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Propositions

Belonging to the thesis:
Self-sorting and directed molecular self-assembly towards new soft materials

by Yiming Wang

In multicomponent self-assembly systems, the difference in self-assembly rates of the

distinct species is an overlooked approach towards self-sorting.
e Chem. Commun. 2015, 51, 5170.
¢ Chapter 2 of this thesis.

One never knows how many kinds of states retained in a local minimum of energy
landscape can be obtained in a given supramolecular self-assembly system.

e Chem. Soc. Rev. 2017, 46, 5476.

* Chapter 3, 4 of this thesis.

For surface-assisted self-assembly, the template determines how well control of the self-
assembly can be achieved.

* Angew. Chem. Int. Ed. 2018, 57, 1448.

* Chapter 5, 6 of this thesis

DNA is a useful building block for the construction of beautiful nanostructures, but one
needs to take into account the risks of contamination of DNA nanostructures to the

environment before the practical applications.
e Nature 2006, 440, 297.

The development of artificial intelligence creates a strong competitor to organic chemists

in terms of design of molecules.
e Chem 2018, 4, 522.

For scientific research, raising a creative perspective is more important than telling a

beautiful story.

Whether a scientific paper can be published in high-impact journals strongly depends on

how comfortable a reading experience the writer can provide to the readers.
* Day, R.; & Gastel, B.: How to write and publish a scientific paper. Cambridge University Press (2012).

The experience of organic synthesis is also useful for cooking food.

Dreamland is a virtual world of the magnification of the real life.

10. Confidence comes from giving up.

These propositions are considered as apposable and defendable, and as such have been
approved by the promotors prof. dr. Jan H. van Esch and dr. Rienk Eelkema.
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Chapter 1

Introduction

Abstract: Molecular self-assembly has been realized as a powerful approach to
control the organization of materials from molecular to macroscopic length scale.
While for a long time molecular self-assembly has focused on the investigation of
systems involving a single component and under thermodynamic equilibrium. In
recent years the interests are shifting towards more complex multicomponent and
non-equilibrium self-assembly systems, where the richest functions of the resulted
supramolecular objects can be harnessed. In this thesis, multicomponent
supramolecular self-assembly and directed molecular self-assembly leading to out-
of-equilibrium supramolecular systems are investigated, with the aim to construct

new soft functional materials.
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1.1 General introduction

Molecular self-assembly refers to the spontaneous organization of molecular
building blocks through reversible, non-covalent interactions towards ordered higher
level structures.3 As such, molecular self-assembly belongs to the field of
supramolecular chemistry. The development of supramolecular chemistry can be
traced back to the late 19th century,* when some of the most fundamental concepts of
supramolecular self-assembly were proposed, e.g. coordination chemistry,® lock-key
model,® and cyclodextrin based host-guest inclusion.” Currently, supramolecular
chemistry and molecular self-assembly continue to be a theme of great interest in
science, particularly in material science, as it offers an easy and powerful bottom-up
approach to control the organization of materials from molecular to macroscopic
length scale® To date, a wide variety of supramolecular structures have been
prepared by self-assembly of the corresponding building blocks, e.g., micelles,®-13
vesicles, 1416 fibers, 1719 sheets,?0-22 and DNA origami et al.2>2¢ These resulting
structures show enticing applications in different fields, such as biotherapy,?-2

electronics,?’-?? catalysis,30-31 and biomimetic engineering.32-34

1.2 Multicomponent self-assembly and self-sorting

Supramolecular self-assembly is widespread in nature, for example, living cell is
a complex system that is entirely constructed by self-assembly of biomolecules. One
typical characteristic of the self-assembly in living cell is the use of multiple subunits,
such as lipids, proteins, and sugars.?®> Such multicomponent self-assembly endows
the cell with complex structures and sophisticated physiological functions. Therefore,
to achieve such multicomponent self-assembly in synthetic scenario would not only
benefit to our understanding of the biological system, but also enrich the diversity of
manmade functional supramolecular objects.3

In recent years, synthetic scientists have already explored multicomponent self-
assembly in artificial system and some beautiful examples have been successfully
developed.’® 37 On the one extreme case of multicomponent self-assembly, the
different building blocks show high affinity for each other, and as a result all
components (functionalities) are integrated into a single supramolecular product
through cooperative assembly (co-assembly).3® For instant, by performing the co-
assembly of two kinds of peptide building blocks (FF and Boc-FF, Figure 1.1a)
bearing the same self-assembling moiety, nanotubes consisting of both two types of
peptides have been prepared.’® The resulting nanotubes present extended physical
properties, such as photoluminescence, semiconductivity and thermo-electrical

responsiveness, due to their composition of two kinds of functional peptides.4’ In
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another example, upon co-assembly of multicomponent molecular monomers,
random supramolecular copolymers have been obtained (Figure 1.1b).41-42 Some of
these multicomponent supramolecular polymers with combined properties of each
individual monomer have been used to mimic extracellular matrix (ECM) for
applications in tissue engineering,’® and to construct drug delivery platforms for
applications in biomedicine.#3 In addition to this random co-assembly, sequential
self-assembly of different monomers has been successfully performed and leads to
supramolecular block copolymers (Figure 1.1c).44-46 This controlled multicomponent
self-assembly offers a powerful “bottom-up” approach to fabricate supramolecular
structures with well-defined repetitive sequences which are expected to find

applications in, e.g., nanoplasmonics,*” and nanoelectronics.4?

HN\/”\ OH
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Figure 1.1 Supramolecular structures formed by multicomponent self-assembly. a) Co-
assembly of FF and Boc-FF (top), and ToF-SIMS analysis of the resulting nanotubes, FF:Boc-FF =
10:1 (bottom left) and FF:Boc-FF = 5:1 (bottom right);3*-40 b) co-assembly of different BTA derived

monomers, chemical structures of the monomers (top), and fluorescent images of the self-

assembled supramolecular polymers (bottom);* and c) illustration of the formation of
multisegment supramolecular nanofibers by sequential assembly of different monomers (top),

and fluorescent images of the resultant block nanofibers.4
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On the other extreme of multicomponent self-assembly, one has so called self-
sorting3® 49 or orthogonal self-assembly.>® Here, different components self-assemble
independently into different architectures within one system which possesses
integrated properties of each single architecture. Self-sorting is widespread in nature
and is crucial for the function of life. Even the living cell can be seen as a complex
supramolecular object that is composed of many different coexisting functional
supramolecular structures, each of which is assembled from one or more
biomolecular building blocks.3> 51 Inspired by nature, some synthetic self-sorting
examples have been developed in recent years. For example, gelled liquid crystalline
crystals consisting of a supramolecular gel networks inside a liquid crystalline phase
have been prepared by the self-sorting of molecular gelators and liquid crystalline
molecules, giving rise to crystal materials with improved optical performance and
ionic conductivity (Figure 1.2a).52%% In another example, self-sorting of molecular
gelators and amphiphiles has led to supramolecular gels composed of gel fibers and
micelles or vesicles (Figure 1.2b),5+57 which are much closer mimics of biological
structures and present interesting applications in biomedicine.¥ Furthermore,
supramolecular gel networks composed of distinct gel fibers have been created by
the self-sorting of different molecular gelators,>-¢1 showing tunable mechanical
properties (Figurel.2c).62-63

Despite these advances, the established synthetic multicomponent self-assembly
systems are still lagging behind their biological counterparts in terms of, not limited
to, complexity of the self-assembled structures and the length scale of the self-sorting.
For example, people have made remarkable progresses in the mimics of ECM
through the self-assembly of multicomponent synthetic molecules. Additionally,
some of these synthetic ECM have reached the clinic.’® However, these artificial ECM
are still fairly simple compared to the biological ECM in terms of chemical structures,
diversities of monomers and functionalities.’® In another example, although the
implementation of self-sorting at molecular level has been achieved in synthetic case,
there is still a large gap between the synthetic systems and their biological
counterparts. For instance, in living cell different biological subunits self-sort into
different supramolecular structures which in turn undergo a higher level self-sorting,
leading to hierarchical macroscopic structures. However, the accomplishment of such

multilevel self-sorting in synthetic case remains a formidable task.3”
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Figure 1.2 Supramolecular structures formed by molecular self-sorting. a) Hierarchical
structures consisting of coexisted supramolecular fibers and liquid crystals;>2 b, ¢) complex
supramolecular structures consisting of coexisted gel fibers and b) cylindrical micelles, c)
liposomes®” prepared by the orthogonal self-assembly of gelators and the corresponding
amphiphiles; and d) SEM images of gel networks formed by the separate self-assembly of two
monocomponent gelators, respectively (left and middle), and interpenetrated gel networks
consisting of two kinds of gel fibers formed by the self-sorting of the two distinct gelators
(right).e1

1.3 Directed molecular self-assembly

In addition to the above described involvement of multiple building blocks,
another important characteristic of the self-assembly in biological system is the

evolution of free energy during the self-assembly process.®* The self-assembly in
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nature is usually performed out-of-equilibrium (Figure 1.3a and b),%> endowing the
resulting supramolecular structures with unique properties that are inaccessible by
thermodynamic self-assembly, such as adaptation,®-%8 intracellular transportation,®®-
71 'and autonomous regeneration.”>74 In contrast, the vast majority of synthetic self-
assembly systems function under thermodynamic equilibrium (Figure 1.3c). In recent
years, the achievement of out-of-equilibrium self-assembly in the lab has received
considerable attention.”> In this thesis, we define the control of molecular self-

assembly leading to an out-of-equilibrium system as directed molecular self-

assembly (DMSA).
a . athway controlled p c _: .:'_
\ \I N
> > >
2 2 2
(7] 7] 53
e e c
] ] o
[ [ o]
o o o
L L L
Kinetically trapped Far-from-equilibrium Thermodynamic equilibrium

Figure 1.3 Energy landscape of different types of self-assembly. a) molecular self-assembly
through different pathways leading to different kinetically favored outcomes; b) far-from-
equilibrium system where self-assembly is driven by the dissipation of high energy fuels; and c)

molecular self-assembly under thermodynamic equilibrium.¢> 76

A first scenario of DMSA is kinetically controlled self-assembly. In this case, the
self-assembly is forced to proceed along a kinetically controlled pathway, leading to
kinetically favored outcomes which are permanently or temporarily stabilized at a
local minimum of the free energy landscape.”® The permanently stabilized product is
in a so called kinetically trapped state, while the temporarily stabilized one is in a
metastable state which can convert into the thermodynamic state over time. The
kinetically favored supramolecular product usually presents different structures and
properties from the thermodynamic counterpart, though they have the same
compositions. In this context, in recent years kinetically controlled DMSA has
received great interest and some impressive examples have been developed. For
instance, kinetically trapped supramolecular gels have been prepared by controlling
the self-assembly rate of gelators using external stimuli, e.g., catalysts (enzymes).
Consequently, gels with distinct structures and mechanical properties can be
prepared by controlling the self-assembly rate of gelators.””-”? Additionally, upon
activating the molecular self-assembly at different rates in different areas by using
some external triggers, such as light,80-82 pH,8 and enzymes,8485 the growth of the

supramolecular structures can be spatiotemporally controlled. For example, on the
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basis of an enzyme catalyzed self-assembly system, the conversion of non-assembling
gelator precursors into gelators can be dramatically accelerated in the presence of the
catalysis of enzyme. As a result, the gel fibers mostly grown from the enzyme areas
due to the local catalysis formation of gelators (Figure 1.4a and b).”8 8 Another
example involves the employment of a proton sensitive gelator system in which the
self-assembly of gelators into gel fibers can be activated by protons. On the basis of
this proton responsiveness, spatiotemporal formation of gel fibers has been achieved
by controlling the spatial distribution and local concentration of protons (Figure
1.4c).8687 In addition to the above described kinetically trapped supramolecular
products, metastable supramolecular structures have been achieved as well.8% For
instance, a pathway dependent supramolecular system has been systematically
investigated by a stopped-flow experiement.®#? In that system S-chiral oligo(p-
phenylenevinylene) (SOPV) was used as monomers. Supramolecular polymers with
different helicities, thermodynamically stable M-SOPV and metastable P-SOPV, can
be achieved by controlling the initial concentrations of SOPV. Furthermore, the
metastable P-SOPV can convert into the thermodynamic M-SOPV spontaneously
over time (Figure 1.4d).

Figure 1.4 Spatiotemporally controlled molecular self-assembly. a) Growing of Fmoc-
peptide gel fibers from the enzyme area (white dots) led by biocatalytic self-assembly;?s 8¢ b)
enzymatic oxidation of glucose by GOx generated local proton gradient leading to localized
self-assembly of Fmoc-AA-OH dipeptide;% and c¢) growing of gel layer from the PDMS
surface through the local self-assembly of gelators triggered by the rich proton environment
in the vicinity of the acid soaked PDMS surface, scale bars = 200 mm;%” and d) schematic
representation of the aggregation pathways of SOPV control over the hand of resulting

supramolecular helices.

Another scenario of out-of-equilibrium self-assembly is associated with the

consumption of high-energy fuels. In this scenario, the addition of fuels activate the
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building blocks from a non-assembling state into assembling state, leading to the
occurrence of self-assembly. Meanwhile, the generated assembling building blocks
spontaneously and continuously transform back into the non-assembling state,
thereby leading to the occurrence of disassembly.”® Therefore the self-assembled
structures can only exist through the continuous consumption of fuels (Figure 1.3b).
The unique property of such transient out-of-equilibrium self-assembled structures is
that they are highly dynamic and under kinetic control determined by fuel levels.
This kind of fuel driven out-of-equilibrium self-assembly is common in biological
system. For example, microfilaments are formed by the self-assembly of actin driven
by adenosine triphosphate (ATP), while microtubules are formed by the self-
assembly of tubulin driven by guanosine triphosphate (GTP).73-74 91 In recent years, to
mimic such a fuel driven out-of-equilibrium self-assembly in lab has been an
interesting topic in the field of supramoleuclar chemistry.”>76 % It has been
demonstrated that far-from-equilibrium supramolecular structures can be produced
by using chemical fuels. For example, transient supramolecular gels have been
prepared using alkylation or dehydration reagents as fuels.”>% The life time and
material properties of the resulting gels can be easily controlled by adjusting the
input of fuels (Figure 1.5a and b). In another case, GTP has been successfully used to
power the self-assembly of FtsZ protein (a bacterial homologue of tubulin) under
artificial circumstance, leading to far-from-equilibrium fibrils with highly dynamic
behaviors of growing, shrinking, bending, and fusing (Figure 1.5c).%

Overall, it is clear that DMSA has emerged as a key and useful area in
supramolecular chemistry. It would provide a competitive “bottom-up” route for the
fabrication of sophisticated functional supramolecular objects which present
intriguing applications in a broad fields, such as artificial life, smart materials,
microelectronics, energy, and biotherapy. Moreover, the development of DMSA may
also add to our understanding of the complex biological world. Although in recent
years some important achievements have been made, there are still numerous
questions that remain to be addressed. For example, the diversity of synthetic DMSA
systems is still scarce, and therefore new approaches towards DMSA are desired.
Furthermore, the control of the parameters of the resulting structures, such as the

architectures, spatial dimensions, and length scale, remains limited.
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Figure 1.5 Fuel driven molecular self-assembly. a) Schematic of dimethyl sulfate (DMS) fueled

transient self-assembly;% b) anhydride formation driven by dissipation of carbodiimide leading
to transient self-assembly of supramolecular gels;** and c¢) GTP fueled formation of Fibrils

showing dynamic behavior of growth, shrinkage, bending and fusion.%

1.4 Challenges and research aim

Inspired by biological system, self-sorting has been successfully applied in
synthetic scenario, giving rise to complex supramolecular structures bearing
enriched functions. However, these developed artificial systems are still limited to
the molecular level. Self-sorting at multilevel is ubiquitous in nature, but is still a big
challenge in lab. To make further advances, access to self-sorting at higher level is
necessary, whereby more complex structures with richer functions can be unlocked.
In this thesis, we aim to develop new synthetic multicomponent self-assembly
systems and explore the possibility of self-sorting at higher level. The achievement of
such a goal would not only pave the way to perform multilevel self-sorting in
manmade systems and promote the development of new functional soft materials,
but also add to our understanding of biological system.

DMSA, molecular self-assembly that functions under out-of-equilibrium, has
emerged as a competitive strategy to fabricate functional materials that are usually
unachievable by thermodynamic self-assembly. Up to now, some remarkable

progresses have been made in the development of synthetic DMSA systems.

10
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However, there are still some key problems need to be addressed in this field. For
instance, the diversity is still lacking due to the complex design and tedious synthesis
process. Moreover, the parameters, like length scale, dimensions, and architectures,
in a given DMSA system is still lacking of control. In this thesis, I will focus on: 1)
developing versatile routes towards new DMSA systems; 2) finding access to control
the parameters of the DMSA systems. The achievements obtained from these
investigations would provide more useful information for the design and control of
synthetic DMSA systems.

1.5 Outline of thesis

This thesis entitled “Self-Sorting and Directed Molecular Self-Assembly towards
New Soft Materials” is organized in six chapters.

In Chapter 1, the research background of the work that performed in this thesis
is described.

In Chapter 2, a rare example of spontaneous multilevel self-sorting system based
on multicomponent molecular gelators is described. We have found that distinct gel
fibers are formed through the self-sorting of the different molecular gelators driven
by their different self-assembly rates. Interestingly, these different fibers can further
self-sort into different separated microdomains, leading to hierarchically
compartmentalized supramolecular gels. This rare spontaneous multilevel self-
sorting example can serve as a starting point for the design of multilevel self-sorting
systems in synthetic scenario and advance our understanding of both synthetic and
natural self-sorting systems.

In Chapter 3, we employed seeds to interfere in the nucleation step of the
gelators that have been investigated in Chapter 2, aiming at forcing the self-assembly
along a kinetically favored pathway. We have found that the addition of seeds gives
rise to supramolecular gels with completely different structures and material
properties compared to the hierarchically compartmentalized gels described in
Chapter 2. Importantly, these seeding-driven gels are metastable and can
spontaneously convert into the hierarchically compartmentalized gels state over time.

