result from
the catalytic sites becoming shielded from the reactants as gel assembly progresses. Micropatterned
materials are of interest for fundamental research into the response of cells to mechanical stimuli and

biosensors, while bulk patterning may be of use in reactor design.

A similar approach has been employed for the enzyme-mediated spatially-controlled
production of gel-forming Fmoc-peptides (Fig. 8¢).1° An endoprotease (thermolysin) was covalently
localised on an amino-functionalised PEG surface. On exposing the surface to a solution of Fmoc-
phenylalanine and phenylalanine derivatives, peptide coupling to form a Phe-Phe dipeptide, followed
by self-assembly was only observed in the enzyme-functionalised regions. Gel formation was
confirmed by Congo Red staining, demonstrating the spatial-resolution. Controlled nucleation of gel
fibres around thermolysin, which can catalyse the peptide bond formation, was necessary for gelation.
When the protease chymotrypsin was immobilised onto surfaces, no gelation was observed,
confirming self-assembly was the result of an enzyme-mediated reaction, rather than a non-specific

aggregation event associated with surface patterning. In subsequent work, it was demonstrated that
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the same enzyme could be encapsulated in a polydopamine layer.

Through careful control of
washing procedures, the relative quantities of irreversibly and reversibly encapsulated enzyme were
modified, with the ratio of the two controlling gel height.

Given the large number of enzyme-triggered peptide gels,'° this approach to surface
patterning could be used to develop wide-ranging systems with spatial control over the assembly (or
disassembly) of different peptide nanofibres. For example, by spatially-defining a second enzyme on
the surface, controlled formation of two different gel networks could be promoted to form a spatially-
resolved multicomponent gel with surface-mediated control over chemical and structural properties.

Combining concepts of electrochemistry and enzyme-mediated patterning, an
electrochemical system was developed in which immobilised glucose oxidase on the surface gave rise,
in the presence of oxygen, to a flow of protons as a result of glucose oxidation.?®® The confined acidic
environment at the solid-liquid interface enabled the protonation of a dipeptide LMWG, from and
close to the surface, leading to self-assembly. Depending on the period of contact between the
dipeptide and the surface, the deposited thickness varied from 1-5 pm.

In a recent report, a simple approach to surface-assisted self-assembly using proton diffusion
from a poly(dimethyl)siloxane cube pre-soaked in HCl has been outlined.'® An acid-sensitive LMWG
self assembled on the cube surface, with the gel front increasing by ~ 3 um s™. It was important to
tune the nature of the surface — diffusion must be slower than the nucleation rate (this was not the
case, for example, when using agarose cubes). A microfluidic device was also used to control proton
diffusion — indeed, the self-assembly of gels in microfluidic devices is an emerging field,%>% and may
offer fascinating ways of achieving spatially constrained assembly.2%”

A combination of surface-mediated processes with concepts of self-healing was reported to
give unique shaped hydrogels.’® A drop of peptide amphiphile LMWG solution was added to an
elastin-like protein (ELP), causing the assembly of a nanofibrous membrane separating the two
solutions as a consequence of interactions between the hydrophobic binding domains of each.
Intriguingly, the assembled membrane adhered to the closest surface in its container and then opened
up to form a 3D hollow gel tube, maintaining separation of the ELP and LMWG solutions. Contacting
the tube with additional surfaces led to anisotropic extension, to generate complex self-healable
structures, which could be removed from solution and handled. These tubular structures controlled
the growth of mouse adipose-derived stem cells and human umbilical vein endothelial cells. This
system has since been further modified to make microfluidic devices that control gel membrane
formation kinetics and thickness by modulating the individual component flow rates.}®® Using 3D
printing, fine control could be achieved to generate shaped sequences of hollow cylindrical gel

membranes, whilst substitution of the ELP for a solution of keratin resulted in alignment of LMWG
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nanofibres.!’® This work demonstrates how combining a variety of fabrication techniques with

carefully-chosen chemistries can yield highly complex and responsive, shaped and patterned gels.

