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10.

Propositions
belonging to the thesis:

Strategies Towards Soft Functional Supramolecular Materials
by Matija Lovrak

Listing potential applications in scientific papers without the proof of concept should be avoided
because it does not contribute to the scientific content and it is often done purely for the purpose of

selling research.

He, X. M. et al. Synthetic homeostatic materials with chemo-mechano-chemical self-regulation. Nature 487, 214-218
(2012).

Reaction-diffusion is a promising approach for development of useful soft materials and
applications, but we have to learn how to use it properly because current number of application-

related reports is rather limited.
Chapter 2 of this thesis

Economy, as we know it today, is unnatural.
John Médaille, (2011, April 11), Capitalism as an Unnatural System, retrieved from
http://distributistreview.com/capitalism-as-an-unnatural-system

Although not described in the way how we know it today, Liesegang patterns should be called

Runge-Liesegang patterns to give deserved credit to their early discoverer.
Runge, F. F. Zur farben-chemie. Musterbildung fiir freunde des schénen und zum gebrauch fiir zeichner, maler, verzierer
und zeugdrucker. Dargestellt durch chemische wechselwirkung. (E. S. Mittler & Sohn, 1850)

It seems that the developers of video games do not always play the games they develop themselves.
Otherwise, they would not have put all kind of nonsense achievements inside.

Since human slavery is forbidden, animal slavery should also be forbidden. Therefore, zoos should
not exist, as well as possessing pets in cages.

Solving a maze using reaction-diffusion should be used in all schools as a demonstration for

children that chemistry can offer a solution to various problems.
Suzuno, K. et al. Maze solving using fatty acid chemistry. Langmuir 30, 9251-9255 (2014)

Aging in chemistry should be more exploited because it can lead to novel useful discoveries, such as

indicators of expired food.

Draper, E. R, McDonald, T. O. & Adams, D. ]J. A low molecular weight hydrogel with unusual gel aging. Chem. Commun. 51,
6595-6597 (2015).

Experimental results are more valuable than the results from numerical simulations.

R. Zimmermann, U. Freudenberg, R. Schweif3, D. Kiittner, C. Werner, Hydroxide and hydronium ion adsorption - A survey,
Current Opinion in Colloid & Interface Science 15 (2010) 196-202

The tendency of multinational companies to push all sorts of own standards to the market, which

leads to format wars, is counterproductive.
Memory Stick (Sony) vs SD Card (SD Card Association)
HD DVD (initiated by Toshiba and NEC) vs Blue-ray Disc (Sony)

These propositions are considered opposable and defendable and as such have been approved by the promotor prof. dr. Jan

van Esch and copromotor dr. Rienk Eelkema.



10.

Stellingen
behorend bij het proefschrift:

Strategies Towards Soft Functional Supramolecular Materials
door Matija Lovrak

Het opsommen van mogelijke toepassingen zonder proof-of-concept zou vermeden moeten worden
omdat het niet bijdraagt aan de wetenschappelijke inhoud en omdat het vaak uitsluitend gedaan

wordt om het onderzoek te verkopen.

He, X. M. et al. Synthetic homeostatic materials with chemo-mechano-chemical self-regulation. Nature 487, 214-218
(2012).

Reactie-diffusie is een veelbelovende methode voor de ontwikkeling van nuttige zachte materialen
en toepassingen, maar we moeten leren hoe het precies gebruikt kan worden omdat het aantal

toepassingsgerelateerde artikelen gelimiteerd is.
Hoofdstuk 2 van dit proefschrift.

De economie, zoals we die tegenwoordig kennen, is onnatuurlijk.
John Médaille, (2011, April 11), Capitalism as an Unnatural System, retrieved from
http://distributistreview.com/capitalism-as-an-unnatural-system

Ook al was het niet beschreven op de manier die we tegenwoordig kennen, de Liesegang patronen

zouden Runge-Liesegang patronen moeten heten om de eerdere ontdekker waardering te geven.

Runge, F. F. Zur farben-chemie. Musterbildung fiir freunde des schénen und zum gebrauch fiir zeichner, maler, verzierer
und zeugdrucker. Dargestellt durch chemische wechselwirkung. (E. S. Mittler & Sohn, 1850)

Het lijkt erop dat de makers van computer games niet altijd zelf de games spelen die ze
ontwikkelen. Anders zouden ze niet al die onzinnige prestaties toevoegen.

Omdat mensenslavernij verboden is, zou dierenslavernij ook verboden moeten worden. Daarom
zouden dierentuinen niet mogen bestaan en zouden huisdieren niet in kooien gehouden mogen
worden.

Het oplossen van een doolhofpuzzel met reactie-diffusie zou op scholen gedemonstreerd moeten

worden om te laten zien dat scheikunde een oplossing kan bieden voor verschillende problemen.
Suzuno, K. et al. Maze solving using fatty acid chemistry. Langmuir 30, 9251-9255 (2014)

Chemische veroudering zou meer onderzocht moeten worden omdat het kan leiden tot nieuwe

nuttige ontdekkingen, zoals indicatoren voor bedorven voedsel.

Draper, E. R.,, McDonald, T. 0. & Adams, D. ]. A low molecular weight hydrogel with unusual gel aging. Chem. Commun. 51,
6595-6597 (2015).

Experimentele resultaten zijn waardevoller dan de resultaten van numerieke simulaties.

R. Zimmermann, U. Freudenberg, R. Schweif3, D. Kiittner, C. Werner, Hydroxide and hydronium ion adsorption - A survey,
Current Opinion in Colloid & Interface Science 15 (2010) 196-202

De neiging van multinationale ondernemingen om allerlei eigen standaarden op de markt te

forceren, hetgeen leidt tot formaatoorlog, is contraproductief.
Memory Stick (Sony) vs SD Card (SD Card Association)
HD DVD (initiated by Toshiba and NEC) vs Blue-ray Disc (Sony)

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig goedgekeurd door de promotor prof. dr. Jan

van Esch en copromotor dr. Rienk Eelkema.
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Introduction



Nature: the final frontier. For scientists, nature is an unlimited source of inspiration. For
example, physicists explore nature’s underlying forces and constituents all the way
down to the smallest particles. Chemists aim to understand, replicate and apply the
principles of nature from the level of atoms to the level of macromolecules, whereas
biochemists focus on understanding the interplay of constituents that form what we call
life. Out of many motifs in nature, two, which are the focus of this thesis, have attracted
considerable attention of chemists. The first one is self-assembly and the second one is
reaction-diffusion.

Self-assembly

Simply put, molecular self-assembly is the spontaneous organization of simple
building blocks into larger constructs, usually called supramolecular structures, due to
their interactions and geometry.}2 Building blocks range from rather simple molecules,
such as surfactants, to more complex molecules, such as DNA. A brief overview of
different synthetic and biological self-assembling building blocks is given in Table 1. The
interactions involved in self-assembly are noncovalent in nature, such as electrostatic
interactions, hydrophobic effects, aromatic stacking, and hydrogen bonding.? Many
biological constructs are formed employing noncovalent interactions,® including the
light-harvesting complex, chromosomes, and cell membranes. Without noncovalent
interactions, (macro)molecular building blocks would not be able to form functional
constituents of living organisms and life, as we know it, probably would not exist. The
occurrence of self-assembly in nature as one of the leading motifs underpins its
important properties which are discussed in the rest of the paragraph. Firstly, self-
assembly is a spontaneous process. Simply mixing self-assembling components suffices
to form larger structures without any additional input. The reason for such simplicity is
that the information necessary for molecules to assemble is encoded into the molecules
themselves. This encoding is achieved by the presence of different, appropriately
spatially arranged functional groups which allow interaction with other molecules
through one of the aforementioned noncovalent interactions. Secondly, self-assembly is
reversible. Since building blocks of supramolecular structures are usually held together
by large number of interactions, their total energy of interaction is big. However, single
noncovalent interactions are (much) weaker than covalent interactions (in terms of
energy). The relatively small individual non-covalent interactions allow supramolecular
structures to be much more dynamic at ambient temperatures compared to molecules
consisting of covalently connected moieties. For example, easy exchange of one type of a
building block with another, or easy repair of a damaged supramolecular structure, are
some of possibilities. Thirdly, supramolecular assemblies of defined structure spanning
over several orders of magnitude in size can be made by simply mixing nanometer-sized
building blocks of the appropriate geometry and spatial disposition of interactions.
Finally, as already mentioned, these self-assembling building blocks can be often made



Table 1. Synthetic and biological building blocks used in supramolecular self-assembly for obtaining
diverse complex structures and their potential biomedical applications. Reproduced from reference.>
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employing well-understood chemical reactions, but yield supramolecular structures that
might be very difficult, if not impossible, to synthesize. Therefore, scientist have
recognized the potential of self-assembly as a bottom-up approach for making artificial,
man-made, functional materials. The very first examples of man-made self-assembly
were focused on reconstructing the self-assembly of viruses from their building
blocks.8? Since that time, this research area has widely expanded and examples of
different self-assembled materials can be found in literature today, ranging from rather
simple assemblies of nanoparticles!! to DNA origamil2.

One class of self-assembled materials are hydrogels - specifically, supramolecular
hydrogels. Hydrogels are a special class of materials that are made of water (usually
more than 95 %) and the small amount of structured solid matter, usually in the form of
entangled fibers forming a network. This fibrillar network entraps water and stops it
from flowing. Even that small amount of solid matter can make hydrogels exert some
properties of solids. Therefore, hydrogels can exhibit some properties of both types of
materials - solids (e.g. similar mechanical behavior under stress) and liquids (e.g. easy
diffusion of small molecules). Hydrogels can be divided in two categories - polymeric
hydrogels and supramolecular hydrogels. Polymeric hydrogels consist of long polymers



that are covalently crosslinked or held together by noncovalent interactions. They can
be made from biological components, such as agar or gelatin, or synthetic polymers,
such as polyacrylamide. Contrary to their polymeric counterparts, supramolecular
hydrogels are made out of small molecules called low molecular weight gelators
(LMWGs).15> LMWG molecules usually self-assemble via noncovalent interactions into
fibers that subsequently form a fibrous network which entraps water thus forming a
self-supporting gel. So far, many LMWGs have been discovered, either by molecular
iteration of already know examples, or accidentally. However, designing LMWGs is very
difficult because small changes in the molecular structure can turn a gelator into a non-
gelator. Although certain sets of rules can be deduced from already existing examples?®,
general design rules that would always yield a LMWG molecule do not exist yet. In
general, hydrogels are widely useful materials, with applications in foods'?, cosmetics!8,
tissue engineering!® and medicine2? amongst others. The same areas of applications are
also envisioned for supramolecular hydrogels. Supramolecular hydrogels might offer
advantage in some application areas due to rather easy synthesis and simple chemical
modification to yield different properties. On the other hand, mechanical properties
could be the limitation of supramolecular hydrogels when compared to their polymeric
counterparts. They can rarely reach mechanical strengths (expressed as elastic modulus
or storage modulus) of several hundred kPa, and not even compete with the strongest
polymeric hydrogels which can reach strengths of more than 1 MPa.2! The resistance to
mechanical deformation can be especially important when hydrogels are used as
injectable materials, for example for drug delivery. Therefore, the strategies to
significantly improve the mechanical properties of supramolecular gels are waiting to be
discovered. Because of the extensive literature on self-assembled materials the
interested reader is referred to some review articles for more details.>22:23

Reaction-diffusion

One of the crucial mechanisms to sustain life is reaction-diffusion (RD). RD is
essentially the combination of two processes - reaction and diffusion. In a simple
configuration, reactive components are physically separated in space by a medium such
as hydrogel, for example, and they are brought together by diffusion (Figure 1). In the
case when chemical reaction between the components is negligible or even absent,
diffusion leads to homogenization of their spatial distribution. However, when reaction
is faster than diffusion, thereby preventing homogenization, spatial organization can be
achieved through localized reaction of components at diffusional fronts. Building and
maintaining of microtubules2* or skin patterns on animals?>-27 (see Figure 2a) are some
examples from nature that find an origin in reaction-diffusion. Additionally, living
organisms employ a huge number of reactions in their bodies (cells) to enable their
everyday functioning. To exert their function, biomolecules must be delivered to the
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Figure 1. Scheme of a simple reaction-diffusion setup. a) A hypothetical chemical reaction between
the compunds A and B leads to the formation of C. When A and B are separated by a medium that allows
diffusion, they diffuse through it (indicated with arrows), forming the compund C upon collision of their
diffusional fronts. In this way, C is formed only at locations where A and B come into contact. b) The
concentration profiles of A, B, and C along diffusional matrix.

right spot at the right time. Since diffusion is a spontaneous process that does not cost
energy, it is part of various regulatory processes in living organisms.?829 However,
diffusion itself is often not enough because it is slow. Therefore, diffusive transport is
combined with a series of transport enzymes to increase efficiency. In this way, the
series of enzymatic chemical reactions is coupled to diffusional transport between
enzymes thus forming RD system. Examples include calcium waves3%31, glucose-induced
oscillations?®?, and transport of ATP to ATP-deficient sites33-35, RD can be also invoked to
explain events including multiple cells. For example, growth of bacteria under
insufficient nutrient conditions36-38 as well as some undesirable health conditions, such
as ventricular tachycardia and fibrillation39-42,

Despite its utmost importance in living systems, examples of RD can be also
found in inanimate systems. RD based on simple, inorganic chemistries forms spatially
extended structures in inanimate systems. For example, the alternate deposition of two
minerals, chalcedony and quartz, causes the formation of patterns in iris agates*3, as
shown in Figure 2d. Many other natural minerals, such as augite, garnet, plagioclase and
zebra spa rock, 449 are composed of alternating layers of different types of precipitates
which gives them characteristic textures. Other examples include formation of cave
stalactites4?, dendritic structures on surface of limestone>® and formation and
pigmentation of intricate seashells>.