In Chapter 4, we have surprisingly found that one of the gelator precursor
molecules used in this thesis (hydrazide) is able to self-assemble in water.
Importantly, the resulting tiny aggregates of the precursor molecules exhibit similar
seeding effects on the self-assembly of the multicomponent gelators, leading to the
metastable gels as well. This finding demonstrates a new out-of-equilibrium
supramolecular system driven by a self-seeding self-assembly process.

In Chapter 5, micropatterned catalytic surfaces were employed to direct the self-

11
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assembly of molecular gelators on the basis of a catalysis-responsive gelator system.
It has shown that the gel fibers can be locally formed at the catalytic areas. Moreover,
the shapes, spatial dimensions and growing direction of the gel patterns can be easily
controlled by tuning the content of the catalyst in the templates. This work shows a
feasible approach to control the parameters of a DMSA system, which would
promote the practical applications of the DMSA products.

In Chapter 6, we have devoted to extending the microscale DMSA system
described in Chapter 5 to the nanoscale by using catalytic nanoparticles as the
templates. The gel fibers were found to be selectively formed around the
nanoparticles. Additionally, we have shown how the local formation of gel fibers in
the vicinity of the catalytic nanoparticles can be used to selectively trap catalytic
nanoparticles. This selective trapping of nano-sized objects is expecting to find some
high-tech applications, such as separation of nanoparticles, virus prevention, and
biotherapy.

Overall, upon the work performed in this thesis, a series of new synthetic self-
sorting and DMSA examples have been created and studied. We expect that the work
performed in this thesis would enrich the library of synthetic self-sorting and DMSA
systems and provide valuable information for the design of new self-sorting and

DMSA systems under artificial conditions.
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Chapter 2

Hierarchically compartmentalized supramolecular gels

through multilevel self-sorting

Y Fibers 1
Abstract:  Hierarchical ~compartmentalization o *® = Self-sortlnglf' / gt ™o
. . . . Ve s (Ll %
through bottom-up approach is ubiquitous in s .+ T= i &
L. . . . Molecular gelators Gelation l F'De’52
living cells, but remains a formidable task in

Self-sorting ]

synthetic systems. Here we report on
hierarchically compartmentalized supramolecular

gels that are spontaneously formed by multilevel

self-sorting. Two types of molecular gelators are
. . . . . Fibrous bundles Compartmentalized gel networks
formed in situ from non-assembling buﬂdmg
blocks and self-sort into distinct gel fibers due to their different self-assembly rates;
interestingly, these distinct fibers further self-sort into separated microdomains,
leading to microscale compartmentalized gel networks. Such spontaneously
multilevel self-sorting systems provide a “bottom-up” approach towards
hierarchically structured functional materials, and may play a role in intracellular

organization.
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Chapter 2

2.1 Introduction

The archetype example of compartmentalized systems are living cells,! in which
hierarchical compartmentalization at the level of organelles followed by their
intracellular organization enables complex physiological functions.?# Interestingly,
the spatial organization and functions of cells are entirely created through self-
assembly of multicomponent biological subunits. Although the self-sorting of these
different components into biological supramolecular structures is well known, the
processes that lead to higher-level organization of these structures into different
compartments remain poorly understood. To mimic the intracellular
compartmentalization can not only improve our understanding on the intracellular
scenario, but also inspire the design and construction of hierarchically
compartmentalized functional objects,> ¢ such as artificial cells,” 8 and microreactors.’

In recent years, much progress has been made towards the development and
understanding of multicomponent self-assembly in synthetic systems.1% 11 Especially
self-sorting or orthogonal self-assembly, i.e. the independent self-assembly of
different building blocks into distinct supramolecular structures,'> 13 is a viable route
towards complex systems composed of different coexisting supramolecular
structures, such as fibers,418 micelles or vesicles,!>?1 and liquid crystals.22 Despite
these advances, self-sorting in synthetic systems is still limited to the molecular level,
and multilevel organization towards hierarchical supramolecular architectures
remains an elusive goal.

Here we present a rare example of hierarchical compartmentalization at both
nanoscale and microscale that has resulted exclusively by self-assembly of different
synthetic molecules. We found that molecular gelators bearing a common self-
assembling motif first self-sort into distinct nanofibers, which further self-sort into
separated microdomains, resulting in  hierarchically = compartmentalized
supramolecular gels. Our findings suggest that subtle variations in interactions can
also enable self-sorting. Importantly, such hierarchically compartmentalized systems
are formed spontaneously, without consumption of fuels, thereby contributing to our
understanding on self-sorting and compartmentalization in both synthetic and

natural systems.
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a HaN,

Figure 2.1. a) Schematic of formation of HGs from the precursors of H, A, and A-; A-FL was used
as a fluorescence label for self-assembled structures; b) photograph of the gel sample; c) CLSM
image of the gel networks; d) magnified 2D and e) the corresponding 3D CLSM images
(transparent mode) of the gel networks. 30 pM A-FL were added in c-e).

2.2 Results and discussion

In this work we used a modular supramolecular gel system with tunable
properties, based on in situ formation of tris-hydrazone gelators (HGs) from soluble
hydrazide (H) and aldehyde derivatives.?>?> By combining a charged (A-) and a
neutral aldehyde (A) we obtained a multicomponent gelator system consisting of
neutral (NGs: HA3) and negatively charged gelators (CGs: HA2A-, HAA-, and HA-3)
(Figure 2.1a). We anticipated that the introduction of charges may prevent fiber
bundling, thereby influencing the viscoelastic properties of the gels.23-25

In a typical experiment, a mixture of H (20 mM) and aldehydes A and A- (120
mM, 30 mol% A-) dissolved in a phosphate buffer (0.1 M, pH 7.0) was allowed to
react and self-assemble at room temperature. After 24 hours, a turbid gel was formed
as determined by tube inversion test (Figure 2.1b). Surprisingly, CLSM investigation
showed that the resulted gel consisted of worm-like microstructures (Figure 2.1c and
d), which are very different from the typical fibrous networks observed in pure HA3
gels (Figure S2.1)3-» and other supramolecular gels.?- 27 Three dimensional (3D)
CLSM revealed that the gels consisted of closely packed crumpled sheets (Figure 2.1e
and Movie 52.1), and the worm-like structures appeared to be 2D cross-sections of

these sheets.
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Figure 2.2. a) CLSM images of the gel networks formed with different mol% A-, scale bars = 40
pm; b) gelator composition of the gels, the amount was normalized by the initial concentration of
H; c) influences of mol% A- on the gel stiffness. All samples: [H] = 20 mM, [A] + [A-] = 120 mM
(different mol% A-); and [A-FL] =30 pM in a).

To investigate whether the appearance of the crumbled sheets are caused by the
presence of A- we varied the amount of A- and explored its effects on the gel
morphology (Figure 2.2a and S2.2). We found that gels were only formed if less than
40 mol% A- was added. Furthermore, the addition of small amounts of A- already
led to a marked decrease in the size of the fibrous clusters (Figure 2.2a, 0 to 5 mol%).
Interestingly, at 8 mol% A- some isolated structures were formed (arrowed area in
Figure 2.2a), and further increasing the amount of A- led to crumpled sheets.
Importantly, the density of the crumpled sheets increases with the amount of A-,
indicating that their appearance is related to the charged species. Analysis of the gel
composition by high performance liquid chromatography (HPLC) confirmed that the
gels consisted of the two types of gelators, i.e. NGs and CGs, as was expected (Figure
2.2b and S2.3). In each sample H was fully converted to HGs and the amount of CGs
was increased with mol% A-. This confirms the aforementioned correlation between
the crumpled sheets and CGs. When the content of A- was > 40 mol%, the molar
fraction of CGs was exceeded 0.75. Most likely, these high concentrations of CGs
hinder either the self-assembly of gelators or crosslinking of fibers because of the
electrostatic repulsion, with both scenarios explaining the lack of gel formation in

samples with more than 40 mol% A-.
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After studying the gel structures, we applied oscillatory rheology to investigate
the effects of the content of A- on the viscoelastic properties of the gels. We found
that the addition of small amounts of A~ from 0 up to 8 mol% led to an increase of G’
from ~700 Pa to 5.0 kPa, but larger mol% A- caused a dramatic decrease of G’, from
~5.0 kPa (8 mol% A-) to ~40 Pa (35 mol% A-) (Figure 2.2c and S2.4). This G’
maximum at 8 mol% A- coincides with the initial reduction of fiber cluster sizes
followed by appearance of crumpled sheets as observed in the CLSM tests.
Apparently, the reduction in cluster sizes leads to an increase in gel stiffness,

whereas the formation of crumpled sheets weakens the gels.

Figure 2.3. a) Morphologies of the gel networks in crumpled sheets and the areas in between the
sheets; and b) possible composition of the gel networks. Sample: [H] = 20 mM, [A] + [A-] =120
mM (30 mol% A-), and [A-FL] = 30 pM.

In the subsequent experiments, we are keen to unveil how these gel networks
can be formed. Closer inspection of the gel networks by CLSM revealed that the
areas in between the sheets displayed typical fibrous networks (right top in Figure
2.3a), similar to the morphology of HAs gels,? while the crumpled sheets showed
uniform fluorescence without any visible fibrous structures (right bottom in Figure
2.3a). Bleaching experiments revealed that the fluorescence only recovered slowly,

indicating that the self-assembled structures in both areas were crosslinked (Figure
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52.5). Cryo-TEM confirmed that the gels are composed of two differently sized fibers,
i.e. thin fibers with a diameter of ~5.3 nm, and thick fibrous bundles with a size of
~31 nm (Figure S2.6). In previous studies, we have found that single hydrazone
fibers showed a typical diameter of ~ 5.5 nm.? 28 Moreover, polarized light
microscopy showed that neither the crumpled sheets nor the fibrous networks are
birefringent (Figure S2.7), indicating the random orientation of the fibers in these
areas. We therefore conclude that the coarse network between the sheets consist of a
randomly oriented fibrous bundles which are visible by CLSM, while the crumpled
sheets consist of finer dispersed and randomly oriented thin fibers which cannot be

resolved by optical microscopy.
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Figure 2.4. a) Split 2D (top) and the corresponding 3D (bottom) CLSM images of the gel networks;
b) formation process of the gel networks; c) critical formation time of fibers as a function of mol%
A-; d) illustration of the multilevel self-sorting process. Samples in a-c): [H] = 20 mM, [A] + [A-] =
120 mM (a, b including 30 mol% A-), [A-FL] = 30 pM, and [Hoechst 33342] = 20 pM; Scale bars =
40 pm.

We were wondering how the formation of these different types of fibrous
networks is related to the molecular composition of the gelators. Clearly, the

appearance of the crumpled sheets is related to the presence of A-, while the regions
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of coarser fibers in between the sheets are more prominent at lower mol% A- (Figure
2.2a). Therefore, it seems likely that the fibrous bundles in the coarse networks are
composed of neutral fibers (NFs) formed from NGs as they are prone to form fiber
bundles.?? In contrast, the finer fibers in the crumpled sheets are negatively charged
tibers (CFs) formed from CGs, which can effectively prevent occurrence of bundling
relying on the interfibrous electrostatic repulsion (Figure 2.3b). Most interestingly,
the formation of fibers with different molecular composition and their subsequent
organization into different macroscopic domains starting from a mixture of gelator
molecules would involve the self-sorting of the fiber components first at the
supramolecular level and subsequently at the macroscopic level.

To investigate the above hypothesis, we first investigated the distribution of CFs
in the gel networks using CLSM by selectively staining the CFs with a cationic dye
Hoechst 33342 (blue, Figure S2.8). Simultaneously A-FL (green) was used to stain all
tibers. CLSM showed again in the green channel the gel networks with the crumpled
sheets, indicating that the presence of Hoechst 33342 does not affect the gel
morphology (Figure 2.4a). However, in the blue channel only the crumpled sheets
appeared to be stained by the blue dye (Figure 2.4a and S2.2, Movie S2.2).
Additionally, HA3 gel was not stained by Hoechst 33342 (Figure S2.9), indicating no
appreciable interactions between NFs and Hoechst 33342. These results
unambiguously confirm that the crumpled sheets consist of CFs while the coarse
networks are formed by NFs.

To investigate how self-sorting of a molecular mixture leads to different
macroscopic domains, we monitored the formation of these gel networks over time
by CLSM and rheology, while analyzing the molecular composition over time by
HPLC. HPLC experiments showed that both A and A- reacted with H at similar rates
and complete conversion within 5 h (Figure 52.10), in line with a previous study.?
This result confirms that the proposed self-sorting of NGs and CGs is not simply due
to their different formation rates. We also employed rheology to monitor the network
formation over time. We found that after ~40 min to ~4.3 h, depending on the
amount of A-, G” started to rise, indicating the onset of fiber formation (Figure 2.4c
and S2.4), and then gradually increased until reaching the final strengths.

Then, we followed the formation of the gel networks over time using CLSM by
labeling the samples with both A-FL and Hoechst 33342 to distinguish CFs from NFs
(Figure 2.4b and Movie 52.3). Initially the sample only displayed green fluorescence,
however, after ~1.3 to ~4.9 h, depending on the amount of A-, a homogenous blue
fluorescence start to appear (Figure 2.4b, c). We assign the development of the blue

fluorescence to the formation of CFs, and interestingly, its development is markedly
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delayed compared to the onset of fiber formation as observed by rheology.
Apparently, the onset of fiber formation as observed by rheology marks the
formation of NFs, which precede the formation of CFs. The CLSM experiments
showed that over the next two hours, the intensity of the blue fluorescence gradually
increased but remained homogeneous. However, after ~5 h the blue fluorescence
became inhomogeneous and after ~5.6 h blue stained sheet structures became visible
and separated from the bulk area, gradually collapsing into a crumpled state. A
control sample without addition of Hoechst 33342 gave rise to the same gel
formation process (Figure S2.11 and Movie S2.4), indicating the lack of impacts of the
addition of Hoechst 33342 on the gel formation process.

Altogether, these results clearly reveal that the formation of the gel networks
with crumpled sheets proceed through three stages (Figure 2.4d). During the first
stage, characterized by a rise of G” and absence of blue fluorescence, NFs are formed
through self-assembly of NGs. Then, during the second stage, marked by the
development of a homogeneous blue fluorescence, CFs start to form and remain
homogeneously mixed with NFs. Most likely, the delayed formation of CFs
compared to NFs is related to a higher critical assembly concentration (CAC) of CGs
compared to NGs, caused by electrostatic repulsions between CGs (Figure S2.12).
While NGs and CGs are formed at the same rate, NGs reach their CAC prior to CGs,
leading to the kinetic self-sorting of NGs and CGs at the supramolecular level into
NFs and CFs.? Finally, during the third stage, characterized by macroscopic phase
separation, a second self-sorting process takes place at the macroscopic level, in
which the NFs and CFs phase separate and form different macroscopic domains
consisting of a coarse network of NFs and the crumpled sheets consisting of a fine
network of CFs, respectively. Although the mechanism of this second self-sorting
process remains unclear, it should be noted also in aqueous two phase systems,
polyethylene glycol (PEG) polymers and anionic polyelectrolytes are prone to form

separated phases.30

2.3 Conclusions

In summary, we have shown how multilevel self-sorting processes can lead to
the spontaneous formation of hierarchically compartmentalized supramolecular gels.
This finding would accelerate our understanding on both the natural and synthetic
self-sorting systems, and can serve as a starting point for the “bottom-up” fabrication
of hierarchically compartmentalized structures for applications in, such as synthetic

biology,” 8 catalysis,’! 32 and drug delivery.33 34
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2.5 Supplementary information

Materials

Molecule H, A, A-, and A-FL were synthesized as reported.' All commercial

chemicals were purchased from Sigma Aldrich.

Experimental

CLSM measurement

CLSM measurements were performed on a Zeiss LSM 710 confocal laser scanning
microscope equipped with a Zeiss Axio Observer inverted microscope and 40x
PlanFluor oil immersion objective lens (NA 1.3). Incident laser with a wavelength of
488 nm and 405 nm was used to excite the fluorescein probe and Hoechst 33342,
respectively. The pinhole was set to 1.0 airy unit during the measurements and the
data were processed using ZEN 2009 software. Each sample was prepared in well-

sealed imaging chambers (CoverWell PCI-0.5) and incubated at room temperature.

Rheological test

The Oscillatory rheological results were collected from a AR G2 TA rheometer
equipped with a parallel-plate made of stainless steel (diameter is 40 mm) and a
solvent trap to prevent the evaporation of solvent from the samples. All the
measurements were performed in a strain controlled mode at 25 °C. The strain and
the frequency for the time sweep measurements were set to 0.05% and 1.0 Hz,
respectively. All the samples were prepared in 0.1 M phosphate buffer at pH 7.0.
After mixing the stock solutions of the building blocks to the target concentration, the
sample solution was transferred immediately onto the rheometer plate for the

measurement.

Determination of the gel composition

The composition of the tris-hydrazone products in the gel was analyzed by high
performance liquid chromatography (HPLC) using a gradient eluent flow of
H2O:(MeOH+0.4% triethylamine (TEA)) linearly varied from a ratio of 8:2 to 2:8,
referring to a previous study.! The samples for the HPLC measurements were
prepared by adding 80 pL gel sample into a mixture solution of 400 pL THF and 400
pL TEA saturated H2O. The ratio of various HGs was calculated using the UV
absorbance at the isosbestic point (275 nm). HPLC-MS (Figure 52.3): A, elution time =
9.0 min, MS (ES], positive) m/z = 365.4 (M+Na)*; A-, elution time = 1.45 min, MS (ESI,
negative) m/z = 243.0 (M-H)-; HAs3, elution time = 15.3 min, MS (ESI, positive) m/z =
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1253.55 (M+Na)*; HA2A-, elution time = 10.5 min, MS (ESI, negative) m/z = 584.3
(M+2H20-2H)?-; HAA~, elution time = 2.4 min, MS (ESI, negative) m/z = 517.3 (M-
2H)?-, 534.0 (M+2H>0-2H)?-; HA-3, elution time = 1.2 min, MS (ESI, negative) m/z =
317.0 M+H20-3H)3-.