[H1] Outlook

The precise shaping and patterning of LMWG-containing gels will increase the complexity of
supramolecular gels, and hence enable more sophisticated outcomes than the rheological uses they
have already found in industry. Although LMWG fabrication is at an early stage, the use of new
techniques to generate functional gels could open up increasingly advanced applications to these
simple, readily-accessible molecular materials. For example, robust gels that can be shaped into the
desired form, and patterned with conducting pathways and resistive areas may be of high value in
nanoscale electronics. In tissue engineering, precise spatial and temporal control of gels to yield
patterned materials, can inform interactions with growing tissue. New technologies may also emerge,
such as microfluidic gels and innovative flow systems, or soft nanoscale devices implanted in vivo.

In the simplest terms, gels can be moulded into self-standing objects, but many self-assembled gels
are too weak. Controlling gelator loading or solubility can enhance rheological performance and
hybrid LMWG/PG approaches can endow LMW gels with greater stability while retaining their
function. Self-healing is a key mechanism to fuse together LMW gels to generate more complex, multi-
functional architectures. The discovery of self-healing, stimulus-free LMWGs, particularly those that
impart their properties onto other materials, is highly desirable, with multi-component gels having
particular promise.

3D printing has significant potential for gel shaping, and we suggest it will be of particular value when
combined with hybrid multi-component systems and photo-patterning. The application of 3D printing
with LMWGs is at an early stage, and the optimisation of parameters and materials for this approach
is just beginning. We suggest that adapting this low-cost methodology will make it a routine way of
fabricating complex, multi-component gels, in which different domains have different compositions,
and may offer a simple route to the large-scale fabrication of devices incorporating LMWGs.
Spatially-resolved application of stimulus can control LMWG assembly. Photopatterning is dominant
in initiating the assembly, breakdown or morphological change of gels. In isomerisation-mediated
photopatterning, these changes are often reversible, allowing patterns to be written and erased.
Photoacid generators allow gelators that are not inherently UV-active to be patterned by light and
can be erased using a base. Assembly kinetics must be faster than diffusion and convection, and the
use of a background gel to support patterning can be valuable. Given the prevalence of

photopatterning in materials fabrication, it seems likely that its use with LMWGs will increase.
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Reaction diffusion makes use of the inherent porosity of gels and their compatibility with chemical
reactions, and can generate complex, dynamic materials with inherent structural and chemical
gradients. This approach may enable the fabrication of devices with temporal as well as spatial
resolution, which is useful for tissue engineering, where evolution of the gel over time, or in response
to different stimuli associated with cell growth, is desirable.

Patterning catalytic sites onto a surface provides an alternative method for precisely-defined LMWG
assembly. An electrochemical stimulus can also be an effective way to trigger assembly. The control
of diffusion and assembly rates is essential in such systems, which can be used to assemble gelators
at pre-defined locations with controlled thicknesses. Soft-solid modified surfaces have, in particular,
wide-ranging potential uses in electronic devices and microfluidics. We also note that microfluidics
itself offers an intriguing approach for controlling LMWG assembly processes.

The range of available fabrication methods will, over time, increase the complexity of supramolecular
gels, particularly enabling the incorporation of multiple active components. The use of different
gelators that can be shaped using orthogonal methods should allow further sophistication to be
programmed into LMWG-containing materials, creating shaped self-standing gels with chemical and
structural heterogeneity in 3D. We also anticipate significantly more interest in the temporal
properties of these materials, in particular their ability to adapt and evolve.