Since its importance in nature, RD did not remain unnoticed by chemists. The
first written evidence of reaction-diffusion related research dates back to 1855. That
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Figure 2. Biological and artificial RD systems. a) Pattern on a fish. Reproduced from reference.* b)
Turing pattern formed by CIMA reaction. Reproduced from reference.6 c¢) Traveling waves in the
Belousov-Zhabotinsky chemical system. Reproduced from reference.b d) Liesegang rings formed by
precipitation of Ag,Cr;07. Reproduced from reference.¢ e) Pattern on Lake Superior Carnelian Amethyst
Agate. Reproduced from reference.” f) Complex artificial microstructures produced using inorganic
precipitation reactions. Reproduced from reference.l® g) Artifical microstructures made using
polymerization reaction. Reproduced from reference.!3 h) A functional device for quantification of nucleic
acids based on RD. Reproduced from reference.1*

year Friedlieb Ferdinand Runge discovered reaction-diffusion systems and published
two books about them.52-55 Nevertheless, this first discovery was forgotten until 1896
when Raphael Liesegang®® did similar experiments and from that year extensive
research on this kind of systems has been done. Runge and Liesegang observed that
some reactive pairs of inorganic salts form bands of a precipitate when they diffuse
through a gel matrix (Figure 2e). These bands were named Liesegang rings/patterns>7-60
after their discoverer. This discovery was the proof that reaction-diffusion systems are
different from conventional reactions in bulk, because a mechanism of precipitation
does not imply the formation of patterns, but only the formation of precipitate.

First evidence that RD is linked to living systems was provided by Alan Turing®!
and Boris Belousov®? on the examples of oscillatory reactions. Turing predicted
theoretically that a homogeneous mixture of activator and inhibitor can spontaneously



lead to the formation of stationary concentration variations, as shown in Figure 2b. It is
important to note that such concentration variations can occur only in the case when not
all species have similar diffusion coefficients. Belousov discovered a system in which
diffusion and reactions are nonlinearly coupled which leads to chemical oscillations in
space and/or time (Figure 2c). Since various regulatory processes in living organisms
employ versatile combinations of nonlinear coupling and feedback loops, their
discoveries were indeed an important link between RD and origin of life.

Until this date, it has been shown that various pairs of inorganic salts can produce
various kinds of patterns using gel-on-gel printing.6 Nevertheless, the reaction-diffusion
systems are far from only-for-demonstration experiments. They are useful for micro-
and nanoscale fabrication. In that sense, RD is used for the deposition of metal foils at gel
interfaces, for gold, glass, and silicon etching, and for the structuring metal films.63-66
They can also be applied for amplification and sensing.6’-%° In the end, they are not
limited only to produce 1D or 2D patterns, but can be also applied in 3D, producing very
complex microstructures (Figure 2f).610 Although RD systems have been extensively
investigated until this date, mainly inorganic systems have been reported. The reports of
RD systems employing organic or biomolecules are scarce. Examples include
determination of protein-ligand binding constants’?, DNA circuits for edge detection’?,
enzymatic network for threshold sensing”?, and propagation of a synthetic replicator’s.
Also, complex polymeric microstructures can be easily made (Figure 2g).13 Even a
functional device for quantifying nucleic acids based on RD can be constructed, as can be
seen in Figure 2h.1# These examples show that RD offers extraordinary possibilities.
Nevertheless, taking into account the immense number of organic compounds and
organic reactions it is clear that the full potential of RD is yet to be reached.

Outline of the thesis

The next step in technological development would be combining self-assembly
and reaction-diffusion in similar ways to how nature does. In this way the advantages of
both would be brought together yielding means towards the development of new
materials that could not be made in other ways. For example, spatial control over self-
assembly is usually achieved by templating. By combining it with a reaction-diffusion
approach, self-assembling building blocks could be brought together by diffusion, and
would assemble only at locations where all necessary components are present without
need for any template. Alternatively, supramolecular structures exerting certain
function or carrying a cargo could diffuse through a hydrogel matrix and exert function
or release the cargo only at locations where chemical “instructions” for this specific
action are present. These kinds of materials could be used as platforms for investigation
of drug-delivery properties. In the end, possibilities are almost limitless and depend only
on our imagination and our needs.



The aim of this work is to explore the strategies of using self-assembly and
reaction-diffusion approaches for the production of novel soft functional materials with
potential cell related and medical applications. The second chapter of this thesis
describes reaction-diffusion approach for assembling a small molecular weight gelator
into patterns imbedded in agar and free-standing hydrogel objects ranging in size from
the micrometer to centimeter scale. Our experimental results are supported with a
mathematical model of RD. Strikingly, this is the first report of this sort which shows
implications of combining reaction-diffusion approach with supramolecular chemistry.
The third chapter is about the details of supramolecular pattern formation. More
precisely, we investigated how controllable experimental parameters define the
dimensions of the pattern. We showed that the experimental results are in good
agreement with the RD model, confirming that modelling of RD is crucial tool for
predicting outcomes of these non-linear processes. The fourth chapter describes simple
approach for gluing gels. We developed simple method based on RD and self-assembly of
the small molecular weight gelator to attach two or more pieces of hydrogel together.
This approach contributes to possible solutions for attaching pieces of soft matter
together, which is generally a rather challenging task. In the fifth chapter we investigate
the potential of the double network gel consisting of alginate and supramolecular gel to
act as an extracellular matrix. First, we relate the cell survival to different components of
this hybrid gel network, and then we discuss requirements and potential solutions for
further improvements of this double network gel towards being fully compatible
extracellular matrix. Finally, in the sixth chapter, we describe the preparation of first
implantable artificial plaque for evaluation of drug-coated endovascular technologies.
We developed artificial plaque based on self-assembled lipids dispersed throughout a
hydrogel matrix. Our solution presents a cheaper alternative to atherosclerotic animal
models.
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Free-standing Supramolecular Hydrogel Objects by Reaction-
Diffusion

Abstract

Self-assembly provides access to a variety of molecular materials, yet spatial control
over structure formation remains difficult to achieve. Here we show how reaction-
diffusion (RD) can be coupled to a molecular self-assembly process to generate
macroscopic free-standing objects with control over shape, size, and functionality. In RD,
two or more reactants diffuse from different positions to give rise to spatially defined
structures upon reaction. We demonstrate that RD can be used to locally control
formation and self-assembly of hydrazone molecular gelators from their non-assembling
precursors, leading to soft, free-standing hydrogel objects with sizes from several
hundred micrometers up to centimeters. Different chemical functionalities and
gradients can easily be integrated in the hydrogel objects by using different reactants.
Our methodology, together with the vast range of organic reactions and self-assembling
building blocks, provides a general approach towards the programmed fabrication of
soft microscale objects with controlled functionality and shape.



Introduction

Over the past decades the self-assembly of a wide variety of building blocks has become
an established technology for the bottom-up fabrication of objects and materials with
structural features ranging from nano- up to micrometer length scales.l2 The general
approach to create objects and structures of dimensions beyond the nanoscale is to
increase the size of the building blocks. However, this comes with new challenges - to
fabricate these larger building blocks with sub-micron features and to manage the
delicate balance of forces between building blocks, diffusion, and inertia. Reaction-
diffusion (RD) plays a key role in natural structure-forming processes, including self-
assembly and cell proliferation, which control the formation of a wide variety of
structures, ranging from actin filaments, extracellular matrix, to organs and skin
patterns.13-> In RD, two or more reactants diffuse when locally released at different
positions, giving rise to spatial concentration patterns, which may lead to local structure
formation, like Liesegang rings, polymerization or self-assembly, upon reaction.®’ In
recent years, almost exclusively inorganic RD systems have expanded into a wide range
of scientific and technological areas, such as biomineralization®8, microfabrication?®13, the
formation of microlenses?.14, the formation of microparticles and microspheres?>16, and
dynamic materialsl’”. The reported RD patterns and structures reach high levels of
complexity and resolution!8, but so far the application of RD to control structure
formation of organic materials has been limited. Organic chemistry offers both an
extremely wide range of chemical reactions and functional materials, as well as the
possibility to precisely control chemical kinetics across multiple time scales. Only a few
examples of RD using biological reactants have shown that chemical gradients can be
programmed using DNA-based autocatalytic reaction networks°-21, and enzymes?2223,
With organic compounds, RD has been used to fabricate anisotropic structures?4, and,
only very recently, to achieve spatial control over the formation of micro-objects by a
polymerization reaction?s.

Here we describe the combined reaction-diffusion and self-assembly (RD-SA) of a
supramolecular gelator leading to the formation of free-standing macroscopic structures
with controllable shape, size, and chemical functionalization. In this system, multiple
components diffuse towards each other, to react at the crossing of the diffusional fronts
and form hydrogelator molecules, eventually leading to a supramolecular structure
through self-assembly. We show that the patterned structures can be chemically
functionalized and functionalization can be used to form permanent chemical gradients
inside the final structures. The methodology developed here provides a general
approach towards the programmed fabrication of soft microscale objects with
controlled functionality and shape, and we anticipate that it may be applied for the
creation of new functional soft biomaterials with a wealth of shapes, sizes, and chemical
functionality.
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Results

Fabrication of 1D reaction-diffusion pattern. We use RD-SA to control the spatial
distribution of supramolecular materials (Figure 1). RD-SA requires a multicomponent
reaction inducing a self-assembly process, to allow independent diffusion of reactants
and self-assembly of products at the crossing of the diffusional fronts. We have recently
reported a supramolecular hydrogelator that is formed in the gelation medium by a
multicomponent chemical reaction.?6 In this work, the acid-catalyzed reaction of
hydrazide H and aldehyde A leads to the formation of the trishydrazone gelator HA3
(Figure 1a).?” When HA3 reaches concentrations above its critical aggregation
concentration (CAC), it self-assembles into fibers and in-situ forms a non-transparent
supramolecular network. The rate of formation of the supramolecular network is
controlled through the hydrazine-forming reaction, which depends on the concentration
of reactants and the presence of an acid catalyst.2728 In our RD-SA approach, reactants H
and A diffuse over a distance and react upon crossing of the moving fronts, forming HA3,
which subsequently self-assembles into a supramolecular material. In a typical RD-SA
experiment, H and A are placed at the opposite sides of an agar gel matrix (acting as a
diffusion medium), and left to diffuse and react over time (Figure 1b). We observed that
the formed HA3 forms a non-transparent supramolecular structure within the agar
matrix, manifesting as the appearance of a turbid line structure at the intercept of the
two diffusion fronts. Structure formation started after ~7 hours, and the formed line
typically achieved a width of 2.5 mm within 24 hours (Figure 2a and Supplementary
Movie 1) when using 2 cm wide agar gels at general experimental conditions. The
supramolecular structure forming the line (referred to as a 1D pattern) extends
vertically from the bottom to the top of the 3.5 mm thick agar matrix, and is stable for
months.
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Figure 1. Reaction-diffusion of a two component self-assembling gelator. (a) Hydrazide H and
aldehyde A react to form gelator HA3 under ambient conditions in water, with acid acting as a catalyst. (b)
The space-time plot illustrates the RD-SA process. Reactants H (green circle, left) and A (blue triangle,
right) are placed on the opposite sides of the agar gel matrix. Over time H and A diffuse through the
matrix, and react upon crossing to form gelator HAs, which self-assembles into a fibrous gel network. This
process results in the formation of a turbid white line consisting of gel fibers, within the diffusion matrix.
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Fabrication of more complex RD patterns. With this result in hand, we set out to
explore the potential of RD-SA to control shape and dimensions of the formed
structures. We started by investigating the influence of initial localization of reactants,
diffusion distance, and type of reactant on the resulting shapes. By positioning the
reactants in pre-designed locations, we anticipated obtaining a variety of two-
dimensional (2D) shapes. We observed the local formation of the supramolecular
structure at the crossing of diffusional fronts of H and A (Figure 2a). More complex
shapes and patterns such as waves, grids, circles and triangles were easily made using
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Figure 2. The initial location of reactants control structure formation in RD-SA. In a-g, the gel
structure formed through RD-SA (photograph, top) resulted from a starting point configuration as shown
in the cartoon below. In the cartoons, the grey areas denote the agar matrix, white areas are the
reservoirs, which are filled with hydrazide H (green circles) and aldehyde A (blue triangles). (a) A 1D
pattern formed by RD of H, from the left, and A, from the right, in an agar diffusion matrix. Method:
reservoirs in the agar matrix. (b) By shaping the agar matrix, the RD-SA formed patterns were obtained in
different shapes, such as waves. Method: reservoirs in the agar matrix. (c,d) To show the versatility of the
RD-formed gel structures, different designs were used to obtain a circle and a triangle. Method: a PDMS
mold below the agar matrix. (e) A grid formed by RD-SA. Method: a PDMS mold below the agar matrix. (f)
An RD-SA grid made from aldehydes A and A* to compare the difference in self-assembly behavior,
(magenta: A*, blue: A). Method: reservoirs in the agar matrix. (g) Using the RD-SA approach to ‘write’ our
research group name (ASM). Method: droplets of reactants in agar solutions were placed on top of an agar
matrix, to diffuse and form supramolecular structures at the intersection of the diffusion gradients
(Supplementary Methods). Scale bars: 1 cm.
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three types of approaches for reactant injection: by cutting reservoirs for the reactants
into the agar matrix (Figure 2a, b and f and Supplementary Movie 2), by placing
reservoirs into a polydimethylsiloxane (PDMS) mold placed under the agar matrix
(Figure 2c-e), or by printing droplets with reactants as point sources on a flat agar
matrix (Figure 2g). When the PDMS mold consists of a grid of reservoirs, the formed
structures consist of several connected segments generated in the regions where the
reactants, after diffusing from their reservoir, meet and react (Figure 2e). A close look at
a segment reveals that the center is more opaque than the edges as a consequence of the
neighboring reservoirs being physically further apart diagonally than side-by-side. This
separation, in turn, causes the diffusional fronts of H and A to overlap with time delay at
the edges. To demonstrate that the choice of reactants is important for the final
appearance of produced patterns, we prepared a pattern using structurally similar 3,4-
dihydroxybenzaldehyde (A*) simultaneously with A (Figure 2f). It can be seen that the
HA3* pattern is thicker and looks precipitate-like compared to the HA3 pattern. By
precise positioning of reactant reservoirs with the aforementioned methods, we were
able to generate a range of shapes, including squares, circles, grids, triangles, and even
letters (Figure 2g).