Cryo-TEM measurements

A Gatan model 626 cryo-stage in a JEOL JEM 1400 Plus electron microscope was
employed to characterize the morphologies of the gel networks. The operating
voltage was 120 kV. For the measurements, 5 pL of the gel samples were carefully
deposited on a Quantifoil R 1.2/1.3 100 Holey carbon films coated Cu 200 mesh grid.
After blotting, the grid was rapidly inserted into liquid ethane. The frozen-hydrated
sample was always stored in liquid nitrogen before the observation. The cryo-TEM
images were recorded under low-dose conditions on a slow scan CCD camera (Gatan,
model 830).

Polarizing light microscope measurements

A gelator precursor solution including 20 mM H, 120 mM (A + A-) (containing 30
mol% A-) in 0.1 M phosphate buffer at pH 7.0 was prepared and transferred into a
glass chamber made by two glass slides with a PDMS spacer in between. After the
gel formation, the network structures of the generated gel were analyzed on a Nikon

E400POL polarizing microscope.
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Figure S2.1. CLSM image and photograph of the gel prepared with 20 mM H and 120 mM A in
0.1 M phosphate buffer at pH 7.0, scale bar = 40 pm, 30 pM A-FL was added to label the gel.
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Figure S2.2. 3D CLSM images of the crumpled gel networks formed with different ratio of A-.
Samples: [H] = 20 mM, [A] + [A-] = 120 mM (including different mol% A-), [A-FL] = 30 pM,
[Hoechst 33342] = 20 pM.
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Figure S2.3. HPLC spectrum of the gel samples. The gel sample is prepared with 20 mM H, and
120 mM (A + A-) (including 35 mol% A-).
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Figure S2.4. a) Evolution of G against time for the samples prepared with different content of A-,
b) magnified graph corresponding to the red doted rectangle in a). Samples: [H] = 20 mM [A] +
[A-] =120 mM (containing different mol% A-).
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Figure S2.5. CLSM images of the gel networks a) before (rectangle areas), and b) after (yellow
arrows) bleaching; c) evolution of the bleached areas over time. Sample: [H] = 20 mM, [A] + [A-]
=120 mM (30 mol% A-), [A-FL] = 30 pM, and [Hoechst 33342] = 20 pM. Scale bars are 10 pm. The
fluorescence intensity of the bleached regions in both the crumpled sheets and the fibrous

networks did not recover over a period of 4.0 h, indicating the crosslinked nature in both areas.
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Figure S2.6. Cryo-TEM images of the gel fibers in the gel, a) area with more fibrous bundles; b)
area with more thin fibers; and c) statistical size distribution of the fibers in the gel sample, 130
fibers or bundles were randomly counted. Scale bar in a and b) is 200 nm. Sample: [H] = 20 mM,
[A] + [A-] =120 mM (including 30 mol% A-).
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Figure S2.7. Polarizing light microscope images of the crumpled gel networks placed between a)
parallel polarizer and b) crossed polarizers. Scale bars = 40 pm. Sample: [H] = 20 mM, [A] + [A-]
=120 mM (including 30 mol% A-).
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Figure S2.8. Chemical structure of Hoechst 33342.

Figure S2.9. Confocal images of the gel networks prepared with pure A. Sample: [H] =20 mM, [A]
=120 mM, [A-FL] = 30 pM (green), [Hoechst 33342] = 20 pM (blue). Scale bars = 40 pm.
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Figure S2.10. Formation of tris-hydrazone gelators (HGs) over time monitored by HPLC.
Samples: [H] =20 mM, [A] + [A-] =120 mM (including 0 and 30 mol% A-, respectively).
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Figure S2.11. Formation of the gel networks without addition of Hoechst 33342 over time, scale
bars =40 pm. Sample: [H] = 20 mM, [A] + [A-] =120 mM (30 mol% A-), and [A-FL] =30 pM.

Figure S2.12. Fluorescence evolution of different channels over time. Sample: [H] = 20 mM [A] +
[A-] = 120 Mm (for each time point, the left sample 40 mol% A-, the middle 45 and the right
sample 50 mol%), [A-FL] = 30 pM (green), [Hoechst 33342] = 20 pM (blue). Scale bar for each
subimage is 5 mm. The sample is prepared in a p-Slide Angiogenesis (Ibidi) microscopy chamber
with a glass bottom and sealed with grease. In the blue channel, ignorable blue fluorescence can
be observed, indicating the failure of formation of CFs. It also demonstrates that the critical
assembly concentration (CAC) of CGs is pretty high such that their self-assembly can only be
achieved through coassembly with NGs, by which the strong electrostatic repulsions between
CGs caused by immediate face-to-face stack of CGs would be released.
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Chapter 3

Access to metastable gel states using seeded self-
assembly of low molecular weight gelators

Abstract: how metastable

supramolecular gels can be formed through seeded self-

Here we report on

assembly of multicomponent gelators. Hydrazone-based
gelators decorated with non-ionic and anionic groups are
formed in situ from hydrazide and aldehyde building
blocks, and lead through multiple self-sorting processes to
the formation of heterogeneous gels at thermodynamic
the addition of seeds

equilibrium. Interestingly,
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composing of oligomers of gelators bypasses the self-sorting processes and accelerate

the gelation along a kinetically favored pathway, resulting in homogeneous gels of

which the network morphologies and gel stiffness are markedly different from the

thermodynamic gel products. Importantly, over time, these metastable homogeneous

gel networks are capable of converting into the thermodynamically stable state. This

seeding-driven formation of non-equilibrium supramolecular structures is expected

to serve as a simple approach towards functional materials with pathway-dependent

properties.

The content of this chapter is based on:
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Chapter 3

3.1 Introduction

Out-of-equilibrium supramolecular self-assembly is widespread in nature and
endows biological system with extraordinary functions such as adaptation,!?
intracellular transport,*¢ self-replication,”” and autonomous self-healing,19-12 that are
rare in inanimate world. Inspired by biological system, research interests in
supramolecular chemistry are now shifting to the implementation of out-of-
equilibrium self-assembly in artificial scenario.’>1? An important focus of out-of-
equilibrium self-assembly is the selection of specific self-assembly pathways along a
corrugated self-assembly energy landscape, that leads to products temporarily or
permanently retained in a local rather than the global minimum. In recent efforts,
specific pathways are selected through the employment of, e.g., rationally designed
molecules,?0-22 or catalysts,?3?” and features the formation of different out-of-
equilibrium structures bearing different material properties while still employing the
same building blocks. Despite these prospects, the current approaches towards
kinetically controlled self-assembly remain scarce.!

In this work, we present how the formation of supramolecular gels can be
guided towards a metastable state through seeded self-assembly of multicomponent
gelators. The employment of seeds has been realized as an effective way to accelerate
and direct the self-assembly processes,?®33 and different kinds of well-defined
supramolecular structures have been prepared.3*3% Nevertheless, most cases of
seeded self-assembly give rise to the thermodynamic products, and only few
examples of seeded self-assembly have been reported that lead to the formation of
supramolecular structures that are temporarily stabilized at a metastable state.39-40
Recently, we have reported on a multicomponent tris-hydrazone gelator (HGs)
system in which two kinds of gelators, neutral (NGs) and charged ones (CGs), are
formed in situ from the building blocks consisting of the hydrazide (H) and a mixture
of a neutral aldehyde (A) and negatively charged aldehyde (A-) (Figure 3.1a).4!
Previous studies have shown that the resulting NGs and CGs undergo a kinetic self-
sorting process into neutral fibers (NFs) and negatively charged fibers (CFs), which
in turn can further self-sort into compartmentalized gel networks composed of CFs-
rich crumpled sheets with NFs-rich coarse fibrous networks in between (Figure 3.1b
and S3.1).41 Here, we show our approaches to control the self-assembly of NGs and
CGs through interfering with the nucleation step, thereby yielding a handle to

control the structures and the corresponding material properties of the resulting gels.
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Figure 3.1. a) Scheme of the formation of NGs (HA3) and CGs (HA2A-, HAA-;, and HA-3) from
the building blocks of H, A, and A-; b) illustration of the self-assembly of NGs and CGs along
different pathways controlled by seeds leading to different gel products. Fluorescent probes of A-
FL and Hoechst 33342 are used to label all the gel fibers and CFs, respectively.

It has been well established that seeds can act as nucleation centers for
crystallization and other types of nucleated self-assembly, and hence the addition of
seeds effectively bypasses the energy barrier of nucleation.*?> Here, we exploit this
feature and use seeds consisting of preformed hydrazone gelators to control the
nucleation of NGs and CGs, and subsequently to control the self-assembly and
gelation processes (Figure 3.1b). We find that the addition of seeds can dramatically
accelerate the gelation process and enhance the gel stiffness. Importantly, the
acceleration achieved by seeded self-assembly bypasses the self-sorting of NGs and
CGs observed during unseeded self-assembly, because self-sorting is due to the
different nucleation rates of NGs and CGs.#! Instead, seeded self-assembly leads to
co-assembly of NGs and CGs, and ultimately to a homogeneous gel network
consisting of a high density of crosslinked thin CFs (Figure 3.1b). Interestingly, these
homogeneous gels have a finite life time, and over time (weeks) slowly convert into
the compartmentalized gels consisting of domains of CFs and NFs, thus further

underpinning their metastable state and equilibrium state, respectively.
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3.2 Results and discussion

In this study, unless mentioned otherwise, all the samples are prepared using
phosphate-buffered (0.1 M, pH 7.0) stock solutions of H, A, and A-; the concentration
of aldehyde (A + A-) is kept at six times higher than H to ensure a full conversion of
H into HGs.?> ¥ Aldehyde tailored fluorescein (A-FL) dye (green, 30 pM) and
cationic Hoechst 33342 (blue, 20 pM) are added to label the self-assembled structures
for confocal laser scanning microscopy (CLSM) observations (Figure 3.1b). The seed
solution consists of a dispersion of short hydrazone fibers with length of ~30 nm and
diameter of ~5.6 nm that are prepared by sonication of pre-formed NFs (see
supporting information, Figure S3.2), and the concentration of seeds is expressed by
the total concentration of gelators.

To explore the influence of seeds on the gel formation, we first performed
oscillatory rheology measurements. We found that the addition of seeds can
dramatically accelerate the gelation process. The gelation time (the time at which the
storage modulus G’ starts to exceed the loss modulus G”) showed a drop from ~2.7 h
to ~0.7 h (30 mol% A-) or from~0.75 h to ~3.5 min (0 mol% A-) upon addition of
seeds from 0 to 1.5 mM (Figure 3.2a). Moreover, the stiffness of the resulting gels
increased from ~40 Pa to ~3.0 kPa (30 mol% A-) or from ~700 Pa to ~20.0 kPa (0 mol%
A-), upon increasing the concentration of seeds from 0 to 1.5 mM (Figure 3.2b). These
observations clearly demonstrate that the addition of seeds facilitates the gelation
process and alters the mechanical properties of the resulting gels. Moreover, the
measurements of critical gelation concentration (CGC) of H, equal to the final
concentration of HGs, showed that the addition of seeds remarkably decreased the
CGC (see supporting information, Figure 3.2c), leading to a drop from ~20 mM (no
seeds) to less than 3 mM (1.5 mM seeds), which further verifies that the addition of
seeds can accelerate the self-assembly of gelators.?> 44 On the basis of these results, it
is likely that the addition of seeds facilitates the nucleation of HGs by bypassing the
nucleation energy barriers, which activates an earlier occurrence of the elongation
and branching of the gel fibers, thereby leading to the faster gelation, higher gel
stiffness and lower CGC.

However, the effect of seeding on gelation times, gel stiffness, and CGC levels
off when the concentration of added seeds was > 1.0 mM (Figure 3.2a-c). This
observation suggests that at these seed concentrations gel formation has become so
fast that the formation of HGs from the precursors rather than nucleation has become
rate-limiting. Previously, we have found that the formation rate of gelators also
presents significant effects on the self-assembly and the subsequent gelation

process.? 4 Therefore, we investigated the rate of gelator formation and the effect of
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seeding thereon in more detail by following gelator formation over time by high
performance liquid chromatography (HPLC). The results showed that the H was
fully converted to HGs within 5.0 h, which is nicely in line with previous studies
(Figure S3.3).%5 41 Importantly, the hydrazone products, including the main
components HA3 and HA2A-, are formed at very similar rates, and are not affected
by the presence of seeds. It therefore demonstrates that the seeds facilitate the gel

formation through accelerating the nucleation rather than the formation of the

gelators.
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Figure 3.2. Effects of seeds on a) gelation time; b) gel stiffness; and c) CGC for the samples
containing different mol% A-. Samples in a, b): [H] =20 mM, [A + A-] =120 mM.

The preceding rheological and CGC measurements lead us to investigate how
the addition of seeds impact the morphologies of the gel networks. For this purpose,
gel samples with different concentration of seeds were prepared and observed by
CLSM. We found that the addition of seeds presented dramatic effects on the
morphologies of the gel networks (Figure 3.3). For the sample without CGs (Figure
3.3, 0 mol% A-), the morphology changed from large clusters to densely crosslinked
thin bundles upon increasing the concentration of seeds from 0 to 1.5 mM. For the
samples with increasing amounts of CGs (Figure 3.3, 10 to 30 mol% A-), without the
addition of seeds, compartmentalized gel networks composed of CFs-rich crumpled
sheets with NFs-rich coarse networks in between are formed (Figure S3.4), in line
with the previous study.#! Interestingly, upon the addition of seeds, the crumpled
sheet structures gradually disappeared, and instead, homogeneous networks
composed of dense thin fibrous bundles are formed. Apparently, the decrease in the
dimension of the fibrous structures with the addition of seeds enhances the
crosslinking degree of the resulted gel networks, which explains the above CGC and
rheological results. When the concentration of added seeds was higher than 1.0 mM,
completely uniform fluorescence without any fibrous structures were observed in the
gel networks (Figure 3.3, 10 to 30 mol% A-), and the transparency of the gel samples

increased with the content of A-, giving rise to a complete transparent gel for the
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sample prepared with 30 mol% A- (Figure S3.5). Cryo-TEM test revealed that these
uniform gel networks consisted of single nanofibers with a diameter of ~5.5 nm with
very few large bundles (Figure S3.6). The small diameters of the fibers are consistent
with the homogeneity of the gel networks observed on CLSM. Also after the addition
of cationic Hoechst 33342 dye, these gel networks exhibit uniform blue fluorescence
(Figure S3.4), which indicates that the uniform gel networks are composed of CFs.
These results strongly suggest that the seeds bypass the nucleation energy barrier of
NGs and CGs, and reduce the difference in the nucleation rates of NGs and CGs,
thereby leading to co-assembly of NGs and CGs at the expense of self-sorting. As a
result, CFs are exclusively formed and crosslink into the homogeneous gel networks.
The electrostatic repulsion between CFs is thought to effectively prevent the
occurrence of bundling which explains the small diameters of the fibers and

homogeneity of the gels.

“--.--
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1

Figure 3.3. CLSM images of the gel networks formed with different concentration of seeds and
different mol% A-. Samples: [H] = 20 mM, [A + A-] = 120 mM (different mol% A-), [A-FL] = 30
PM. Scale bars = 40 pm.

Interestingly, after storing the gel samples for 3 weeks at room temperature, we

found that the transparent gel prepared with 30 mol% A-became turbid (Figure 3.4a).
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We studied the morphological changes by CLSM. To our surprise, the previously
obtained homogeneous gel network transformed into a heterogeneous state (Figure
3.4a and b). These heterogeneous gels contained crumpled sheet structures that are
separated from the bulk networks, with the overall morphology very similar to the
gel obtained from unseeded samples (Figure 3.3 and S3.1). Indeed, after addition of
Hoechst 33342, we found that the crumpled structures emitted strong blue
fluorescence, indicating that the crumpled sheets are negatively charged. Moreover,
some small clusters were observed and showed lower intensity of blue fluorescence,
indicating the formation of bundling fibers with low dose of charges. These
observations are consistent with the previous study,#! and it can be concluded that
over time the initially formed homogenous gels transformed into compartmentalized
gel networks composed of separated charged crumpled sheets and less charged
coarse networks. Similar structure transformations in the other uniform gels
prepared with different mol% A- were observed as well after three-week incubation
(Figure S3.7).

These observations clearly indicate that in the initially formed uniform gel
networks, the CFs consisting of NGs and CGs are dynamic at the time scale of weeks.
Most interestingly, the transformation from a homogenous to a heterogeneous
network appeared to be a spontaneous process implying that the heterogeneous
network is the thermodynamically favored gel structure, while the homogenous
network is in a metastable state. Moreover, the formation of the gels can follow
multiple pathways, which point to a complex energy landscape (Figure 3.4c).
Without seeding, gel formation typically follows pathway I: a self-sorting of NGs
and CGs driven by their different self-assembly rates results in the formation of a
mixture of NFs and CFs. These mixed fibers undergo a higher-level self-sorting
leading to the thermodynamically more stable heterogeneous gels composed of CFs-
rich crumpled sheets with NFs-rich coarse networks in between.#! However the
addition of seeds leads the system to follow pathway II: here, the addition of seed
bypasses the nucleation barrier of NGs and CGs and eliminates the difference in
their self-assembly rates. As a result, a co-assembly of NGs and CGs instead of self-
sorting is achieved and leads to the exclusive formation of CFs which in turn
crosslink into metastable homogeneous gels. Importantly, these metastable gels are
temporarily stablized at a local energy minimum state and convert into the
thermodynamically more stable gel states over a period of several weeks (Figure
3.4¢).
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Figure 3.4. Photograph and CLSM images of a) the homogeneous gels after an incubation of three
weeks and b) the freshly prepared gels; c) illustration of the energy landscape of the gel
formation through different pathways. Samples in a, b): [H] =20 mM, [A + A-] =120 mM (30 mol%
A-), [A-FL] = 30 pM (green) and [Hoechst 33342] = 20 pM (blue). Scale bars = 40 pm.

