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ABSTRACT

Chevigny, Romain

Out-of-equilibrium and in-equilibrium amino acid-based supramolecular gels:
Transient self-assembly and hybrid materials.

Jyvaskyla: University of Jyvaskyld, 2024, 79 p.

(JYU Dissertations

ISSN 2489-9003; 768)

ISBN 978-952-86-0107-4 (PDF)

This thesis describes two supramolecular gel systems with different self-
assembly processes. The first system is the out-of-equilibrium solvent-induced
transient self-assembly of peptide gels. The design, synthesis and
characterisation of diprotected short peptide precursors and their gelation trials
are described. A deeper focus is placed on the successful gels to decipher the set
of reactions regulating the transient assembly. When triggering the reaction by
sulfuric acid as an accelerator, two acid-accelerated processes happen
simultaneously, but with different kinetics: the primary solvent hydrolysis in situ
generates a secondary solvent responsible for the interconversion of two acid-
activated gelators and the progressive dissolution of the self-assembled network.
An inversely proportional correlation is observed between the lifetime (dynamic
character) of the gels and their mechanical properties. The lifetime and the
mechanical properties are tunable by changing the gelation conditions (e.g.
precursor structure and concentration and accelerator concentration).

The second system consists of the in-equilibrium self-assembly of N-(9-
Fluorenylmethoxycarbonyl) phenylalanine (Fmoc-Phe) gelator in a water-based
buffer solution triggered by temperature change. Graphene oxide (GO) flakes
were incorporated into the gel structure, and the supramolecular interactions
between the gelator and GO were studied. Infrared spectroscopy and electron
microscopy highlighted that the presence of GO did not affect the 1D and 2D
aggregation of Fmoc-Phe. However, a significant difference in the mechanical
properties was observed as the hybrid gel was more elastic with GO within the
structure. Finally, the bactericidal properties of the neat and hybrid gels towards
gram-negative Escherichia Coli bacteria were evaluated. The presence of GO
increased its antimicrobial activity compared to the neat material.

This work provides fundamental understanding of simultaneous acid-
accelerated processes that, coupled with two antagonistic solvents, regulate a
transient self-assembly cycle. Also, it supports and enriches the existing literature
on hybrid antimicrobial gels by exploiting the synergy between organic gelators
and carbon materials.

Keywords: supramolecular gels, in-equilibrium self-assembly, out-of-equilibrium
self-assembly, transient materials, peptide gels, hybrid antimicrobial materials,
solvent-induced self-assembly.



ABSTRAKTI

Chevigny, Romain

Epdtasapainotilassa ja tasapainotilassa olevat aminohappopohjaiset supramole-
kulaariset geelit: transientti itsejdrjestdytyminen ja hybridimateriaalit.
Jyvaskyla: Jyvaskyldn yliopisto, 2024, 79 s.

(JYU Dissertations

ISSN 2489-9003; 768)

ISBN 978-952-86-0107-4 (PDF)

Tdamd opinndytetyo késittelee kahta erilaista itsejdrjestaytyvad, supramolekulaa-
notilasta poikkeava, hetkellisesti itsejarjestaytyva peptidigeeli. Rikkihappolisdys
gelaattorien esiastetta sisdltdvddn liuokseen kadynnistdd kaksi eri reaktio-
kinetiikan hallitsemaa reaktiota: primdarisen liuottimen in situ -hydrolyysi tuot-
taa sekundéddrisen liuottimen, joka aiheuttaa happoaktivaation kautta suojatusta
dipeptidistd syntyneiden kahden gelaattorin interkonversion. Samanaikaisesti
itsejdrjestaytynyt geeliverkosto liukenee vaiheittain. Syntyneiden geelien elinika
ja niiden mekaaniset ominaisuudet olivat kddntden verrannollisia ja geelien dy-
naamisia ja mekaanisia ominaisuuksia voitiin sddtdd muuttamalla geeliytymis-
olosuhteita (esim. gelaattorin esiasteen rakenne ja konsentraatio sekd hapon
konsentraatio).

Toinen jdrjestelmd koostuu lampdotilamuutoksella aiheutetusta Fmoc-suo-
jatun fenyylialaniinigelaattorin (Fmoc-Phe) tasapainotilaisesta itsejdrjestaytymi-
sestd puskuriliuoksessa. Geeliin lisdttiin grafeenioksidihiutaleita (GO), ja gelaat-
torin ja GO:n vilisid supramolekulaarisia vuorovaikutuksia tutkittiin infrapu-
naspektroskopialla ja elektronimikroskopialla. GO:n ldsndolo materiaalissa ei
vaikuttanut Fmoc-Phe:n 1D- ja 2D-jdrjestdytymiseen. Mekaanisissa ominaisuuk-
sissa havaittiin merkittdavd ero: kun GO:n méd&drd materiaalissa lisddntyi, hyb-
ridigeelin joustavuus kasvoi. GO lisédsi materiaalin antimikrobista aktiivisuutta
gram-negatiivista Escherichia Coli -bakteeria vastaan.

Tyo tuotti uutta tietoa epatasapainotilaisista, hetkellisistd geeleistd, joiden
itsejarjestaytymissyklid voidaan sdddelld kahden vastakkaisesti toimivan liuotti-
men ja happoaktivaattorin avulla. Lisdksi saatiin uutta tietoa antimikrobisista
hybridigeeleistd hyodyntamalld orgaanisen gelaattorin ja hiilimateriaalin valista
synergiaa.

Avainsanat: supramolekulaariset geelit, epédtasapainotilan itsejdrjestaytyminen,
tasapainotilan itsejdrjestiytyminen, hetkelliset materiaalit, peptidigeelit, anti-
mikrobiset hybridimateriaalit, liuotinvélitteinen itsejdrjestdytyminen.
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1 INTRODUCTION

1.1 Gels and their classification

Gels are an important and extensively studied sub-category of soft materials used
in numerous applications. These materials mainly consist of solvent (typically
over 99 wt%) encapsulated within the three-dimensional (3D) network formed
by crosslinked polymers or the self-assembly of small molecules (~ 1 wt%),
referred to as gelators.[3] The structure is maintained by surface tension and
capillary forces between the entrapped solvent and the assembled network,
therefore yielding self-supporting gels (SSGs).l4-¢1 The different combinations of
solvents and gelators offer a broad range of materials suitable for different
applications, such as biomedical, cosmetic and food industry.

Gels are classified depending on the nature of the encapsulated solvent or
the interactions between gelators leading to their formation (Figure 1). Materials
formed using water (or water-based solutions) as a solvent phase constitute the
heavily studied class of hydrogels, whereas organic solvents are used in
organogels.”10] The breadth of applications for hydrogels is continuously
expanding, but most of them are found in the biomedical field. Due to the
intrinsic biocompatibility of water and bio-inspired hydrogelator design, the
variety of systems is ultimately limitless, with applications such as tissue
engineering, drug delivery, cell culturing, active molecule carriers and anion
sensing.[11-13] Similarly, organogels with biocompatible solvents such as mineral
and vegetable oils are widely used in cosmetics, drug delivery, food processing
and 3D printing.[>14-16]

The term xerogel refers to gels whose solvent phase has been dried, leading
to the collapse of the assembled structure. Xerogels differ from aerogels in which
the encapsulated phase is gas. In this case, the network does not collapse and the
material can keep its 3D structure.

13
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Figure 1. Classification of gels depending on the solvent phase and the type of molecular
bonding.

Low molecular weight (LMW) gels are an important and heavily studied
class of gels that arise from the self-assembly of small molecules. Among the
smallest, amino acid, nucleopeptide, and other peptide-based gelators offer
biocompatibility and versatility due to the high degree of structural modification
possibilities to suit different needs.'”-20] The development of synthetic LMW
gelators has further widened the possibilities of gelator design.[21-23]

Under specific conditions (i.e. concentration, pH, and temperature), low
molecular weight gelators interact non-covalently to form one-dimensional (1D)
structures. Non-covalent interactions, such as hydrogen bonding, n-mr stacking,
electrostatic and Van der Waals interactions are responsible for the molecular
aggregation, in addition to hydrophobic and hydrophilic interactions.[?4-26] Hence,
gels formed by non-covalent interactions are referred to as supramolecular (or
physical) gels. On the other hand, gels can also be obtained by permanent cross-
linking of the gelators through covalent bonds assisted by cross-linker molecules.
These materials are referred to as polymeric (or chemical) gels. Although
polymeric gels consist of permanent covalent bonds, supramolecular polymer
gels are reported in the literature. They refer to polymeric fibres interacting non-
covalently to form the 3D network.[?”2°l The inherent property of supramolecular
gels is the reversibility of the self-assembly triggered by an external input of
energy (i.e. heating), which reverses the process and triggers the gel-to-sol
transition.[Zl The projects summarized in this thesis revolve around amino acid-
based supramolecular gels. Therefore, a stronger emphasis will be placed on
LMW gels.

1.2 Gelation triggers

Gelation is a sensitive process which is not yet fully understood. Only
experiments and trials will tell whether a molecule will form a gel or not due to
all the factors affecting gelation. Although previous studies have proposed

14



models to predict the gelation ability of compounds, it is not possible to explain
why some form a gel and some do not.[>30-31] Triggering the gelation process can
be achieved using a wide range of methods (Figure 2) affecting different chemical
and physical properties of the molecules.

For instance, the gelation of LMW amino acid-based gelators having a free
carboxylic acid at the C-terminus (a-carbonyl) is often triggered by adjusting the
pH (pH switch method).3234 Typically, the gelator is suspended in solution
(water-based or organic solvents for hydrogels and organogels, respectively) at
room temperature (R.T.) followed by a rise of pH with the addition of a base
(most often NaOH) up to pH 9-11. The a-carbonyl of the gelator is then
deprotonated due to the low pKa value of the a-carbonyls, 35 which enhances the
solubility. Subsequently, the pH is decreased using an acid (typically HCI), which
gradually re-protonates the a-carbonyl until the gel forms through hydrophobic
aggregation.

Temperature Light

Solvent '
~ /

) |

N Qe \Q,
S

sol state _} gel state

« =

Figure 2. Schematic depiction of the different ways to trigger gelation (i.e. sol-to-gel transi-
tion)

The pKa < 3 of the a-carbonyl for all 20 natural amino acids would suggest that
no self-assembly is observed at pH above the pKa. However, the self-assembly
of peptides has been achieved at higher and neutral pH values due to
hydrophobic/hydrophilic interactions regulating self-assembly, inducing shifts
of the pKa upon self-assemblyl3330] As manual lowering of the pH leads to non-
uniform and heterogeneous materials, several methods have been developed to
prepare homogeneous gels. One of them is the in situ pH mediation using, for
instance, glucono-6-lactone (GdL).3738] This sugar-based cyclic ester self-
hydrolyses to gluconic acid in a water environment. Upon self-hydrolysis, a fast
pH decrease within the first 60 minutes is observed, which then starts to
equilibrate and reach a stable pH value around 300 minutes. The slope of the pH

15



decrease depended on the gelator’s chemical structure, while the final pH value
at equilibrium after 300 minutes is quantitatively similar regardless of the
peptide backbone.l371 Another method to homogeneously reduce the pH is using
a chemical reaction-triggered pH reduction.3° Potassium persulfate (K2520s) is
added into the gelator solution, followed by heating at 50 °C for several hours
and cooling down to R.T. The decomposition of Kx5;0Os in water gradually
decreases the pH in situ to form homogeneous hydrogels.

In addition to the pH switch, solvent mediation (solvent switch) is a widely
used trigger for peptide gelation.[34041] Gelation is induced by the change in
solvent quality and polarity. In this method, a high amount of gelator is dissolved
in alow amount of organic solvent (most commonly dimethyl sulfoxide (DSMO)),
followed by the addition of an aqueous solution.[*?] Gelation is then observed
after allowing the mixture to rest for some time. Studies also showed that the
final DMSO/H>0 volume ratio directly affects the gel properties.[*2431 Another
study showed that gel materials can be obtained by solvent switch method using
hexafluoroisopropanol (HFIP), ethanol or acetone.ll44l These materials were
stable over a range of pH and temperature. In addition to deionised water, water-
based solutions such as phosphate buffer saline (PBS), minimum essential
medium (MEM) and cell culture media can also be used to trigger gelation by
solvent mediation. Systematic studies have shown that the choice of water-based
solvent directly affects the rheological (mechanical) properties of the formed
materials.[*? The final pH must be controlled to form materials with a suitable
pH for biomedical applications.