In the future, it is therefore likely that studies of supramolecular gels will report not only the discovery
of new gelation motifs and develop an understanding of structure-activity relationships, but will
crucially explore and optimise the fabrication techniques that can allow these materials to be
controlled, shaped and patterned. We anticipate that design rules and threshold parameters will
emerge that will constitute the requirements for a supramolecular gel to be shaped and structured in
specific ways. Taking this approach will allow these materials to be harnessed for a wider range of
applications, breaking-through the limitations of the inverted vial. Clearly, this step-change in the field
of supramolecular gels necessitates a fusion of skills between chemistry and chemical engineering.
Precise chemical structural optimisation will be required to enable different fabrication engineering
techniques, and in this way, the inherent molecular nature of these materials will continue to lie at
the heart of their behaviour. With such technologies in hand, the supramolecular gel chemist will be
able to develop these highly-tunable and fascinating soft materials, and proceed to tackle truly

interdisciplinary problems.
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Figure captions

Figure 1. A schematic of supramolecular gel assembly and strategies to achieve shaping and
patterning of self-assembled gels. a, LMWGs form bulk gels through hierarchical self-assembly. On
application of an appropriate trigger, individual gelator molecules assemble through non-covalent
interactions to form fibrils, which subsequently bundle together to form wider nanofibres. Nanofibre
entanglement results in the formation of a sample-spanning solid-like network and gelation. b, Self-
standing gels can maintain a pre-defined shape. Structured gels have different compositions and
hence behaviour patterned into different domains. ¢, These concepts can combine to form gels that
are both shaped and structured. d, An increase of LMWG loading causes an increase in network
density (left). This strategy can generate gels that form intricate self-standing sculptures. A change in
solvent may cause an increase in the solid-like nature of the gel — rheological studies have shown
solvent tuning can make gels both stiffer and stronger, as can optimising the solubility of the gelator
in the solvent system of choice (middle). The LMWG can be reinforced with a polymer gel network
(right). Panel c (left) is adapted with permission from REF. 17, Wiley-VCH. Panel ¢ (middle) is adapted
with permission from REF. 15, Wiley-VCH. Panel c (right) is adapted with permission from REF. 110,
Wiley-VCH.

Figure 2. Some supramolecular gels formed from low-molecular-weight gelators (LMWGs) are
thixotropic as a consequence of molecular-scale mobility of the gel-forming components. a,
Dissolved LMWGs can heal damaged nanofibres to reform the sample-spanning gel network. b, Under
low shear, self-healing gels have G’ (storage modulus) > G” (loss modulus) and are solid-like gels, but
under high shear G” > G’ and they behave as liquids. On removal of high shear, a self-healing gel
rapidly recovers its gel-like rheological properties. c, Incorporation of a small quantity of a self-healing
gel (5-20%) can impart thixotropic performance onto a non-healing gel. Panel b is adapted with
permission from REF. 48, Royal Society of Chemistry. Panel c is adapted with permission from REF. 49,

American Chemical Society.
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Figure 3. Two approaches to 3D-printing of supramoleular gels. a, Direct printing of a thixotropic gel
using its self-healing properties, with the gel converting to a sol on injection and then reforming a gel.
The photographs illustrate examples where gels loaded with different dyes are printed adjacent to
one another (left) and on top of each other (right). b, Combining LMWG and polymer gelators in multi-
component gels allows an LMWG to be printed into a shape, which is then modified using
photolithography to yield the polymer gel network, giving a more robust and permanent structure.
The photographs illustrate combined 3D-printed hybrid LMWG/PG gels. Panel a is adapted with
permission from REF. 56, Royal Society of Chemistry. Panel b is adapted with permission from REF. 57,

Royal Society of Chemistry.

Figure 4. Structuring of gels using photo-patterning methods. a, There are two methods of photo-
patterning, namely, light-induced formation of gel (left) and light-induced breakdown of gel (right). b,
Trans-cis isomerisation of UV-active groups such as azobenzenes and fumaric amides can induce gel-
sol transitions. Use of photomasks (or laser irradiation methods) allow all these transitions to be
performed with spatial control in 2D or 3D. ¢, Photo-acid generators have been used to form spatially-
resolved gel structures by triggering the protonation of the low-molecular-weight gelator (LMWG).
Panel b (top) is adapted with permission from REF. 70, American Chemical Society. Panel ¢ (bottom)

is adapted with permission from REF. 71, Wiley-VCH.