Mechanical properties and morphology of hybrid gel network. We then aimed at
making free-standing objects using RD-SA. Making free-standing objects requires
removal of the diffusional matrix after completion of the RD-SA process. Also, the objects
have to be sufficiently mechanically strong to carry their own weight. To facilitate
straightforward removal of the matrix, we used calcium alginate instead of agar as a
diffusional matrix. Alginate gels can be dissolved and subsequently removed by the
addition of ethylenediaminetetraacetic acid (EDTA) solution, removing the crosslinking
divalent ions between the alginate chains. We confirmed that changing the matrix from
agar to alginate does not significantly influence the resulting RD-SA pattern
(Supplementary Fig. 11).

We investigated the mechanical properties of the RD-SA structures in alginate
gels. Alginate/HAs hybrid gels with varying compositions were subjected to
compression tests (see Supplementary Fig. 3 and Supplementary Methods for details of
preparation). We find that the formation of a supramolecular network inside an alginate
gel leads to a hybrid material displaying a hugely increased yield stress when compared
to pure gels formed from either alginate or HA3 (Figure 3a-b). For instance, a material
consisting of 1.5% alginate gel and a hydrazone network made from 40 mM H (denoting
the initial concentration of H in alginate, with A in excess) has a yield stress of 62 kPa,
compared to only 7 kPa for the pure 1.5 % alginate gel, and 0.7 kPa for a pure 30 mM
HA3 gel (see Supplementary Methods for detailed explanation).

To explain why the mechanical properties of alginate/HA3 improved compared
to the separate gel networks, we investigated the microstructure of the formed gel
patterns with confocal fluorescence microscopy. To distinguish between the self-
assembled hydrazone structure and the alginate matrix, we labeled HA3 with a pyrene

19



o
(=2

80 80
] ] alginate
alginate/HA I
c 60 - ‘1’ s 60 - 3 i
a a
= =
§ 40 - § 40 I T
) S
% % L
T 20- T 20 I i
2 W 2
>. 4 >. 4
0 T T I—T—I T I—T_I T T T T 0
0 10 20 30 40 1.0 2.0 3.0
Cua(HIN alginate) (mM) w(optimally crosslinked alginate) (%)

C
.-

Figure 3. Mechanical properties and structure of the formed hybrid network gels. (a) The effect of
the initial concentration of hydrazide H in alginate on the compressive strength of the alginate/HA3
hybrid network material. Compression rate was 50 mN min-l. (b) The effect of the concentration of the
optimally cross-linked alginate on the compressive strength of alginate and alginate/HA3 hybrid network
material. Compression rate was 250 mN min-!. (c) Confocal fluorescence micrographs of HAs, alginate, and
overlay images of alginate/HA3. HA3 is labeled with a pyrene-functionalized benzaldehyde (AP, Aex = 405
nm)and alginate is labeled with BODIPY TR (Aex = 543 nm). The error bars in a and b were calculated as a
standard deviation of at least three measurements. Scale bars: 50 pm.

fluorophore AP (see Supplementary Fig. 1 and Supplementary Methods), and alginate
with a BODIPY TR fluorophore (Supplementary Methods). As can be seen in Figure 3c,
the fibers of HA3 are co-localized with the alginate chains, which suggests that HA3 and
alginate form a hybrid network material. It is known that networks consisting of two
different gels often exhibit vastly improved mechanical properties.?? We did not
investigate how the interactions or synergy between HA3z and alginate lead to improved
mechanical properties, but we hypothesize that HA3 fibers wrap around the alginate
chains and create cross-links between the alginate chains in addition to already existing
calcium cross-links, most likely in a similar fashion as recently has been reported by
Kiriya et al3% This additional crosslinking, in turn, would improve the mechanical
properties of alginate/HA3 hybrid network material.
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Fabrication of free-standing objects. The excellent mechanical strength of the
alginate/HAs hybrid network material encouraged us to further investigate the
possibilities of making free-standing objects. We used a similar approach as in the
experiments with agar, now including an additional step for removing the alginate
matrix (Figure 4a). Following the proposed scheme, we successfully made free-standing
objects with distinct shapes (Figure 4b), where the width of the lines constructing the
object is in the millimeter range and the size of the full object is in the centimeter range.
We subsequently looked at downscaling the RD-SA process to extend RD-SA to
applications at sub-millimeter length scales. Creating diffusion patterns through the
manual cutting approach did not allow us to achieve the required resolution. Therefore,
we turned to wet stamping (WETS) as an alternative approach.”.31

In the wet stamping approach, a substrate and a stamp were both made from

alginate or agar gel. The substrate contained A and the stamp contained H. Upon
bringing the stamp and the substrate into contact, H from the stamp diffuses into the
substrate and A from the substrate diffuses into the stamp. After 60 minutes of stamp-
substrate contact, the stamp was removed and the substrate was left standing overnight
to allow RD-SA to take place. We observed formation of HA3 patterns in the substrate.
The patterns were examined using a confocal microscope before and after dissolution of
the alginate substrate (Figure 4d). Objects as small as 300 um (measured as the width of
a single line) were successfully prepared (Figure 4c). When we tried to use the stamp
with a 200 um feature size with 200 um spacing, objects could not be successfully
separated from each other upon dissolution of the alginate substrate.
Functionalization of patterns and free-standing objects. With all the tools
established, we set out to explore the potential of RD-SA to control chemical
differentiation and functionalization of the formed structures. Exploratory experiments
were performed in agar diffusion matrices. We showed previously that the hydrazide-
aldehyde reactive gelator system is very tolerant towards the use of different
aldehydes.3?2 Combined with RD-SA, this feature can be exploited to create patterned
supramolecular gels with spatially differentiated zones of chemical functionalities, by
placing different aldehydes at different locations before diffusion. Indeed, by using
different fluorescent aldehydes at different diffusion locations with this approach, we
were able to fabricate 2D gel patterns with stable spatially-varying differences in
fluorescence and color that were visible by confocal fluorescence microscopy and even
by eye (Figure 5a,b).

Next, we investigated the possible formation of permanent chemical gradients
within the formed supramolecular patterns. Such chemical gradients can, for instance,
be useful to control cell differentiation in space.33 We mixed H in agar. A was mixed with
an aldehyde-functionalized fluorescent probe in buffer and allowed to diffuse in from
one side of the agar matrix. After two weeks we analyzed the material within the agar
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Figure 4. Free-standing hydrogel objects. (a) 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) H
and A diffuse through the alginate matrix and react at the diffusion fronts to form HAs, 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. (b) Free-standing hydrogel objects prepared using the cutting
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approach. (c) A wet stamping approach for the preparation of micro-sized free-standing objects: 1) A 1
mm thick layer of alginate is prepared on a glass slide and loaded with A. 2) A stamp containing H and
rhodamine B-benzaldehyde (AR) is placed on the substrate for 60 minutes and is then removed. 3) After
standing overnight, the pattern of HA3 appears. 4) Dissolving the remaining substrate produces the free-
standing objects. (d) Photographs and confocal images of the patterns of HA3 and free-standing objects.
The dimensions of the stamps for lines (from left to right): 500 um feature/1500 pm spacing, 500 pm
feature/500 um spacing, and 300 um feature/300 pm spacing. Scale bars: 1 cm in b; 1 mm in d.

matrix using confocal microscopy, showing an 8 mm wide permanent fluorescence
gradient within the formed fiber network (Figure 5c-d). The experimental time was
significantly longer than in the formation of 1D patterns, because here the diffusion of A
was hindered by immediate formation of HA3 at the gel/solution interface (see
Supplementary Fig. 3 for the experimental details). This gradient in fiber network
density was quantified by measuring the fluorescence intensity over the full distance.
Surprisingly, the gradient was not completely gradual, but showed the formation of a
band as the normalized fluorescence had a local minimum at ~1 mm distance from the
source of A, after which it gradually decreases towards the end. This phenomenon was
observed in repeated experiments and shows up in both local fiber density as well as in
the summed fluorescence intensity, and may have an origin similar to the Liesegang
patterns observed in precipitation systems.”3% Although in principle this phenomenon
could have occured in all of our other experiments, we observed it only in the
experiments when pH was around 7.0 (Supplementary Fig. 12).

To further capitalize on the potential of chemical differentiation of organic
materials made by RD-SA, we attempted to functionalize these structures with
molecular recognition sites for proteins. Here, the modular nature of the self-assembling
system employed in this work plays a pivotal role.32 We used the extensively described
non-covalent binding of the lectin Concanavalin A (ConA) to mannose as a protein-
ligand interaction3>. Using the mannose-functionalized benzaldehyde AM, we loaded the
reservoirs of a Plexiglass holder with A and A+AM, and allowed diffusion and reaction
with H using the RD-SA approach shown in Supplementary Fig. 2. This resulted in the
formation of millimeter-scale supramolecular shapes within the agar matrix. To test
ConA binding, we loaded the holder such that one of the two formed shapes was labelled
with mannose. Next, fluorescein-labelled ConA was allowed to diffuse into the matrix, to
bind to the mannose groups on the fibers. The entire matrix was subsequently soaked in
buffer solution for several days to remove unbound or nonspecifically bound protein.
Fluorescence microscopy shows that, after soaking, the amount of ConA decreases more
on the fiber structures without mannose functional groups, when compared to those
that do contain mannose (Figure 5e-f). The relative stability of ConA on the mannose-
functionalized supramolecular structures shows the potential of RD-SA to chemically
differentiate supramolecular structures with biological functionalities in space.

Finally, we combined several demonstrated principles to make a free-standing
object with a permanent chemical gradient. To achieve that, we positioned solutions of
H, A and A+AR (rhodamine B-functionalized benzaldehyde) into reservoirs in an
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Figure 5. Functional and gradient patterns and objects obtained by RD-SA. (a) A large grid made with
several benzaldehyde-functionalized dyes, (yellow, orange, and purple), added for chemical differentiation
within a single structure (Supplementary Methods). (b) Chemically differentiated gel objects, with two
aldehyde-functionalized dyes (AF with Aex = 488 nm and AR with Aex = 543 nm) incorporated into the gel
fibers, as imaged by confocal fluorescence microscopy. The image is composed of 10 x 8 individual
micrographs, leading to visible edges (Supplementary Methods). (¢) A permanent chemical gradient
formed by letting A diffuse from the left into an agar gel containing H, imaged by fluorescence imaging
(Supplementary Methods). The confocal micrographs below show magnifications of the gradient,
highlighting the change in fiber density. (d) Fluorescence intensity measured from left to right in c. The
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yellow line is the average of multiple lines in the same image. (e) Fluorescence image of ConA bound to a
gel pattern made by RD-SA, in which mannose groups are incorporated in the structure on the right. The
image was recorded after partially removing unbound ConA by soaking the structure in buffer
(Supplementary Methods). (f) Fluorescence intensity measured in e, along the magenta arrow. The green
dashed data is before soaking in buffer, black is after soaking in buffer. (g) Photograph of a free-standing
bar of alginate/HA3 with incorporated gradient of fluorescence (AR was used as a fluorophore). (h)
Photograph of the object in g illuminated with a LED (540 nm). The photo was taken through a filter
(cutoff wavelength was 580 nm). (i) A confocal micrograph of the object in g. Scale bars: 1 cmin a, g, h and
i; 1mminb, c (top), and e; 50 um in ¢ (bottom). Schematic insets in a, b, ¢, e and g show the scheme of the
formation of corresponding patterns. The grey areas denote the gel matrix and the white areas denote the
reservoirs. H is hydrazide; A is aldehyde; AC is benzaldehyde labeled with cyanine; AF is benzaldehyde
labeled with fluorescein; AP is benzaldehyde labeled with sulfonated pyrene; AR is benzaldehyde labeled
with rhodamine B; AS is benzaldehyde labeled with styryl; AM is benzaldehyde labeled with mannose.

alginate matrix. After 24 hours, we dissolved the alginate and the formed object was left
standing in a large amount of water overnight to remove unreacted compounds, after
which it was imaged. As can be seen in Figure 5g, the red color intensity gradually
decreases along the object from left to right, showing a gradient of functionalization
along the object. The same gradient was also visualized using fluorescence (Figure 5h-i).
Quantitative analysis of 1D pattern formation. To better understand pattern
formation through RD-SA, we developed a simple reaction-diffusion model describing
the formation of the line structure in the basic experiment shown in Figure 2a. The
required reaction rate constants were determined using a kinetic model in which we
considered the HA3 formation reaction as a 3-step forward reaction (Supplementary Fig.
7, Supplementary Fig. 8, Supplementary Table 2 and Supplementary Methods), followed
by a gelation step. Diffusion of species was described using Fick's first law, where we set
the diffusion coefficient of HA3 close to zero to incorporate the gelation step. We solved
the reaction-diffusion model (Supplementary Methods) for a range of diffusion
coefficients for the other species and obtained their value (see Supplementary Table 3)
by finding the best fit between simulated and experimentally observed temporal
development of the width of the 1D pattern at pH = 4.0 (see Supplementary Fig. 6 for
details about the determination of width). We note that it is important to hereby take
into account that the diffusion depends on the local formation of HA3z gel, which was
done by considering diffusion coefficients that depend on the local concentration of HA3
(Supplementary Fig. 9 and Supplementary Methods). Figure 6a shows the resulting
spatial and temporal variation of the concentrations of H (green), A (blue), and HA3
(vellow) along the gel. It can be seen that the temporal concentration profile of HA3 from
the model resembles the measured temporal intensity profile of line formation as shown
in Figure 6b. Since change in intensity is related to the formation of HAs, this result is in
good qualitative agreement with the experimental data. Next, we used the model to
predict the response of the system to RD parameters that can be easily controlled in an
experiment - namely, the diffusion distance, the initial reactant concentrations, and pH
(controlling the reaction rates). The model predicts, after reaching a steady value after
about 50 hours, a weak dependence of the width of the 1D pattern on the diffusion
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Figure 6. Predicting control over 1D pattern dimensions using reaction-diffusion modelling. (a)
The temporal concentration profiles of hydrazide H (green), aldehyde A (blue), and gelator HA3 (yellow)
obtained from the model (pH = 4.0). (b) The temporal intensity profile along the distance between the
reservoirs of H and A, as obtained from experiment (pH = 4.0). The increase in intensity signifies the
formation of HAs. (¢) Comparison between the RD model (colored surface) and experiment (black dots).
The reaction rate in the experiments was controlled by varying the pH between 3.3 (fast reaction) and 7.0
(slow reaction).

distance (Supplementary Fig. 10), while a much stronger dependence was predicted for
the pH. According to the model, reducing the pH from 7 to 3.3 causes a five-fold decrease
of the line width, which is in excellent quantitative agreement with the experimentally
observed line widths within this pH range (Figure 6¢c). Because the pH mainly influences
the reaction rates (see Supplementary Fig. 4, Supplementary Fig. 5, Supplementary
Table 1 and Supplementary Methods for details), these results clearly indicate that
within the current experimental setup the reaction rates for hydrazone formation limit
the minimum attainable width to around 2 mm (see Supplementary Discussion for
extended explanation). The fabrication of objects with smaller structural features would
require either substantially higher reaction rates and hence different chemistry, and/or
a different experimental setup. Here, the WETS approach, although with its own
limitations, has been shown to be an excellent tool for further downscaling of the
pattern dimensions.