Alternatively, direct energy input to the system can trigger gelation upon
energy dissipation. The energy can be, for instance, increased temperature or
sonication. Typically, gelators are suspended in the solvent and heated to a
certain temperature for a certain time. The hot mixture is then left to cool down
undisturbed to R.T. for gelation. The properties of the gels can be changed by
modifying the temperature, equilibration time, and cooling rate.[21,46-48]
Ultraviolet (UV) light has also been reported as a useful trigger for both gelation
and the gel-to-sol transition.[*>51] For instance, a cinnamoyl (Cin) N-protected
phenylalanine gelator has been reported to show gel-to-sol and gel-to-sol-to-gel
transitions upon irradiation with UV light due to the reversible cis-trans
isomerisation of Cin-Phe. Cin-Phe forms a hydrogel by the pH switch trigger,
which turns into a solution upon 254 nm UV light irradiation. The gel phase is
recovered by subsequent irradiation with visible light. The light beam is
intrinsically easily tunable in intensity and shape which gives rise to selective
gelation and multi-domain systems.[52-4]

Enzymatic reactions have also been reported to trigger gelation, with self-
assembly occurring upon deprotection of a functional group by a suitable
enzyme.[305556] For instance, the phosphono group (-POsHz) protected tyrosine
unit can be deprotected to tyrosine by phosphatase enzyme. This change in
molecular structure affects the balance of the hydrophobic and hydrophilic
character of the gelator, leading to gelation. This type of gelation has been applied
to, for example, compounds containing phenylalanine or lysine units.[50.5657]

16



Another enzymatic reaction leading to gelation is using the urease enzyme. In
this case, the fine control of the conditions offered by the catalytic reaction in
terms of final pH (depending on the introduced urea) and hydrolysis rate
(depending on the concentration of urease enzyme) allows for the tuning of the
material properties.[585]

1.3 Self-assembly and non-covalent interactions in gels

The self-assembly of small molecules is a complex process involving several
factors or parameters which can be tuned to achieve gelation. The first criterion
to consider in assessing whether gelation is possible under specific conditions is
the minimum gelation concentration (MGC). This parameter reflects the
concentration threshold below which the amount and strength of the interactions
are insufficient to support the formation of SSGs.[00-64] Concentration screening is
used to investigate the gelation ability of a specific gelator under specific
conditions. Consequently, the vial inversion method (evaluating the lack of free
gravitational flow) and rheology are common techniques to confirm gelation.
Vial inversion does not require a rheometer or an actual measurement, but the
method verifies only that the material is self-supporting and lacks free-flowing
solvent, while rheology gives a more detailed mechanical analysis on the
material’s viscoelastic behaviour and if it can be referred to as a gel. Therefore,
vial inversion should always be backed up by rheological measurements to
properly assess gelation.

Amino acid-based gelators with 1 - 5 amino acid motifs are widely used
short peptide gelators. Their small size offers wide possibilities for interactions
and folding during self-assembly,[%] and synthetic organic chemistry allows for
endless functionalisation and modification possibilities (amino acid sequence,
length, protective groups and hydrophobicity /hydrophilicity) and consequently
tunable materials for specific applications. The main driving forces of the self-
assembly of small molecules are weak, low energy, non-covalent interactions
such as hydrogen bonding and -1 stacking, along with electrostatic and van der
Waals forces.[2066-681 LIl [ addition, solute-solvent interactions involving changes
in hydrophobicity and hydrophilicity of the gelator in the solvent environment
are also important. Solvent switch and pH switch triggers are both examples of
these interactions. Specifically, peptide-based gelators bear carbonyl groups, C-
terminus carboxylic acid and N-terminus amine groups, which are prone to
strong hydrogen bonding interactions. This is further expanded, for instance, to
urea and nucleobase-modified gelators bearing additional hydrogen bonding
donor and acceptor groups.[®72] Due to the intense m-mr stacking interactions
coupled with a high hydrophobic character, aromatic amino acids, such as
phenylalanine, tryptophan and tyrosine, are often included in the peptide
sequence when designing peptide-derivative gelators.?173] Additionally, the
peptide sequence can be modified to include hydrophilic sites using charged
side-chained amino acids (e g. lysine and glutamic acid). Amino acids exhibiting

17



hydrophobic side chains, such as valine or leucine, have also been reported to
impact on the gelation ability of peptide gelators. In fact, hydrocarbon side chains
with sp3 hybridised carbons are mobile and, therefore, able to rotate and fold,
favouring or hindering the self-assembly process.[2473-76]

A common method to increase the gelation ability of amino acid-based
gelators is increasing their hydrophobicity by modifying their structure at each
side of the sequence.’71 For this, a plethora of protecting groups (almost
exclusively aromatic) can be covalently attached to the N-terminus, increasing
the hydrophobic and amphiphilic character of the molecule by suppressing the
terminal amine group. On the other hand, the C-terminus carboxylic acid is, in
most cases, unaltered, leaving the hydrophilic and strongest hydrogen bonding
donor site available. The main protective groups in peptide gelators are, non-
exhaustively, fluorenylmethyloxycarbonyl (Fmoc), naphthalene (Nap), Cin (see
section 1.2) and pyrene (Pyr). The addition of aromatic terminal groups can allow
for the gelation of otherwise non-gelling molecules by increasing -1t interactions
and conformational restrictions. Depending on the chosen group, biological and
optical properties can be added to the gelator.

Metallogels is another sub-class of supramolecular gels. These materials are
formed by coordination interactions between ligands (organic molecules) and a
metal ion centre, leading to a 3D supramolecular network. Most commonly the
metals are from the d block of the periodic table, such as zinc, iron, copper, nickel
and cobalt, or even from the f block, such as europium.[”07879 Studies have shown
that the modification of the ligands led to differences in the materials’ mechanical
properties. Altering the redox state of the metal ion and the coordination complex,
changes the colour and fluorescence properties of the materials. Some
metallogels are also reported to be thermochromic and thermoresponsive, that is,
their supramolecular structures are modified under different temperature
conditions. 78]

The aggregation of small molecules into a complex entangled 3D network
is a multistep process occurring across multiple length scales.[242] Under specific
temperature, pH, etc conditions, gelator molecules primarily in suspension in an
isotropic solution (Figure 3, left) begin to aggregate into a 1D chain through non-
covalent interactions (Figure 3, middle). This phenomenon, referred to as self-
assembly, occurs spontaneously as a thermodynamically-driven process if the
assembly has a negative free Gibbs energy.[81l Similarly, the free Gibbs energy for
the dissolution of the assembly is positive, meaning that the molecules prefer to
minimise the hydrophobic and hydrophilic interactions. It has been reported that
by correlation with rheological data the higher the free Gibbs energy, the stronger
the gel is.[82] The 1D aggregates (primary structure) further self-assemble along
with folding and twisting, generating the secondary structure. The most reported
secondary structures for short peptide-based supramolecular gels containing
aromatic groups either in the peptide sequence or in the terminal protective
group are the parallel and anti-parallel B-sheet motifs. Longer peptide sequence
or higher-ordered structures can allow for the folding into a-helices.[7483-87]
Further entanglement of the formed fibrils leads to a highly entangled 3D
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Figure 3. Self-assembly and molecular interactions across multiple length scales. Develop-
ment of supramolecular interactions after external trigger leading to gelation.

network of coiled, branched fibres entrapping the solvent by capillary forces
(Figure 3, right).

1.4 Carbon-loaded hybrid gel systems

The past decade has witnessed a drastic increase in the development and
preparation of carbon-loaded or carbon-based soft materials.88] The
incorporation of such rigid materials within the gel matrices has led to soft
materials with enhanced mechanical properties and tunable morphologies. For
example, it was observed that the stiffness of polymer gels increased with the
amount of introduced GO sheets until the lubrication effect of the sheets
countered this effect.[® In addition, carbon nanostructures introduce electrical
and thermal conductivity along with porous structures, allowing for further
functionalisation of the hybrid materials. Some carbon-based nanomaterials
(carbon nanotubes (CNT), carbon quantum dots (CQD) and graphene-derivative
sheets such as graphene oxide (GO)) show inherent biocompatibility and a low
cytotoxicity along with antibacterial activity. Therefore, combining soft materials
and carbon nanomaterials in hybrid soft materials will widen the range of
biomedical applications, such as drug delivery, tissue engineering and wound
healing.

GO is the most common type of graphene material used in gel matrices due
to the improved solubility to water-based solutions by the presence of hydroxyl,
epoxy and carboxylic acid groups. In comparison, pristine graphene is highly
water insoluble, and difficult to homogeneously suspend in a water-based
solution with a tendency to precipitate and agglomerate without external stimuli
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to minimise the surface tension.[®l The incorporation of GO into a suspension of
Pyrene-protected phenylalanine-based tripeptide significantly lowered the MGC
of the resulting hybrid gel compared to the unloaded peptide gel. Presumably,
this is due to m-n stacking interactions between the GO sheets and the Pyr
protecting group.[®!l -1t interactions between the protective groups and the GO
sheets were observed by fluorescence measurements of organogels and
hydrogels formed by Pyr protected sugar gelator in the presence of GO flakes
upon heating/cooling-coupled sonication trigger method.[?l Light-responsive
hybrid polymeric gels were formed with an aqueous GO suspension through
light-induced polymerisation of N-isopropylacrylamide. The light-responsive
behaviour of these gels (i.e. gel-to-sol transition upon laser exposition) is
reversible using near-infrared light. This behaviour has potential applications as
biomaterials for drug delivery with controllable delivery rate and “on/oft”
response.[®] Biocompatible polyvinyl alcohol-based polymeric hydrogels loaded
with GO were also used for wound treatment.[®¥ The electrical conductivity and
the mechanical properties of the material were comparable to that of the skin
tissue. GO within the matrix demonstrated growth inhibition of Staphylococcus
aureus (gram-positive bacteria) and cytocompatibility towards fibroblast cells.
Also, the presence of GO in chitosan hydrogels showed great injectability and
self-healing properties, and the amount of GO loaded into the polymeric matrix
allowed the tuning of the mechanical properties of the gels. In vivo experiments
showed the promising use of this material for wound healing.[*°]

Another representative of graphitic materials is CNTs, which exhibit high
electrical conductivity. When incorporated into the gel matrix, CNTs offer
enhanced conductivity and optical properties (fluorescence) and improve
mechanical properties, such as rigidity, stiffness, elasticity, thermal stability and
self-healing ability of the material.?®%! CNT-based polymeric and
supramolecular hydrogels have been used to develop antibacterial materials
towards various gram-negative and gram-positive bacteria, where the presence
of CNTs in the matrix increased the bactericidal activity synergistically.[100-101]
CNT-loaded hybrid hydrogels have also been reported for the transdermal drug
delivery of large molecules without using syringes/needles as electrically
responsive gels exhibited tunable release through electro-permeation of the
skin, [102-103]

Another interesting feature of carbon materials is their optical properties in
terms of fluorescence and interaction with light. CQDs produce reactive oxygen
species, which cause oxidative stress upon irradiation of visible/near infrared
light and further antimicrobial activity in hybrid materials.[1041%] Light
responsive CQD-loaded hydrogels released anticancer drugs from the network
due to the gel-to-sol transition upon NIR light irradiation. Meantime, during
irradiation, the creation of reactive oxygen species by the CQDs shows
antimicrobial activity towards gram-positive (Staphylococcus aureus) and gram-
negative (Vibrio cholerae) bacteria.l1% CQD-loaded polymeric hydrogels can also
be used for photodynamic therapy and bacteriostasis. Some materials showed
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sensitivity to wound pH levels under UV and visible light in addition to bacterial
growth inhibition.[107]

1.5 Out-of-equilibrium transient self-assembly

1.5.1 Dissipative (dynamic) self-assembly (DSA)

For the previous supramolecular gel systems, the self-assembly is
thermodynamically driven. This means that initially in the non-assembled state
the gelator molecules are high in the energy landscape. An input of energy (i.e.
triggers, section 1.2) allows the gelators to overcome the energy barrier and to
fall into the global minimum free energy state of the energy landscape. Thus, the
self-assembly is thermodynamically favoured and in-equilibrium (Figure 4a). In
in-equilibrium self-assembly, molecules can further exchange between the higher
(dissolved non-assembled state) and lower energy state (self-assembled state)
with equal kinetic rates. Therefore, the exchange of matter and energy is null.[108]

However, in nature, most assemblies exist out-of-equilibrium under the
constant exchange of energy and matter with their surrounding environment to
sustain the transient state.[109111] These systems exhibit useful and unique
properties, such as stimuli-responsiveness, self-healing and controllable lifetime.
In this case, the non-assembling molecules (i.e. precursor molecules) residing in
a lower energy state are converted to active molecular building blocks by an
input of energy (Figure 4b). Although activation pushes them to a higher energy,
the assembled state of these building blocks is in a lower energy state. Thus, self-
assembly is energetically favoured. The transient assembly is sustained by the
constant consumption of energy. If the energy source is finite in the system
(closed systems), the energy is dissipated, reversing the process and converting
the active molecules back to the non-assembling precursor state. In out-of-
equilibrium assembly, the different reaction kinetics should be taken into account.
This means that the formation rate of the activated molecules (i.e. consumption
of energy) and, consequently, the rate of self-assembly should be higher than the
energy dissipation rate (i.e. deactivation reaction regenerating the precursors).[112-
1151 Once the energy source is consumed, the non-equilibrium assembly collapses
with the recovery of the precursors. Theoretically, if the energy source is infinite
(open systems), the self-assembly can reach a steady state with the coexistence of
the assembled and non-assembled states of the molecules.