3.3 Conclusions

In conclusion, we have shown how metastable supramolecular gels can be
prepared by using seeds to interfere in the nucleation step of the molecular gelators.
These resulting metastable gels can spontaneously convert into the
thermodynamically more stable gel states over a period of several weeks. Out-of-
equilibrium self-assembly has been regarded as a prospective route towards novel
supramolecular structures and functions, but its accomplishment in lab is still a
challenging task. We believe such a seeding-driven out-of-equilibrium
supramolecular self-assembly can serve as a simple and versatile approach towards
synthetic out-of--equilibrium supramolecular systems and benefit the development

of new functional materials, such as adaptive materials.4> 46
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3.5 Supplementary information

Materials

All commercial chemicals were purchased from Sigma Aldrich. Compound H, A, A-,

and A-FL were synthesized according to methods described in our previous work.1-3

Experimental

Preparation of seeds

The seeds were prepared by sonicating already formed gel fibers using a Branson
2510E-MTH sonicator with an output frequency of 42 kHz. Briefly, 200 pL fibers
suspension formed from the precursor solution including 10 mM H and 60 mM A in
0.1 M phosphate buffer at pH 7.0 was added into a vial and sonicated for at least 20

min. This freshly obtained solution was then used for the seeding experiments.

Determination of the critical gelation concentration (CGC)

A series of samples include different concentration of H and (A + A-) was prepared
and kept at room temperature for one week to ensure a complete formation and self-
assembly of HGs; different ratio of A- was investigated as well, and the molar ratio
of (A + A-) was constantly maintained at six times higher than H. After that, the gel
formation was determined by vial inversion test. Typically, a sample that can resist
flow for at least 30 seconds was then regarded as a gel in this study. The lowest
concentration of H at which the sample would form a gel was defined as the

corresponding CGC.

Rheological test

The oscillatory rheological measurements were performed on a AR G2 TA rheometer
equipped with a parallel-plate made of stainless steel (diameter is 40 mm) and a
solvent trap to prevent the evaporation of water from the samples. All the
measurements were performed in a strain controlled mode at 25 °C. The strain and
the frequency for the time sweep measurements were set to 0.05% and 1.0 Hz,
respectively. All the samples were prepared in 0.1 M phosphate buffer at pH 7.0.
After mixing the stock solutions of the building blocks to the target concentration,
400 pL of the solution was transferred immediately onto the rheometer plate and the

gap was set to be 290 pm for the measurements with a solvent trap.

CLSM measurement
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In this work, CLSM measurements were performed on a Zeiss LSM 710 confocal laser
scanning microscope equipped with a Zeiss Axio Observer inverted microscope and
40x PlanFluor oil immersion objective lens (NA 1.3). Incident laser with a wavelength
of 488 nm and 405 nm was used to excite the fluorescein probe and Hoechst,
respectively. The pinhole was set to 1.0 airy unit during the measurements and the
data were processed using ZEN 2009 software. To preserve the gel samples for
longer time without dehydration, samples were prepared in sealed homemade
PDMS chambers.

High performance liquid chromatography (HPLC)

The gelator composition of the gels was analyzed by high performance liquid
chromatography (HPLC) using a gradient eluent flow of HO:(MeOH+0.4%
triethylamine (TEA)) linearly varied from a ratio of 8:2 to 2:8, referring to the
previous study.’ 3 The samples for the HPLC measurements were prepared by
adding 80 pL gel sample into a mixture solution of 400 pL THF and 400 pL TEA
saturated H2O. The ratio of each HGs was calculated at an isosbestic point (275 nm).
The first increase followed by a decrease in the content of HAA~ and HA-3 can be
ascribed to the occurrence of self-assembly; HA3 and HA>A- can self-assemble more
easily because of their lower charge; the self-assembly of HA3 and HA2A- leads to the
decrease of their content in water, which leads a shift of the reaction equilibrium to
the formation of HA3; and HA»A-. As a result, the HAA-; and HA-3 go backward to
the intermediate molecules which can convert to HA3; and HA2A- to supplement

their decreased content in water.

Cryo-TEM

A Gatan model 626 cryo-stage in a JEOL JEM 1400 Plus electron microscope was
employed to characterize the morphologies of the gel networks. The operating
voltage was 120 kV. For the measurements, all the gel samples were destroyed into
flow state and 3 pL of the diluted sol solutions were carefully deposited on a
Quantifoil R 1.2/1.3 100 Holey carbon films coated Cu 200 mesh grid. After blotting,
the grid was rapidly inserted into liquid ethane. The frozen-hydrated samples were
always stored in liquid nitrogen before the observation. The cryo-TEM images were

recorded under low-dose conditions on a slow scan CCD camera (Gatan, model 830).

52



Chapter 3

Figure S3.1. Photograph (top) and CLSM images (bottom) of the gel prepared without addition of
seeds. Sample: 20 mM H, 120 mM (A + A-) (30 mol% A-), 30 pM A-FL (green) and 20 pM Hoechst
33342 (blue). Scale bars on the CLSM images are 40 pm.
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Figure S3.2. Cryo-TEM image of prepared seeds (left) and the statistical results (right) of the
diameter and lengh of the seeds.
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Figure S3.3. Formation of tris-hydrazone products and the consumption of aldehyde against time
measured by HPLC: a) without seeds; and b) with 1.0 mM seeds. Samples: [H] = 20 mM, [A + A-]
=120 mM (30 mol% A-). The content of tris-hydrazone products is normalized by the initial
concentration of H, and the content of aldehydes, including A- and , is respectively normalized

by their initial content.
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Figure S3.4. CLSM images of the gel networks formed with different concentration of seeds and
different mol% A-. Samples: [H] = 20 mM, [A + A-] = 120 mM (different mol% A-), [Hoechst

33342] = 20 pM. Scale bars = 40 pm.

Omol% 5mol% 8mol% 10 mol% 20 mol% 30 mol%

Figure S3.5. Photographs of gel samples prepared by 20 mM fresh H, 120 mM (A + A-) (different
mol% A-) and 1.0 mM seeds.
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Figure S3.6. Cryo-TEM images (left and middle) of the gel sample prepared by 20 mM fresh H,
120 mM (A + A-) (30 mol% A-) and 1.0 mM seeds, and the statistical diameter of fibers (right).
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Figure S3.7. CLSM images of the homogeneous gel networks after three weeks incubation.
Samples are prepared by 20 mM H, 120 mM (A + A-) (different mol% A-), 1.0 mM seeds, 30 pM
A-FL (green) and 20 pM Hoechst 33342 (blue). Scale bars = 30 pm.
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Chapter 4

Self-seeding self-assembly towards out-of-equilibrium
supramolecular gels

Abstract: Out-of-equilibrium supramolecular self-

assembly  enables the resulting products

Free energy

sophisticated functions, but the approach towards
such a system remains limited. Here we report on
metastable supramolecular gels that are formed

through a facile self-seeding self-assembly process.

Free energy

This involves a synthetic multicomponent gelator Tyl

. . . Het |
system in which different gelators are formed from | ————

a mixture of precursor molecules and spontaneously self-assemble into
thermodynamically stable gels through multilevel self-sorting processes. Here we
surprisingly found that one of the precursor molecules is capable of self-assembling
into nano-sized aggregates upon a gentle aging treatment. Importantly, these tiny
aggregates can serve as seeds to force the self-assembly of gelators along a kinetically
favored pathway, leading to metastable gels. Over time, this metastable gels can
convert into the thermodynamic state spontaneously. This work adds to the route

towards out-of-equilibrium supramolecular system under artificial condition.

The content of this chapter is based on:
Yiming Wang, Matija Lovrak, Xuhong Guo, Eduardo Mendes, Rienk Eelkema, and Jan H. van
Esch*, Self-seeding self-assembly towards out-of-equilibrium supramolecular gels, submitted for
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Chapter 4

4.1 Introduction

In this work, we present how out-of-equilibrium supramolecular gels can be
formed by a simple aging-induced self-seeding self-assembly of molecular gelators.
Inspired by nature, synthetic supramolecular self-assembly performed at out-of-
equilibrium state has received extensive interest in recent years,! as the
implementation of such a system in manmade scenario would not only improve our
understanding of the biological counterpart, but also result in supramolecular
materials with numerous intriguing functions, such as adaptation,*” self-replication,?-
11 and autonomous regeneration.'?14 To date, there are some impressive examples of
out-of-equilibrium self-assembly have been developed in lab. For instance, by using
of (bio)catalysts,!> the self-assembly can be guided along a specific kinetic pathway,
leading to kinetically trapped or metastable supramolecular products which are
permanently or temporarily stabilized in a local minimum of energy landscape.16-23
In another example, the self-assembly system is dynamically stabilized at a far-from-
equilibrium state by continuous consumption of chemical fuels, that is so called
dissipative self-assembly.?*2° Despite these advances, the route towards such out-of-
equilibrium supramolecular systems remains limited. Most of the already established
examples involve complex synthesis process and rigid selection of reaction-self-
assembly networks, and even some of them can only be achieved under rigorous
experimental conditions. Here we show an example of metastable supramolecular
gels that are formed though a simple aging-induced self-seeding self-assembly at
ambient temperature.

Very recently, we have described a multicomponent supramolecular self-
assembly system in which tris-hydrazone gelators (HGs) composed of neutral (NGs)
and negatively charged ones (CGs) are produced in situ by the reaction between
hydrazide (H) and differently charged aldehydes (A, and A-) (Figure 4.1a).30 The
HGs can self-assemble into thermodynamically stable heterogeneous gels composed
of separated neutral fibers (NFs) rich and negatively charged fibers (CFs) rich
microdomains through multilevel self-sorting (Figure 4.1b).3%-31 Additionally, we
have found that the addition of seeds composed of HGs can effectively bypass the
multilevel self-sorting process and guide the self-assembly of HGs along a kinetically
favored pathway, resulting in metastable gels with different network morphologies
and mechanical properties; over time, these gels convert into the thermodynamic
equilibrium state.30

In this work, we show a different and simpler approach by which similar
metastable gels can be created without necessary addition of HG seeds. Here we

surprisingly find that in aging solutions at ambient temperature the gelator precursor
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molecules, H, spontaneously self-assemble into nano-sized aggregates. These
resulting tiny aggregates can serve as nucleation centers to direct the self-assembly of
NGs and CGs along a kinetically favored pathway, giving rise to metastable gels
with homogenous networks and enhanced stiffness analogous to the HG seeds
driven gels,? but distinctly different from the thermodynamic heterogeneous gels
(Figure 4.1b).3! Furthermore, these gels can convert into the thermodynamic state as

well against time.
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Figure 4.1. a) Scheme of the formation of HGs (NGs and CGs) from the building blocks of H, A,
and A-; b) illustration of the self-assembly of NGs and CGs through different pathways leading
to formation of different gels, fluorescent probes of A-FL and Hoechst 33342 are used to label all
the gel fibers and CFs, respectively.

4.2 Results and discussion

All the gel samples used in this work were prepared in phosphate buffer (0.1 M,
pH 7.0), and excess (A + A-) (six times higher than H) were mixed with H to ensure a

complete conversion of H into HGs.?3? For the aged H gel samples, the ages of the
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used H solution are two weeks. To characterize the self-assembled structures using
confocal laser scanning microscope (CLSM), an aldehyde tailored fluorescein (A-FL)
and cationic dye Hoechst 33342 are used to label the entire self-assembled structures,

and the negatively charged species, respectively (Figure 4.1b).

0 1 20

Amount of A~ (mol%)

Figure 4.2. CLSM images of the gel networks prepared with aged (top) and fresh (down) H
solutions as a function of the amount of A-, scale bars = 40 pm. Samples: [H] = 20 mM, [A + A-] =
120 mM (different mol% of A-), and [A-FL] = 30 pM.

During a preparation of gel samples, we surprisingly found that the use of an
old H solution can lead to an increase in the transparency of the resulting gels with
the amount of A- (Figure S4.1), resembling the phenomena observed in previous HG
seeds driven gels,30 but differing from the heterogeneous gels.3! To further insight
into this unique aging effect, we performed CLSM to check the effects of aged H
solution on the morphologies of the gel networks. In the sample with only A, we
found that use of aged H solution led to a decrease in the size of the fibrous clusters
compared to the fresh H gel sample (Figure 4.2). For the samples prepared with fresh
H solution, increasing the content of added A- led to formation of heterogeneous gel
networks composed of separated CFs-rich crumpled sheets and NFs-rich coarse
fibrous networks (Figure 4.2 and S4.3), which is in alignment with a previous study.3!
Interestingly, however, for the samples prepared with aged H solution the resulting
gel networks turned to be more uniform with increasing the content of A- (Figure
4.2). When the content of A- was increased to be above 20 mol%, the gel networks
just showed homogeneous fluorescence without any distinguishable structures.
Cryo-TEM indicated that these uniform gel networks were composed of thin fibers

with a diameter of ~ 5.8 nm which is comparable to the single hydarzone fibers as
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reported previously (Figure S4.2).17. 33 Furthermore, Hoechst 33342 staining tests
reveal that the thin fibers in these uniform gel networks are CFs (Figure S4.3).
Apparently, CFs are not prone to form bundles due to the interfibrous electrostatic
repulsions, thereby leading to the thin fibers crosslinked homogeneous networks.3!
These CLSM results clearly demonstrate that employment of aged H solutions
completely prevents the formation of heterogeneous gel networks, instead, CFs
crosslinked homogeneous gel networks are formed, which is very similar to the case
of HG seeds driven gels as described in a previous study.3?

To further insight into this unique aging effect, we performed oscillatory
rheological measurements to investigate the effects of aged H solution on the gel
formation. For the samples prepared with fresh H solutions, we found that the
gelation time (the time at which the storage modules G’ surpass the loss modulus G”)
was increased from ~45 min to ~2.75 h upon an increase in the content of A- from 0
to 30 mol% (Figure 4.3a), and the stiffness of the resulted gels was first increased
from ~700 Pa (0 mol% A-) to ~1.1 kPa (10 mol% A-) and then decreased to ~40 Pa (30
mol% A-) (Figure 4.3b). These results are in line with a previous study.3! Much to our
surprise, use of aged H solution led to an increase in gelation time from ~9 to ~50
min with an increase in the content of A- from 0 to 30 mol% (Figure 4.3a), indicating
faster gelation rates compared to the fresh H samples. Moreover, the gel stiffness
showed a slight increase from ~4.0 (0 mol% A-) to ~5.0 kPa (10 mol% A-) followed by
a decrease to ~2.5 kPa (30 mol% A-) (Figure 4.3b), which are higher than the gel
samples prepared with fresh H solution. These rheological results clearly
demonstrate that use of aged H solution can markedly facilitate the gelation process.
Importantly, the employment of aged H solution did not change the hydrazone
formation rate and the resulting gelator compositions as determined by high
performance liquid chromatography (HPLC) (Figure S4.4). Thus we conclude that
the accelerated gelation due to use of aged H solutions is ascribed to the interference
of aged H in the self-assembly rather than the formation of HGs, resembling
previous HG seeds driven gelation.3’ Such an accelerated self-assembly would lead
to a fractal-like growth of the gel fibers which is responsible for the higher gel
stiffness, and may also contribute to the formation of the bundling free fibers.17.34

A further measurement of critical gelation concentration (CGC) of H (see
supporting information) showed that use of aged H solution given rise to a low CGC
which slightly varies from ~2.0 mM (0 mol% A-) to 3.0 mM (30 mol% A-) (Figure
4.3c). However, for the fresh H samples, the CGC is much higher and varies from ~20
mM (0 mol% A-) to 17 mM (8 mol% A-). This remarkable lower CGC due to the use

of aged H further confirms the accelerated self-assembly of HGs.
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On the basis of these data together with previous study of HG seeds driven gels,
we propose a self-seeding self-assembly mechanism led by use of aged H solutions.
In this hypothesis, small aggregations consisting of H molecules are spontaneously
formed during aging at room temperature. Analogous to the HG seeds driven self-
assembly,® these small H aggregates play as seeds to accelerate the self-assembly of
HGs by interfering in the nucleation step, leading to exclusive formation of CFs
through co-assembly of NGs and CGs. As a result, homogeneous gel networks

crosslinked by CFs are formed.
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Figure 4.3. Effects of aged H solution on a) gelation time; b) gel stiffness; and c¢) CGC. Samples in
a, b): [H] = 20 mM, [A + A-] =120 mM (different mol% A-).

The HPLC results have shown that aging does not change the formation rates
and compositions of HGs, which therefore suggest that the aging effects result from
physical rather than chemical variations of H. This supports the above hypothesis.
Indeed, H molecules do have the potential to interact with each other through
hydrogen bonds between the hydrazine groups and hydrophobic interactions
between the cyclohexane cores, which may drive the self-assembly of H molecules.
To test this hypothesis, we first employed Dynamic Light Scattering (DLS) to check
the aged H solution (see supporting information). For the control samples of blank
phosphate buffer and fresh H solution, scattering signals at >100 nm are observed
(Figure 54.5). However, for the aged H solution, besides the scattering signals at >100
nm, a new scattering signal at 1.28 nm was detected (Figure 54.5), indicating that
some nanostructures are indeed formed. Furthermore, with addition of THF, a good
solvent for H, into the aged H solution, the characteristic scattering peak at 1.28 nm
disappeared (Figure 54.6), which therefore suggests that these generated
nanostructures are composed of H. However, we cannot distinguish these
nanostructures in cryo-TEM observations (Figure S4.7), which could be ascribed to
the low dimension and contrast of the H assemblies. Furthermore, in the NMR

spectra, we can observe that hydrogen peaks belonging to the cyclohexene core
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partially shift or show an increase in intensity which can be explained by the

assembly of H molecules (Figure S4.8).

. Hetarogeneous gels

Figure 4.4. a, b) CLSM images of the aged H gel networks a) after an incubation of three weeks; b)
at initial stage; and c) the energy landscape of the gel formation. Samples in a, b): [H] = 20 mM,
[A + A-] =120 mM (30 mol% of A-), [A-FL] = 30 pM, and [Hoechst 33342] = 20 1M, scale bars =
40 pm.