Conclusion

In conclusion, we have demonstrated that self-assembly of a supramolecular gelator can
be coupled to reaction-diffusion to fabricate free-standing objects of variable size, shape,
and chemical functionality. The objects can vary in size from several hundred
micrometers to centimeters, and chemical functionalities such as fluorophores or
molecular recognition sites can be easily incorporated in this modular system. Through
reaction-diffusion, there is control over the location and density profile of chemical
functionality in these gel objects. Taking into account the versatility of self-assembling
systems, and the vast number of organic reactions, this approach could be easily
extended to any organic system for production of functional materials with defined
shapes, sizes, and functionalities.
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Supplementary Information

Supplementary Figures

AS AM

Supplementary Figure 1. Chemical structures of functionalized benzaldehydes. AC is benzaldehyde
labeled with cyanine; AF is benzaldehyde labeled with fluorescein; AP is benzaldehyde labeled with
sulfonated pyrene; AR is benzaldehyde labeled with rhodamine B; AS is benzaldehyde labeled with styryl;
AM is benzaldehyde labeled with mannose.
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Supplementary Figure 2. Scheme of the process used for the ConA binding setup. A Plexiglass holder
was loaded with solutions of hydrazide H, aldehyde A, and A + AM in agar. The holder was placed on top
of an agar matrix prepared in a well created by putting a Press-to-Seal™ silicone isolator on top of a glass
slide and the holder was left standing for 8 hours. Next, the holder was removed, one Press-to-Seal™
silicone isolator was added on top of the previous one and the resulting well was filled with the solution of
ConA (2 mM, pH = 7). This well was closed with a glass slide and left standing for 12 hours. Afterwards,
the solution of ConA was removed and replaced with fresh buffer solution to remove non-bound ConA.

The solution was exchanged every 24 hours for 72 hours in total.
reaction-diffusion
A alginate + H >

Supplementary Figure 3. The scheme of the formation of hybrid network gels for compression
tests. The yellow region represents the alginate/HA3 hybrid network.
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Supplementary Figure 4. One-step reaction for kinetic analysis. A simplified reaction used to
determine the pH dependence of reaction rate constant.
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Supplementary Figure 6. Formation of supramolecular hydrogel lines over time at pH = 4.0. a)
Photo 1, t = 0 min; photo 2, t = 400 min; photo 3, t = 470 min; photo 4, t = 2000 min b) The normalized
intensity profile was obtained from the intensity measured along the purple line, shown in photo 4, to
determine the temporal development of the width of the 1D pattern as the distance between points where
two slopes intersect a base line.
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Supplementary Figure 8. The Kkinetics of gelator formation at pH = 5 (a) and pH = 7 (b). a, b) The
experimental data is shown as circles and the lines show the best fit obtained from numerical simulations.
The relative conversion for each component was calculated as its concentration normalized by the initial
concentration of H, except for A, which was normalized by its own initial concentration. ¢, d) Plots show
mean square error for different combinations of constants k; and k3 at pH =5 (c) and pH = 7 (d). The red
dot indicates the combination that gave the best fit.
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Supplementary Figure 9. Time-dependent structure formation in the RD model at pH = 4.0. a) The
concentration profiles of all species in space and time for the model without the decrease of diffusion
coefficient of all species depending on the concentration of HAsz. b) The width of 1D pattern for the model
without the decrease of diffusion coefficient of all species depending on the concentration of HAs. ¢) The
concentration profiles of all species in space and time for the model with the decrease of diffusion
coefficient of all species depending on the concentration of HAsz. d) The width of 1D pattern for the model
with the decrease of diffusion coefficient of all species depending on the concentration of HA3. Different
lines in a and crepresent different time points with the first 10 lines being separated by 1.7 hours and the
following lines being separated by 8.3 hours. The width of the 1D pattern from the model was extracted
from the concentration profile of HA3 (as a horizontal distance between two points of the profile at 1 mM).
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Supplementary Figure 10. Predictions from the model. a) Effect of initial concentrations of H on the
width of the 1D pattern. b) Effect of distance between reservoirs with H and A on the width of 1D pattern.
c) Effect of rate constant on the width of 1D pattern. The increase in reaction rate designates how many
times the reaction rate constants ki, k2, and ks are bigger than their values at pH = 4.0. The color bars
represent the width of 1D pattern in mm. It should be noted that dark blue areas represent the time points
when pattern has not started forming yet, i.e. the HAz concentration is below 1 mM.
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Supplementary Figure 11. Comparison between agar and alginate. All experiments were conducted
using the same basic conditions: 40 mM H and 160 mM A at pH = 4.5 in a 5 cm Petri dish. The only
difference was either the use of agar (1 %, left) or calcium alginate (1 %, right).
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Supplementary Figure 12. Band formation at high pHs. All experiments were conducted using the
same basic conditions: 40 mM H and 160 mM A atd = 2 cm. Red arrow indicates the band with less HA3.
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Supplementary Tables

Supplementary Table 1. Dependence of rate constant on pH for the one-step reaction as
determined from UV-VIS measurements.

pH kea [M1 s71]
2.0 40

3.0 7.4

4.0 1.7

5.0 4.3 x 101
6.0 6.4 x 1072
7.0 2.6 x 1072

Supplementary Table 2. Rate constants of HA3; formation. The rate constants were obtained from the
kinetic model by determining the smallest error between the experimental data and the data from the
model. The rate constants of the one-step reaction are given for comparison.

pH kwa [Mts] - ki [Mst] ks [Ms7]

5.0 4.3 x101 0.8 x101 1.3 x 101
7.0 2.6 x102 2.7 x103 2.4 x103
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Supplementary Table 3. Parameters used in the RD model. The column “Default value” indicates
values that were used throughout the model. The column “If changed” indicates other values that were
used in certain instances. Only one parameter was changed at a time while keeping other parameters at
their default values. Column “Shown” indicates which figures show the result of changing parameters.

Parameter Default value If changed Shown
Du 5.40 x 106 cm? s1
Da 4.50 x 106 cm2 51
Dua 2.76 x 106 cm? st
Duaz 1.95 x 106 cm? st
Duas 1011 cm? st
Suppl t
pH (determines rate constants) 4 2-7 upp ementary
Figure 12c
1
Distance between reservoirs, L 20 mm 5-20 mm Supp ementary
Figure 12b
1
cn 40 mM 5_40mm Supplementary
Figure 12a
e 160 mM 4x oy Supplementary
Figure 12a
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Supplementary Methods

Materials. All reagents were purchased from commercial sources and used as provided,
unless stated otherwise. Hydrazide H, aldehyde A, aldehydes labelled with cyanine (AC),
fluorescein (AF), rhodamine (AR), styryl (AS), and mannose (AM) were synthesized
according to reported methods.27:32 All experiments were performed using MilliQ water
as a solvent, unless mentioned otherwise. All stock solutions of A, H or labelled
aldehydes were prepared in 100 mM phosphate buffer (pH = 4.0). The stability of the pH
was checked by measuring the pH before and after the experiment and no significant
differences were detected.

Press-to-Seal™ silicone isolators with adhesive, one well, were bought from Life
Technologies. They were 20 mm in diameter and 0.5 mm deep.

Equipment. UV-VIS spectroscopic measurements were performed on an Analytik Jena
Specord 250 spectrophotometer. Confocal Laser Scanning Microscopy (CLSM)
micrographs were obtained using a Zeiss LSM 710 confocal laser scanning microscope,
equipped with 2.5x and 10x air objectives and a 40x oil immersion objective. The
sensitivity of detectors and filters was adjusted in order to obtain maximum signal to
noise ratio. Time-lapse movies were recorded with a MicroCapture USB camera
connected to a standard desktop computer, with suitable software. Data analysis was
performed using MATLAB® 2012b and Image] (http://imagej.nih.gov). The
compression test were performed using a dynamic mechanical analyzer DMA 7e (Perkin
Elmer Instruments).

Preparation of agar gels. Phosphate buffer was prepared at the desired pH by
dissolving the appropriate amounts of acid-base pair of phosphate salts at a total
concentration of 100 mM in water. If necessary, the pH was adjusted with NaOH or
H3PO4 solutions. A diffusion matrix was made of 1% agar (mass fraction, w) by
dissolving agar in the appropriate amount of phosphate buffer. The experiments were
conducted using this composition of diffusion matrix, unless stated differently. To
completely dissolve the agar, the mixture was heated and stirred at ~100 °C until the
solution turned transparent. The solution was subsequently allowed to cool down and
left to solidify.

Preparation of alginate gels. Alginate gels were prepared according to the procedure
proposed by Draget et al.3¢ Briefly, a powder of CaCO3 was dispersed in water. Then, dry
sodium alginate was added and this dispersion was heated at 100 °C in a closed vial until
all alginate and CaCO3 was dissolved. The solution was subsequently allowed to cool to
room temperature. Finally, an aqueous solution of glucono-d&lactone (GDL) was added,
and the resulting solution was stirred briefly and transferred to a Petri dish. 10 mL of
solution per Petri dish was used. The alginate gel was formed by leaving the solution
standing overnight. Unless otherwise stated, final concentrations of CaCOs3, alginate, and
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GDL were 12.5 mM, 1.5 % (mass fraction, w), and 40 mM, respectively, giving alginate
gels with pH = 4.5. To prepare alginate gels labelled with BODIPY TR, 3 % (mass fraction,
w) of alginate-BODIPY TR was added with respect to the total mass of alginate.

Synthesis of AP

|

NaOH, H,0

DCC, DMAP, DMF
60°C, 18 hrs

rt, 18 hrs
70%

AP was prepared from 1 by carboxymethylation followed by esterification with 4-
hydroxybenzaldehyde. Both steps were adapted from reported methods.!?
8-Hydroxypyrenetrisulfonate trisodium salt 1 (1 g), sodium hydroxide (92 mg, 1.2 eq.),
and sodium chloroacetate (335 mg, 1.2 eq.) were dissolved in demineralized water (25
ml). The resulting mixture was subsequently heated to 60 °C, magnetically stirred for 18
hours, cooled down to room temperature, acidified with hydrochloric acid to pH = 3.0,
and dried in vacuum. Dry residue was repeatedly washed with boiling ethanol and dried
overnight at 60°C in vacuum to afford 685 mg of 2. 1TH NMR (400 MHz, D;0) §, ppm: 9.13
(s, 1H),9.07 (d, 1H), 8.93 (q, 2H), 8.68 (d, 1H), 8.26 (s, 1H)

Next, DMAP (120 mg, 1 eq.) and 4-hydroxybenzaldehyde (412 mg, 3 eq.) were
added to the solution of 2 (680 mg) in anhydrous DMF (20 ml). DCC (255 mg, 1.1 eq.)
was then added and the mixture was stirred overnight at 25°C. DMF was removed in
vacuum. Solid residue was repeatedly washed with boiling ethanol to remove
impurities, and dried overnight at 60°C in vacuum to afford 600 mg of AP.1H NMR (400
MHz, D20) §, ppm: 9.31 (s, 1H), 9.10 (s, 1H), 9.02 (d, 1H), 8.83 (q, 2H), 8.63 (d, 1H), 8.16
(s, 1H), 7.34 (d, 2H), 6.53 (d, 2H); 13C NMR (100 MHz, D;0) §, ppm: 197.12, 196.79,
166.72, 158.81, 142.09, 136.31, 136.19, 135.36, 133.57, 132.61, 129.99, 129.04, 128.95,
127.72, 127.29, 127.06, 125.96, 124.12, 123.68, 121.19, 118.76, 118.65, 53.33; ESI-MS
(neg. mode): 257 (hydrolyzed AP+2H*); 558 (hydrolyzed AP+2Na*). We could not
observe the molecular ion either by ESI or MALDI-ToF MS.

Labeling of alginate with BODIPY® TR Cadaverine (5-(((4-(4,4-Difluoro-5-(2-
Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-

yl)phenoxy)acetyl)amino)pentylamine, Hydrochloride). Alginate-BODIPY TR
conjugate was prepared using the following procedure. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, 3.67 mg) and N-
hydroxysuccinimide (NHS, 2.57 mg) were added to a solution of sodium alginate (104.1
mg) in water (10 mL), followed by the addition of a solution of BODIPY® TR Cadaverine
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(1.16 mg) in DMSO (100 pL). The resulting mixture was stirred overnight at 25°C,
transferred to a dialysis tube (Spectra/Por®, MWCO = 6500 Da), dialyzed against 5 x 1 L
of demineralized water over 3 days, and freeze-dried. The resulting powder was stored
at-20 °C.