In dissipative self-assembly (DSA) systems, the precursor building blocks
are activated through an irreversible reaction. This means that the entity taking
part in the activation reaction (i.e. fuel) is irreversibly transformed to a non-
reactive species released into the medium (i.e. waste), with the reaction rate R;
(Figure 4c). To be considered DSA, the system must consist of two antagonist
reactions with competing kinetics. In this case, the second reaction requires
another entity that will convert them back to the precursor state upon reaction
with the activated gelators.
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Figure 4. Schematic representation of the energy landscapes for a) in-equilibrium and b) dis-
sipative self-assembly. Reproduced from ref. 113 with permission from the Royal Society of
Chemistry. c) Schematic depiction of a dissipative self-assembly cycle. A fuel converts the
precursor molecules to activated gelators (activation reaction). The formed building blocks
can further self-assemble into higher-order architectures. The deactivation reaction restores
the precursor state, which induces the collapse of the assemblies.

The rate of this reaction is denoted R;. For the assembled structure to exist and
be observed, the rate R; and Rs (rate of self-assembly) need to be higher than R;
so that the presence of activated gelator lingers long enough to encounter others,
resulting in self-assembly. If the rate R: is higher than R; and R, freshly activated
gelators will convert back to non-assembling species before self-assembling. The
coupling of the self-assembly with both competing reactions is necessary for the
formation of DSA systems.[108116-119]

DSA systems can be further sub-categorised into direct (d-DSA) and
indirect (i-DSA). d-DSA refers to the direct consumption of the energy source
(fuel), activating the precursors. In i-DSA systems, the fuel does not react directly
with the precursor, but at first, an intermediate reaction transforms the fuel into
a reactive species that will subsequently induce chemical or morphological
changes to the precursor, thus activating it and leading to self-assembly. For
instance, irradiation on 2-[(E)-2-(2-Hydroxy-phenyl)-vinyl]-1,3,3-trimethyl-3H-
indolium (light-sensitive hydroxyl containing organic compound) will induce
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the ring closure and ether formation that releases a proton in the medium.[20 The
change in pH will then protonate the precursors and convert them into less
hydrophilic molecules which will then self-assemble. Removal of the light source
reverses the process and triggers the collapse of the assemblies. Side reaction
products were also reported to induce the transient, out-of-equilibrium self-
assembly in water.['21l The presence of yeast in the medium, along with a sugar
(here sucrose), released carbon dioxide (COz) upon biological conversion. The
chemical equilibrium between CO: and bicarbonate releases a proton, which
protonates the negatively charged species, leading to the supramolecular
assembly and the formation of a fibrous network. However, COz slowly escapes
from the aqueous phase, pushing the equilibrium towards its formation. This
means that the protons were scavenged from the gelators, leading to the collapse
of the network.

1.5.2 Chemical and alternative fuelling for DSA systems

In DSA systems, the term “fuel” is employed for the activation reaction, which
rely on the consumption of irreversibly transformed form of energy, which
transforms the precursor state to the active gelator state. When this energy is a
chemical compound, which reacts with the precursor, the system is called
chemically-fuelled self-assembly.[122-125] Typically, a finite amount of fuel added
in the system reacts spontaneously with the precursor, triggering the self-
assembly of the activated gelators. Intrinsically, systems based on chemical-
fuelling generate side-product wastes whose concentration progressively
increases, saturating the environment. Although these products are often
undesired, it is not possible to eliminate them in closed systems.

A Fmoc-protected tripeptide containing alanine and aspartic acid has both
carboxylic acids of the terminal aspartic acid protonated in water at a pH above
its pKa. Upon the addition of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) as a fuel, the cyclic anhydride is formed. The disappearance of the charges
in the compound increases its hydrophobicity inducing self-assembly (Figure
5a).[110124] Upon consumption by the precursor, EDC fuel is converted to the
waste (EDU) released into the system. The resulting transient hydrogel exhibited
self-healing properties observed using confocal fluorescence microscopy with
complete healing over 30 min. However, the accumulation of waste within the
material hindered its self-healing ability.[11]

In other examples, deprotonated carboxylic acid containing precursors
dissolved in a basic water environment were activated by the addition of methyl
containing reactants, such as iodomethanell'?l or dimethyl sulphatell4] (Figure 5b
and c). The activation reaction (esterification) led to the aggregation of the
activated gelators and subsequent fibre network formation, along with the
release of iodide and methyl sulphate into the medium. On the other hand, the
deactivation reaction (ester hydrolysis) rejected methanol. The fibre formation
and dynamic properties of the materials were affected by the increasing presence
of side products waste, which hindered the fibre formation.
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The obtention of transient assemblies using chemical fuels was also
reported by dynamic peptide bond formation.[1261271 The enzyme-catalysed bond
formation between a modified phenylalanine and aspartame formed the
assembling dipeptide and led to self-assembly. The activated gelator was
reverted back to the amino acid precursor by the same enzyme causing
disassembly. It was also found that the constant generation of waste in the
medium decreased the efficacy of the activation reaction with a decreasing
percentage of its formation over the assembly/disassembly cycles.
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Figure 5. Example of chemically-fueled self-assembly. a) Activation of the precursor from
negatively charged carboxylic acid to neutral anhydride by consumption of EDC and release
of EDU. The activated gelators self-assemble driven by hydrophobic interactions. Repro-
duced from ref. 121 under CC-BY 3.0 license. b) Methylation of the negatively charged car-
boxylic acid precursor by the consumption of iodomethane and release of iodide. Repro-
duced from ref. 117 with permission from John Wiley and Sons. c) Similar precursor activa-
tion using dimethyl sulfate and release of methyl sulfate ion. Reproduced from ref. 119 with
permission from the American Association for the Advancement of Science.

Light-fueled DSA materials were developed to counter the waste
generation issue intrinsic to chemically-fuelled systems.[113120128129] The use of
photons to induce a change in the chemical structure of precursors is a cleaner
method that prevents chemical reactions from happening, therefore eliminating
undesired side-products. Another interesting property of light-fuelled materials
is the high degree of spatial control, which can be obtained by shaping the light
beam or using optical masks to cover a specific sample area, thus selectively
triggering gelation. For instance, the trans-isomer of an azodibenzoic acid
containing long hydrophobic alkyl chains had a favourable self-assembly into
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linear sheets or tapes under visible light. However, when exposed to UV light for
about 2 h, the photoisomerization induces a conformational change to the cis-
isomer. In this case, cyclic supramolecular structures form that further elongate
to rod-like shapes. The light-induced assembled system maintained its transient
conformation for about 2h at R.T. before reverting to the trans- state by thermal
relaxation.[’30] Another study reported the use of a photo-switchable gelator
containing an open 6-membered ring (Figure 6a). The open ring closed upon UV
irradiation, forming a gel exhibiting a different fibrous network and higher
thermal stability. By the use of photomasks, spatial control over gelation with
distinct gel and sol domains was achieved (Figure 6b).[131] These properties can
be exploited to form smart optical materials with controllable lifetime and spatial
organisation.
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Figure 6. Example of light fueled self-assembly. a) The gelator molecule showing the open
ring (left) and its UV-induced closed ring counterpart (right). The absence of UV light reverts
the activated gelator to its precursor state. b) SEM images of the gel with selective light irra-
diation using photomasks showing the UV light-induced fibrous network formation (blue)
and the absence of supramolecular structures (red). Reproduced from ref. 136 with permis-
sion from John Wiley and Sons.

Recently, an electrically-fueled DSA system was reported.[132] In this system,
the transfer of an electron to the electrode caused the oxidation of a biocompatible
iron complex, which then acted as a fuel by converting the monomer precursors
to the activated dimer form. The dimers self-assembled into fibres growing from
the electrode surface towards the solution. The presence of dithiothreitol in the
solution deactivated the gelators, thus breaking the assemblies. In this system, no
waste is produced in the activation reaction, but only in the deactivation reaction.
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1.5.3 Applications of transient materials

In contrast to equilibrium materials, out-of-equilibrium materials can self-heal
from physical damage. This is due to the constant generation of available gelators
for self-assembly through activation and deactivation reactions.[133134]
Controlling the rates of these reactions allows for temporal control over the
assemblies and, consequently, the material. Such materials are used for
applications that are required to sustain the assembled form for a certain
timeframe before self-abolishing. Controlling and tuning this timeframe to suit
different needs and purposes has been the main focus of the studies.[135] One ideal
use for self-abolishing materials is self-erasing inks.[13¢] For this, the material
should display a change in colour or turbidity between the non-assembled and
assembled states. An example of UV-light driven self-erasing inks is based on
gold or silver nanoparticles functionalised with alkyl chains terminated by
azobenzene in the ftrans- conformation. Upon irradiation, the non-
thermodynamically favoured cis-isomer conformation forms, causing the
aggregation of the nanoparticles and inducing a change in the colour of the
solution from red to blue or yellow to blue. After the introduction and fixation of
the precursor solution in a polymer gel, the use of photomasks or UV-light pen
allowed for the spatial control of the aggregation, and patterns could be drawn
on the surface of the gel (Figure 7a) The assemblies decayed after removing the
light source, and the messages or drawings disappeared from the gel. The
lifetime of the ink could be tuned within a wide range of time.

Chemically-fueled assemblies are also used as temporary ink systems. A
solution of Fmoc-protected aspartic acid precursor was embedded into a polymer
gel and, upon addition of EDC fuelling agent, the formation of the anhydride led
to self-assembly because of reduced solubility due to the removal of the negative
charges.[1371 A change in the turbidity from a clear precursor solution to a blur
material accompanied the assembly enabling selective patterning by controlling
the location where the fuel was applied (Figure 7b). Upon depletion of the fuel,
the clear solution was recovered, and the markings disappeared. The lifetime of
the ink could be controlled by varying the amount of fuel. The material also
displayed reusability by the addition of a new batch of fuel on the gel.
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Figure 7. Examples of out-of-equilibrium materials used as self-erasing inks or temporary
delivery devices. a) UV-light induced aggregation of functionalized nanoparticles, inducing
a color change that reverts after a few hours. Reproduced from ref. 142 with permission from
John Wiley and Sons. b) Chemically-fueled transient assembly displaying a change in tur-
bidity that vanishes over time. Reproduced from ref. 143 under CC-BY 4.0 license. c) Com-
parison between in-equilibrium stable gel (left) and self-abolishing gel (right) for the release
of a dye after a pre-determined time. Reproduced from ref. 147 with permission from John
Wiley and Sons. d) Localization of a red dye (in the core) and a blue dye (in the outer shell)
depending on the time of incorporation in the material (left) that shows sequential release
upon degradation from the outside to the inside (right). Reproduced from ref. 143 under CC-
BY 4.0 license.

Another application for materials with a definite lifetime is the controlled
delivery of targeted compounds. In equilibrium materials, the release rate is
generally relatively constant over time from the beginning to the total release of
the compound.[13138-140] However, out-of-equilibrium materials can show a burst
release at the end of their assembled state, which can be programmed or pre-
determined.[123141] For instance, the self-abolishing hydrogel consisting of Fmoc-
Leu-Gly (leucine-glycine motifs) was formed using citric acid as a fuelling agent
and urea/urease as a deactivator. The acidic pH induced by the release of the
proton from citric acid protonated the terminal carboxylic acid of the peptide,
thus increasing its hydrophobicity and leading to gelation. Simultaneously, the
release of ammonia from the decomposition of urea by the urease slowly raised
the pH back to basic conditions. Depending on the amount of urease, the self-
abolishing timeframe was tunable. The incorporation of a drug into both stable
(Figure 7c, left side gel) and transient (Figure 7c, right side gel) hydrogel matrix
led to drug delivery materials with distinct release regimes. The control of the
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deactivator in the gel gave temporal control over the occurrence of the burst
release.[141]

The Fmoc-glutamic acid (Fmoc-Glu) colloids were also reported as delivery
carriers, although with a slightly different mechanism. Fmoc-Glu self-assembled
by hydrophobic interactions into spherical colloids upon formation of its cyclic
anhydride counterpart by reaction with EDC. Due to the low stability of the
anhydride in water, hydrolysis reverted the gelator back to the precursor state
within a timeframe determined by the amount of fuel. The addition of dyes into
the system at different time points during the assembly led to the spatial location
of the dyes within the colloidal assembly. For instance, a red dye added at the
beginning along with the fuel located within the core, whereas a blue dye added
later during the assembly process located on the outer shell (Figure 7d, left).[137]
The collapse of the supramolecular structure initiated from the outer shell, thus
leading to the sequential release of the dyes in a controllable manner (Figure 7d,
right). In addition, tuning the lifetime of the assembly allowed the release at
predetermined times.