Form the results and discussions up to now, we can conclude that H molecules
self-assemble into tiny assemblies during aging which subsequently give rise to
seeding effects on the self-assembly of HGs resembling to the previous HG seeds
driven self-assembly. Next, we are curious about whether the resulting homogeneous
gels led by use of aged H solution are also temporarily stabilized at an out-of-
equilibrium state as we have observed in the HG seeds driven gels.30 To test this, we
incubated the resulting homogeneous gels at room temperature and employed CLSM
to observe the network morphologies. After an incubation of three weeks, we found
that the transparent gel prepared with 30 mol% A- turned to be turbid (Figure 4.4a
and b). CLSM observations indicate that this turbid gel present identical network
morphologies with the thermodynamically stable heterogeneous gels composed with
crumpled sheets surrounded by fibrous networks.30-31 Moreover, in the blue channel
we found the crumpled sheets showed higher emission of the blue fluorescence,
while the fibrous networks in between these sheets showed relatively lower intensity
of the blue dye (Figure 4.4a), indicating that the crumpled sheets consist of CFs,
while the networks in between the sheets are composed of NFs. Similar
morphologies transformations in the other gel samples prepared with different mol%
A- were observed as well (Figure S4.9). It therefore demonstrates that these
homogeneous gels led by use of aged H solutions are metastable and are capable of

converting into the thermodynamic state over time.
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These preceding experiments and discussions thus lead to an interesting self-
seeding driven out-of-equilibrium supramolecular self-assembly system (Figure 4.4c):
use of fresh H solution would lead to a multilevel self-sorting, resulting in
thermodynamic heterogeneous gels (pathway I). However, use of aged H solution
would bypass the multilevel self-sorting process and accelerate a co-assembly of
NGs and CGs, leading to CFs crosslinked metastable homogenous gels (pathway II).
Interestingly, these out-of-equilibrium gels are able to spontaneously convert into the

thermodynamic gel state over time.

4.3 Conclusions

In conclusion, we have presented the formation of out-of-equilibrium
supramolecular gels through an aging-induced self-seeding self-assembly. We have
found that one of the hydrazone gelator precursor molecule is able to self-assemble
into nano-sized aggregates which can drive the self-assembly of gelators along a
kinetically favored pathway, thereby leading to metastable gels without addition of
external triggers. Moreover, we have observed that these metastable gels can convert
into the thermodynamic gel state over time at room temperature. We believe that
such an gentle aging-induced out-of-equilibrium self-assembly provide a new simple

approach toward the establishment of synthetic out-of-equilibrium systems.
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4.5 Supplementary information

Materials

All commercial chemicals were purchased from Sigma Aldrich. Compound H, A, A-,
and A-FL were synthesized according to the method proposed in our previous

work.1-3

Experimental

Rheological test

The Oscillatory rheological measurements were performed on a AR G2 TA
rheometer equipped with a parallel-plate made of stainless steel (diameter is 40 mm)
and a solvent trap to prevent the evaporation of water from the samples. All the
measurements were performed in a strain controlled mode at 25 °C. The strain and
the frequency for the time sweep measurements were set to 0.05% and 1.0 Hz,
respectively. All the samples were prepared in 0.1 M phosphate buffer at pH 7.0.
After mixing the stock solutions of the building blocks to the target concentration,
400 pL of the solution was transferred immediately onto the rheometer plate and the

gap was set to be 290 pm for the measurements with a solvent trap.

Determination of the critical gelation concentration (CGC)

A series of samples include different concentration of H and (A + A-) was prepared
and kept at room temperature for one week to ensure a complete formation and self-
assembly of HGs; different ratio of A- was investigated as well, but the concentration
of H was constantly maintained at six times higher than (A + A-). After that, the gel
formation was determined by vital inversion test. Typically, the resultant sample
which can resist flow for at least 30 seconds was then regarded as gel in this study.
The lowest concentration of H at which the sample was allowed to form a gel was

defined as the corresponding CGC.

CLSM measurement

In this work, CLSM measurements were performed on a Zeiss LSM 710 confocal laser
scanning microscope equipped with a Zeiss Axio Observer inverted microscope and
40x PlanFluor oil immersion objective lens (NA 1.3). Incident laser with a wavelength
of 488 nm and 405 nm was used to excite the fluorescein probe and Hoechst,
respectively. The pinhole was set to 1.0 airy unit during the measurements and the

data were processed using ZEN 2009 software. To preserve the gel samples for
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longer time without dehydration, samples were prepared in sealed homemade
PDMS chambers.

High performance liquid chromatography (HPLC)

The gelator composition of the gels was analyzed by high performance liquid
chromatography (HPLC) using a gradient eluent flow of HO:(MeOH+0.4%
triethylamine (TEA)) linearly varied from a ratio of 8:2 to 2:8, referring to the
previous study.’ 3 The samples for the HPLC measurements were prepared by
adding 80 pL gel sample into a mixture solution of 400 pL THF and 400 pL TEA
saturated H>O. The ratio of each HGs was calculated at isosbestic point (275 nm). The
first increase followed by a decrease in the content of HAA- and HA-; can be
ascribed to the occurrence of self-assembly; HA3 and HA»A- are easier to self-
assemble because of their less charges; the self-assembly of HA3 and HA2A- leads to
the decrease of their content in water, which leads a shift of the reaction equilibrium
to the formation of HA3 and HA2A-. As a result, the HAA-> and HA-3 go backward to
the intermediate molecules which can convert to HA3; and HA2A- to supplement

their decreased content in water.

Cryo-TEM

A Gatan model 626 cryo-stage in a JEOL JEM 1400 Plus electron microscope was
employed to characterize the morphologies of the gel networks. The operating
voltage was 120 kV. For the measurements, all the gel samples were destroyed into
flow state and 3 pL of the diluted sol solutions were carefully deposited on a
Quantifoil R 1.2/1.3 100 Holey carbon films coated Cu 200 mesh grid. After blotting,
the grid was rapidly inserted into liquid ethane. The frozen-hydrated samples were
always stored in liquid nitrogen before the observation. The cryo-TEM images were

recorded under low-dose conditions on a slow scan CCD camera (Gatan, model 830).

Dynamic light scattering (DLS) measurement

The formation of aggregates of H during aging was monitored using a Malvern Nano
ZS 3600 Zetasizer. For the measurements, the concentrations of aged H was diluted
into 4 mM by phosphate buffer (0.1 M, pH 7.0). The laser wavelength was 633 nm
with a scattering angle of 173°. All the samples were allowed to equilibrate for 2 min

and measured at 25 °C.
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Figure S4.1. Photographs of gel samples prepared by 20 mM aged H, 120 mM (A + A-) (different
mol% A-).

5.79nm

Diameter (nm)

Figure S4.2. Cryo-TEM image and statistical diamter (inset) of the hydrazone fibers.
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Figure S4.3. CLSM images (blue channel) of the morphologies of the gel networks prepared by
aged (top) and fresh (down) H solutions as a function of the amount of A-, scale bars = 40 pm.
Samples: [H] =20 mM, [A + A-] =120 mM (different mol% of A-), and [Hoechst 33342] = 30 pM.
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Figure S4.4. Formation of tris-hydrazone products and the consumption of aldehyde against time
measured by HPLC: a) fresh H; and b) aged H. Samples: [H] = 20 mM, [A + A-] = 120 mM (30
mol% A-).
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Figure 54.5. DLS measurements of a) fresh and two weeks aged H solutions; and b) THF treated

two weeks aged H solution. The concentration of H used for the measureuments is 4 mM.
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Figure 54.6. DLS measurement of THF treated two-week aged H solutions. The concentration of

H used for the measureuments is 4 mM.
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Figure S4.7. Cryo-TEM images of a) two weeks aged and b) freshly prepared H solution. Scale

bars = 200 nm. The dark dots on these images are contaminations of ice crystals.
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Figure S4.8. 1H NMR spectra of H at different incubation time. The solvent for the measurement
was D20.

20 mol% A~

Figure S4.9. CLSM images of the homogeneous gel networks after three weeks incubation.
Samples are prepared by 20 mM aged H, 120 mM (A + A-) (different mol% A-), 30 pM A-FL
(green) and 20 pM Hoechst 33342 (blue). Scale bars = 20 pm.
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Chapter 5

Controlled fabrication of micropatterned
supramolecular gels by directed self-assembly of small
molecular gelators

Abstract: Herein, the  micropatterning of

supramolecular gels with oriented growth direction and

controllable spatial dimensions by directing the self-

Patterned PAA brush

I

assembly of small molecular gelators is reported. This

process is associated with an acid-catalyzed formation Ve

s, .
of gelators from two soluble precursor molecules. To ;;}:', :g.

o 7 e !
control the localized formation and self-assembly of H’.'H. o ?;“’“%"TMY 8. 8| /

gelators, micropatterned poly(acrylic acid) (PAA) ‘tomiomsionofoelsions  Localfomaton of elpaterrs
brushes were employed to create a local and controllable acidic environment. The
results showed that the gel formation can be well confined in the catalytic surface
plane with dimensions ranging from micro- to centimeter. Furthermore, the gels
showed a preferential growth towards the normal direction of the catalytic surface,
and the thickness of the resultant gel patterns can be easily controlled by tuning the
grafting density of PAA brushes. This work shows an effective “bottom-up” strategy
towards control over the spatial organization of materials and is expect to find

promising applications in, e.g., microelectronics, tissue engineering, and biomedicine.

The content of this chapter is based on:
Yiming Wang, Sander Oldenhof, Frank Versluis, Maulik Shah, Kai Zhang, Volkert van Steijn, Xuhong
Guo*, Rienk Eelkema*, and Jan H. van Esch*, Controlled fabrication of micropatterned supramolecular

gels by directed self-assembly of small molecular gelators. Small, 2019, 15, 1804154.
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5.1 Introduction

Directed molecular self-assembly (DMSA) has emerged as a promising approach
to achieve the spatial organization of materials from molecular to macroscopic length
scale, showing enticing applications in e.g. molecular robots,!-3 microelectronics,* and
energy materials.> ¢ In recent years, some strategies toward DMSA have been
developed. For instance, the employment of self-assembly systems that are sensitive
to external stimuli such as light,”10 enzymatic action,!-1> pH,16-18 and nucleation
seeds,>?! has led to DMSA by controlling the spatial distribution of these stimuli.
Another example of DMSA is achieved by reaction-diffusion,?> 23 i.e. molecular
reactants are separately distributed in space and allowed to react after meeting by
diffusion, leading to local self-assembly at a certain pre-programmed location.
Despite the recent progress, a major challenge for further advance lies in control of
the spatial parameters of the self-assembled structures.?*

We have recently proposed a catalysis-responsive supramolecular self-assembly
system that involves an in situ formation of hydrazone-based gelator (HA3) from
water-soluble tris-hydrazide (H) and aldehyde (A) (Figure 5.1). The rate of HAs
formation can be remarkably increased by acid catalysis, thereby providing a handle
to control subsequent gelation.? 26 Using this gelator system, we previously achieved
the surface confined formation of gels using surfaces modified with a monolayer of
sulfonic acid that act as a catalyst for gelator formation.?” That system has, however,
several limitations which hamper further progress. First, the spatial resolution of gel
formation along the surface plane is limited, presumably by the low interfacial
catalytic activity. And second, the growth of the gels along the surface normal to
form three dimensional (3D) objects is hampered by adhesion of gel fibers to the
surface, which blocks the influx of reagents to the catalytic surface. With these
problems in mind, in this work, we aim to develop interfacial catalytic patterns that
enable control over the growth of gels in all three dimensions, and additionally, to
obtain a better understanding of the local reaction-diffusion coupled self-assembly
process that is required for the rational design of DMSA systems.

To reach this goal, we hypothesized that the catalytic activity of the patterned
catalyst needs to be increased and become tunable, while simultaneously the
adhesion of the gel fibers onto the catalytic surface needs to be prevented to allow for
continuous growth of the gel patterns. As a possible solution, we focused on surfaces
patterned with catalytic polymer brushes. Polymer brushes composed of a surface
densely grafted with polymer chains show considerable potential to effectively
increase the catalytic activity by using acidic polymers,?® which would be benificial

for reinforcing the spatial controllability. Importantly, compared to self-assembled
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monolayers (SAMs), the fabrication of polymer brushes can be precisely controlled
by using controlled “living” radical polymerization techniques,?® 30 offering a handle
to control the local catalytic activity and hence the gel growth. Moreover, it has been
demonstrated that polymer brushes show anti-fouling behavior by preventing the
adsorbance of foreign objects, such as nanoparticles and macromolecules, through
the steric repulsions of polymer chains,33 which may provide a solution to the
problem of adhesion of gel fibers.

Here we investigate if patterned poly(acrylic acid) (PAA) brushes can be used to
spatially control the formation of gels through local catalytic formation and self-
assembly of HA3 (Figure 5.1). We find that gel formation can be precisely controlled
in the surface plane with spatial dimensions varying from micro- to centimeter.
Importantly, the gels show a preferential growth along the surface normal direction,
which can be controlled by tuning the local catalytic activity via simply changing the
grafting density of the PAA brushes.
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Figure 5.1. Illustration of localized hydrazone gel formation at the surface of micropatterned

PAA brush through the local catalysis formation and self-assembly of HAs.

5.2 Results and discussion

Patterned PAA brushes were prepared by surface-initiated atom-transfer radical
polymerization (SI-ATRP) (supporting information).3> 3¢ To this end, microcontact
printing  (pCP) was employed to  prepare micropatterns of  (3-
aminopropyl)triethoxysilane (APTES) on the glass surface, which were then
converted to ATRP initiators by coupling of the amino moieties with a-

bromoisobutyryl bromide. These patterns were subsequently used to grow PAA
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brushes from the monomers of sodium acrylate (Figure S5.1). Characterization of the
functionalized glass slides by atomic force microscopy (AFM) showed that the
patterns of the stamps, including the shape and dimensions, were precisely
transferred to the resultant PAA brushes (Figure S5.2). Furthermore, using different
concentrations of APTES ink, increasing from 0.5 to 3.0 wt%, during pCP resulted in
brushes with different thickness, increasing from 10 to 55 nm, correspondingly
(Figure S5.2). This clearly shows that the grafting density can be easily controlled by
varying the concentration of APTES ink during pnCP.

Since pH is a key parameter for catalyzing the formation of HAj3;, we first
estimated the electrostatic potential and pH distribution near the brush surface using
a simple simulation based on Grahame and Poisson-Boltzmann equations
(Supporting Information). The calculations show that a drop in pH from 5.5 in bulk
solution to ~3.7 at the brush surface can be obtained (Figure S5.3), suggesting a large
enough pH difference to catalyze gelator formation preferentially near the brush
surface. In addition, we found that the addition of salt dramatically reduced the pH
difference between bulk solution and brush surface due to screening of interfacial
charges (Figure S5.3). Thus, milli-Q water was used for the gel formation in this
study with the aim to obtain a high efficiency of interfacial catalysis.

To examine the local catalysis formation and self-assembly of HA3s near the
brush surface, a glass surface with grafted PAA brushes was brought into contact
with a freshly prepared gelator precursor solution composed of 10 mM H and 60 mM
A (a six-fold excess of A was used to ensure full conversion of H to HA3) in milli-Q
water under the protection of a homemade poly(dimethylsiloxane) (PDMS) chamber
(Figure S5.4). To visualize the growth of gel fibers using confocal laser scanning
microscopy (CLSM), 30 pM aldehyde modified fluorescein (A-FL) was added to
covalently label the gel fibers.?> After an overnight incubation, we found that gel
patterns with designed shapes, including squares, lines, rings, and letters, were
indeed formed at the brush areas and reproduce with excellent fit of the shapes and
dimensions of the parent PAA brushes (Figure 5.2a and b). Importantly, the pattern
dimensions in the interfacial plane can be varied over a broad length scale ranging
from micro- to centimeters (Figure 5.2 and S5.5). These experiments indicate that HA3
are formed and have rapidly self-assembled into gel fibers before diffusing away into
the bulk solution. This fast time scale for reaction compared to diffusion results from
the excellent local catalysis of the PAA brushes. Nucleation by templates has also
been exploited for local growth of supramolecular structures,’®?! however, in our
case a separated catalyst-free self-assembly of HAj3 confirms that the PAA brushes
did not show nucleation effect on the self-assembly of HA3 (Figure S5.6).
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Figure 5.2. a) Confocal images of gel patterns in different shapes (top: 2D images, bottom: the
corresponding 3D images), from left to right are squares, lines, rings, and letters; b) magnified
confocal images of the gel patterns and gray intensity profiles corresponding to the yellow lines
on the confocal images, the white dashed lines on the confocal images indicate the corresponding

brush areas. Scale bars = 40 pm.

To further investigate the catalytic effect of the brush patterns on local gel
formation, we investigated how the growth rate and thickness of the gel patterns can
be controlled by the brushes. For this purpose, brush patterns with various grafting
densities, denoted as B1 < B2 < B3 < B4, were prepared by performing pCP with 0.5,
1.0, 2.0, and 3.0 wt% APTES inks, respectively. We monitored the growth of gel
patterns from these brushes over time by CLSM (Figure 5.3a). Snapshots of the time
series of gels grown from these brushes and time traces of the gel thickness are
shown in Figure 5.3a and b, respectively. It can be seen clearly that increasing the
grafting density of PAA brush led to a decrease in the critical growth time of the gel
tibers (defined as the time at which the thickness of the gel fibers start to increase)
from ~9.0 min for Bl to ~1.5 min for B4 (Figure 5.3b and c), which can be attributed
to the decrease in local pH upon the increase in grafting density of PAA chains. After

that, an oriented growth of gel fibers along the surface normal direction was
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observed (Figure 5.3a), leading to the formation of 3D gel patterns. However, the gels
did not grow infinitely, for instance, in B4, the growth of gel fibers at the brush
surface slowed down after ~13 min and effectively halted after ~20 min (Figure 5.3b
and c). Similar growth profiles, though with different time scales, were observed in
the samples of Bl to B3 (Figure 5.3c). The final thickness of the gels was also found to
depend on the grafting density of PAA brushes, increasing from ~16 pm for Bl to
~29 pm for B4 (Figure 5.3a and d). The increase of the gel thickness with the grafting
density can be attributed to increased acidity of the polymer brushes at higher
grafting densities, leading to formation of more HA3, thereby resulting in thicker gel
layers.