RD-SA experiments by cutting reservoirs in agar gels. To prepare the agar gel matrix
for reaction-diffusion self-assembly (RD-SA) experiments, 10 mL of agar solution was
heated until dissolved. When still warm, this solution was poured in a plastic Petri dish
(diameter ca. 50 mm, height ca. 15 mm) and left to gelate upon cooling. The same type of
Petri dishes were used in other experiments, unless stated otherwise. A slab of the agar
matrix with desired dimensions was made by manually cutting two parallel lines at
equal distance from the center of the Petri dish for the experiment in Figure 2a. The two
outer segments of agar were removed, forming two reservoirs for the solutions of H and
A. These reservoirs were completely separated from each other, as the agar gel extends
fully to the sides of the Petri dish, ensuring that no mixing of solutions can occur other
than by diffusion through the gel matrix. Solutions of H (40 mM) and A (160 mM) were
prepared in the same buffer as used for the agar gel preparation. The two solutions were
then pipetted in the two reservoirs and left to diffuse in a closed humidified
environment, which prevented evaporation of liquids. The experiment in Figure 2b was
performed using a similar approach, except for making reservoirs in the agar with non-
straight edges, and for filling the reservoirs with solutions of A and H in agar instead of
in buffer. For the experiment with the two-dimensional grid of reservoirs in Figure 2f,
reservoirs with a diameter of 5 mm were cut in the gelated agar and filled with buffer
solutions of A and H in an alternating pattern.

RD-SA by using a PDMS mold. To form RD-SA patterns in a flat agar matrix without
reservoirs at the sides, we used a two layer approach. The first layer is a PDMS mold
with reservoirs for H and A, and the second layer is a flat agar matrix in which the RD-SA
patterns form. The PDMS mold was either made by manually cutting a layer of PDMS
cured in a Petri dish in the form of the circular and triangular mold shown in gray in
Figure 2c-d, or by curing liquid PDMS in a Petri dish against a Teflon mold containing an
array of squares (8 x 8 x 3 mm, 2 mm separation between them; Figure 2e). The
reservoirs were completely filled with agar solutions containing H (40 mM) and A (160
mM). The PDMS mold with the agar was left to cool down to room temperature, to allow
the agar to gelate. Then, a new agar layer was poured on top of the PDMS mold, which
serves as the diffusion and reaction layer in which the RD-SA patterns form. After
gelation of this layer, the Petri dish was placed in a closed humidified environment. After
24 - 78 hours it was taken out and the PDMS mold was gently removed from the agar
layer by pushing a glass slide between the PDMS mold and the agar layer, which
contained the formed RD-SA patterns.
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RD-SA by drop deposition (Figure 2g). To form letters by RD-SA, we used the
following procedure. A plastic Petri dish (8.5 cm in diameter) was filled with an agar
solution and left to gelate. This layer acts a the diffusion and reaction medium. After
cooling, solutions containing H (40 mM) and A (160 mM) in agar were deposited as
droplets on top of the agar layer. The droplets (50 uL) were pipetted at opposite sides of
the outline of the letters, along their contour (see the cartoon in Figure 5g), forming the
“ASM” abbreviation. Careful deposition prevented direct contact between droplets,
which gelate in less than a minute. The sample was left standing for ~5 hours in a closed
humidified environment to allow the diffusion of H and A.

Chemically differentiated grid (Figure 5a). To make the chemically differentiated
grid, we followed the procedure described in section 3.2, except for filling some of the
reservoirs with solutions of A containing different benzaldehyde-functionalized dyes
(AC, AF or AS), according to the configuration shown in Supplementary Figure 3a. The
concentration of A was 160 mM if only A was used and 144 mM if mixed with the dye.
The concentration of dye was 10 mM.

Chemical differentiation by fluorescent labeling of RD-SA patterns (Figure 5b). In
this experiment, we used a cylindrical Plexiglass holder to deliver compounds into the
gel matrix. The holder was 2.5 cm in diameter and 2 cm in height with four through
holes symmetrically staggered around the center. The holes were 2 mm in diameter and
their centers 5 mm apart. To chemically label the formed RD-SA patterns, we prepared
solutions of A (160 mM) + AF (40 uM) and A (160 mM) + AR (40 pM) in agar. These two
solutions were injected in two holes, while the other holes were filled with a solution
containing H (40 mM), see Supplementary Figure 4 and Figure 3b. The solutions were
left to gelate for 20 minutes after which the holder was placed on a flat agar matrix and
left standing for 8 hours in a closed humidified environment. The resulting patterns
were analyzed by confocal microscopy, using the following settings: AF (Aex = 488 nm,
Aem = 500-550 nm), AR (Aex = 548 nm, Aem = 580-700 nm).

Chemical gradient (Figure 5c). An agar matrix loaded with H (40 mM) was prepared in
a Petri dish. A reservoir for the solution of A was made by manually cutting out a
circular segment of agar (the central angle defining the circular segment was 110°), see
Supplementary Figure 3c. The solution of A (200 mM) + AF (8 mM) was placed in the
reservoir and the setup was left standing for 2 weeks. The solutions and agar matrix
were prepared using phosphate buffer of pH = 6.5.

Chemical labeling for enzyme binding to RD-SA patterns (Figure 5e). To make RD-
SA patterns capable of binding ConcavalinA (ConA), solutions of A (160 mM) + AR (40
puM) and A (160 mM) + AM (1.6 mM) + AR (40 uM) in agar were prepared. These
solutions were pipetted in two separate holes in a Plexiglass holder. The other two holes
were filled with a solution containing H (40 mM) according to the configuration shown
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in Supplementary Figure 4 and Supplementary Figure 3d, and the solutions were left to
gelate. The experiment was then performed according to the procedure in
Supplementary Figure 4. In short: the holder was placed on top of the agar gel prepared
in the well formed by putting a Press-to-Seal™ silicone isolator on a glass slide and left
to diffuse in a closed humidified environment for 8 hours. The time was kept
intentionally short to prevent the formation of a dense supramolecular network, which
would not allow the ConA to penetrate. Subsequently, the holder was removed and
another Press-to-Seal™ silicone isolator was placed on top and the resulting well was
filled with a buffered solution of ConA (2 mM, pH = 7). This well was closed with a glass
slide to prevent evaporation and left to stand in a closed humidified environment for 12
hours. After this period, the sample was analyzed using fluorescence microscopy. To
remove the non-bound ConA, the top glass slide was removed, the ConA solution was
removed, and the sample was immersed into buffer (at least several mL) and left to
stand for 72 hours, while buffer being refreshed every 24 hours. The final sample was
again imaged by fluorescence microscopy. Images were analyzed with Image] to extract
the fluorescence intensity profiles.

The formation of free-standing macroscopic hydrogel objects. The experiments
were conducted in Petri dishes. Alginate gels were prepared according to the described
procedure. Reservoirs were manually cut into the gel in various configurations shown in
Figure 4b. The solutions of H (40 mM) and A (160 mM), both prepared in phosphate
buffer of pH = 4.5, were placed in the reservoirs. Depending on the configuration, the
reservoirs can hold up to 2.5 mL of solution. After the sample was left overnight, the
remains of the solutions of H and A were removed. Free-standing patterns were
obtained by adding a solution of EDTA (0.5 M) into the Petri dish and waiting until the
alginate was dissolved (confirmed by visual inspection). Then, the resulting solution was
removed with a pipette and the remaining hydrogel pattern was washed several times
with water.

The free-standing gradient object shown in Figure 5g-i was made following a similar
procedure with the arrangement shown in Supplementary Figure Ze.

RD by wet stamping. 3 % (mass fraction, w) agar stamps were used in all wet stamping
(WETS) experiments. Stamps were prepared by dissolving agar in an appropriate
amount of water (heated to 100 °C) and casting the hot solution on PDMS molds in a
Petri dish. After cooling, gel stamps were cut out and soaked in a solution of H (40 mM)
+ AR (30 pM ) for at least 12 hours. Gels used as substrates were 2% (weight/volume)
alginate. The substrates were prepared by dissolving alginate in an appropriate amount
of water (heated to 100 °C) and casting the cold solution into the well made by sticking
two Press-to-Seal™ silicone isolators on top of each other on a glass slide (giving a
height of 1 mm). A dialysis membrane was placed on top and gently pressed. The
membrane was used to allow diffusion of calcium into the liquid alginate and to prevent
alginate from leaving the well. The whole setup was then immersed into a 100 mM
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solution of CaCl; for at least 12 hours. Subsequently, the membrane was gently removed
and the substrate was soaked in a solution of A (300 mM) for at least 12 hours. The
surfaces of the substrate and the stamp were air-dried before stamping. The stamp was
gently put on the substrate and left for 60 minutes, after which the stamp was removed.
The substrate was left standing overnight in a humid atmosphere to prevent drying.
Alginate substrates were dissolved with a 0.5 M solution of EDTA by pipetting several
drops of the solution onto the substrate. When all alginate was dissolved (confirmed by
visual inspection), the solution was removed by careful pipetting and the remaining
objects were carefully washed with water. Imaging of substrates and free-standing
objects was done with a MicroCapture USB microscope camera and a confocal
fluorescence laser scanning microscope. The solutions of H (40 mM) + AR (30 uM) and A
(300 mM) were prepared in phosphate buffer of pH = 4.5.

Formation of hybrid network materials for compression tests (Figure 3a/b).
Alginate gels containing H were prepared similarly to pure alginate gels, but now
dispersing CaCO3 powder in an aqueous solution of H instead of in water. 10 mL of this
solution was added to a Petri dish and left to gelate. Then, we manually cut out a circular
segment of agar (the central angle defining the circular segment was 110°) to make a
reservoir (Supplementary Figure 5). The solution of A was placed in the reservoir and
the reaction was left running for at least three weeks (until the patterned region was
more than 1 cm wide). Cylinders of 8 mm in diameter were punched out from the
alginate/HA3 hybrid network region using a circular puncher and subjected to
compression tests.

To prepare gels with varying initial concentration of H in alginate (10, 20, 30, 35 and 40
mM H), the following conditions were kept constant: w(alginate) = 1.5 %, ¢(CaCO3) =
12.5 mM, ¢(GDL) = 40 mM, c(A) = 400 mM. The final pH of the gel depends on the ratio
of concentrations of CaCO3z and GDL. The current conditions gave a pH of 4.5. It should
be noted that when the initial concentration of H in alginate was 30 mM, the final
concentration of HA3 in hybrid network gel was around 70 mM. Since the solubility of H
in water is 40 mM we could not measure the yield stress of pure 70 mM HAs.
Nevertheless, we do not expect that it would be significantly higher than the yield stress
of 30 mM HAg3, especially taking into account that the pure 30 mM HA3 was physically so
weak (as confirmed by the yield stress of only 0.7 kPa) that it was challenging to transfer
it from a Petri dish to the instrument for measurement. Therefore, we have not
attempted to measure pure 10 mM and 20 mM HA3 to get a trend of increase of
mechanical properties versus the concentration of HA3. Because of noted and confirmed
low mechanical performance of 30 mM HA3 we assumed that the increase of mechanical
properties of HA3 versus the concentration of HA3 cannot be significant compared to the
effect of the formation of hybrid network.

To prepare optimally crosslinked gels with varying mass fraction of alginate (1, 2 and 3
%), the following conditions were kept constant: Ciniial(H in alginate) = 30 mM, c(A) =
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400 mM, pH = 4.5. The optimal crosslinking was controlled by adjusting the amount of
CaCOg, and the final pH (4.5) was controlled by adjusting the amount of GDL.

The Kkinetics of hydrazone formation, measured using one-step reaction. We
explored how the reaction constant of hydrazone formation varies with pH. Since the
formation of HA3 is a three-step reaction, it would be complicated to investigate its
dependence on pH. Therefore, we used a one-step reaction of monohydrazide H' with
aldehyde A giving monohydrazone H'A (Supplementary Figure 6). This reaction can be
easily followed using UV-VIS spectroscopy. Briefly, the absorbance of a well-mixed
reaction mixture containing H' (60 uM) and A (60 pM) was measured at 308 nm until no
significant change in absorbance was observed. The evolution of the concentration of
H'A was obtained from the absorbance curve using a separately constructed calibration
curve. The initial rate of H'A formation was determined from the linear least-square fit
of the initial increase of H'A concentration, and used in combination with the initial
concentrations of H’ and A to calculate the rate constant under the assumption that the
kinetics of the reaction is first order in both reactants, i.e. dcwa/dt = kwacwca. The
resulting rate constants for different pHs are summarized in Supplementary Table 1 and
Supplementary Figure 7, and agree well with reported values for a similar hydrazone
formation reactions.3

Dynamics of 1D pattern formation. To study the dynamics of 1D pattern formation,
we performed a set of experiments using the basic configuration shown in Figure 2a in
which the width of the 1D pattern increases over time. A plastic Petri dish was filled
with agar at the desired pH and left to gelate. A 2 cm wide agar strip was made with two
parallel cuts, at equal distance from the center. The outer agar segments were removed,
creating two reservoirs. Before injecting buffer solutions of H and A in these reservoirs,
the Petri dish was placed on a flat Plexiglass plate above a digital microscope camera.
The recording started at the moment that the two solutions were injected. Images were
taken every 10 minutes, over the course of 20 to 120 hours depending on experimental
conditions. They were analyzed using Image], extracting the intensity profile along a line
between the two reservoirs (Supplementary Figure 8a, purple line in photo 4). This was
done for multiple lines in the same image and the resulting profiles were averaged to
reduce noise. The resulting intensity profile was then normalized by subtracting the
minimum intensity value from the raw intensity profile and subsequently dividing the
resulting intensities with respect to the peak intensity. The width of the 1D pattern was
determined as the distance between points where two slopes intersect a base line
(Supplementary Figure 8b). This baseline was determined as the average value of the
first ten points of the intensity profile. This was done for all images in a time lapse,
yielding the evolution of the width of the formed 1D pattern.

Kinetic model for HA3 formation. The formation of gelator HA3 proceeds in three
consecutive steps as shown in Supplementary Figure 9. Assuming that the rate constants
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of the three steps ki, k2, and k3 are independent and that they are first order in reactant
concentration, the concentration of species in a well-mixed system without diffusion
limitations changes in time according to:

A g (1

AL s [rfa] -k [HATA] -k [, ] (12)
A 1]k AT (13
O] alia)-o 1, )] (1

d [‘;fJ ~ k,[HA,][A]. (15)

To validate this model and find the values of the rate constants, we performed a set of
experiments in a system where diffusion plays no role. Briefly, we mixed solutions of H
(20 mM) and A (120 mM) and measured the concentrations using HPLC to find the
temporal concentration changes of A, HA, HA2 and HA3z (see reference 2 for complete
experimental procedure details). We compared the experimental data with the
concentration data obtained by solving the model equations using a MATLAB code using
the same initial concentrations for A and H as in the experiment. We solved the set of
equations for a wide range of reaction constants ki and ks, while k; was set to a value for
which no significant amounts of the intermediate HA were observed (k2 was at least
1000 x higher than k1, k3), based on experimental observations. For each combination of
rate constants k1 and k3, the goodness of fit between experimental and numerical data
was determined as the sum of mean square errors in the concentrations of A, HAz and
HA3 (Supplementary Figure 10). The rate constants ki and k3 that gave the smallest
error are summarized in Supplementary Table 2 for two values of the pH, and are within
one order of magnitude as the rate constant for the one-step reaction kwa. The
corresponding concentration data is in good agreement with the experimental data,
suggesting the validity of the model assumptions.