Self-immolative materials also spark interest in delivery platforms due to
the on/off assembly response to external stimuli. A recent study showed that
upon activation of the precursor by a fuel, the activated gelators assemble into
micelle droplets and collapse after depletion of the fuel. However, adding an
excess of precursor later in the materials’ lifetime induced a fast disassembly.[123]
This specificity was used for selective induction of a burst release. A linear release
was observed until the addition of the immolative trigger, which caused an
immediate and abrupt increase in the release rate of the encapsulated molecule.
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2 CHARACTERISATION OF SUPRAMOLECULAR
GELS

2.1 Standard characterisation methods

211 Nuclear magnetic resonance spectroscopy and high-resolution mass
spectrometry

Supramolecular gel materials can be characterised at different length scales by
various techniques, some of which give information on multiple length scales in
the same measurement (Figure 8). The final applications of a material are strongly
dependent on its properties. Therefore, a thorough assessment of their structure
and properties using a combination of several techniques is required. As
supramolecular gels form through the self-assembly of small organic molecules,
spectroscopic methods are of great importance to unravel the processes leading
to gelation. Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool
for studying the intermolecular interactions (1D aggregation) between the
gelators by following the shift of a specific proton signal,[1072142] in addition to
their chemical identity.[125127] In in-equilibrium gel systems, the gelators remain
chemically stable, meaning chemical reactions do not alter their structures.
Therefore, liquid-state NMR spectroscopy (1D and 2D) allows the study of the
development of intermolecular interactions between specific functional groups
of the gelators, such as hydrogen bonding. During gelation, the free rotation of
the molecules is significantly hindered by intermolecular interactions, leading to
the broadening and disappearance of the signals. Solid-state NMR spectroscopy,
on the other hand, allows to study the assemblies that have a solid-like behaviour.
In the case of out-of-equilibrium gel systems, cascade or coupled chemical
reactions transform the precursors into activated gelators and vice versa. At the
same time, the fuel and brake are converted to waste products. Liquid-state NMR
spectroscopy is, in this case, an important method for deciphering the chemical
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Figure 8. Characterisation techniques commonly used in the community for the investigation
of self-assembly at each length scale. Reproduced from ref. 2 under CC-BY license.

transformations and the identity of the entities responsible for gelation. The
results can be complemented with high-resolution mass spectrometry (HR-MS).
If the compound in the NMR spectrum is also observed in the HR-MS spectrum,
it ensures the accuracy of the findings.

2.1.2 Optical spectroscopy

Fourier transform infrared (FTIR), ultraviolet-visible (UV-vis) and fluorescence
spectroscopies allow to probe the intermolecular interactions between the self-
assembled gelator molecules at the bulk state, giving important information on
the molecular-level organisation in primary and secondary organisation (Figure
8). Depending on the technique, i.e., the wavelength of the light used, different
length scales can be probed, thus providing a thorough understanding of the
molecular packing in 1D and 2D. More specifically, monitoring the shift or
disappearance of a vibrational band in the IR spectrum of a gel suggests that the
corresponding functional group is involved in self-assembly.[13143] Bands arising
at the amide I region (1700 cm! to 1600 cm?) correspond to secondary structures
such as a-helices or (-sheets.”144 Similarly, the self-assembly of aromatic
peptide-based gels can be assessed by observing the behaviour of the m — m*
transition band in the UV-vis spectrum of a gel. Upon n-11 stacking, overlapping
m-orbitals will alter the shape and/or position of this electronic transition band.
For instance, bathochromic (redshift, longer wavelength) or hypsochromic
(blueshift, shorter wavelength) shifts indicate J- or H-type aggregates of the
gelators, respectively.[1¥5146] Additionally, the loss of vibronic structure (or fine
structure) and increase/decrease of the intensity indicate m-m stacking
interactions. Similarly to UV-vis spectroscopy, fluorescence spectroscopy probes
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the aggregation process of monomers and allows to study the molecular packing
by observing the shift of the emission peak or quenching of the fluorescence
signal.80147] The higher-order architectures can also be probed by circular
dichroism (CD) and small angle neutron scattering (SANS).

2.1.3 Electron and scanning probe microscopies

Electron microscopies, such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), or analogous cryogenic versions (cryo-
SEM and cryo-TEM).[40116148] gare routinely used for morphological analysis of 3D
networks of gels (Figure 8). Imaging the fibrous network gives important
information on its microscopic structure, such as fibre size and porosity,
microscopic topology, such as height and width, packing density, and helical
pitch. These features can be later controlled and tuned for targeted medical
applications, such as materials for 3D cell cultures or drug delivery platforms. As
microscopic techniques are based on surface analysis, the drying process is the
major point to consider in sample preparation. The network of gels dried at room
temperature (R.T.) tends to crumble and structurally rearrange over time as the
solvent slowly evaporates.[1¥9] Therefore, microscopic images obtained on these
samples do not reflect the reality of the “wet gel” in its bulk state. However,
cryogenic microscopies allow the samples to be cooled to sub-evaporation
temperatures, hence freezing the fibrous network in its current organisation.[150l
TEM and SEM have the advantages of being non-destructive techniques and high
resolution down to around 10 nm.

Helium ion microscopy (HIM) uses a helium ion beam for the imaging of
structures. In contrast to SEM, generating one secondary electron per incident
electron, HIM generates 3 - 9 electrons per helium ion interacting with the surface.
Thus, it creates a better signal, increases the contrast between the different types
of materials, has better spatial resolution and can be used for the imaging of non-
conductive samples. In addition, although more scarcely, atomic force
microscopy (AFM) in tapping mode is used to investigate the network
topology. 183151152 However, a metallic tip scanning over the surface can be
destructive on soft samples, such as gel fibres, if the tapping amplitude or the
cantilever frequency is too high. Therefore, a slow scan speed is required to avoid
destroying the sample. The tip convolution effect is a well-known effect
generating artefacts in the x, y plane of AFM measurements, whereas the z-
direction is highly accurate.[1%3] Electron microscopy is hence preferred for the
morphological study of gels over AFM.

214 Rheology

Rheology is extensively used to probe macroscopic and mechanical properties of
soft materials like gels (Figure 8). This technique is widely used and useful to
understand and investigate material properties such as phase transition
temperature (Tgel-sol) and self-healing ability. Amplitude sweep measurements,
that is, exposing the material to an increasing shear strain at a constant frequency,
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determine two important parameters representative of the material’s mechanical
behaviour: the storage modulus (or elastic modulus G’, representing the solid-
like behaviour) and the loss modulus (or viscous modulus G, expressing the
liquid-like behaviour). Gelation is assessed only if G is greater than G**, meaning
that the gel behaves as a viscoelastic solid. Subsequently, frequency sweep
measurements, that is, exposing the material to an increasing angular frequency
at a constant shear strain, are carried out within the linear viscoelastic region to
determine the stiffness of the gels represented by the G~ value.[115154155,156] Gels
used as scaffolds in a biomedical context for cell culturing need to exhibit a
stiffness quantitatively similar to the cells. Therefore, rheological experiments are
of great importance in this field. In addition, reformation cycles or self-healing
properties can be investigated after mechanical/thermal breaking using this
technique.

2.2 Nanoscale spectroscopic characterisation

Scattering scanning near-field optical microscope (sSNOM) is an emerging
technique that has drawn a lot of attention in various fields of material science,
chemistry and biology.[157158] This technique essentially combines the
morphological study of AFM with the absorptive properties of organic molecules
towards the IR light. Unlike far-field IR spectroscopy, probing the sample at the
bulk scale, sSSNOM allows for IR measurements at the nanoscale. The IR incident
light is focused at the apex of the oscillating AFM tip, and upon reaching the
sample’s surface, a highly concentrated electric near-field is generated. An
interferometer then records the scattered light, which contains the absorptive
properties of the probed material with a spatial resolution down to the size of the
tip apex (~ 20 nm).[15-1621 R spectra obtained from near-field and far-field
measurements can be interpreted similarly, although slight shifts of the IR peaks
can be observed depending on the probing depth (related to the demodulation
order or harmonics) and the topology of the sample.[163]

Importantly, sSSNOM can work in nano-imaging and nano-spectroscopy
modes. In nano-imaging mode, quantum cascade lasers (QCLs) irradiate a single
wavelength (chosen by the operator) onto the sample during the AFM scan. The
scattered light contains both the optical amplitude and phase corresponding to
the reflectivity (amplitude s, signal) and the absorption (phase ¢, signal) of the
sample, respectively, with n the demodulation order (Figure 9a). Therefore, the
interpretation of the phase signal yields the relative absorption of the sample at
a specific wavelength, compared to the background, for each pixel of the AFM
scan. It is important to note that the higher the demodulation order, the higher
the contribution from the sample and the lower the background contribution.
However, the lower the collected signal is, the higher the demodulation order.
Therefore, based on the experiments, the typical order used is n = 3.
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Figure 9. Instrument setup in sSSNOM experiments operated in a) nano-imaging mode and
b) nano-spectroscopy mode. The laser input was QCLs in nano-imaging and a broadband
femtosecond laser source in nano-spectroscopy. Reproduced from Neaspec, attocube sys-
tems AG (https:/ /www.attocube.com/en/business-sectors/nanoscale-analytics)

In nano-spectroscopy (or nano-FTIR) mode, a broadband femtosecond laser
illuminates the tip, and the scattered light is recorded by an asymmetric
Michelson interferometer. As for nano-imaging, the interferogram contains the
near-field phase ¢, and amplitude s,. The plot of ¢, corresponds to the nano-
FTIR spectrum of the sample (Figure 9b). Due to the mechanical drift of the stage,
a new topography image is recorded between each nano-FTIR spectrum
acquisition to ensure the correct location of the tip on the fibres.

This technique is a powerful tool to probe the secondary organisation and
intermolecular interactions at the nanoscale, therefore highlighting the
heterogeneity depending on the morphological features of a gel network. For
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example, surface analyses of polymeric thin films have been performed to study
the chemical composition and structural defects.[194167] The intracellular structure
of plant cell walls along with the monitoring of cell development have been
investigated,[168-171] as well as structural changes in virusesl172173] and detection of
amyloid-B proteins (responsible for Alzheimer’s disease) in individual
neurons.[74 sSSNOM has also been used to elucidate the structural arrangement
of protein fibrils.[175176]

34



3 RESULTS AND DISCUSSION

3.1 Liquid-phase peptide synthesis LI

3.1.1 Synthesis of protected di- and tripeptides

The diprotected dipeptide precursors 1 and 3-8 and tripeptide 2 were synthesised
by forming an amide bond using TBTU, a widely used coupling agent in peptide
synthesis, between the desired protected amino acids in the liquid phase (Figure
10). Compound 1 containing L-phenylalanine-L-phenylalanine (diphenylalanine
or Phe-Phe) core served as a reference for developing the other precursors 2 and
3. Their hydrophobic and/or aromatic characters were modified to induce
changes in the material structures and properties and, in addition, to generalise
the gelation mechanism to a variety of phenylalanine-based peptides 2-8 (Table
1). For the diprotected tripeptide precursor 2, two additional steps were required.
The first step was the deprotection of the Boc- group at the N-terminus of
precursor 1. The second step was forming an amide bond to attach another amino
acid unit to the deprotected N-terminus. Additional details can be found in the
supplementary information document of publication III.

Fmoc-Phe (9) used in hybrid gelation studies was commercially available
and used without further purification (Figure 12b).

3.1.2 Deprotection of di- and tripeptides

The monoprotected gelators 1a-3a were obtained by selective deprotection of the
Boc- group in the presence of the tBu ester group in an acidic environment (pH
1) using sulphuric acid (Figure 11). The fully deprotected gelators 1b-3b were
commercially available and used without further purification. The structures of
the previously reported compounds 1-3, 5-7, 1a and 3a were verified by TH NMR
spectroscopy and HR-MS. Novel compounds 4, 8 and 2b were characterised with
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a full set of 1D and 2D NMR spectroscopy (1H, 13C, dept-135, HSQC and HMBC),
HR-MS and melting points.
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n=1 CH,Ph Phe 1 60
CH,CH(CH,), Leu 3 63
CHCH,CH,CH;, lle 4 54
CH(CHj,), Val 5 60
CH, Ala 6 54
CH, Gly 7 66
CH,PhOH Tyr 8 63

n=2 | CHPh |l Phe | 2 |74

Figure 10. Synthesis route and yields for preparing the dipeptide precursors 1 and 3-8 (n =
1) and the tripeptide precursor 2 (n = 2).
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Figure 11. a) Synthesis route for the preparation of the activated gelators 1a-3a. b) Structures
of gelators 1a-3a and the in situ formed gelators 1b-3b.
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3.2 Molecular scale characterisation and interconversion cycle

3.2.1 Gelation protocols and outcome 1LV

Precursor molecules 1-3 were solubilised (or suspended depending on their
solubility) in tBuOAc at a concentration ranging from 25 mM to 100 mM and
sonicated to ensure the homogeneity of the mixture (Table 1). The accelerator
(concentrated H2SO4, 1.0 equivalent (eq)) was added, and the vials were left
undisturbed for at least 12 h for gelation. The non-flowing character of the
materials was assessed by the vial inversion method (Figure 12a), and gelation
(i.e. the viscoelastic behaviour) was verified by rheological measurements
(section 3.4).

Table 1. Gelation concentration screening of precursors 1-8 in fBuOAc solvent (1 mL) at R.T.
o indicates the formation of SSGs and x the solution and/or the precipitation of the precur-
sors.