To account for the halted growth and finite gel thickness, we initially
hypothesized that this is due to the depletion of the precursor molecules near the
catalytic brushes after a certain time of reaction. To test this hypothesis, we
performed a gelation experiment in a flow cell to provide a continuous supply of
precursor solutions to the brush surface (Figure S5.7). However, instead of a
continuous gel growth, a similar growth profile with the previous batch experiment
was found, indicating that the growth of the gel patterns is not limited by depletion
of the precursor molecules. Interestingly, during these flow experiments we noticed
that the gel patterns were strongly attached to the PAA brushes, even upon washing
vigorously with water (Figure S5.8), suggesting the presence of strong interactions
between the gel fibers and the brush surfaces. These results are in line with a
previous finding, which showed that in acidic condition the hydrazone fibers are
protonated and hence slightly positively charged.?® Therefore, most likely the
electrostatic interactions between positively charged fibers and negatively charged
PAA brushes are responsible for the adhesion of gel fibers. Given these results, it is
reasonable that the physically attached gel fibers make the catalytic brush surface
inaccessible for H and A, thus resulting in the limited growth of gel fibers.
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Figure 5.3. a) Confocal images of the growth of gels in the normal direction of the brush surface,
scale bar = 40 pm; b) variation of gel thickness as a function of grafting density of the PAA
brushes; c) the critical growth time (the time that the first fiber was observed) and the total
growth time (the time that the gel thickness reached at a plateu) as a function of the brush density;
d) the effects of brush density on the final thickness of the gel patterns.

The preceding results suggest that our brushes do not present obvious anti-
fouling against the gel fibers due to the presence of electrostatic interactions, which
lead us to investigate the mechanism by which gel fibers can be promoted to grow
along the normal direction of the brush surface. From the experiments discussed so
far, we know that the gelators are always formed preferentially at the brush areas
due to the local catalysis. To drive the growth of gels along the normal direction of
the brush surface, three kinds of growth mechanisms can be expected (Figure 5.4a): I)
the newly formed gelators diffuse to the top area and add to the upper end of the
already formed gel fibers, leading to the growth of new gel fibers from the top area of
the old ones, as a result, the fluorescence profile of the gel fibers along the normal
direction should extend upward (case I in Figure 5.4a); II) the new gelators add to the
bottom of the already formed gel fibers, thereby pushing the gel fibers upward, in
this case, the fluorescence profiles should shift toward the normal direction (case II in
Figure 5.4a); and III) the newly formed gelators diffuse from the catalytic surface into
the already formed gel matrix, and nucleate at the old gel fibers, leading to

occurrences of branching, bundling, and/or elongation of fibers, which would not

82



Chapter 5

only lead to the increase of fluorescence intensity at each location, but also lead to a

shift of the fluorescence profile upward (case III in Figure 5.4a).
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Figure 5.4. a) Scheme of the possible mechanisms of gel growth (top) and the corresponding
evolution of fluorescence intensity over time along the surface normal direction (bottom); b)
confocal images with bleached area acquired from the surface plane, scale bar = 40 pm; c) growth
of the gel patterns in the surface normal direction after bleaching, scale bar on the left image is 20
pm and the right colour gradient indicates the fluorescence intensity of the gel fibers; d)
spatiotemporal fluorescence intensity curves normalized by the one after bleaching. B2 was used
in b-d).

To confirm the mechanism of gel growth, we performed a bleaching treatment
on the growing gel fibers (Figure 5.4b). We found that the bleached gel fibers further
grown from ~15 to ~20 pm in thickness and the fluorescence intensity was increased
over time after bleaching, suggesting the addition of new gelators into the previously
formed gel fibers. Importantly, upon monitoring the evolution of the fluorescence
intensity profile of the gel pattern over time along the surface normal direction, we
found the fluorescence intensity was increased from the bottom to the top area
(Figure 5.4d), in addtion, the intensity profiles showed a shift along the normal
direction, which is in good agreement with case III illustrated in Figure 5.4a. These
results clearly show that the newly formed gelators diffuse from the brush surface
into the previously formed fibers, leading to the increase of fluorescence intensity

from the bottom area. The new glators in turn nucleate at the old fibers and results in
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branching, bunlding and/or elongation of fibers, thereby leading to the increase in
the gel thickness as well as the fiber density. The intensity reached at an equilibrium
state within 15 min, however, the fluorescence intensity of the bleached area is still
lower than the unbleached pattern (Figure 5.4c). It thus indicates that the old gel
fibers stay at their original position which subsequently block the influx of new H
and A and limit the further growth of gel fibers.

5.3 Conclusions

In conclusion, we have shown the micropatterning of supramolecular gels with
controllable spatial dimensions and oriented growth direction through directing the
self-assembly of low molecular weight gelators. The efficient local catalysis of
micropatterned PAA brushes leading to local formation of gelators enables us to
precisely control localized gel formation in different spatial shapes and at broad
length scales varying from micro- to centimeter. Importantly, the gel patterns present
preferential growth along the normal direction of the brush surface, and their
thickness can be easily controlled by simply tunning the grafting density of PAA
brushes. We believe this reported “bottom-up” approach for precise control of spatial
organization of materials would be of great potential for high-tech applications, for

instance, microelectronics, biotherapy, and sensors.
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5.5 Supplementary information

Materials

All commercial chemicals were purchased from Sigma Aldrich. Molecule H, A, and
A-FL were synthesized based on the method which has been reported in previous

work.1 2

Experimental

Preparation of PDMS stamp

To prepare the PDMS stamp with different patterns, the base of Sylgard® 184
silicone elastomer was first mixed with curing agent in a weight ratio of 10:1. After
stirring for 3 min, the mixture was fully degassed and then poured onto a silicon
master in a petri dish. After a further degassing treatment, the dish was placed in an
oven and incubated at 68 °C for 7 h. After curing, the generated PDMS stamp was

carefully peeled from the wafer and cut into certain size for the subsequent use.

Preparation of (3-Aminopropyl)triethoxysilane (APTES) patterns on glass by
microcontact printing with PDMS stamps

We first printed APTES onto a glass surface to immobilize the functional groups on
the surface with different patterns and different grafting density according to a
literature procedure (Figure S5.1).3 Basically, an appropriate amount of APTES
aqueous solution was dropped onto the surface of PDMS stamp and removed after
incubating for 2 min. The inked stamp was first dried under an N2 flow and then
pressed onto the surface of a glass slide that was treated by an oxygen-plasma for 15
s. After peeling off the stamp, the glass slide was then placed in a 100 °C oven for 2 h
to achieve a complete bonding between APTES and the glass surface. Different
concentrations of APTES ink solution were used as a way to control the grafting

density of the brushes.

Immobilization of ATRP initiators

The APTES functionalized glass slides were immersed in 15 mL anhydrous THF
containing 0.9 mL anhydrous triethylamine. After bubbling with N2 for 30 min, 0.8
mL a-Bromoisobutyryl bromide (BiBB) was added dropwise into the above solution
under ice cooling within 10 min. After reacting under ice cooling for 1 h, the
temperature was allowed to increase to room temperature and the solution was left
to react for another 2 h. The experiment was carried out in N2 atmosphere. After the

reaction, the glass slides were taken out from the solution, rinsed with excess ethanol
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to clean the surface, and dried under N2 flow to give the glass substrate grafted with
patterned ATRP initiators.

Polymerization of sodium acrylate

Polymerization of sodium acrylate was carried out as the literature described (Figure
S5.1).4 Basically, a monomer solution of sodium acrylate (1.88 g, 20.00 mmol) in water
(8 mL) was bubbled with argon for at least 30 min to remove the dissolved oxygen.
Simultaneously, a catalyst solution for the subsequent ATRP polymerization was
prepared by dissolving CuBr (5.74 mg, 0.04 mmol) and 2,2’-dipyridine (13.74 mg,
0.088 mmol) into 1 mL deoxygenated methanol. The monomer solution was then
mixed with the catalyst solution and transferred into a Schlenck flask containing the
previously prepared glass slides, the whole process was performed under the
protection of argon. After evacuating and back-filling with argon for three times, the
polymerization was carried out at room temperature for 3 h. At the end of the
polymerization, the glass slide was taken out, rinsed with excess milliQ water to
remove the unreacted traces and to protonate the polymer chains, and then dried

over a N flow.

XPS characterization

The XPS measurement was carried out on a Thermo scientific instrument (K-alpha
surfaces analysis) using a 400 pm beam spot. Obvious carbon and oxygen signals
were observed in the survey spectrum, which demonstrated the composition of PAA
chains (Figure S5.2a). However, no sodium signal was observed from the survey
spectrum, demonstrating the complete protonation of the PAA brush after rinsing
with excess water (Figure S5.2a). The fitting results showed that the Cls peak was
formed by 3 sub-peaks with binding energy of 285.10, 285.65, and 288.80 eV (Figure
S5.2b), the corresponding area ratio was 42.2%, 28.8%, and 28.9%, respectively. This
result is in good agreement with the reported data.>

Atomic force microscopy (AFM) characterization

The AFM characterization of patterned PAA brushes was performed using a Ntegra
P8 from NT-MDT equipped with a NSGO01 series tip (Resonant Frequency 140 KHz,
force constant 3.5 N/m) received from NT-MDT. The images were acquired in a

semi-contact mode (Figure S5.2c and d).

Estimation of the electrostatic potential and pH distribution near the surface of
PAA brush in miliQ water
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Grahame (Eq. 1) and Poisson-Boltzmann (Eq. 2 and 3) equations were employed to
estimate the distribution of electrostatic potential (y¥(x)) and pH (Cy+(x)) near the
surface of PAA brush (Figure S5.3a and b).

w(0)= 2L ginh [" ]

¢ \8ez,kyTC,, N,

(1)
w(x)= 2k,T In [1 +¢- exp(—Kx)]
1-¢-exp(—Kkx) (2)
e )
" A\ 1- - exp(—kx) (3)

where kg is Boltzman constant, e electron charge, o the surface charge density, ¢ permittivity
constant of the medium, & permittivity of vacuum, T the temperature, Csu: the concentration of
salt, Na Avogadro constant, x the inverse Debye length (x = (2Csue¥ese, ksT)'/2), x the distance
from the surface; ¢ = tanh (e - 1(0) /4ksT) .6

Confocal laser scanning microscope (CLSM) measurement

The confocal experiment was carried out on a Zeiss LSM 710 equipped with a Zeiss
Axio Observer inverted microscope and 40x PlanFluor oil immersion objective lens
(NA 1.3) using an incident laser with a wavelength of 488 nm to excite the fluorescein
probe. To make the fibers visible, a fluorescein derivative dye was added to the
samples at a concentration of 30. The pinhole was set to 1.0 airy unit; a slice size of
0.53 pm was used for the z-stacks scanning. An interval time of 0.5 min was set for
the time series scanning. The images and movie were processed using ZEN 2011

software.

Gel fiber growth on the surface

A PDMS chamber (10 x 10 x 3 mm) was used in the confocal experiments. This
chamber was completely filled with a gelator precursor solution prepared by mixing
the stock solutions of H and A. A glass slide with grafted PAA brushes was placed
on top of the chamber with the brush side facing to the solution to seal it, and then
put upside down on the confocal microscope to observe the growth of gel fibers
(Figure S5.4).

Nucleation effects
The nucleation effect of negatively charged PAA brush on the gelation process was
investigated by performing the self-assembly of pre-synthesized catalyst-free gelator

HAj at the brush surface. Basically, 300 pL gelator precursor solution (10 mM H and
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60 mM A in miliQ-water) was first prepared by mixing the stock solutions of H and
A. This precursor solution was allowed to stay overnight for a full conversion of H
into HA3. The obtained gel sample was dissolved by adding 100 pL THF to give a
homogeneous gelator solution. 200 pL of this gelator solution was then transferred to
contact with the glass surface grafted with PAA brush and placed in a vacuum
condition (100 mbar) at room temperature. After evaporating THF from the solution
(~30 min), gelator HAj3; can self-assemble into gel fibers. This gel sample was
collected and characterized by LCSM to observe the gel fibers formation near the

brush surface.

Bleaching experiment

The bleaching experiment was carried out during the gel fiber growth. Briefly, after
15 min of growth, the growing gel fibers was bleached using a 405 nm laser. After the
bleaching treatment, a z-stacks plus time series scan was performed to monitor the

fluorescence variation of the bleached area.

Flow cell test

In the flow cell experiment, a PDMS chamber with inlet and outlet tubes was used.
Two syringes containing H (20 mM) and A (120 mM) solutions were fixed on a
syringe pump to deliver the gelator precursor solutions into the chamber
continuously (Figure S5.7). The velocity of the flow at the inlet area was set to be 20
pL/min to give a residence time of 15 min. The fiber growth was monitored by
CLSM.

|

APTE{ PDMS stamp
V7 e
pCP

_ Gime

'“ Fatﬁamed PAA

Figure S5.1. Scheme of the preparation of patterned PAA brush via SI-ATRP of sodium acrylate.
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Figure S5.2. Characterization of the patterned PAA brush. a) XPS survey spectrum; b) high
resolution Cis spectrum of surface grafted PAA brush; c) topographical AFM image of strip-
shaped PAA brushes, 20 pm width with 20 pm spacing, prepared using 2.0 wt% APTES ink for
pPCP, scale bar = 20 pm; and d) dependence of brush thickness on the concentration of APTES ink

for pCP, these brushes were prepared under the same experimental conditions.
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Figure S5.3. Estimation of a) pH and electrostatic potential as a function of the distance from the
surface of the PAA brush; and b) salt effect on the local pH and electrostatic potential.
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PDMS chamber Patterned PAA brush

Objective

Figure S5.4. lllustration of confocal measurement setup for the observation of the growth of gel

fibers.

: 1.0cm '

Figure S5.5. Confocal image of strip gel patterns with 1.0 cm length and 10 pm width. [H] = 10
mM, [A] = 60 mM, [A-FL] = 30 pM, strip B3 was used, scale bar = 20 pm.
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Figure S5.6. CLSM images of hydrazone gel formed by self-assembly of catalyst-free gelators: a)
Orthogonal images from a z-stack scanning; and b) gel network in the bulk area. Sample before
evaporation of THF: 10 mM HA3, 30 mM A in 200 pL THF/H2O (v/v = 1:3) co-solvent, scale bar

=20 pm.

Figure S5.7. a) Illustration of the flow cell experiment; b and c) photos of the experimental setup.
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Figure S5.8. Confocal images of the gel fibers on the brush surfaces after washing with water, the

lateral images indicating the gel patterns in z-direction corresponding to the lined areas on the 2D

images. Scale bar = 20 pm.
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Chapter 6

Directed nanoscale self-assembly of low molecular
weight hydrogelators using catalytic nanoparticles

Abstract: Herein we demonstrate that the growth of supramolecular hydrogel fibers
can be spatially directed at the nanoscale by catalytic negatively charged
nanoparticles (NCNPs). The NCNPs with surfaces grafted with negatively charged
polymer chains create a local proton gradient that facilitates an acid-catalyzed
formation of hydrogelators in the vicinity of NCNPs, ultimately leading to the
selective formation of gel fibers around NCNPs. The presence of NCNPs has a
dominant effect on the properties of the resulting gels, including gelation time,
mechanical properties, and network morphology. Interestingly, local fiber formation
can selectively entrap and precipitate out NCNPs from a mixture of different
nanoparticles. These findings show a new possibility to use directed molecular self-
assembly to selectively trap target nano-objects, which may find applications in
therapy, such as virus infection prevention, or engineering applications, like water

treatment and nanoparticle separation.
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6.1 Introduction

In this work, we show how the self-assembly of low molecular weight gelators
can be spatially controlled at the nanoscale. In recent years, directed molecular self-
assembly (DMSA) has attracted wide-spread interests arising from the tremendous
potential applications in e.g. microelectronics,2 formulation technology,’¢ and
targeted therapy.”® Current approaches to DMSA focus on triggering self-assembly
by a variety of stimuli,®!! such as light,1>14 enzymes,!>18 and chemicals or even
chemical reactions.122 Along these lines, microscale DMSA has been achieved by, for
example, Maruyama’s group, who reported the self-assembly of small molecule
hydrogelators at the surface of oil microdroplets through in situ formation of
hydrogelators at the oil/water interface.?? The groups of Xu, Ulijn, and others have
demonstrated directed molecular self-assembly at the surface of living cells.?4+2° So
far, however, DMSA is still limited to the micrometer length scale, and the realization
of DMSA at the nanoscale remains a challenge because of the comparable time scale
of diffusion and self-assembly of small molecules. To overcome this hurdle, a key
issue is to develop a self-assembly system that can be triggered to self-assemble into
nanostructures before the assembling molecules diffuse away from the nanoscale

region of interest.

In recent years, we have developed a catalyst controlled supramolecular gel
system,30-31 which allows spatiotemporally directing self-assembly by controlling the
distribution and content of the catalysts in space.3>34 In this gelation system, the
formation rate of gelator molecules can be dramatically accelerated by acidic catalysis,
leading to faster gel formation and enhanced hydrogel properties. In the present
work, we employ nanoparticles grafted with negatively charged polymers as nano-
sized model catalytic triggers to explore the limits of directed self-assembly of the
gelators at the nanoscale. We anticipated that the increased proton concentration,
due to the high negative interfacial potential near the grafting surface of negatively
charged nanoparticles (NCNDPs), 3> will accelerate the local formation and self-
assembly of gelators (Figure 6.1). Achieving of this goal will not only pave the way
toward lower length scale DMSA, but also afford further advances in materials
science for finding more potential applications, such as designing propulsion
systems,3¢-% fabricating nano-devices,38-3% and targeting repair of organs or tissues.?

We find that the use of these catalytic NCNPs has a significant impact on gel
formation and the resultant properties, including the critical gelation concentration
(CGC), mechanical performance, gelation rate, and network morphology.

Importantly, the gel fibers are found to be selectively formed around the NCNPs
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resulting from catalysis by the local proton gradient (Figure 6.1), demonstrating
access to nanoscale DMSA. Moreover, when the gelator concentration was kept
below the CGC, the NCNPs in a mixture of different nanoparticles can be selectively

trapped and precipitated out from other non-catalytic nanoparticles.
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Figure 6.1. NCNPs directed hydrazone-based gel fibers formation. The formation of hydrazone
gelator HA3 is catalyzed by protons near the surface of the NCNPs, ultimately leading to self-
assembly of HAs3 into fibers in the vicinity of the NCNPs. Scale bars in the cryo-TEM images are
100 nm.