Based on the linear dependence between -log kwa and pH found for the one-step
reaction, we assume that -logki, -logkz and -logks also linearly depend on pH as the HA3
reaction involves the same type of bond, but three times instead of once. Using the data
in Supplementary Table 2 for ki1 and k3, we find

k =107(0.74pH+0.4Z) (1.6)

1

k. =10 (087pH-045) (1.7)

3
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Reaction-diffusion model for 1D pattern formation. Having determined the rate
constants and their dependency on pH, we developed a reaction-diffusion model to
describe the formation of a 1D pattern in the basic experiment shown in Figure 2a. We
hereby used the experimentally measured 1D pattern widths (Supplementary Section 6)
to validated the model and to find the values of the diffusion coefficients. The reaction-
diffusion model is based on Fickian diffusion and described by the following set of
partial differential equations.

oc,(x,t) _p o%c,(x,t)

ot HT a2 —k,cy(x,t)c,(x,t) (1.8)
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ot ox
ocy,, (x,t o%c., (x,t
i, (X8) Do HAZE )+kchA(x,t)cA(x,t)—k3cHAz(x,t)cA(x,t) (1.11)
ot ox
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o =D, o+t (e, (00). (1.12)

The gel was considered as a one-dimensional (1D) domain, with edgesat x=0and x=L
in contact with the H and A reservoir, respectively. Initially, concentrations of HA, HA2,
and HA3 are zero everywhere. Similar is valid for A and H, except at the edges of the
domain where we used (in the notation c(x, t)): cu(0, 0) = 40 mM and ca(L, 0) = 160 mM.
The edges of the domain were considered perfect sinks for the products (cua3(0, t) =
cua3(L, t) = 0 mM, alike for HA and HA:z), while the concentrations of A and H at the
edges were updated each time step, accounting for depletion of reactants in the
reservoirs. The set of equations, together with the initial and boundary conditions, was
solved numerically using a MATLAB code. The output gives the spatiotemporal
concentration profiles of all species, which can be used to calculate the evolution of the
width of the 1D pattern. We determined the width from the time-dependent
concentration profile of HA3 as the horizontal distance between the points where the
concentration of HA3 equals 1 mM. To determine the diffusion coefficients of all species
(except for HA3, which is virtually 0), we performed a set of simulations in which we
varied their values over a wide range. From this set, we determined the best fit to the
experimental data of the width of the 1D pattern formed at pH = 4.0 to find their values
(Supplementary Table 3). Comparing the resulting pattern predicted by the model with
that observed in experiments at pH=4, we observed that the simulated 1D pattern keeps
increasing in width, while the experimental pattern reaches a plateau, as shown in
Supplementary Figure 11a. By taking samples from the reservoirs, we excluded
depletion of reactants as the underlying reason for the plateau. We hypothesized that
the difference in dynamics is due to the gelation of HA3, which makes it harder for the
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reactants and intermediates to diffuse through the domain. We took into account the
local dependence of diffusion coefficients on the local HA3 concentration using a
stretched exponential function of the form

D, =D, exp(—a(pu) (1.13)

with ¢ the volume fraction of HA3z in the agar gel matrix modeled as*
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We assumed negligible volume changes upon gelation of solutions, i.e. a certain volume
of solution gives the same volume of gel. For simplicity, we set the parameter v = 1 and
used the values in Supplementary Table 3 for Do. Using the approach similar to the one
described before for the determination of Do, we analyzed the ranges of constant a for
reactants and intermediates to determine the values that gave the best fit with
experimental data. The best fit was found for a = 30 for H, and a = 34 for A. We noted
that the wide range of values around a = 30 for HA and HA2z does not show any influence
on the outcome of the model so we set it to a = 34, the same as for A. With all parameters
optimized at pH = 4.0, we obtained good agreement between model and experiment, as
shown in Supplementary Figure 11b, showing the importance of taking into account the
dependence of the diffusion coefficients on local gelation.

Finally, we used the optimized model to investigate how changes of different
experimentally controllable parameters influence the width of 1D pattern. The results of
these simulations are shown in Supplementary Figure 12.

Supplementary Discussion

When comparing the width of the 1D pattern for different concentrations of H at a fixed
ratio of H and A concentrations, low concentrations yield wider structures than high
concentrations when compared at the same point in time (except for very short times
(<20 hours)). This is understood, as higher concentrations yield tougher HAz gels such
that it takes longer for reactants and intermediates to diffuse through. This same effect
in seen for a decreasing distance between the reservoirs, which yields tougher gels
earlier on, slowing down the formation of the 1D pattern. The effect of pH was studied
by varying the reaction rate constants in the model. We hereby used the experiment at
pH = 4.0 as a benchmark, such that a 200-fold increase in reaction rates corresponds to a
decrease in pH to 0.9. Although the pH in our experiments cannot be decreased below
3.3 (as gelation does not occur for the agar and alginate/CaCO3/GDL systems) resulting
in about 2 mm wide lines, the model does enable exploring how the width of the 1D
pattern further decreases with pH. As can be seen in Supplementary Figure 12c, pH
strongly influenced the line width, reaching 1.0 mm at pH = 0.9. In summary, the model
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demonstrates that the smallest patterns could be made using the highest concentrations
of reactants possible, keeping the smallest feasible distances between reservoirs, while
taking care that reaction rate constants are the highest possible (controlled by pH).
Additionally, by knowing only the reaction rates and the diffusion coefficients of
participating species, the model can be used to estimate minimum and maximum sizes
of produced patterns and is not limited to the reaction used in this research. In our case,
the minimum size estimated using the model was in the order of 2 mm, and maximum
size was in the order of 15 mm, thus spanning over approximately one order of
magnitude.
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Control over the Formation of Supramolecular Patterns Using
Reaction-Diffusion

Abstract

Reaction-diffusion is a promising approach for the formation of soft structured
materials. In this chapter we show that 1D structure formation can be influenced and
controlled by reaction kinetics and concentration gradients. Additionally, we outline
methodology for a priori estimation of desired structure dimension from known
experimental parameters.



Introduction

Control over structure formation is an important requirement in the fields of micro- and
nanofabrication. Techniques for controlling the size and/or shapes of structures include
various photolitographic techniques, 3D printing and microfluidic devices. Contrary to
artificially made structures, natural structures are often created in response to dynamic
environment. The dynamic environment creates chemical gradients which are a key
factor defining natural structures. The resulting inhomogeneities cause spontaneous
transport of matter which is exploited in nature for delivering matter to specific
locations, for example specific organelles in cells, without additional input of energy.
However, diffusive transport alone is often not sufficient because it requires
significantly steep concentration gradients. Therefore, to facilitate transport when
gradients are shallow, a series of transport enzymes separated by small distances is
employed. Although enzymatic transport is active because it is facilitated by a series of
chemical reactions, molecules cross short distances between enzymes purely by
diffusion. Since diffusion is coupled to a series of enzymatic chemical reactions, the
overall process is called reaction-diffusion (RD) and it is essential for various cellular
mechanisms. Examples from nature include calcium waves!?, glucose-induced
oscillations3, transport of ATP to ATP-deficient sites*®, and building and maintaining of
microtubules’. First evidence that links RD to pattern formation in living systems was
provided by Alan Turing® and Boris Belusov®. Both Turing’s and Belousov’s systems
contain nonlinear coupling between reactions and feedback loops which are abundantly
employed mechanisms in nature for various regulatory processes and spatial
organization. For example, their discoveries provide a suggestion to explain skin pattern
formation on animals.1%-12 Therefore, using concentration gradients coupled to chemical
reactions in dynamic system should enable the production of novel and diverse artificial
materials. Although abundantly present in nature, approaches to use dynamic conditions
for the design of structured materials are still rare. Some recent examples include
gradients of carbon dioxide!? and oxygen# to control the growth of complex structures.
Recently, we reported a self-assembling system capable of forming macroscopic
patterns with varying shape and composition using an RD approach.’> Concentration
gradients and reaction rates controlled by acid catalysis were explored to control the
spatial distribution of soft matter structure formation. We also verified the observed
behavior with an RD model. In general, the major drawback of experimental exploration
of such large parameter space is that it is often time-consuming. Numerical simulations
can facilitate this process since they can execute the same task in matter of hours. On the
other hand, writing a custom code for the specific set of RD equations might still require
significant time. Therefore, to fully benefit from RD approach as a tool for pattern
formation, one would ideally want a simple, e.g. linear, relation between experimental
conditions and desired pattern characteristics, e.g. pattern size.
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Results and discussion

In this work we derive a simple equation for quick order-of-magnitude estimates
of pattern size from experimental conditions. Initially, we we briefly explore
experimentally the effect of concentration gradient steepness and reaction rate on
supramolecular pattern size, and compare the results with the established RD model.
Most notably, the model indicates that the formation of supramolecular structures
hampers diffusion of reactants, thereby further reducing pattern dimensions. Next, we
further simplify the RD model to obtain the relation between pattern size and
experimental parameters. We anticipate that the methodology developed herein
outlines general approach towards rational design of RD experiments, eliminating
laborious experimental investigation of big set of parameters.

In our approach towards control of supramolecular pattern formation by RD we
made use of the reactive formation of supramolecular hydrogels from hydrazide (H) and
aldehyde (A) derived compounds.> In the RD setup, these water soluble precursors H
and A are spatially separated by a hydrogel matrix. Over time, H and A diffuse through
the matrix forming concentration gradients within. Eventually, a reaction between H
and A to give hydrogelator HA3 occurred at locations where their gradients coincided
leading to different patterns of hydrogelator HA3 with varying dimensions, depending
on the initial geometry of the system. To understand the relation between the pattern
size and control parameters, we explored three parameters in this work: pH, the initial
concentration of H (cu,0), and the diffusion distance (L). These parameters determine the
steepness of the concentration gradient (cu,0 and L) and reaction rate constant (pH). In
general, the concentration gradient becomes steeper as cn,0 increases and d decreases,
and the reaction rate constant becomes higher with decreasing pH.

Firstly, we investigated experimentally how the width of the supramolecular
pattern (wua3) depends on pH while keeping all other parameters constant (L = 2 cm;
cuo0 = 40 mM; cu0:ca0 = 1:4). The width whaz was defined as the distance between the
edges of the pattern.!> We observed that in the pH range between 3.3 and 7.0 wua3
varied from 2.6 to 16.7 mm. It can be seen in Figure 1a that, with increasing pH, pattern
formation started later and became wider. Secondly, we investigated the effect of cn,0
while keeping L = 20 mm, pH = 4.0, and cn,0:ca0 = 1:4. As can be seen in Figure 23, the
effect is much less dramatic over the investigated interval of concentrations with the
width varying between 2.8 and 3.2 mm. It can be noticed that in all cases pattern
formation started at comparable time. Finally, the effect of L was investigated by varying
the distance between reservoirs of H and A from 5 to 20 mm, while keeping reactant
concentrations and pH constant (cu,0 = 40 mM, cn,0:ca0 = 1:4, pH = 4.0). As can be seen in
Figure 3a, L shows a minor influence on wxas. The obtained wua3z was between 1.5 and
2.7 mm. Also, the pattern started forming earlier when L was smaller.

To understand the formation of supramolecular pattern, we developed an RD
model.’> The model was discussed in full detail in our previous work, but we briefly
mention its main characteristics herein. Due to experimental design, where H and A
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were allowed to diffuse in only one direction, we described RD process as a 1D
mathematical problem (along the x axis). The supramolecular gelator HA3z (with
diffusion coefficient Duaz) forms from H and A through a 3-step reaction via
intermediates HA and HA: (with diffusion coefficients Dua and Duaz). The following
system of differential equations containing diffusion and reaction terms describes the
concentration variations of all species:

5%(;:'” _p, 2l o e, (o) (3.1)

aCA(g:‘t) =D, azcgg't) —kicy(x,t)c, (x,8) — ke, (x,8)c, (x,8) — kycy, (X,8)c,(x,t) (3.2)
8CH,:3 (tx,t) D, 82cﬂa;(2x,t) ke, (0, 8)e, (%)~ kye, (X,E)C, (%,8) (3.3)

&Mé—ix,t) =Dy, %+kchA(x,t)cA(X,t)—k’gCHA2 (x,t)e,(x,t)  (34)
WZD}W %+kgcHAZ (x,t)c, (x,t). (3.5)

The model contains several parameters that can be varied: Dy, Da, Dua, Duaz, Duas, ch,o,
ca0, k1, k2 and k3 (rate constants being defined by pH). Initial values, i.e. at t = 0, of Dy, Da,
Dua, Duaz, Duaz were kept the same throughout all simulations.’> The other parameters
were varied, similar as in aforementioned experiments. For simplicity, the gelation of
HA3 was simulated by setting Dua3 to a very low value (around 5 % 10> smaller than the
other diffusion coefficients). The RD model was solved for a concentration profile of HA3
over a given L as a function of time. To allow comparison with experimental data wnas
was determined from this concentration profile.l> The goodness of fit between the
experimental data and the model was defined as mean square error (MSE). Our first
simulations showed that significant discrepancies between the experimental data and
the model occur at later stages of pattern development. Whereas in experiments wuas
reached a constant value after initial growth, the model showed a constant increase of
wHa3. Based on this observation we anticipated that after initial formation , the HA3
structure blocks further diffusion of H and A. To test this hypothesis, we let a dye of
unknown chemical composition diffuse through a blank agar matrix and an agar matrix
with a preformed structure. We observed that the diffusion of the dye was slower in the
region with the supramolecular structure (see Supplementary Figure 1 for details).
Based on this finding, we introduced dependency of Du, Da, Dua and Duaz on the local
concentration of HA3z. The decrease was defined using the stretched exponential
function

D, =D, exp(—a(p”) (3.6)
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with Dg and Do being the diffusion coefficients of certain species in gel and water
solution (diffusion in 1% agar is negligibly different from pure water), respectively, and
@ is the volume fraction of HA3. Parameter v was set to 1 for simplicity and parameter a
was determined by fitting the model to the experimental data.l> With this correction
included, we were able to reproduce the experimentally observed behavior using the
model.