Precursor
Molarity
(mM) 1 2 3 4 5 6 7 8
100 o o o X X X X X
50 o o o X X X X X
25 o o o X X X X X
0: SSG

x: solution or precipitation

Precursors 1 (Boc-Phe-Phe-OtBu), 2 (Boc-Phe-Phe-Phe-OtBu) and 3 (Boc-
Leu-Phe-OfBu) led to self-supporting gels (SSGs) I, II and 111, respectively. Free-
flowing solutions and precipitates were observed for precursors 4-7 and 8. The
multicomponent gel IV was obtained by using 2 and 3 with a 1:1 ratio. The
leucine motif in 3 has been reported to be, along with phenylalanine, an effective
gelling amino acid, explaining why precursor 3 led to SSG.[731771 Precursors 4-7
containing shorter aliphatic side chains did not form SSGs, presumably due to
steric effects, meaning that no favourable Gibbs free energy conditions for the gel
formation. Although tyrosine-containing peptides have been reported as
gelators, (%3] other reports that its presence hinders gelation.[?!l In our case,
precursor 8 containing tyrosine residue precipitated after the addition of the
accelerator in the medium. An additional hydroxyl group of tyrosine compared
to phenylalanine may prevent gelation due to electrostatic repulsions.
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\' V-GO

Figure 12. a) The chemical structures of the precursors corresponding to gels I-IV and vial
inversion of SSGs verifying the lack of free-flowing solution. b) The chemical structures of
Fmoc-Phe and GO sheet and vial inversion of SSGs V and V-GO verifying the lack of free-
flowing solution.
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The gelation of Fmoc-Phe was performed in a phosphate buffer saline (PBS)
solution. The gelator was suspended at a concentration ranging from 1 to 6
mg/mL and sonicated until a fine suspension was obtained (Table 2). The vials
were heated at 80 °C for 30 min and left undisturbed to cool down at R.T. for 12
h, yielding transparent gels (Figure 12b). Gelation was first assessed by the vial
inversion method and verified by rheological measurements (section 3.4).
Graphene oxide (GO) was incorporated in the gels before heating at
concentrations 0.25-1 mg/mL using 2 mg/mL and 6 mg/mL of Fmoc-Phe
resulting in homogeneous gels (Table 2 and Figure 12b).

Table 2. Gelation concentration screening of Fmoc-Phe gel V and Fmoc-Phe/GO gel V-GO
in PBS solution (1 mL) at R.T. o indicates the formation of SSGs and x the solution.

Fmoc-Phe (mg/mL) GO (mg/mL) Outcome
0 X
0
0.25
0.5
1
0
0.25
1

AN DNDNDNE
© ©0 0|0 0 © O

0: SSG
x: solution

3.2.2 Precursor structure and accelerator effect on gelator/gel formation and
self-abolishment L1

An important point in triggering the formation of supramolecular gels by pH-
switch or heating/cooling is that these methods trigger the self-assembly of small
molecules without altering their structures, that is, no chemical reaction happens
for self-assembly to occur. In our case, gelation is triggered by the addition of an
acid accelerator in the medium, which causes chemical modifications affecting
the precursor structure.

NMR spectra of the R.T. or freeze-dried xerogel I (one day after gelation)
were measured in de-dimethylsulfoxide (de-DMSO) and compared with
synthesised reference compounds (Figure 13). In the gel state, the absence of the
Boc protective group (at 1.28 ppm in the spectrum of precursor 1) and the broad
peak at 8.06 ppm corresponding to the protonated terminal amine indicate the
deprotection of precursor 1 to compound 1a. Two amide NH peaks are present
at 8.89 ppm and 8.83 ppm, and the NHs*, Ar, CH, and CH> peaks have double
integrals compared to 1a, whereas the tBu peak at 1.31 ppm does not. Therefore,
the presence of compounds 1la (tBu protected, Figure 11) and 1b (fully
deprotected, Figure 11) are observed in the gel state. Thus, in this system, gelation
is induced by the formation of two gelators, as confirmed by HR-MS
measurements.

In addition, a broad peak at 4.38 ppm corresponding to the OH group of
tert-butanol (tBuOH) is present in the gel spectrum. This secondary solvent
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originates from the in situ hydrolysis of the primary solvent, tBuOAc, by the acid
accelerator in the medium. Control experiments to monitor the hydrolysis
reaction of tBuOAc showed an increasing amount of tBuOH over time.

| I\
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CH, j\\ |
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Figure 13. 'TH NMR (500 MHz, d¢-DMSO) spectra of precursor 1, gelator 1a and gel I, with a
scale break from 5 to 6.5 ppm. Inset is the magnification of the protective group region.

The collapse of the material was observed after 4 days. Therefore, the gel is
self-abolishing due to the intrinsically occurring gel-to-sol transition without any
external stimuli/trigger. To further understand the mechanism inducing the
collapse of the gel, time decay assessment was performed by recording the 'H
NMR spectra of gel I at different time points throughout the gel’s lifetime (Figure
14, black spectra). Both amide protons are present at 8.92 ppm (1a) and 8.85 ppm
(1b) throughout the material’s lifetime, although at different ratios (Figure 14, red
rectangle). The random ratio evolution over three experiment batches suggests
that the evolution of the ratio is not responsible for the material’s collapse.

The hypothesis is that the secondary solvent tBuOH, which is always
formed and present in the gels, is responsible for the solubilisation of the network.
To verify this assumption, a set of solvents of increasing polarity - tBuOH,
ethanol (EtOH), methanol (MeOH) and water - were added on top of the gel to
monitor their dissolution. The dissolution rate of the gels was proportional to the
polarity of the solvent: dissolution in 1 mL of water took 5 min, methanol 15-20
min, ethanol EtOH ~ 1 h and tBuOH ~ 1 day. When gelators 1a and 1b were
suspended in tBuOH, only 1a was soluble. This suggests that the in situ formation
of tBuOH slowly and progressively solubilises gelator 1a from the fibrous
network until the complete decay of the material.
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During swelling experiments, in which gels are treated with the gel’s
solvent once a day to monitor their swelling capacity and elastic behaviour, gel I
remained in the gel state throughout the 20 days of the experiment. In addition,
solvent-treated gels were kept undisturbed for up to a year. This observation is
in contradiction with the self-abolishing behaviour discussed above. Therefore,
to understand this change in behaviour, TH NMR spectra were recorded on
swollen gels at 20 days, 6 months and 12 months (Figure 14, blue spectra). After
swelling, one of the amide signals and the tBuOH signal vanished, and the water
signal (3.57 ppm at day 20 and 3.30 ppm at months 6 and 12) appeared. The tBu
signal at 1.31 ppm remained constant in all spectra. These results suggest that via
repeated solvent treatment, both the acid accelerator and tBuOH were removed
from the gel media. Hence, without tBuOH, the integrity of the fibrous network
remained unaffected, and the gels remained stable for a longer period.
Additionally, the disappearance of one amide signal and the remaining {Bu
signal suggest that the constant addition of tBuOAc into the medium forced the
equilibrium towards the production of the tBu-protected gelator 1a. HR-MS
measurements confirmed this observation. Therefore, the out-of-equilibrium
self-assembly of the gels shifted towards a thermodynamically stable state.
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Figure 14. 'H NMR (300 MHz, d¢-DMSO) spectra of gel I over four days (black curves, red
rectangle highlights the evolution of the ratio of the NH amide protons), at day 20, 6 months
and 12 months (blue curves).
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Under identical gelation conditions (tBuOAc solvent, 50 mM, accelerator 1.0
eq), precursors 2 and 3 led to SSGs II and III, respectively. The multicomponent
gel IV was obtained by using 2 and 3 with a 1:1 ratio. The TH NMR spectra were
recorded on the dried gels (one day after gelation) to investigate whether the
change in the precursor structure affects the gelator and gel formation (Figure
15).

Two amide signals are observed at 8.83 - 8.76 ppm for dipeptide-based gel
III, corresponding to gelators 3a and 3b (Figure 15 red insert). For tripeptide-
based gel II, two sets of two amide groups are observed between 8.73 - 8.52 ppm,
along with two smaller amide signals at 8.33 ppm and 8.22 ppm (hollow circles).
These negligible signals (about 10 % of the primary amide signals) belong to the
rotamer of 2 in de-DMSO, not observed at higher temperatures or when measured
in d-chloroform (CDCl3). In gel III, the disappearance of the Boc signal is
observed (blue insert), proving the deprotection of the precursor, similarly to gel
I. Interestingly, the spectrum of gel IV is the mere superimposition of the spectra
of gels I and III, with a negligible shift of the two tBu signals. Three amide signals
are observed at 8.89 - 8.76 ppm, for which the middle signal accounts for two
protons (red insert). HR-MS measurements supported NMR spectroscopy results
for chemical identity investigation.

Control gelation using the mono-protected compounds 1a-3a as precursors
yielded SSG with identical reaction equilibria. This shows that the irreversible
Boc-deprotection is not the crucial factor, whereas the tBu protective group at the
C-terminus is. Therefore, in conclusion, the reaction mechanism leading to the
formation of the gelators and, consequently, the gel and the secondary solvent
tBuOH, is similar regardless of the peptide backbone of the gelator.

Although identical in the equilibria responsible for their formations, gels I-
IV exhibit different lifetimes: 4 days (I), 8 days (II), 10 days (IV) and 20 days (III).
The solubility of the different gelators in tBuOH and the mechanical properties
of the gel (stiffness and elasticity, discussed in section 3.4) are potential
explanations for this behaviour.

1H NMR spectra were obtained from gels I-IV at half of their respective
lifetime. Expected gelators were observed in their respective gel systems,
although at a different ratio. This suggests that the interconversion between the
gelators continues throughout the gels’ lifetime. NMR spectra obtained after the
gel-to-sol transition also showed the expected gelators. Therefore, the gelator
interconversion is not responsible for the decay of the gels, which supports the
previous hypothesis of the role of the secondary solvent tBuOH.
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Figure 15. 'H NMR (300 MHz, d¢-DMSO) spectra of gels I-IV with a magnification of the
amide spectral region (red inset) and the fBu protective group spectral region (blue inset).
Circles represent the rotamer present in gel II.

In addition to gels formed using 1.0 eq of acid accelerator, the amount of
acid was changed to 0.5 eq to investigate whether it affects the above-mentioned
equilibria. All gel systems I-IV formed within the same timescale as with 1.0 eq
(~12h). 'TH NMR spectra showed additional multiplet signals (NH, CH>, CH and
tBu) close to those measured using 1.0 eq, corresponding to the precursor
molecules. For gels I-III, three compounds were observed in the gel state
(precursor + activated gelators), whereas in gel IV, four compounds were
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observed (two precursors + activated gelators). Precursors were also observed by
HR-MS measurements.

The results suggest that although a lower amount of accelerator leaves
unreacted precursors in the medium, a sufficient amount of activated gelators is
produced for gelation. More importantly, although the mechanisms of gelator
formation are identical, the lifetimes of the gels were significantly different.
Regardless of the precursor, the gels did not exhibit a gel-to-sol transition, that is,
the gels lost their transient character. These materials are, therefore, not self-
abolishing but stable in time (up to more than a year). Since a lower amount of
accelerator was used, a lower amount of tBuOH formed during the solvent
hydrolysis. Therefore, this amount was insufficient to induce the collapse of the
gels.

Similarly, 1.5 eq of accelerator was used to induce gelation. Interestingly,
gels I-IV exhibited a faster gel-to-sol transition of around 1 - 3 days. Therefore,
the amount of accelerator introduced in the system dictates the formation rate of
tBuOH and, consequently, the self-abolishment character of the material.

3.2.3 Introducing solvent-induced self-assembly I

In our systems, the gels do not follow the same pathway observed for DSA
systems, although they exhibit transient behaviours.! Once the acid accelerator
activates the precursors, the back-conversion is not observed during the gels’
lifetime or after decay (Figure 16, left side). Instead, time-dependant NMR
spectroscopy measurements indicate a continuous interconversion of the gelators
until the gel-to-sol transition.

In contrast to DSA systems, where fuels are usually separate entities added
into the system, the reactive species here is the gelation solvent. The addition of
accelerator triggers the cascade reactions beginning with the irreversible Boc-
deprotection of the peptide precursor, yielding at first the mono-protected
gelator a, which is then tBu-deprotected towards the fully deprotected gelator b.
Simultaneously, the primary solvent is hydrolysed in situ by the accelerator to
form the secondary solvent tBuOH, actively participating in the chemical
interchange between the gelators (Figure 16, right side). The progressive
formation of tBuOH is also responsible for the abolishment of the material, as it
solubilises the gelators over time. In this system, similarly to DSA, the kinetics of
the activation reaction is higher than the deactivation reaction, i.e. the gelator
solubilisation. Self-assembly is therefore favoured and observable. In addition,
temporal control over the lifetime is achieved by modifying the amount of
accelerator in the system, thus altering the competition of the reaction rates.

Strictly, this self-assembly cannot be considered as DSA, due to the absence
of energy dissipation recovering the precursor state. However, the presence of
two competing reaction kinetics, e.g. gelator formation rate and secondary
solvent formation rate, highlights some similarities. To some extent, the solvent-
induced self-assembly also finds similarities with i-DSA, in which the fuel is
indirectly responsible for the activation of the precursor, that is, an intermediate
reaction occur. Here, formation of the secondary solvent, by the accelerator,
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responsible for the interconversion of the gelators thus leading to self-assembly,
is also responsible for the solubilisation of the assembly thus leading to the
collapse of the material.