6.2 Results and discussion

In our gel system, a low molecular weight gelator (HA3 in Figure 6.1) is formed
through the formation of hydrazone bonds between two non-assembling building
blocks (H and A in Figure 6.1).30-31 In the presence of catalysts, such as protons, the
rate of formation of HAj is strongly enhanced, giving a handle to spatiotemporally
control the self-assembly of HAs into fibers. Model NCNPs were prepared by
grafting poly (acrylic acid) (PAA) onto the surface of polystyrene nanoparticles
(PSNPs) via surface-initiated photo-emulsion polymerization (Figure 56.1),40 the
grafting density of PAA chains was determined to be 0.042 nm= (see supporting
information). As a control study, neutral nanoparticles (NNPs) were prepared by
grafting neutral poly(N-hydroxyethylacrylamide) (PHEAA) onto the surface of
PSNPs (Figure S6.1).41 The diameters of the prepared PSNPs, NCNPs, and NNPs
were determined to be 102 + 11, 348 + 7, and 254 *+ 4 nm, respectively by dynamic
light scattering (DLS) measurements (Figure S6.2). Zeta potential measurements
revealed that the prepared NCNPs show a negative charge surface with a potential of
-30.7 mV yet both PSNPs and NNPs present a nearly neutral surface (Figure S6.2). All
the prepared particles showed typical spherical morphologies (Figure S6.3).
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For the gelation experiments, stock solutions of H and A in 0.1 M phosphate
buffer at pH 7.0 were used and mixed in a molar ratio of 1:6 to maintain pseudo first-
order reaction kinetics and achieve near-complete conversion of H to gelator HAs.
We first explored the influence of NCNPs on the critical gelation concentration (CGC,
the details of CGC measurement can be found in supporting information). We found
that gelator HA3, without the addition of any particles, displayed a CGC of ~20 mM
(Figure 6.2a), which is consistent with previous results.3? Upon the addition of
NCNPs, the CGC was dramatically reduced, typically, lowering to 5 mM in the
presence of 7.0 mg/mL NCNPs. In sharp contrast, both PSNPs and NNPs showed
only very minor effects on the CGC (Figure 6.2a). These CGC experiments indicate

that NCNPs can significantly promote the gelation process, resulting in a lower CGC.

Previous studies on reactive gel formation by hydrazone gelators showed that a
lower CGC originates from an accelerated formation of HA330 To gain further
insights, the influence of NCNPs on the rate of gel formation and the mechanical
properties of the resulting gels was studied by oscillatory rheology. The rheology
experiments were performed at [H] = 20 mM to ensure gel formation in all cases. All
the resulted samples showed higher elastic modulus, G’, than their viscous modulus,
G”, over the measured frequency range and presented a stable solid property over
the strain below 1.0% (Figure S6.4), indicating the formation of typical hydrogels. We
found that the gelation time (the time for G’ to reach the plateau) decreased from 200
to 15 min by increasing the concentrations of NCNPs, (Figure 6.2b). Moreover, the
corresponding mechanical stiffness was elevated from a storage modulus G” ~2.0 kPa
for the sample without any particles to ~60 kPa with 7.0 mg/mL NCNPs (Figure
6.2c). Analogous to the CGC experiment, shorter gelation time and much stiffer gels

demonstrate that NCNPs can effectively accelerate hydrazone gel formation.

On the basis of CGC and rheology data, it is likely that NCNPs act as catalysts
for the formation of hydrazone HAs, presumably due to an increase of the proton
concentration in the vicinity of the negatively charged particles. To verify the
catalytic effect of NCNPs on the formation of hydrazones, we investigated the
formation kinetics of a non-assembling hydrazone product by performing a model
reaction between A and hydrazide derivative H” (Figure 56.5). By monitoring the
absorbance of the hydrazone products at 480 nm, we found that even when the
NCNPs were diluted to a concentration as low as 0.05 mg/mL, they still showed a
significant catalytic effect on the formation of hydrazone bonds with a reaction rate
that was 1.4 times higher than the catalyst-free control sample (Figure S6.5). This
result explains the aforementioned effects of NCNPs on CGC, gelation time, and

mechanical strength of the resulting gels.
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Previous work has demonstrated that faster formation of gelator molecules can
lead to the formation of a denser gel network, affording gels with higher mechanical
stiffness.30-31 Along this line, we investigated the origin of the effect of NCNPs on the
gel stiffness by observing the morphology of the resultant gel network, using
confocal laser scanning microscopy (CLSM). The gels were prepared in the presence
of fluorescein aldehyde derivative A-FL (the molecular structure of A-FL is shown in
Figure 56.6) which results in fluorescently labeled gels. We found that the samples
incubated with PSNPs and NNPs as well as the sample without any particles
resulted in dispersions of large clustered aggregates (Figure 6.2d-f) without obvious
network connections. In contrast, the addition of NCNPs led to the formation of a
densely crosslinked gel network (Figure 6.2g). These observations corroborate the
catalytic effect of NCNPs on the CGC, the rate of gelation, and stiffness of the gels.
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Figure 6.2. Effects of nanoparticles on hydrazone gel formation. a) Dependence of the CGC on the
nanoparticle concentration; b) rheological evaluation of the gel formation as a function of the
concentration of NCNPs, inset graph shows the dependence of gelation time on the concentration
of NCNPs; c) plateau value of storage modulus (G’) of the gels formed with different
concentration of NCNPs, [H] = 20 mM, [H]:[A] = 1:6; d-g) CLSM images of the gel samples
prepared in the presence of d) no particles, e) PSNPs, f) NNPs, and g) NCNPs, [H] = 10 mM,
[H]:[A] = 1:6, [A-FL] = 30 pM, particle concentration in e-g) is 3.0 mg/mL, scale bars are 40 pm.
All samples were prepared in 0.1 M phosphate buffer at pH 7.0 and measured at room
temperature. The lines in a-c) are added to guide the eyes, and error bars are the standard

deviation calculated from three parallel measurements.

The experiments discussed so far indicate that NCNPs can facilitate hydrazone
gel formation relying on their catalytic effect on the formation of gelator HAs. To
investigate whether this catalytic effect can direct the formation of gel fibers within

the nano-space around the NCNPs, we performed cryo-transmission electron
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microscopy (cryo-TEM) to observe the relative spatial distribution of fibers and
NCNPs. For the cryo-TEM measurements, samples including 1.5 mg/mL particles, 5
mM H (lower than the CGC at the given particle concentration to avoid gelation),
and 30 mM A were prepared and incubated overnight. In the cryo-TEM images
(Figure 6.3a-c), all the self-assembled fibers showed a typical diameter of ~6 nm
which is in agreement with previous results.3 By comparing the TEM images, we
found that for the suspension of NCNPs and gel fibers, most of the fibers were
selectively formed around NCNPs (Figure 6.3a). In stark contrast, for the samples
incubated with non-catalytic nanoparticles (PSNPs and NNPs), fiber bundles were
formed and distributed randomly related to the positions of the nanoparticles (Figure
6.3b and c). This qualitative interpretation of the fiber and particle distribution in the
TEM micrographs was corroborated by statistical analysis. In the sample of NCNPs,
all the NCNPs were in close vicinity to fibers and each NCNP was on average
surrounded by 21 fibers (Figure S6.7). However, in the case of non-catalytic
nanoparticles, more than 80% of PSNPs as well as NNPs was not close to any fibers,
and very few fibers can be found around the remaining few particles, which may
originate from the random distribution of fibers and particles (Figure S6.7). These
cryo-TEM results indicate that NCNDPs can direct the self-assembly of gelators at the

sub-micrometer length scale.

To obtain insights into this nanoscale DMSA, we further investigated the self-
assembly mechanism. One can reason that there are two possible mechanisms. In one,
the local catalytic formation of HA3 by NCNPs leads to supersaturation of HA3 in the
vicinity of NCNPs, in turn leading to self-assembly into gel fibers before the
monomers can diffuse away from the surface area. This catalytic effect has been
demonstrated by the aforementioned experiments. In the other mechanism, NCNPs
may act as a nucleation center to initiate the self-assembly of gelator molecules. Next,
we investigated whether the NCNPs could nucleate the self-assembly of pre-
synthesized catalyst-free gelators.
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Figure 6.3. Cryo-TEM images of hydrazone gel fibers formed in the presence of a) NCNPs, b)
PSNPs, and ¢) NNPs. Each samples: particle concentration is 1.5 mg/mL, [H] = 5 mM, [H]:[A] =
1:6 in 0.1 M phosphate buffer at pH 7.0. Gel fibers formation from the self-assembly of catalyst-
free gelators (d-f). CLSM images of gel samples obtained from a THF/phosphate buffer (v/v =
1/3) solution of HAj3: d) without NCNPs, e) with NCNPs; f) cryo-TEM images of the gel sample
formed from the self-assembly of pre-formed gelators in the presence of NCNPs. Samples after
evaporating THF: 5 mM HA3;, 15 mM A, and 30 pM A-FL in d); 5 mM HA3;, 15 mM A, 30 pM A-
FL, and 1.5 mg/mL NCNPs in e) and f).

To avoid initial self-assembly, we used tetrahydrofuran (THF) as co-solvent to
completely dissolve HA3 (THF/phosphate buffer (0.1 M at pH 7.0) in 1/3 volume
ratio). It should be mentioned that the addition of THF at this volume ratio presented
no obvious effects on the size and surface charge of NCNPs (Figure S6.8). After
mixing this gelator solution with a prescribed amount of NCNPs, self-assembly of

HA3; was induced by slow evaporation of THF under a slight vacuum (see
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supporting information for details). The evaporation of THF is able to induce an
identical self-assembly of HA3 as we have proposed in previous study.3 From the
CLSM images, we found that well-connected gel networks were formed in both
samples, with and without NCNPs (Figure 6.3d and e). The similar morphologies
suggest that the presence of NCNPs has no significant effect on the gelation process
beyond the formation of HAs. Moreover, from the cryo-TEM images, no co-
localization of gel fibers and NCNPs can be observed (Figure 6.3f), instead, it shows a
similar result with the non-catalytic samples (Figure 6.3b and c). The statistical
analysis displayed that most of the fibers have no interactions with the NCNPs
(Figure S6.7). These results clearly show that NCNPs do not act as nuclei for the self-
assembly of HA3. We can therefore confirm that the local catalysis of gelator HA3
formation by NCNPs leads to the selective formation of gel fibers at the nanoscale.

To examine the selectivity of self-assembly around NCNPs, we performed fiber
formation experiments in a mixture of NCNPs and non-catalytic nanoparticles. Based
on the aforementioned results, we anticipated that the dispersion behavior of NCNPs
in aqueous solution would be selectively changed owing to the local formation of gel
fibers around the NCNPs (Figure 6.4a). To visualize the nanoparticles in suspensions,
NCNPs and the non-catalytic nanoparticles were labeled by 1,1’-Dioctadecyl-3,3,3",3’-
tetramethylindocarbocyanine perchlorate (DIL, 30 pM, red channel) and 3,3'-
Dioctadecyloxacarbocyanine perchlorate (DIO, 30 pM, green channel), respectively.

We first performed fiber formation in a mixture of NCNPs and PSNPs in 0.1 M
phosphate buffer at pH 7.0. A sample solution containing 3 mg/mL for each particle
species, 5 mM H, and 30 mM A was prepared by the addition of the stock solutions
of H and A into a pre-mixed suspension of NCNPs and PSNPs. The concentration of
H is controlled to be lower than the CGC in the presence of 3 mg/mL NCNPs (~8
mM, Figure 6.2a) to avoid bulk gel formation. This solution was then transferred to a
microscopy cell to monitor the distribution of these two particles in the sample using
CLSM. Initially, both NCNPs and PSNPs were found to disperse uniformly
throughout the entire sample (Figure 6.4b, left, and Figure 6.4d, the imaging
procedure and calculation method of particle ratio can be found in supporting
information). After incubating overnight, we found that most of the NCNPs were
deposited from the bulk solution to the bottom area of the cell (Figure 6.4b, right).
Correspondingly, the relative ratio of NCNPs in the bulk solution was decreased to
less than 10% (Figure 6.4d), leading to a stark increase at the bottom to more than
80%. In contrast, non-catalytic PSNPs were still uniformly dispersed in the solution
(Figure 6.4b, right), and the relative ratio in the bulk was elevated to above 90% due
to the decrease of NCNPs (Figure 6.4d), but the ratio at the bottom was decreased to
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less than 20%, because the bottom area was occupied by the deposited NCNPs and
gel fibers. Repeating this experiment using a mixture of NCNPs and NNPs gave
similar results, with again the NCNPs preferentially depositing (Figure S6.9).
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Figure 6.4. Selective trapping of NCNPs from the mixture suspensions with non-catalytic
nanoparticles. a) illustration of local formation of fibers around NCNPs for selective trapping of
NCNPs from the nanoparticles mixture; b, c) CLSM images of the suspension of NCNPs and
PSNPs with addition of gelator precursors H and A, and pre-formed hydrazone fibers,
respectively; d, e) relative ratio of each particle in the bulk and at the bottom of the suspension
corresponding to the sample in b) and c), respectively. All samples: the concentration of each
particle specie is 3 mg/mL, NCNPs and PSNPs are labeled by DIL (30 pM) and DIO (30 pM),
respectively, [H] =5 mM and [A] =30 mM in b), [HA3] = 5 mM and [A] = 15 mM in c). Scale bars

in b) and c) are 40 pm, error bars in d) and e) are the standard deviation of three images.

As a comparison, mixtures of NCNPs and non-catalytic nanoparticles lacking of
gelator precursors (H and A), the dispersion and the relative ratio of the particles in

the bulk or at the bottom did not show any differences after overnight incubating
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(Figure S6.10), demonstrating the importance of fiber formation on the selective
deposition of NCNPs.

It should be noted that the hydrazone moiety has a pKa of ~8.0.42 Because of this
basic property, the hydrazone fibers may be endowed with positive charges through
protonation even at near neutral pH, and hence, the selective trapping of NCNPs by
hydrazone fibers may be caused by electrostatic interactions. To clearly understand
the trapping process, we measured the surface potential of hydrazone fibers in
aqueous solution as a function of pH. We found that the hydrazone fibers present
slight positive charge only when the pH was lower than 5.0 (Figure S6.11),
suggesting that no electrostatic interaction can be formed between fibers and NCNPs
under our experimental conditions (pH 7.0). Furthermore, by incubating pre-formed
hydrazone fibers with the mixture of nanoparticles (NCNPs and PSNPs, pH 7.0)
overnight, the distribution of NCNPs and NCNPs in the solution did not show any
variations compared with the initial state (Figure 6.4c and e). The case of NCNPs and
NNPs shows similar results (Figure S6.9). Thus the selective deposition of NCNPs is
controlled by the local formation of fibers around the NCNPs without effect of

electrostatic interactions.

6.3 Conclusions

In conclusion, we have shown here that the formation of supramolecular gel
fibers can be spatially directed at the nanoscale by using catalytic NCNPs to control
the local formation of low molecular weight gelators. NCNPs initiate supramolecular
fiber formation near their surface resulting from local acid catalysis of hydrogelator
formation. Due to the catalytic effect of NCNPs, the addition of NCNPs presents
significant effects on the CGC, gelation time, stiffness as well as the network
morphology of the created gels. Importantly, we have found that the local formation
of gel fibers around NCNPs can selectively trap NCNPs and restrain their dispersion
in aqueous solution, a potential way for trapping negatively charged nano-sized
bioparticles such as virusses 4345, for water treatment, 48 or for nanoparticles
separation.#>-51 We believe these findings can serve as a first step toward nanoscale
DMSA, which can be a new strategy to create more advanced functional objects for a

variety of applications.
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6.5 Supplymentary information

Materials

All commercial chemicals were purchased from Sigma Aldrich. Compound H, A and
fluorescein aldehyde derivative H’ were synthesized according to our previous
work,!"2 compound A-FL was synthesized as previously described.? 1,1’-Dioctadecyl-
3,3,3’,3'-tetramethylindocarbocyanine perchlorate (DIL) and 3,3 -
Dioctadecyloxacarbocyanine perchlorate (DIO) were purchased from Thermo Fisher

Scientific.

Experimental

Preparation of nanoparticles

Nanoparticles, including polystyrene particles (PSNPs), negatively charged particles
(NCNPs) and neutral particles (NNPs) were prepared as described in our previous
work.45 PSNPs were obtained using an emulsion polymerization method. To prepare
NCNPs and NNPs, negatively charged polymers (poly (acrylic acid), PAA) and
neutral polymers (poly(N-hydroxyethylacrylamide), PHEAA) were grafted from the
PSNPs surface. To this end, a thin layer of photoinitiator was introduced onto the
surface of the PSNPs via copolymerization with the remaining styrene monomers in
the PSNPs. The NCNPs and NNPs were made by initiating the polymerization of
monomers of AA and HEAA respectively at the surface of PSNPs under the
irradiation of UV light (Fig. S1). All the prepared particles were dialyzed against

deionized water for one week for the subsequent experiments.

Determination of particle concentration of the prepared particle solutions

To determine the solid content of prepared nanoparticle solutions, 2 mL of each
particle solution were added into a flask and evaporated under vacuum to remove
the solvent using a rotary evaporator at room temperature until the total weight of
the flask showed no change. The solid content of these particles can be calculated

based on the mass balance.

Measurement of the grafting density of PAA chains on the PSNPs

The grafting density was measured according to method we previously proposed.®
The NCNPs were incubated in 2.0 M sodium hydroxide solution for 12 days to cleave
the PAA chains from the PSNP surface. The PAA chains were separated from the
solution through nanofiltration. The molecular weight of PAA, Mn, was determined
by gel permeation chromatography (GPC). The grafting density (GD) of the PAA
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chains then can be calculated by the following equition: GD = (m/Mn)/(47R?). where
m is the total amount of obtained PAA, R is the radius of PSNPs. The grafting density
of the NCNPs we used in this study was determined to be 0.042 nm-2.