In general, the model showed good agreement with experimental data for all
investigated parameters. Figure 1b shows that wuas can be predicted with a high level of
precision by the RD model for different values of the pH. MSE for pHs below 5.5 was
below 0.1 (the ideal fit gives MSE = 0). Above pH = 5.5, larger discrepancies between the
experimental data and the model occurred, as can be seen from less defined edges of the
experimental supramolecular pattern due to smearing. This smearing caused larger
errors in determination of width from experimental data, especially in the beginning of
the pattern formation, which led to higher MSEs (between 2.0 and 3.0 for pHs between
6.0 and 6.5 and around 6.5 for pH = 7.0). The model confirmed the experimental
observation that with higher pH (slower reaction kinetics) the pattern becomes wider.
In this way, reactants H and A cross-diffuse much further before starting to form gelator
HA3. Additionally, since HA3 is not formed fast, decrease of Dgn, Dga, Dgua and Dguaz is
smaller. Therefore, the reaction kinetics combined with a decrease of diffusion
coefficient determines wras.

For different cu,0, the model shows again good agreement with the experimental
data (Figure 2b). For cuo higher than 25 mM, MSE values were below 0.1. Larger
discrepancies, with MSE values between 1.0 and 3.0, can be observed for cu,0 smaller
than 25 mM. There, reaction times become longer, indicating that the model is not be
able to accurately describe the behavior of the system on long time scales. In that
situation, the modelled wuaz were usually slightly larger than the experimental ones.
The hindering of diffusion might be higher in reality than predicted by the model due to
intermolecular interactions. Still, the model confirmed again the experimentally
observed behavior that higher reaction rates lead to smaller wuas. Also, it can be seen
from Figure 2 that the effect of cu,0 variation has a much smaller influence on wnaz than
pH. As mentioned, the local concentration gradient becomes steeper as cn,0 increases,
which leads, in turn, to higher local concentration of H along L (see Supplementary
Figure 2). Since the reaction rate is first order with respect to cy and cal®17, changing cu,0
from 10 mM to 40 mM increases the local reaction rate up to four times with respect to
H. As before, higher reaction rate means faster accumulation of HA3, which leads to a
more pronounced decrease of Dgn, Dga, Dgna and DgHaz.

Finally, comparing the RD model to the experimental data for different L also
shows a good fit (Figure 3b), confirming once more that the model has good predictive
power. The highest MSE was 0.12 with the majority of them being less than 0.1. The
model confirmed that lower L leads to smaller wuasz and that the effect is not as dramatic
as with pH. Since L determines how quickly H and A are brought to the reaction site
(Figure 3a), shorter L means faster delivery of H and A leading to higher local
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pH=3.3
pH=5.5
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Figure 1. Controlling the dimension of 1D pattern by pH. a) Time snapshots of experiments conducted
at pH of 3.3, 5.5 and 7.0. b) Comparison between the RD model (colored surface) and experiment (black
dots). The reaction rate in the experiments was controlled by varying the pH between 3.3 (fast reaction)
and 7.0 (slow reaction).
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Figure 2. Controlling the dimension of 1D pattern by the concentration of H. a) Time snapshots of

experiments conducted at 10 mM, 20 mM, and 40 mM H. b) Comparison between the RD model (colored
surface) and experiment (black dots). The concentration of H in the experiments was varied between 10

and 40 mM.

concentration of H and A, and a steeper local concentration gradient (Supplementary
Figure 3). Hence, local reaction rates are higher, causing a faster accumulation of HA3
which dictates the decrease of Dgn, Dga, Dgna and Dguaz. Also, H and A depleted by
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Figure 3. Controlling the dimension of 1D pattern by distance between reservoirs. a) Time
snapshots of experiments conducted at distances of 0.67 cm, 1.18 cm, and 1.90 cm H. b) Comparison
between the RD model (colored surface) and experiment (black dots). The distance between containers in
the experiments was varied between 0.5 cm and 2.0 cm.

reaction are replenished faster (due to higher influx caused by steeper concentration
gradient). In this way, further widening of the pattern is prevented by the sudden
formation of HA3. Overall, the concentration gradient steepness (cuo and L) has a
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relatively small effect on wnas, compared to the more pronounced effect of reaction rate
on wuas as controlled bythe pH. The major difference between these two approaches is
the accessible range of reaction rates. While local reaction rates vary less than 10-fold
depending on chosen ch,0 and L, they can be varied over several orders of magnitude by
changing the pH.

To further our understanding, we investigated the relation between wuaz and
experimental parameters such as cuo, L and k (determined by pH in this case) in
moredetail. Such understanding would allow quick order-of-magnitude estimates of
achievable pattern dimensions from known experimental parameters. Since RD is an
interplay between reaction and diffusion, we start our analysis by quantifying reaction
and diffusion times, and relate them later to wuas. Reaction and diffusion times are
generally related by dimensionless quantity called the Damkéhler number (Da):

Da=-2. (3.7)

The Damkohler number gives us insight in whether the RD process is in a reaction-
limited regime when the diffusion time scale is much smaller than the reaction time
scale (Da << 1), a diffusion-limited regime when the diffusion time scale is much larger
than reaction time scale (Da >> 1) or in a regime where reaction and diffusion time
scales are similar (Da = 1). The expression relating Da to k, L and cu,0 can be derived
from the set of RD equations defining the system. Since H and A are reactants in our
system, and their diffusion drives the formation of the supramolecular pattern, we chose
H as a relevant species for the determination of Da. A was discarded because its
concentration was in stoichiometric excess meaning that the concentration of H defines
the concentration of HAsz. Also, for simplicity, we approximated the overall process with

only one reaction between H and A setting ¢, ,=c,,=¢, leading to a single differential

equation. The following expression describes spatio-temporal variation of the
concentration of H:

oc,(x,t) _p o°c,(x,t)
ot T ox?

—KC,iCy - (3.8)

To relate reaction and diffusion time scales, the RD equation (3.8) was turned non-
dimensional using the steady-state approximation and rescaling the variables ¢, =c, /¢,

, T, =c, /¢, and yielding X =X / L to give

Oty (X,t)

LS D,z =0 (3.9)
X

where
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Da=-D =0 (3.10)

The equation (3.10) shows that the reaction and diffusion times can be estimated as
2
1 . .
7, ~— and 7, ~—. Next, we related the Damkohler number to wuas. Figure 4. shows
H CO
a schematic representation of the 1D RD geometry discussed before. At x=0 and x =L,
concentration is maintained at c,,=c,,=c¢,. In the reaction zone of width wnas, the

concentration is unknown and indicated by ¢, =c, =c . The rate in the reaction zone is

* * *2 . .
of the order R=kc,c, =kc” and zero elsewhere. Inside the reaction zone we can

estimate the concentration of H from equation (3.8) using the steady-state
approximation

giving
d’c,
D 2 —kc,c, =0. (3.11)
: . _ d’c, ¢’
The terms in the equation (3.11) can be estimated as D——,-~D—— and kc,c, ~ k™.
dx Wi,

Applying these approximations equation (3.11) becomes

*

c X
D——~kc"™ (3.12)
w

HA,

Concentration

Area ~ kc**w

Reaction rate

>
w

Figure 4. Schematic representation of 1D RD setup.
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which can be rearranged to

2
* w
b e | Yom | (3.13)
kc,L C, L

Further, the flux into the reaction zone can be approximated as

c.—c¢" Dc
=D ~—0 3.14
J L/2 ’ (3.14)

if ¢* <<¢,. This flux becomes the total amount reacted

szkchAdx ~ ke wy, - (3.15)

Combining equations (3.14) and (3.15) give

1
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Figure 5. Control of width represented in terms of Damkoéhler number. The experimental data
(shaped points) shows good agreement with the theory (red dotted line). The theoretical line has the
slope of -0.35 + 0.03 which is in agreement with the theoretical slope of -1/3.
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w
Solving equations (3.13) and (3.16) for [ 2A3 ] yields
Wiia -
— ~~Da 3 (3.17)

which indicates that plotting wuasz against the Damkohler number on a logarithmic scale
should give a slope of -1/3. As can be seen in Figure 5, the slope of the plotis -0.35 + 0.03
which is in agreement with the theory. This result indicates that knowing the
experimental parameters of RD system, one can estimate the outcome through the use of
the Damkohler number. For example, if experimental parameters are such that
Damkohler number is relatively small (e.g. of the order of 102), it can be estimated using
equation (3.17) that wuaz will be roughly 21.5% of L. In contrast, when Damkdhler
number is high (e.g. 104), wnaz will be 4.6% of L. As can be noted, the estimated values
deviate from thevalues obtained experimentally (wnaz was 70% of L for Da = 102, and
15% of L for Da = 10%) possibly due to approximations in the derivation of equation
(3.17). However, both experimental findings and equation (3.17) show that the pattern
is 4.7 times wider for Da = 102 than for Da = 10% Therefore, derived equation provides a
tool for quick order-of-magnitude estimates of the resulting pattern dimensions based
purely on readily known experimental parameters. Similarly, Grzybowski showed that a
comparable expression can be derived for different types of systems, suggesting that
similar analysis can be done for other types of RD systems.1® Therefore, the rational
experimental design should include this type of analysis followed by experimental
confirmation. Then, if desired, the full RD model can be used to explore large parameter
space.

Conclusion

In conclusion, this study finds that controlling local reaction kinetics by means of
pH, diffusion length and the concentrations of reactants allows control over the
dimensions of formed supramolecular patterns. Furthermore, it is shown that all these
control parameters can be unified using the Damkdhler number which can be related to
the structure width, thus providing a simple relation between experimental parameters
and structure dimensions. This relation can be used as a tool for quick order-of-
magnitude estimates of structure dimensions for chosen experimental conditions.
Finally, our study suggests that control over steepnes of concentration gradients in
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combination with supramolecular chemistry can offer promising platform for design of
materials of defined sizes, which has not been fully developed so far.
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Supplementary Information
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Supplementary Figure 1. Effect of a supramolecular pattern on the diffusion of a food-grade dye
(chemical composition unknown) through 1% agar. a) Photographs of diffusion at different time
points. The red arrow indicates the location of the supramolecular pattern in agar. b) Distance traveled in
1% agar. c) Distance diffused in 1% agar with the supramolecular patter. The food-grade dye used was
purchased in a supermarket and diluted 4 times.
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Supplementary Figure 2. Effect of initial concentration of H and A on their respective concentration
profiles after 12 hours of diffusion. The initial concentraton of H and A were denoted as cu,0 and ca.

The blue dashed line indicates the point in the reaction zone where ¢, =c, =c . The reaction between H
and A was not taken into account to demonstrate pure diffusional effects.
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Supplementary Figure 3. Effect of diffusion distance on concentration profiles of H and A after 6
hours of diffusion. The initial concentratons of H and A were denoted as cn, and ca. The blue dashed

line indicates the point in the reaction zone where ¢, =c, =c . The reaction between H and A was not

taken into account to demonstrate pure diffusional effects.
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Supramolecular Gluing of Polymeric Hydrogels

Abstract

We report a simple method for gluing hydrogels together, based on supramolecular
chemistry. The gluing is achieved by reactive self-assembly of a low molecular weight
gelator at the interface of the two hydrogels.



Introduction

Connecting pieces of solid material for the purpose of construction or repair has been a
human need since the dawn of mankind, and today we can easily attach pieces of solid
material, such as wood, metal or even bone, simply by mechanical connection (e.g. using
screws), gluing or welding (in the case of metals and thermoplastics). In contrast, soft
biological tissues and hydrogels require different techniques for connecting.l 2
Strategies for connecting hydrogels include in situ polymerization3, polymer-based
adhesives?, self-healing®, polymer interdiffusion®, employment of electrolytic polymer
liquid?, ultraviolet irradiation3, pH change®, wrinkle formation® or an electrophoretic
transport of polymers to the interface!® 1. However, most of these approaches require
additional equipment and are often highly specific for certain materials. Only recently a
rare example of a generic and simple solution for gluing hydrogels and biological tissues
has been reported, in which a solution of nanoparticles acts as a glue.12 13 [n this work
we report a novel and simple way for gluing polymeric gels that is based on the reactive
self-assembly of a supramolecular gelator at the interface of two hydrogels.

Results and discussion

Recently, we have reported a supramolecular gelator that is formed by an acid
catalyzed chemical reaction between hydrazide (H) and aldehyde (A) leading to the
formation of trishydrazone HA3 (Figure 1a).1* 15 This two-component reaction proved
highly versatile to a range of different conditions® 17 and setups including reaction-
diffusion.1® Therefore, we envisioned that this reaction could be used for gluing different
types of hydrogels. In our method, when two pieces of polymer hydrogel are to be
connected, one is first loaded with H and the other with A. They are then manually
brought in contact with each other, and left standing to allow the formation of HA3
supramolecular fibrils to take place. Because the contact area between two polymer
hydrogels is also the interface between H and A, we anticipated that the reaction
between H and A would occur across the interface resulting in the formation and local
deposition of fibrous HA3 aggregates. In this way, the resulting supramolecular hydrogel
HA3 connects the other two pieces of hydrogel by crossing the interface between them.
The general approach is shown in Figure 1.
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Figure 1. The concept of gluing gels using a supramolecular hydrogel. a) The formation of
supramolecular hydrogel. Water soluble molecules H and A react to form a gelator HA3 which
subsequently stacks into fibers and forms a supramolecular hydrogel. b) Two pieces of polymer gel were
loaded with H and A, respectively. Upon bringing the pieces into contact, supramolecular fibrils of HA3 are
formed at the interface resulting attachment of two pieces.