Gelation was attempted in dichloromethane (DCM), which lacks a tBu
group. Then, no gel formation was observed. TH NMR spectra analysis revealed
the complete deprotection of the precursor with the sole presence of gelator b in
the system, confirming that a similar protective group is required for the
interconversion cycle and subsequent gelation, as both gelators are required.
Therefore, transient gels can be obtained from various short peptide precursors,
regardless of the peptide backbone (provided that the interactions between
amino acid units favour self-assembly), bearing a protective group at the C-
terminus identical to that of the solvent, here tert-butyl.
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Figure 16. Schematic depiction of the solvent-induced transient self-assembly. Red inset
shows the gelator interconversion and the secondary solvent production responsible for the
self-abolishment.

3.3 Higher-order organisation

3.3.1 Morphological assessment L1V

The morphology of the fibrous network of gels I-IV (one day after gelation) was
investigated using SEM to study the effect of the precursor’s chemical structure
on the network (Figure 17a-d). To minimise potential structural rearrangement
of the network during drying at R.T.,[149150] the samples were freeze-dried before
imaging. For gel I (Figure 17a), single fibres appeared curved and branched,
ultimately entangling into a densely packed fibrous network. This verifies the
high stiffness measured by rheology (section 3.4). Although exhibiting a similar
shape, the fibres of gel III appear more spread than that of gel I, which correlates
to the lower stiffness (Figure 17c) and also helical features are observed (red
arrows). For multicomponent gel IV, bigger bundles of straight and entangled
tibres are observed (Figure 17d). Interestingly, the fibrous network has a different
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shape than its individual components, suggesting a new structure and the co-
assembly of the different gelators.[152178] The SEM images of gel II show
individual fibres branching out of a potential nucleation point smaller compared
to that of gels I, Il and IV (Figure 17b).

HIM and TEM have been employed to study the morphology of the
network of N-(9-fluorenylmethoxycarbonyl)-L-phenylalanine (Fmoc-Phe 9)
hydrogel V (one day after gelation). The network shows thin and long entangled
fibres, regardless of the technique, with a coiled coil pattern (Figure 17e).
Interestingly, HIM images show similar shapes for the hybrid gel V-GO's fibres,
suggesting that GO flakes do not affect the self-assembly of Fmoc-Phe. However,
tibres appear to grow from the GO flakes (dark grey islands pointed by white
arrows) and circle around the flakes. This implies that GO flakes are potential
nucleation sites for Fmoc-Phe fibres and that the secondary and tertiary
organisation of the fibres interact non-covalently with the flakes.

a :— single fibre

+—— branched §jbre
- )
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Figure 17. Microscopy images obtained by SEM of gels I (a), II (b), III (c) and IV (d) and HIM
of gel V-GO (e). Reproduced from ref III and IV under CC-BY 4.0 license. SEM and HIM
images were recorded on carbon-coated copper grids.

AFM has been employed to study the network topology of gels I-IV (Figure
18a-d, one day after gelation). Gels measured by electronic microscopies and
AFM show similar behaviour, although both techniques generate different
measurement artefacts. The tip convolution effect, or spatial broadening during
AFM scans, affects the measured sample width, thus altering the size of the
objects.[133] As supramolecular gel fibres are assumed to be most commonly
spherical, the height values are discussed here, as they are absolute values
normalised to a background and not subjected to stretching artefacts. The fibres
of gel I (Figure 18a) appear straight and densely packed, as in the SEM images,
with an average height of 20-30 nm. In gel III, the fibres are slightly smaller,
although similar in shape, and have an average height of 10-20 nm (Figure 18c).
The average height of 5-10 nm and the curvier, more entangled appearance of

46



the fibres of gel IV indicate that the fibrous network of the multicomponent
system has a different shape and dimension than that of gels I and III (Figure
18d) supporting the observation made based on SEM about the formation of a
new structure by the co-assembly of the gelators. For gel II, the average height of
the fibres is 3-7 nm, and curved fibres entangle into wider bundles (Figure 18b).
In gel V, the average height of single fibres is 2-3 nm.

b 21 nm e

Figure 18. AFM images recorded on gels I (a), II (b), III (c) and IV (d). AFM images were
recorded on silicon substrates.

3.3.2 Bulk infrared characterisation LIV

The far-field FTIR experiments were performed in ATR mode, where incident IR
radiation from underneath the sample passes through a diamond crystal and
strikes the sample with a specific angle. The incident radiation is reflected
multiple times within the sample before reaching the detector. Each time the IR
radiation interacts with the sample, the evanescent wave travelling through the
sample is absorbed by the IR active groups present in the sample, and the
outcoming light contains its absorptive properties. This technique probes the
sample at the microscale with a penetration depth of a couple of micrometres,
depending on its refractive index and the incident light angle. Thus, the recorded
spectrum indicates the absorptive properties of the sample at a micrometre
length scale (or bulk scale).

IR spectra were recorded in transmittance on xerogels I-IV (50 mM), V (2
mg/mL), and V-GO (2 and 0.25 mg/mL) from 4000 to 400 cm™ in attenuated
total reflectance (ATR) mode (Figure 19) one day after gelation. The region 3500
- 3200 cm! corresponds to the N-H stretching vibrations of the primary terminal
amine and amide groups of gels I-IV (Figure 19a). A common N-H stretching
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vibration band is centred between 3328 and 3320 cm! for gels I, III, and IV, and
slightly shifted to 3349 cm! for gel II. Compared to the bands of the gelator (Table
3), the bands in the gel state are merged and shifted to lower wavenumbers. This
is also observed in the spectra of gels V and V-GO, in which the N-H stretching
band is shifted down from 3316 cm! to 3313 cm! after gelation (Figure 19d,
purple and orange). These results indicate the participation of the N-H groups in
supramolecular interactions, in this case hydrogen bonding.
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Figure 19. ATR-FTIR transmittance spectra of xerogels I-IV in the range a) 3500 - 3200 cm-,
b) Amide I: 1700 - 1600 cm and c) 1600 - 1475 cm. ATR-FTIR transmittance spectra of
xerogels V and V-GO and GO flakes in the range d) 3500 - 1300 cm-.

Additionally, the amide I region (1700-1600 cm) provides important
information on the higher-order architectures of the supramolecular assemblies,
such as the secondary structure of the fibres.[6.7583179] A band corresponding to a
B-sheet structure at 1691 cm™ 180 js present in the spectrum of gel I along with a
band at 1660 cm-! [181.182] assigned to a helical-shaped motif (Figure 19b, black).
Due to the length of the peptide sequence which does not support the formation
of an a-helix, the helical shape possibly arises from higher helical architectures
of the assembly. Although the literature reports mainly a -sheet structure for
Phe-Phe-based gel systems,[183184185] this observation might reflect the presence
of a second gelator in the system. Similarly, the spectrum of gel III exhibits both
B-sheet and helical-like bands at 1682 cm ! and 1655 cm!, respectively (Figure 19b,
blue).
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Table 3. C=C stretching and N-H stretching wavenumber peaks (cm™) of the gelators (neat
powders) and gel samples.

Gel system C=C phenyl ring N-H stretching vibration
stretching vibration

Gelatora Gelatorb | Gel Gelator a Gelator b Gel

Gel I 1495 1496 1493 | 3392,3346,3288  3249,3171 3328
Gel I 1495 1495 1494 3370, 3266 3375, 3363 3349
Gel III 1497 1496 1495 3364, 3319 3392, 3340 3323
Gel IV 1495, 1497 1496,1496 | 1495 | 3392, 3364,3346, 3392,3340, | 3320

3319, 3288 3249, 3171

C=C Fmoc ring
stretching vibration

Gelator Gel Gelator Gel
GelV 755, 733 3313
Gel V-GO 759,738 755,733 3316 3313

To investigate the effect of drying on the secondary structure, IR spectra
were recorded on non-dried (“wet”) gels, which showed similar bands, although
shifted by ~4 cml. However, the spectrum of gel II shows solely a band at 1651
cm! attributed to a helical assembly (Figure 19b, red), despite literature reporting
B-sheet features for Phe-Phe-Phe-based gels.[18187] The presence of two gelators
is again possibly the reason for this observation. In the spectra of gel V and V-
GO, two bands at 1691 cm™® and 1674 cm, assigned to [B-sheet structure,
consistent with the literature(Figure 19d),[131818] indicate that the presence of
GO does not affect the secondary structure of the Fmoc-Phe fibres, even if present
during nucleation and growth.

Optical spectroscopies (e.g. IR and UV-vis) are powerful tools to investigate
the mode of assembly (co-assembly or self-sorting) of a multicomponent
system.[144178] In the case of self-sorting, the spectrum of the multicomponent
system is the superimposition of its individual components” spectra, whereas a
different spectrum would be observed in the case of co-assembly.[152] A band at
1658 cm! corresponding to a helical assembly is present in the spectrum of gel
IV, but no indication of the p-sheet band, unlike the spectra of its individual
components, is observed. Therefore, this suggests the formation of the network
by co-assembling gelators.

The spectra of gels I-IV in the range 1600 - 1475 cm! (Figure 19¢) contain
the amide II region (1600 - 1500 cm), which indicates C-N stretching and N-H
bending of the amide bond. The interpretation of this spectral region is more
complicated than that of the amide I. However, the observed redshifts of the
bands in the gels’ spectra corroborate the hydrogen bonding interactions upon
gelation. The same observation can be made for the amide II region of gels V and
V-GO (Figure 19d). For gels I-IV, all spectra show a band at 1495-1493 cm'!
assigned to the C=C stretching of the phenyl rings of the phenylalanine motifs.
These bands are redshifted 1 - 3 cm from the bands in the individual gelators’
spectra (Table 3), indicating that the phenyl rings ni-i1 stack during self-assembly.
The stretching of the aromatic ring of the Fmoc group is shifted to lower
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wavenumbers (from 759 cm! and 738 cm,[97] to 755 cm! and 733 cm) in both
gels V and V-GO, indicating the m-overlap during molecular aggregation. The
spectra of gels V and V-GO are qualitatively and quantitively similar. This shows
that the presence of GO in the medium during self-assembly does not affect the
molecular packing and the final fibrous network.TV

3.3.3 Nanoscale infrared characterisation I

sSNOM is a near-field IR technique that allows for recording the absorptive
properties of an organic sample towards the IR light with a lateral resolution
approximately equivalent to that of the AFM tip, that is, ~20 nm
(nanoscale).l190191192] [t should be noted that subtle shifts in the wavenumber of
infrared peaks in the near-field can be observed compared to the far-field.l1%3 To
the best of our knowledge, the structural investigation of supramolecular gel
fibres has not been mentioned before the studies carried out by our group
(publications II and V)LV

The far-field ATR-FTIR spectrum of the bulk gel I was chosen as a reference
(Figure 20). The amide I region (1700 - 1600 cm-1) shows characteristic bands at
1691 cm™ and 1660 cm corresponding to [-sheet and helical arrangements,
respectively (red dashed lines). Additionally, the bands corresponding to C=C
stretching of the aromatic rings (P17¢f, 1493 cm), N-H stretching in the amide II
region (P2r¢f, 1550 cm), the C=0 stretching of the tert-butyl ester carbonyl of 1a
(P5ref, 1712 cm!) and the C=0 stretching of the carboxylic acid carbonyl of 1b (Psrf,
1732 cm1) are of interest (represented by the green dashed lines) when studying
the non-covalent interactions driving the gel formation at the nanoscale. These
will also highlight the heterogeneity of the interactions within the network that
cannot be assessed by far-field IR spectroscopy.

Three spatial locations were studied to elucidate secondary structures and
intermolecular interactions at different topological features within the fibrous
network: single fibres and fibres in parallel and perpendicular arrangement.
Figure 21a shows the location for the nano-FTIR spectrum recording on a single
fibre (red circle) along with the location of the background (reference) spectrum
(orange dot). The four bands of interest (P1: 1488 cm!, P2: 1557 ecm?, P3: 1720 cm-
land P4: 1754 cm1; Table 4) are present in the spectra (Figure 21b). The downshift
of P1, P3 and P4 compared to the reference peak position in the gelators” powder
spectra suggests that the phenyl rings undergo n-11 staking while the C-terminal
carbonyl groups are H-bonded. The downshifts of the peak position of the ester
carbonyl (~ 10 cm) and the carboxylic acid carbonyl (~ 26 cm-) are not of the
same magnitude. The difference is presumably due to the greater hydrogen bond
tendency of free carboxylic acids and the steric hindrance caused by the bulky
tert-butyl group.[1%l
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Although the supramolecular interactions responsible for the formation of a 1D
fibre are similar at the nano- (near-field measurement) and bulk scale (far-field
measurement), the magnitude is different. For instance, the observed shifts of the
carbonyl groups P3 and P4 in a single fibre are lower than the bulk gel, suggesting
that the hydrogen bonding interactions are weaker. This can be an effect of the
far-field measurements, averaging a high number of entities and topographical
conformations, whereas near-field measurements solely probe the interactions
responsible for the formation of a single fibre.

Table 4. Peak position for Py, P>, P3 and P4 (cm™) in the nano-FTIR spectrum of single, parallel,
and crossed fibres. Reference position in ATR-FTIR spectra of the synthesized gelators 1a
and 1b and the bulk gel.