Figure 5. Photopatterning of multi-component and multi-domain gels. a, Photopatterning can be
achieved either by positive writing in which one gel network is assembled within another, or negative
writing in which two self-sorted gel networks are formed simultaneously and then one network is
etched away. b, Combining a low-molecular-weight gelator (LMWG) with a UV-polymerisable polymer
gelator (PG) allows gels to be formed with properties of both networks, typically responsiveness
(attributed to the LMWG) and robustness (attributed to the PG). Systems can be patterned to have
domains with different compositions and hence physical properties — for example, the LMWG network
is soft and the combined LMWG/PG network is robust. If the LMWG is capable of controlled release,
these properties are incorporated into the shaped object — for example the gel stripe shows directional
release of an acid-functionalised pharmaceutical (naproxen) depending on the pH values of the two
different receiving compartments. ¢, Patterning multidomain LMWG/LMWG gels has been achieved
in positive writing mode with the second photo-irradiation step being used to assemble the DBS-Gly
network and negative writing (etching) mode in which the UV-Vis irradiation is used to isomerise and
hence disassemble the stilbene gelator network. Panel b (top) is adapted with permission from REF.,

Wiley-VCH. Panel b (bottom) is adapted with permission from REF. 84, Royal Society of Chemistry.
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Panel c (top) is adapted with permission from REF. 85, American Chemical Society. Panel ¢ (bottom) is

adapted from REF. 86, Springer Nature Limited.

Figure 6. Diffusion control of reactive components can yield patterned gels. a Diffusion of acyl
hydrazone (H) and aldehyde (A) from different locations in an alginate gel enables the spatially
controlled formation of a shaped tris-hydrazone gel. b, General method of preparing free-standing
objects using the cutting approach. (1) An alginate hydrogel is prepared in a Petri dish. (2) An arbitrary
shape is cut out of the alginate. (3) Solutions of hydrazide H (green) and aldehyde A (blue) are placed
into the reservoirs. (4) The hydrazide and aldehyde diffuse through the alginate matrix and react at
the diffusion fronts to form a tris-hydrazone gelator, which then self-assembles into a gel structure
(yellow). (5) The remaining solutions are removed. (6) A solution of EDTA is poured into the Petri dish
until it completely covers the alginate containing the formed pattern. (7) After all alginate is dissolved
(as observed by visual inspection), the remaining solution is removed and the free-standing hydrogel
object is obtained. ¢, A two-component gels comprising acid and amine functions have been shown
to exchange across a gel-gel interface, leading to the establishment of chemical gradients in gel
composition. In this case, amine 1 is fluorescent, while amine 2 is not, and the diffusion exchange
across the interface can be visually monitored over time under UV-irradiation. Panels a and b are
adapted from REF. 91, Springer Nature Limited. Panel c¢ is adapted with permission from REF. 92, Royal

Society of Chemistry.

Figure 7. Electrochemical surface patterning of self-assembled gels. a, Electrochemical activation of
a naphthalene dipeptide hydrogel. The electrochemical oxidation of hydroquinone liberates two
protons, which induce gelation by acidification. b, Control of the applied current at different locations
can shape gels in 2D (top) and control gel height (bottom). Panel b is adapted from REF. 96, Royal

Society of Chemistry.

Figure 8. Surface patterned gels assembled on patterned catalytic surfaces. a, Spatially-defined
catalytic sites can enforce spatially-controlled formation of a self-assembling low-molecular-weight
gelator (LMWG) from one or more pre-gelators with gel formation only occurring on the regions with
catalytic sites. b, Micropatterned sulfonic acid sites catalyse the formation of tris-hydrazone
hydrogels on the microscale by catalysing the reaction between acyl hydrazone and aldehyde. ¢,
Immobilised thermolysin enzymes induced spatially-controlled microscale formation of an Fmoc-
dipeptide LMWG. Panel b is adapted from REF. 99, Wiley-VCH. Panel c is adapted from REF. 100,

Springer Nature Limited.

31