Size distribution and zeta potential measurements of nanoparticles

The size distribution and zeta potential of these particles were determined by using a
Malvern Nano ZS 3600 Zetasizer. For the measurements, the concentrations of these
particles were adjusted to be 0.05 mg/mL diluted by 100 mM, pH 7.0 phosphate
buffer. The laser wavelength was 633 nm with a scattering angle of 173°. All the
samples were allowed to equilibrate for 2 min and measured at 25 °C. The results

were shown in Fig. S2.

Determination of the critical gelation concentration (CGC)

A series of samples including controlled concentration of particles and different
concentration of gelator precursors were prepared by mixing the stock solutions of
the gelator precursors (H: 40 mM, A: 240 mM) and particles in a vial. These prepared
samples were left overnight at room temperature to ensure complete conversion to
gelator HA3; and subsequent self-assembly. Gel formation was determined by vial
inversion test, testing if an inverted sample would resist flow for at least 30 seconds.
The lowest concentration of H or the generated hydrogelator HA3; at which the

sample can form a gel was defined as the corresponding CGC.

Rheological test

The Oscillatory rheology experiments were performed on a AR G2 TA rheometer
equipped with a parallel-plate made of stainless steel with a diameter of 40 mm and
a solvent trap to prevent the evaporation of solvent from the samples. The
measurements were performed in a strain controlled mode at 25 °C, the strain is 0.05%
and the frequency is 1.0 Hz. All the samples were prepared using 100 mM, pH 7.0
phosphate buffer. As an example, stock solutions of H, A and particles were added
into a sample vial and diluted with phosphate buffer to yield a final concentration of
20 mM H and 120 mM A. After mixing, the sample solution was transferred
immediately onto the rheometer plate for the measurement.

Confocal laser scanning microscopy (CLSM)
Confocal images of the samples were obtained with a Zeiss LSM 710 confocal laser
scanning microscope equipped with a Zeiss Axio Observer inverted microscope and

40x PlanFluor oil immersion objective lens (NA 1.3) using an incident laser with a
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wavelength of 488 nm to excite the fluorescein probe. The pinhole was set to 1.0 airy
unit and the data were processed using ZEN 2009 software. Each Sample was
prepared in an imaging chamber (CoverWell PCI-0.5) and incubated at room

temperature overnight before measurement.

UV-vis measurements

The catalysis effect of particles on the hydrazone bond formation was monitored
using an Analytik Jena Specord 250 spectrophotometer. The samples containing
quartz cuvettes were placed in a 6-sample holder and the data points were recorded
at an interval time of 5 min at 480 nm with a slit of 1 nm. The relative reaction rates
were calculated from the slope of each curve and normalized based on a blank

specimen which did not contain particles, as shown in Fig. S3.

Cryo-TEM

The morphologies of the particles and the formed fibers were observed in a Gatan
model 626 cryo-stage in a JEOL JEM 1400 Plus electron microscope, the operating
voltage was 120 kV. All the samples were prepared by mixing the stock solutions of
particles and the gelator precursors to get a final solution with 1.5 mg/mL particles, 5
mM H (below CGC), and 30 mM A, and left overnight to form sol solutions. For the
measurements, all the samples were diluted 2 times and 5 pL of the diluted sol
solutions were carefully deposited on a Quantifoil R 1.2/1.3 100 Holey carbon films
coated Cu 200 mesh grid. After blotting, the grid was rapidly inserted into liquid
ethane. The frozen-hydrated sample was always stored in liquid nitrogen before the
observation. The cryo-TEM images were recorded under low-dose conditions on a

slow scan CCD camera (Gatan, model 830).

Nucleation effects on the directed self-assembly

The effect of negatively charged particles on the gelation process was investigated by
observing the connections between fibers and particles using cryo-TEM. To eliminate
the catalysis effects, in this experiment, pre-prepared gelator HA3 was used directly
to self-assemble in water in the presence of negatively charged particles. By using
cryo-TEM to check the connections between self-assembled fibers and particles, the
roles of the particles played (only as a catalyst, or a nucleation center, or both) in the
gelation process will be clearly enclosed. To make gelator HA3 dissolve in phosphate
buffer at the beginning, THF was used as a co-solvent. The evaporation of THF
allowed the fibers formation in buffer solution. Briefly, 200 pL solutions with H (7.5
mM) and A (45 mM) was prepared using 0.1 M phosphate buffer at pH 7.0 and left
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for overnight at room temperature to ensure the conversion of gelator HAs; was
finished completely. 100 pL THF was added into the obtained sol solution, leading to
the formation of a homogeneous gelator solution (without any self-assembled
structures). After mixing with 100 pL NCNP stock solutions (5 mg/mL), the
homogeneous solutions were stored in a vacuum environment (100 mbar) at room
temperature to evaporate the THF, leading to the self-assembly of dissolved gelators.
It needs to be noted that the addition of this few THF showed no obvious effect on
the structure and properties of particles (see Fig. S7). THF was removed completely
within 1 hour, and gel was formed at the end (the final concentration of NCNP, A
and HA3 are 1.5 mg/mL, 15 mM, and 5 mM, respectively). This gel sample was
collected and characterized by cryo-TEM to observe the connections between

particles and fibers.

Calculation of relative particle ratio in the suspension

Particle ratio was calculated by analyzing the area ratio of the two fluorescence
channels in the confocal microscopy images using Fiji software.” The confocal images
were first split into two channels and respectively smoothed by filtering the high
frequency noise using Gaussian blur filter, after which, setting the background of the
images to red in threshold. The area of each fluorescence channel in the image, Ared
and Agreen, can be calculated by using the tool of “measure”. After extracting the area
value of each channel, the ratio of each particle can be expressed by the area ratio as
Ared/ (Ared + Agreen) and Agreen/ (Ared + Agreen), respectively.

Measurement of zeta potential of hydrazone fibers

The zeta potential was measured on a Malvern Nano ZS 3600 zetasizer. The laser
wavelength was 633 nm and the scattering angle was 173°. The phosphate buffer
solution of gelator precursors was prepared by mixing H and A in a ratio of 1:6 at a
concentration of [H] = 5 mM, and left to react overnight. The fibers suspension was
homogenized and diluted 100 times for zeta potential measurement. The zeta

potential of the fibers at different pH was recorded (Fig. S10).
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Figure S6.1. a) Preparation of PSNP, NCNP, and NNP and b) the concentrations of the prepared
nanoparticles.
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Figure S6.2. Size distribution and zeta potential of the prepared particles in 0.1 M phosphate
buffer at pH 7.0.
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Figure S6.3. Cryo-TEM images of a) NCNPs, b) PSNPs, and c¢) NNPs. Scale bars are 200 nm.
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Figure S6.4. a) Frequency and b) strain sweep measurements on the NCNPs catalyzed gels.

Samples: [H] = 20 mM, [H]:[A] = 1:6, with different concentration of NCNPs in 0.1 M phosphate
buffer at pH 7.0.

S >oDo

a _ b ‘ :
H H Blank
b PSNP
+ Patiches HAs . 0.10
L A

3
LA
@
o
H
c g
Blank (without any particles) 1.00 g
PSNP 1.12
NNP 1.09 :
NCNP 1.40 0.00

Time (h)

Figure S6.5. Catalysis effects of the particles on the hydrazone bond formation. a) a reaction for
characterizing the catalysis of particles on hydrazone bond formation; b) UV absorbance of
product H’ A3 (at 480 nm) over time; and c) the relative reaction rates of hydrazone formation in
the presence of different particles. All samples: [H'] = 0.045 mM, [A] = 25 mM in 0.1 M
phosphate buffer at pH 7.0, all the measurements were performed at 25 °C.
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Figure S6.6. The molecular structure of aldehyde fluorescein A-FL.
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Figure S6.7. Histogram of the number of fibers connected with particles and the corresponding
particle ratios. The number of fibers and particles are counted from at least four cryo-TEM images.
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Figure S6.8. Size distribution and zeta potential of NCNPs after incubating with THF (300 pL 1.5
mg/mL NCNPs in 0.1 M phosphate buffer at pH 7.0 with 100 pL THEF).
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Figure 56.9. a, b) CLSM images of the suspension of NCNPs and NNPs with addition of gelator

precursors H and A, and preformed hydrazone fibers, respectively; ¢, d) relative ratio of each

particle in the bulk and at the bottom of the suspension corresponding to the sample in a) and b),

respectively. All samples: the concentration of each particle specie is 3 mg/mL. NCNPs and
NNPs are labeled by DIL (30 pM) and DIO (30 pM), respectively, [H] =5 mM and [A] = 30 mM in
a), [HA3] =5 mM and [A] = 15 mM in b). Scale bars in a) and b) are 40 pm, error bars in c) and d)

are the standard deviation of three images.

117



Chapter 6

Initial-bulk Overnight-bulk

Initial-bulk Overnight-bulk

Initial-bottom Overnight-bottom

Initial-bottom Overnight-bottom

C 7T mmnene d E NCNP
B PSNP NNP

0.8 0.g{ ™.
2061 Initial Overnight 2 0.6- Initial Overnight
e o
S 2
£ 0.44 204
@ @
o o

0.2 0.2

0.0- 0.0-

Bulk  Bottom Bulk  Bottom Bulk Bottom Bulk Bottom
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and b). All samples: the concentration of each particle specie is 3 mg/mL, NCNPs and non-
catalytic nanoparticles are labeled by DIL (30 pM) and DIO (30 pM), respectively. Scale bars in a)

and b) are 40 pm, error bars in c) and d) are the standard deviation of three image samples.
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Figure S6.11. Zeta potential of hydrazone fibers in aqueous solution as a function of pH. The

measurement medium is 0.1 M phosphate buffer.
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Summary

Summary

Self-sorting and directed molecular self-assembly (DMSA) are ubiquitous in
nature, leading to complex supramolecular objects with sophisticated functions. The
implementation of such molecular organization approaches in artificial systems has
emerged as a powerful approach towards new generation of functional materials.
The work described in this thesis shows our efforts to develop new synthetic self-
sorting and DMSA systems. A multilevel self-sorting at different length scales, which
can only be observed in biological system before, has been achieved. Furthermore, a
series of new synthetic DMSA systems under well control have been developed.

In Chapter 1 after introducing the concept of supramolecular self-assembly, a
literature overview of the development of multicomponent self-assembly and DMSA
in artificial systems has been presented. Chapter 2 describes how hierarchically
compartmentalized supramolecular gels can be spontaneously formed by a
multilevel self-sorting at both the molecular level and the macroscopic level. We have
shown that the different component molecular gelators undergo a molecular level
self-sorting resulting in distinct gel fibers; this mixture of fibers in turn undergo a
higher-level  self-sorting resulting in  hierarchically = compartmentalized
supramolecular gels consisting of separated microdomains. Such a spontaneously
multilevel self-sorting system provides a “bottom-up” approach towards
hierarchically structured functional materials, and adds to our understanding of the
biological counterpart.

In Chapter 3 seeding-driven metastable supramolecular gels have been
described. The addition of seeds can interfere with the nucleation of the molecular
gelators, by which the self-assembly of gelators is forced to proceed along a
kinetically controlled pathway. As a consequence, kinetically favored metastable gels
are formed. Interestingly, these gel networks are capable of transforming into the
thermodynamically more stable gel state over time. This work shows a simple
seeding-drive out-of-equilibrium self-assembly and would benefit to the
development of pathway-dependent supramolecular materials.

Chapter 4 describes metastable supramolecular gels that are formed by an aging-
induced out-of-equilibrium self-assembly. We have found that one of the gelator
precursor molecules studied in thesis is capable of self-assemble into tiny aggregates
upon an aging treatment on their aqueous solution. These generated tiny aggregates
can serve as seeds to force the self-assembly of the gelators along a kinetically

controlled pathway analogous to the work described in Chapter 3, leading to
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kinetically favored gels. These gels can convert into the thermodynamic state over
time as well.

In Chapter 5 micropatterned supramolecular gels with controllable spatial
dimensions and oriented growth direction have been achieved by using catalysis-
tunable catalytic templates. Due to the catalysis-responsiveness of the involved
gelators, gels are preferentially formed at the catalytic sites. The geometrical shapes
and the dimensions of the resulting gel patterns can be precisely controlled by
controlling the distribution or the density of the catalysts in the templates. This work
shows an effective “bottom-up” approach towards control over the spatial
organization of materials, which may find promising applications in, e.g.,
microelectronics, tissue engineering, and biomedicine.

Chapter 6 shows our access to spatially control the self-assembly of the gelators
used in Chapter 5 at the nanoscale. By using nano-sized catalytic templates, we have
found that the gel fibers are locally formed around the catalytic nanoparticles due to
the local catalysis of the nanoparticles. Interestingly, such a local fibers formation
limits the dispersion of the catalytic nanoparticles in aqueous solution, which has
been used to selectively trap the catalytic nanoparticles. This work shows the
potential of using DMSA strategy to selectively trap nano-objects.

Overall, the work performed in this thesis presents a series of new examples of
synthetic self-sorting and DMSA systems. These bio-inspired artificial
supramolecular systems are expected to open the routes towards new generation of
functional soft materials for high-tech applications, such as artificial life, catalysis,

biomedicine, and some fundamental scientific researches.
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Samenvatting

Zelf-sorterende en gestuurde moleculaire zelf-assemblage (GMZA) zijn
veelvoorkomend in de natuur in de vorm van complexe supramoleculaire structuren
met geavanceerde functies. Het toepassen van moleculaire organisatie in
kunstmatige systemen is een krachtige methode voor de ontwikkeling van nieuwe
functionele materialen. Het werk beschreven in dit proefschrift toont onze
inspanningen voor de ontwikkeling van nieuwe synthetische zelf-sorterende en
GMZA systemen. Een multilevel zelf-sorterend systeem van verschillende lengtes,
systemen welke voorheen alleen geobserveerd zijn in biologische systemen, is
ontwikkeld. Verder is een serie van nieuwe synthetische controleerbare GMZA
systemen ontwikkeld.

In Hoofdstuk 1 wordt, na de introductie van het concept van supramoleculaire
zelf-assemblage, een overzicht van de literatuur over de ontwikkelingen van
multicomponent zelf-assemblage en GMZA in kunstmatige systemen gegeven. In
Hoofdstuk 2 wordt beschreven hoe hiérarchische gecompartimentaliseerde
supramoleculaire gels spontaan vormen via multilevel zelf-sortering op zowel het
moleculaire niveau als het macroscopische niveau. We laten zien dat verschillende
component gelatoren op moleculair niveau zelf-sorteren tot aparte gel fibers; dit
mengsel aan fibers ondergaat vervolgens zelf-sortering op een hoger niveau wat
resulteert in hiérarchisch gecompartimentaliseerde supramoleculaire gels
opgebouwd uit verschillende micro-domeinen. Dergelijke spontane multilevel zelf-
sorterende systemen bieden een “bottom-up” benadering tot hiérarchisch
gestructureerde functionele materialen en leren ons iets over hun biologische
equivalenten.

In hoofdstuk 3 worden seeding-gestuurde metastabiele supramoleculaire gels
beschreven. Het toevoegen van seeds kan interfereren met de nucleatie van de
moleculaire gelatoren, waardoor de zelf-assemblage via een kinetisch gecontroleerde
route verloopt. Met als consequentie dat kinetisch metastabiele gels gevormd worden.
Deze gel netwerken transformeren in de tijd tot een thermodynamisch stabielere gel.
Dit onderzoek laat simpele seeding-gedreven uit-evenwicht zelf-assemblatie zien en
draagt bij aan de ontwikkelingen van route-afhankelijk supramoleculaire materialen.

In Hoofdstuk 4 worden metastabiele supramoleculaire gels, welke gevormd
worden via aging-geinduceerd uit-evenwicht zelf-assemblage, beschreven. We laten
zien dat één van de grondstoffen van de gelator, onderzocht in dit proefschrift, in
staat is te zelf-assembleren in kleine aggregaten na een aging-behandeling van hun
waterige oplossing. Deze geproduceerde kleine aggregaten kunnen functioneren als

seeds voor de zelf-assemblage via een kinetisch gecontroleerde route, vergelijkbaar
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met het werk beschreven in Hoofdstuk 3, wat kinetische gels produceert. Ook deze
gels kunnen met de tijd omzetten tot hun thermodynamisch stabielere vorm.

Hoofdstuk 5 beschrijft de ontwikkeling van micropatterned supramoleculaire
gels met controleerbare ruimtelijke dimensies en groei richting via een katalytische
sjablonen. Vanwege de responsiviteit van de gelatoren aan de katalysator, worden de
gels bij voorkeur gevormd bij katalytische plekken. De geometrische vormen en
dimensies van de resulterende gel patronen kunnen nauwkeurig gecontroleerd
worden door de distributie en de dichtheid van de katalysator in het sjabloon te
controleren. Dit onderzoek laat een effectieve “bottom-up” benadering zien voor de
ruimtelijke ordening van materialen welke mogelijk veelbelovende toepassingen
vinden in bijvoorbeeld micro-elektronica, weefsel engineering en bio-medicijnen.

Hoofdstuk 6 omschrijft de toepassing van onze gecontroleerde ruimtelijk
geordende zelf-assemblage van de gelatoren toegepast in Hoofdstuk 5 op de
nanoschaal. Door gebruik te maken van katalytische sjablonen op nanoschaal hebben
we ontdekt dat gel fibers lokaal vormen om katalytische Nanodeeltjes heen door
middel van lokale katalyse van deze Nanodeeltjes. Deze lokale fiber vorming
limiteert de dispersie van de katalytische Nanodeeltjes in een waterige oplossing wat
vervolgens gebruikt is om selectief de katalytische Nanodeeltjes te scheiden. Deze
bevindingen laten de potentie van GMZA zien om selectief Nano objecten te
scheiden.

Het werk in dit proefschrift omschrijft nieuwe voorbeelden van synthetische
zelf-sorterende en GMZA systemen. Naar verwachting openen deze bio-
geinspireerde kunstmatige supramoleculaire systemen routes naar nieuwe
functionele zachte materialen voor high-tech toepassingen zoals kunstmatig leven,

katalyse, bio-medicijnen en in fundamenteel onderzoek.
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