Single fibre Parallel fibre Crossing fibre | Gelator la Gelator 1b  Bulk gel
Py 1488 1496 1489 1496 1497 1493
P> 1557 1546 1556 / 1550 1550
Ps 1727 1720 1729 1732 / 1712
Py 1754 1743 1761 / 1780 1731

Investigation of higher-order organisations within the fibrous network
highlighted a different trend. The strength of the intermolecular interactions and
the participation of the functional groups in fibre formation are affected by the
spatial orientation (e.g. entanglement) of the 1D fibres. For instance, fibres in a
parallel arrangement interacting along the longitudinal fibre axis exhibit
differences in the IR spectra compared to single fibres. The topology image
(Figure 22a) shows the selected fibres and the point where the nano-FTIR
spectrum was recorded (red circle). Based on the extracted 3D profile, the
distance between the height maxima of the fibres is approximately 20 - 30 nm
(Figure 22b). Since the lateral resolution of the measurement is equal to the size
of the tip apex (~20 nm), the spectroscopic recording at this position will give
information on the interactions holding the fibres in contact (Figure 22c). The
observed peak position in the nano-FTIR spectrum (Figure 22d) for P; (C=C
aromatic stretching) at 1496 cm! compared to the reference peak position (Table
4) suggests that the involvement of n-i1 staking is negligible. On the contrary, the
downshift of the H-bonded groups (P2 (1546 cm™), P3 (1720 cm™) and P4 (1743 cm-
1)) is greater than for the single fibre. This indicates that, at this specific point, the
hydrogen bonding interactions maintaining the structure are stronger than for
the formation of a single 1D fibre.
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of the nano-FTIR measurement probing the contact point of the fibres. d) nano-FTIR spec-
trum of parallel fibres. Adapted from ref. II under CC-BY 4.0 license.

Another interesting feature of the network is the point at which two fibres
cross (Figure 23a). The 3D topological view shows that both fibres fuse at the
crossing point (Figure 23b). As the height of the fibres is approximately 20 - 30
nm, the lateral resolution of the instrument (~20 nm) allows to probe the
supramolecular interactions responsible for maintaining such structure (Figure
23c). Among the four bands of interest, P; is observed at 1489 cml, thus showing
a significant downshift similar to that measured for the single fibres (Figure 23d).
The ester (P; at 1729 cm?) and the carboxylic acid (P4 at 1761 cm) carbonyls
exhibit the lowest downshift among the three spatial locations. These results
suggest that to maintain the perpendicular arrangement, -1t staking interactions
prevail, whereas hydrogen bonding interactions are minor.
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The topological features of the network affect not only the intermolecular
interactions between gelators but also the higher-order molecular organisation,
such as the secondary structures. To assess these changes, a more detailed
analysis of the amide I region was performed. In the spectrum of a single fibre
(Figure 24a), four bands are observed upon deconvolution of the amide I region.
For the deconvolution process, the number of individual bands was determined
using the minima of the second derivative. Three bands correspond to parallel
and anti-parallel -sheet structures (1627 cm, 1669 cm and 1690 cm), while
the fourth band corresponds to helical structures (1652 cm1). Subsequent fitting
of the peak area assuming Gaussian shapes gave the distribution of 10 % helices
and 90 % [-sheets. Similar spectral analyses were carried out for parallel fibres
(Figure 24b: 20 % helices and 80 % [B-sheets) and crossing fibres (Figure 24c: 4 %
helices and 96 % [-sheets). The results (Table 5) suggest that the network
topology also affects the higher-order organisation within the fibres, and the gel
is structurally heterogeneous. It should be noted that the peak position of the
secondary structures is quantitatively similar between the locations, only the
relative composition after band fitting is different.
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Table 5. Peak positions (cm™) and composition (%) of the secondary structure at three spatial
locations of the fibrous network.

Single fibre Parallel fibres Crossing fibres
B-sheet 1627 1626 1627
B-sheet 1669 90 % 1679 80 % 1670 96 %
anti- B-sheet 1690 1691 1690
helical 1652 10 % 1653 20 % 1651 4%

Near-field measurements allowed us to study in detail the effect of the
topology on the intermolecular interactions responsible for self-assembly. We
found that the material is structurally heterogeneous, concerning both the
supramolecular forces between gelators and the higher-order structures.
Currently, only the sSSNOM can probe the infrared properties of organic materials
at the nanoscale, although drying artefacts can be observed due to the nature of
the AFM measurements. Further studies can be carried out using liquid state or
“wet” gels and probing the infrared properties through a membrane, as reported
for biological samples.[1%4]

55



3.3.4 Ultraviolet-visible and fluorescence spectroscopies 1V

UV-vis spectroscopy also enables the study of supramolecular interactions in
gels.[¥] Specifically, the phenyl ring of the phenylalanine moiety gives a
characteristic absorption signal in the UV range corresponding to the m — m*
transition of the aromatic ring.151%l Following the shift of this band upon
gelation indicates the type of aggregates (H (blueshift) or ] (redshift) type)
present in the material.[1%71 The UV-vis spectra of precursors 1 - 3 in acetonitrile
(ACN) at a concentration of 50 mM showed the characteristic vibronic structure
of phenylalanine with the absorption peak (Amax) centred at 258 nm (Figure 25a,
dashed lines). To investigate the effect of the solvent (solvatochromism, i.e. the
shift of the absorption maxima depending on the solvent)[1%] and concentration,
the UV spectra were also recorded in tBuOAc at 5 mM (Figure 25a, dotted lines)
and 50 mM (Figure 25a, solid lines), but no significant shift of the Amax was
observed. Gelation induced a slight redshift of the Amax to 259 nm for gels I and
IIT and 260 nm for gel II (Figure 25b, solid lines). The shift is minor (1-2 nm)
compared to naphthalene and anthracene residues due to the weakly absorbing
character of phenylalanine.['%l However, the redshift indicates the formation of J
type aggregates upon n-overlap. Measurements were performed on gels one day
after gelation.

The partial loss of vibronic structure is observed for gels I (black) and II
(red) attributed to charge transfer over molecular aggregation,[145200.201] but not
for gels III (blue) and IV (green), presumably due to a weaker transition (one
phenylalanine moiety). Additionally, an increase in the absorption intensity for
gel I and II is observed upon gelation, in contrast to previous gel studies
reporting a decrease in intensity upon aggregation.[145146202] Background
normalised spectra, due to the scattering of the opaque gels, still show an increase
in intensity. This could partially be due to the aggregation-induced enhanced
emission phenomenon, which also relates to the absorption.[20325] The
absorption intensity of gel IV is in between that of its individual component’s gel.
The n — n* transitions, attributed to C=O groups and N-H amide groups,
observed at longer wavelengths are also redshifted, suggesting hydrogen bond
interactions. The shift is proportional to the precursor’s aromatic character (3 <1
<2).
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Figure 25. UV-vis absorption spectra of a) precursors 1-3 in solution; b) the corresponding
gels I-IV (green) at 50 mM. Fluorescence emission spectra of c) gelator 9 in solution and gel
V; d) 9 in solution, gel V and hybrid gel V-GO. The excitation wavelength was 289 nm for c)
and 296 nm for d).

The fluorescence properties of gels I - IV were not investigated due to the
high emission intensity saturating the detector. The high concentration required
for gel formation (50 mM or ~20 - 30 mg/mL) was unsuitable for such
experiments. However, the fluorescence spectra of gel V, requiring a lower
amount of gelator (2 mg/mL), were recorded one day after gelation. Due to the
insolubility of Fmoc-Phe 9 in PBS solution at R.T., it was first dissolved in ACN
(Figure 25c, purple line) at a low concentration of 0.5 mg/mL to record the
emission spectrum of the monomer species free of intermolecular interactions.
The spectrum shows the emission band centred at 313 nm corresponding to the
fluorenyl moiety (Fmoc). Upon increasing concentration to that of the gel (2
mg/mL, Figure 25¢ black dashed line), the emission band was slightly redshifted
to 315 nm, suggesting that intermolecular interactions already take place in the
solution state at the given concentration. The spectrum recorded in the gel state
(gel V) shows an emission band at 319 nm (Figure 25c, blue line), suggesting that

the Fmoc protective group is involved in m-m stacking interactions upon
gelation. [33,206-208]
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Similar measurements were performed with gelator 9 dissolved in DMSO
at a concentration of 2 mg/mL (Figure 25d, black line). The emission band is
observed at 318 nm, while the emission band in the gel state was at 319 nm. The
redshift of the fluorescence emission of the gelator in two solvents verifies the
solvent polarity dependency of fluorescence measurements.?] For the
measurements to reflect the redshift of the fluorescence emission upon m-overlap
as closely as possible, the gelator should be dissolved in the same solvent as that
of the gel. Unfortunately, Fmoc-Phe is insoluble in PBS at R.T. The spectra could
be recorded from the heated solution (80 °C) before gelation, but the gelators
might already be activated, and a higher temperature could lead to changes in
the fluorescence properties.l?91 The fluorescence emission of gel V-GO is not
observed (Figure 25d, red line). This suggests that supramolecular interactions
causes quenching of the fluorescence due to the energy transfer between the
Fmoc group of the excited molecules to GO, or the intense black colour of gel V-
GO traps the emitted light and prevents its detection.

3.4 Macroscopic properties of the gels LILIV

The mechanical properties of gels I-IV, V and V-GO were investigated by
rheology on gels one day after gelation. Different parameters, such as gelator
concentration and acid equivalent, were assessed for the transient materials I-IV
to determine their impact on the macroscopic scale (bulk state). Gelation is
verified when the G value is higher than the G** value.["8211]

Amplitude sweep measurements were performed on gels I-IV at R.T. by
varying the shear strain y in the 0.01 - 100 % range at a constant frequency of 1
Hz (Figure 26). For all four systems, the G” curve (black square lines) was higher
than the G™ curve (red circle line), verifying the viscoelastic nature of the
materials, that is, gels. The point at which G” and G™* cross (Ycross) corresponds to
the rupture of the material and its transition from a viscoelastic solid to a viscous
liquid. This specific point also informs about the elastic properties, and for these
systems, it increases in order: Ycross! (1.5 %, Figure 26a) < yeross'! (3 %, Figure 26c)
< Yeross!V (3.5 %, Figure 26d) < yeross!! (over 100 %), Table 6. The observed trend
suggests that the elasticity of the material increases with decreasing number of
aromatic units in the precursors from gel I (Phe-Phe core in 1) to gel III (Leu-Phe
core in 3). Gel IV shows a higher ycoss implying that the synergy between the
gelators 1a/b and 3a/b improves the elasticity of the dual-component material.
The Ycross for gel II can be extrapolated above 100 % shear strain (as also reported
for highly elastic gels[?2]), showing the highest elasticity of all gels. However, this
result is against the trend observed for I, IIl and IV. The additional phenylalanine
motif in precursor 2 (Phe-Phe-Phe core), providing a higher hydrophobicity and
more available sites for m-mt stacking, seems to give a more stable molecular
aggregation. Therefore, the difference in the fibrillar arrangement within the
material is potentially the reason for the higher elasticity.
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Figure 26. Rheology amplitude sweeps measurements of a) gel I, b) gel II, c) gel III and d)
gel IV at a concentration of 50 mM and 1 eq of acid. Measurements were triplicates and av-
eraged. Errors bars calculated by standard deviation.

Similar amplitude sweep measurements were performed on gels I-IV, at a
concentration of 50 mM but with a lower amount of acid accelerator (0.5 eq
instead of 1 eq). All gels verified the viscoelastic behaviour, exhibiting a G” value
higher than a G”" value. Interestingly, gels I, III and IV are more elastic than their
1.0 eq counterparts (1.3 - 3-fold increase, Table 6), while the ycross of gel Il is over
100 % shear strain, similarly to its 1.0 eq counterpart. This suggests that the
presence of precursor and/or a lower amount of gelator within the gels lead to
increased elasticity. The effect of the precursor concentration was also
investigated for gels III and IV. The comparison of the ycross values for gel III
shows a decreasing elasticity with an increasing concentration: yeross®™M (6.5 %) >
Yeross?™M (3 %) > Yeross00mM (2 %). A similar trend is observed for gel IV where
Yeross®™M (3.5 %) > Yeross!00mM (1.2 %). The difference in elasticity based on the
precursor concentration seems equivalent between each system (~ 2-fold) and is
quantitatively similar to that based on the accelerator equivalent (1.3-3-fold).
Therefore, the elastic behaviour of the materials can be tuned with the same
magnitude by varying the equivalent of accelerator to trigger gelation and the
concentration of initial precursor.
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Table 6. Stiffness G” (kPa) and elasticity Ycross (%) of gels I-IV at different precursor concen-
trations and accelerator amounts.