To investigate this hypothesis, we soaked two strips of polymer hydrogel made
from the same or different crosslinked polymers in solutions of 40 mM H and 160 mM A
at pH = 4.0 overnight (each piece in one of the solutions). Subsequently, the gels were
taken out of the solutions, placed on a glass slide, connected, and left standing in a humid
atmosphere. After standing overnight the interface between two gels was not clearly
visible anymore. Instead, a white, non-transparent band was created around the contact
point. This band was an indication of HA3 formation.!®8 When the gel construct was
carefully taken off the glass slide, the two gel pieces remained connected and could be
clamped as one piece in a hanging position for imaging (Figure 2a-c). When we tried to
repeat the procedure with polymer gels that were not loaded with any reactants, the
gels disconnected upon lifting from the glass slide. Also, simply applying several drops of
H and A solution to the respective gel surfaces and bringing them into contact after
several minutes of sorption did not yield any white band and gels were easily
disconnected. To test the universality of our approach, we glued together different types
of polymer hydrogels, such as agar, alginate, and polyacrylamide. For all types, both
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160mM A

Figure 2. Gluing gels using the trishydrazone gelation reaction. a) Two separate pieces of 3 % agar
glued together. b) 3 % agar (top) and 3% alginate (bottom) glued together. ¢) Two pieces of 3% alginate
glued together. d) Two pieces of polyacrylamide (PAAm) gel glued together floating in water. e) The
cuboid consisting of 8 agar pieces glued together. f) The cuboid in water did not disassemble into the
constituent pieces. g) The cuboid consisting of 8 non-glued pieces disassembled when immersed in water
(not all are visible in the image).

homo and hetero combinations would form a permanent bond using this approach
(Figure 2a-d).

Interestingly, this method of gluing can also be used to fabricate new gel objects
from multiple gel pieces. To demonstrate this, we soaked four pieces of agar in a solution
containing H, and four pieces of agar in a solution containing A, and assembled them
subsequently into a 2 x 2 x 2 cube (using an alternating H and A loading pattern). We
left the assembled cube standing overnight for gluing to take place (Figure 2e). To test
whether the assembly of the object was successful using our gluing method, we
immersed the 2 x 2 x 2 cube in water and subsequently agitated the container for
roughly 20 seconds. As can be seen in Figure 2f, the glued object remained in one piece.
In contrast, when we assembled a similar cube from pure agar gel blocks, the cube fell
apart into constituent pieces immediately after immersing it into water and shaking the
container (Figure 2g). This result indicates that this gluing method can be used even in
somewhat more complex situations than simply attaching two pieces of gel together.

To evaluate the mechanism of gluing, we took a closer look at the interface of two
glued gels. We compared the appearance of the interface in the state when the gels were
glued and when they were carefully separated. As can be seen in Figure 3a, the interface
of two gels (marked with a red dotted line) cannot be very clearly distinguished after the
gels were glued. However, after carefully separating them by manually pulling them
apart, HA3 aggregates were clearly visible on both sides of the interface (marked with
yellow rectangles). This result indicates that the supramolecular gelator HA3 connects
two polymer gels by spanning over the interface. Additionally, we confirmed our
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Figure 3. The interface of two pieces of 3% agar glued using HA; supramolecular glue. a) The left
piece was loaded with H (40 mM), and the right piece was loaded with A (160 mM). The red dotted line
indicates the interface. Two yellow rectangles indicate the presence of HAz on both sides of the interface
after the separation of pieces. b) Concentration profiles (from RD model) of H, A and HA3 in the gels and at
the interface (red dotted line) after 24 hours of gluing. The initial concentrations of H and A were 40 and
160 mM, respectively. c) Detachment stress of glued and non-glued pieces of agar determined using a
shear test plotted as mean #* s.d. (n = 3). Two pieces of 3% agar loaded with H and A, respectively, were
attached to the top and bottom plate of rheometer. They were brought into contact by slowly lowering the
top plate. After 2 hours of contact, the top plate was rotated at a constant shear rate of 0.001 s-! until
fracture was observed.

hypothesis using a reaction diffusion model for this system.18 The model showed that,
indeed, if two compartments with H and A are in direct contact, the gelator HA3z will
form supramolecular fibrils across the interface (Figure 3b).

One of the important properties of a glue to effectively attach two parts of a
material is the strength of the connection. Therefore, we measured the shear stress (see
Supplementary Information for details) needed to separate two pieces of agar kept in
contact for 2 hours with and without supramolecular gelator HA3 acting as a glue. As can
be seen in Figure 3c, a higher shear stress had to be applied to separate glued gels (6.4
1.1 kPa) compared to non-glued gels (1.7 + 0.2 kPa). This result clearly indicates that the
supramolecular gel of HA3 acts as a glue. Applying only several drops of H and A to the
respective gel surfaces, as mentioned before, did not show any difference in shear stress
compared to non-glued gels.

Conclusion

In conclusion, we have developed a novel and simple approach for gluing
polymer gels based on supramolecular gel formation. Prior to gluing, polymer gels do
not have to be chemically modified nor treated in any other way, except being soaked
into the constituents of the supramolecular glue. This implies that polymer gels can be
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used in their native state and unreacted compounds can be easily washed off by soaking
the glued gels in water afterwards. Although loading polymer gels with reactants that
have to be washed off later implies impracticalities in preparation gels for gluing, our
approach shows how simple and modular supramolecular chemistry can be used as a
solution to problems such as gluing of soft matter.
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Supplementary Information

Materials. Agar, alginate, solution of acrylamide (40%) and solution of N,N’-
methylenebisacrylamide (2%) were purchased from commercial sources and used as
provided. Hydrazide (H) and aldehyde (A) were synthesized as described in our earlier
work.! All stock solutions of H, A, and polymers were prepared in 100 mM phosphate
buffer (pH = 4.0) unless stated otherwise.

Preparation of agar. 3% agar (mass fraction, w) was prepared by dissolving agar in the
appropriate amount of phosphate buffer. To completely dissolve the agar, the mixture
was heated and stirred at ~100 °C until the solution turned transparent. The solution
was subsequently allowed to cool down and left to solidify.

Preparation of alginate. Alginate gels were prepared according to the procedure
proposed by Draget et al.2 Briefly, a powder of CaCO3 was dispersed in water. Then, dry
sodium alginate was added and this dispersion was heated at 100 °C in a closed vial until
all alginate was dissolved. The solution was subsequently allowed to cool to room
temperature. Finally, an aqueous solution of glucono-&-lactone (GDL) was added, and
the resulting solution was stirred briefly. The alginate gel was formed by leaving the
solution standing overnight. Unless otherwise stated, final concentrations of CaCOs3,
alginate, and GDL were 12.5 mM, 1.5 % (mass fraction, w), and 40 mM, respectively,
giving Ca2* crosslinked alginate gels with pH = 4.5.

Preparation of poly(N-isopropylacrylamide) gel. Solution of acrylamide (40%, 2.5
mL) and solution of N,N’-methylenebisacrylamide (2%, 1.5 mL) were mixed with water
(6 mL). The mixture was degassed for 15 minutes and the solution of ammonium
persulfate (75 mg mL1, 100 pL) was added subsequently. Finally, 10 uL of
tetramethylethylenediamine (TEMED) was added and the resulting mixture was briefly
stirred and left standing for 1 hour to form a gel. Unreacted compounds were removed
by immersing gel in water for 3 hours while exchanging water every 30 minutes.

Gluing pieces of polymeric gel. Alginate, agar and polyacrylamide gels were prepared
in a Teflon mold (10 x 5 x 0.3 cm3) as described above. Two rectangular pieces were cut
out of the mold and soaked separately in the solutions of H (40 mM) and A (120 mM)
overnight. Next, they were taken out of the solutions, blotted with a blotting paper to
remove the excess of the solutions, brought into contact with their shortest sides, and
left standing overnight again. The following day they were clamped using a Hoffman
clamp in hanging position for imaging by camera.

A gel cube was assembled in a similar way, but using 8 cube shaped pieces of
agar. 4 of them were soaked in the solution of H, and 4 in the solution of A. After soaking
the pieces overnight and blotting with a blotting paper to remove the excess of the
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solutions, they were assembled in an alternating manner into a cube. The cube was then
left standing overnight for gluing to take place.

Measuring the detachment stress of glued gels using a rheometer. To measure
detachment stress of glued gels we used an AR G2 rheometer (TA Instruments) in
constant shear-rate mode (“Hold Peak” step in the software). The plate-plate
configuration was used with the top plate being 25 mm in diameter. First, a textile
plaster was glued to the top plate of the rheometer using double-sided adhesive tape, to
completely cover its surface, and any pieces of plaster sticking outside the plate were
carefully cut away with a razor blade, after which the top plate was mounted to the
rheometer. A plastic rim 5 cm in diameter and ca. 5 mm in height was glued to the
bottom plate using adhesive tape. The rim was centered relative to the top plate. Care
should be taken that the connection between the rim and the bottom plate of the
rheometer is properly sealed to avoid leakage of liquid gel-precursor solution in later
steps. A circular piece of Kapton® polyimide film slightly smaller in diameter than the
rim was inserted inside the rim. The top plate was lowered to 3500 um from the surface
of the bottom plate, 10 mL of hot 3% agar solution was poured inside the rim, and
everything was left to cool down for 30 minutes. The rim was then removed, and the
excess of agar was removed by cutting around the top plate leaving the cylinder of gel
attached to the top plate. The top plate was carefully lifted off from the bottom plate and
removed from the rheometer, as well as the Kapton® polyimide film. Next, the double-
sided adhesive tape was glued to the bottom plate and a textile plaster was glued on top
of it. The area covered with the textile plaster should be somewhat bigger than the
plastic rim. A new plastic rim 5 cm in diameter was glued on top of the area covered
with the textile plaster, 10 mL of hot 3% agar solution was poured inside the rim, and
everything was left to cool down for 30 minutes. Again, the rim was removed. A
Kapton® polyimide film was placed on top of the gel. The 40 mm in diameter top plate
was mounted to the rheometer, and it was lowered until it pressed gently against the gel
with the Kapton® polyimide film (the detected normal force should not exceed 1 N).
This step was done to ensure that the surface of the gel is flat. The plate was kept in
contact with the gel for 10 minutes. Afterwards, the top plate was lifted off, while
keeping the Kapton® polyimide film on the gel, and removed from the rheometer. The
25 mm plate with the previously formed cylinder was mounted again into the
rheometer, and it was carefully brought into contact with the Kapton® polyimide film
on the bottom gel. From this contact point, the top plate with the gel was raised 500 pm.
The Kapton® polyimide film was removed, and the measurement program was started.
The program consisted of the following steps: the top plate with the gel was lowered by
600 pm (at rate 5 um s'1) causing the top gel and the bottom gel to get into the contact,
waiting for 2 hours, and, finally, applying constant shear of 10-3 s'1 until the contact
between gels is broken. From the resulting shear stress vs. strain curves, we determined
the stress required for these two pieces of gels to be separated.
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The procedure was the same for hydrogels loaded with H and A. Loading was achieved
by adding the appropriate amounts of H and A, respectively, into the initial mixture of
agar and phosphate buffer.
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The Effect of Supramolecular Hydrogel on Cell Viability and
Proliferation

Abstract

Supramolecular hydrogels show a great potential as an artificial extracellular matrix
since they can be relatively easily functionalized with various signaling cues for cell
attachment. This study shows the influence of precursor molecules for the formation of
trishydrazone supramolecular gel on cell viability. Additionally, we report the
cytotoxicity of gel itself.



Introduction

In the last few decades hydrogels have emerged as a promising material for mimicking
extracellular matrix (ECM) due to their physical and chemical properties.12 So far,
researchers have developed a wide range of nature-inspired synthetic hydrogels that
can support cell attachment, proliferation, and differentiation.3* However, the
morphological /structural homogeneity of synthetic hydrogels does not match the
natural ECM which is structured at all scales. Hierarchical organization in the natural
ECM regulates cellular adhesion, migration, proliferation, differentiation and
morphogenesis. Therefore, significant efforts have been made to produce gels with well-
defined structural organization ranging from micrometer scale to nanometer scale.>
Apart from single- and double-network®-8 polymeric hydrogels that are usually used as
ECM, one more class of hydrogels have gained attention as a potential candidate for
mimicking ECM - supramolecular gels. Supramolecular gels are gels made out of small
molecules (also called low molecular weight gelators, LMWGs) which are held together
by non-covalent interactions. These gels can be easily tailored according to wanted
functionalities due to the relative simplicity of the organic synthesis of small molecules.
Considering this advantage of supramolecular gels, combining supramolecular gels with
polymeric gels might lead to a new class of double-network materials for mimicking
natural ECM. In our previous work we have developed a hybrid gel consisting of alginate
and a supramolecular gel, and used this system to make gels with defined structure. The
modular nature of our supramolecular system combined with the possibilities of spatial
structuring might offer a promising platform for the development of structured artificial
ECMs. Taking into account that structured gels have an impact on cell attachment,
proliferation, and differentiation, we envisioned that the system that we have developed
could provide good artificial ECM.451011 Additionally, our gel system contains only
physical cross links compared to most other double-network gels whose networks are
chemically cross-linked, either one or both. Despite similar possibilities being reported
beforel?, the potential of these kind of systems for cell related applications has not been
investigated.

In this chapter we investigate the potential of hybrid alginate/supramolecular
hydrogel network as ECM for 2D cell cultures. First, we investigate the cytotoxicity of
different gel components. Next, we analyze how to prevent potential cytotoxicity.
Finally, we explore cell viability on hybrid alginate/supramolecular hydrogel network
and discuss design requirements for future development of similar ECMs.

Results and discussion

As previously reported, we prepared hybrid alginate/supramolecular hydrogel objects
from small molecular self-assembling building blocks using reaction-diffusion
approach.13 Briefly, diffusion of hydrazide H and aldehyde A through alginate gel matrix
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leads to the localized formation of the trishydrazone gelator HA3 which then assembles
into fibers and, finally, forms a fibrous network within the alginate matrix.1* The
obtained alginate/HA3 hydro