G’ (kPa) Y cross (%0)

Gel M] 0.5 eq 1.0 eq 0.5 eq 1.0 eq
Gel I 0.05M 180 420 4.2 1.5
Gel I 0.05M 147 320 No crossing points

0.025 M n.m.[al 10 n.m. 6.5
Gel III 0.05M 11 6.5 9 3
01M n.m. 330 n.m. 2

0.05M 52 20 4.5 3.5

Cel IV 0.1M n.m. 155 n.m. 1.2

[a] not measured

The stiffness of gels I-IV was investigated by frequency sweep
measurements at a constant concentration of 50 mM. The G” value of gel I was
420 kPa (Figure 27a, black line) and 320 kPa for gel II (Figure 27a, red line). These
stiffness values are in the range of the bladder and gut tissue.[?13214] In contrast to
the elastic properties, the stiffness of the materials remains qualitatively similar
regardless of the additional aromatic unit in the precursor’s structure. However,
for gel III (Figure 27a, blue line), the low stiffness value of 6.5 kPa (in the range
of the lung and liver tissue.[?13214]) correlates with a lower number of aromatic
rings and a higher elasticity compared to gel I. Although the lower G” value of
gel III can also be attributed to a lower number of hydrophilic hydrocarbons, the
stiffness decrease is much higher (60-fold) than reported in the literature (2 - 10-
fold depending on the side chain length)®215] The multicomponent gel IV
exhibits a G” value of 20 kPa which is in between that of its individual
component’s gels although closer to that of gel III (Figure 27a, green line). This
also supports the conclusion that a new network has formed by co-assembly of
the gelators.[178.216]

Frequency sweep measurements were also performed on gels III and IV at
different precursor concentrations with a constant equivalent of the accelerator
of 1.0 eq (Table 6). A negligible increase of the G value between gel III at 50 mM
(6.5 kPa, Figure 27b, blue dashed line) and 25 mM (10 kPa, Figure 27b, blue solid
line) is observed. However, the stiffness of gel III at 100 mM is higher by
approximately 30-fold (330 kPa, Figure 27b, blue dotted line). A similar trend is
observed for gel IV, whose G” value increased by approximately 8-fold from the
50 mM gel (20 kPa, Figure 27b, green solid line) to that at 100 mM (155 kPa, Figure
27b, green dotted line).

60



1000000 . , 1000000 .
! "::::::::::=:=:=:l:l:': b v g WY W e k. S A
© s [ PRI PO S R 5402
Q. 100000 + . 100000 4 - *# 1
©
g A& A A A—A—A—A—A—A—A—A—AL A& A5 A—A—A—A—R—A—A—d—4—]
S 10000 7 = 100004
g '\'—-v—r’"_'—w—t—!—!f'""" :
= Y
@
5 1000 J 1000 4 J
o
7]
100 - . 100 w T
0.1 1 10 100 0.1 1 10 100
f (Hz) f(Hz)
—m— |50 mM —v— Il 50 mM Y25 mM —A— V50 mM
—e— |[I50 MM —4— IV 50 mM —v— |1 50 mM -4 IV 100 mM
-~ I 100 mM
1000000 T 600000 T T T
-~":’=:=:=:=:=:=:=:=:'— == " —
—_— — g —m- -m- -§- -E- == 4
= NN SR T S . 300000 20
& 100000 4. -§- 8- 8=~¢- -+ :
‘w A oo A A Ao A A- Ao Ao A A A -4 -4 m
N ?
g A A A —A—A—A—A—A—A—i—i—A—,_ | 100000 ¢ 115 g
= e e e - - W YV Y- g
.8 10000 4 PO —¥--¥- ¥ -¥- ¥ — __i—v’"—A 60000 g
1S y—y—y— " TTET YT A =
° 30000 o L] {102
% -
g 1000 B
n
10000 F 45
| |
6000
100 T T L . !
0.1 1 10 100 1 - 3
f (Hz) Aromatic unit

-m-- 105eq -*-105eq
—m— [1.0eq —*— 111.0eq

-v-- lll0.5eq ~* - IV05eq
—v— lll1.0eq —*— IV1.0eq

Figure 27. Frequency sweep measurements of a) gels I-IV formed with 1.0 eq of accelerator
under a constant shear strain y, b) gel system III and IV at different concentrations with 1.0
eq of accelerator, c) gels I-IV at 50 mM with different amount of accelerator. d) Plot of the
elastic moduli (black) against the lifetime (red) of gels I-IV in function of the number of aro-
matic units in the precursor. Error bars are calculated by standard deviation. Reproduced
from ref IIT under CC-BY 4.0 license.

The effect of the accelerator amount was investigated for gels I-IV formed
with either 0.5 eq or 1.0 eq at a constant concentration of precursors of 50 mM.
Gels I (Figure 27c, black lines) and II (Figure 27c, red lines) showed an
approximately 2-fold decrease in stiffness from 1.0 eq to 0.5 eq conditions,
whereas gels III (Figure 27c, blue lines) and IV (Figure 27c, green lines) showed
an increase in stiffness of the same magnitude. The mechanical properties of these
materials seem more sensitive to a difference in precursor concentration than the
acid accelerator used to trigger gelation. It should be noted that varying both
parameters yields materials with a broad range of mechanical properties, which
could be useful for designing materials for applications requiring fine control of
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the stiffness, such as tissue engineering and cell culturing, in which living tissues
and cells are sensitive to the mechanical properties of their environment.

Figure 27d shows the evolution of the G (black line, left y-axis) and the
lifetime (red line, right y-axis) of the gels in function of the number of aromatic
units in the precursors’ structure. The evolution of the lifetime is inversely
proportional to the material’s stiffness. Therefore, stiffer materials have a shorter
lifetime and vice versa. The solubility of the different gelators in the secondary
solvent tBuOH can explain this finding. Indeed, solubility controls showed that
the ester-protected gelators a are soluble in tBuOH while the free carboxylic acid
gelators b are not. The mechanical properties of the materials also play a role in
the self-abolishment, presumably due to the stiffness to withstand the
progressively dissolved network before the gel-to-sol transition.

Fmoc-Phe hydrogel V and Fmoc-Phe/GO hybrid hydrogel V-GO were
investigated to study the effect of GO on the mechanical properties of the
material. The effect of the gelator concentration in gel V was investigated by
frequency sweep measurements (Figure 28a). The G” value increased from 160
Pa (neuron or brain tissue stiffness)[213214] to 3 600 Pa (~ 20-fold, fat or soft tissue
stiffness)[?13214] upon increasing the concentration of Fmoc-Phe 9 from 2 mg/mL
(Figure 28a, black) to 6 mg/mL (Figure 28a, orange), respectively. In addition,
tive gels were prepared with different concentrations of GO in the range of 0 - 1
mg/mL, while the gelator concentration was kept constant at 2 mg/mL (Figure
28b and 28c). Although random, the evolution of the G” value appears negligible
for the GO concentration from 0 mg/mL to 0.75 mg/mL (160 Pa to 210 Pa).
However, at the highest concentration of GO (1 mg/mL), the increase in stiffness
is greater (370 Pa, ~2-fold), although a previous study reports a 7-fold increase
upon addition of GO in the gel.[’!l The evolution of ycross values and G” values in
function of the GO concentration in the hybrid gels are not linear but follow a
similar trend, that is, an increase of the stiffness is observed along with the
increase in the materials” elasticity, and vice versa.

The phase transition temperature (Tgel-so1) is @ measure of the temperature
at which the materials undergo the gel-to-sol transition and refers to the thermal
stability. Tgei-sot was measured by gradually heating the gel samples (one day
after gelation) with a 5 °C step. After reaching the equilibrium state (10 min), the
vial inversion method verified the non-free-flowing character of the materials.
The Tgel-sol correspond here to the transition to the complete free-flowing solution
state and increases in order gel I1I (40 °C) < gel I (45 °C) < gel II (55 °C). Therefore,
the transition temperature is proportional to the number of aromatic units in the
structure (Table 7). In contrast to the rheological data, the Tge-so1 of gel IV was
35 °C, lower than that of its individual components” gels. The difference between
the 3D network related to the Tgel-sol and the m-m stacking interactions related to
the gel stiffness is possibly the reason for the difference in behaviour.[1%]
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In addition, the precursor concentration affects the Tgel-sol, as it increased
proportionally to the concentration (10 °C increase from 25 mM to 100 mM, Table
7), similarly to the stiffness. This suggests that the materials’ mechanical
properties and thermal stability are concentration-dependent.

Table 7. Phase transition temperatures (°C) of gels I, II, III and IV and their dependency on
the gel concentration.

Gel concentration

Tgel-sol (OC)

25mM 50mM 100 mM

Gell 45 50 55
Gel II 55 65 65
Gel III 40 45 50
Gel IV 35 40 45
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The Tgel-sol of gels V and V-GO was investigated to study the effect of the
gelator and GO concentrations on thermal stability. As for the rheological studies,
the gelator concentration was increased from 2 mg/mL to 6 mg/mL, while the
GO concentration was increased from 0 to 1 mg/mL with a step of 0.25 mg/mL
for each gelator concentration value (Table 8). At 2 mg/mL for gel V, the Tgel-sol
was 35 °C and increased proportionally with the GO concentration until 50 °C
(V-GO). Therefore, the presence of GO within the network increases the heat
resistance of the hybrid material, while mechanical properties are not
significantly altered. This is in line with spectroscopic and rheological results,
where the presence of GO did not alter the secondary structure, intermolecular
interactions and mechanical properties. For material applications used in the
human body, the Tgel-sol should be higher than the body temperature (~ 37 °C).
Therefore, gel V would not be suitable as the body temperature would trigger
the gel-to-sol transition but gels with a GO concentration of 0.75 mg/mL or
higher would be suitable. However, when the gelator concentration is increased
to 6 mg/mL, the Tgel-so1 of gel V is 60 °C, remaining constant upon increasing the
concentration of GO. Thus, at this high concentration of gelator, the presence of
GO does not alter the thermal stability of the materials and all V-GO gels at this
gelator concentration would be suitable for applications used in the human body.

Table 8. Phase transition temperature (°C) of gels V and V-GO and their dependency on the
gelator and GO concentration.

Concentration of Fmoc-Phe and GO (mg/mL)
Gels V/V-GO 2 6
0 025 05 075 1|0 025 05 075 1
Tget-sol (°C) 35 40 | 45 ] 50 [ 5060 60 [ 60 | 60 | 60

3.5 Antimicrobial properties of amino acid-based gels IV

Supramolecular amino acid-based hydrogels have been extensively studied for
their potential antimicrobial/antiviral biomedical applications, which can be
tuned modifying the gelation conditions, gelator structure and the presence of
additives.32217-222] Recent studies showed that antibacterial properties could be
further optimised and tuned by addition of metal (e.g. gold and silver), drugs,
carbon dots, carbon nanotubes and other graphene-based materials within the
3D encapsulated solvent.[88]

The antibacterial properties of gels V and V-GO, along with a suspension
of GO in PBS solvent, were investigated against gram-negative Escherichia coli (E.
coli) bacteria. The in vitro bacterial growth was assessed by measuring the optical
density of the bacterial cultures in the different materials at a wavelength of 600
nm (ODeoo, Figure 29) over 40 h of incubation in relation to the control. The
materials were evaluated at five concentrations (Table 9) prepared by serial
dilutions from D1 (highest concentration, lowest dilution factor) to D5 (lowest
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Table 9. Dilution factors and final concentrations of the individual components tested
against E.coli. The concentration of hybrid gel is obtained by addition of the individual com-
ponents” concentration.

Gel components Dilution factors
D1 | D2 D3 D4 D5
Fmoc-Phe (mg/mL) | 1.0 | 0.50 | 0.25 | 0.13 | 0.63
GO (pg/mL) 125 | 62.50 | 31.25 | 15.63 | 7.81
1.0 1.0 1.0
: T el
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D3 |
0 10 20 20 0 0 10 20 30 10 20 30 20
10 10 T Incubation time (h)
08 A 08 .
NN T JEESPALE) I ULERMIIS R
_os ;7:‘7\1 &1 T T asl “:V \gj:ﬁ,_ﬁ_ﬁ B —— FmocPhe gel
3 . / Hybrid gel
Soal ff {oal —— GO flakes
f —— Positive control
02} 402} 4
/ . | D4, D5 |
0 10 20 30 40 o 1‘0 2‘0 3‘0 40

Incubation time (h) Incubation time (h)

Figure 29. Optical density measurements of the bacterial cultures in gel V (blue), gel V-GO
(orange) and a suspension of GO in PBS (red) at different dilution factors D1-D5 of the ma-
terials recorded at 600 nm over 40 h. The black curves correspond to the positive control.
Error bars were calculated by standard deviation. Adapted from ref. IV under CC-BY 4.0
license.

concentration, highest dilution factor), with D1 showing a dilution factor of
2 compared to gel V and V-GO (2 mg/mL of Fmoc-Phe and 0.25 mg/mL of GO).

Gel V at D1 shows slight antibacterial properties since the OD¢oo values
remain below that of the positive control (in which only the bacteria are present
in the culture medium) for 40 hours. However, from D2 and below, the decrease
in concentration results in the loss of bactericidal properties after 10 h of
incubation, as the ODgoo readings indicate a higher population of bacteria than in
the control culture. This suggests that within this timeframe the concentration
limit at which Fmoc-Phe and GO hinder bacterial growth is 1.0 mg/mL and 62.50
pg/mL, respectively. The high bacterial population observed for all dilution
factors in the samples containing hybrid gel V-GO and GO suspension suggests
that the GO sheets offer a scaffold for bacterial growth (i.e. surfaces to attach on
and proliferate).
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The data from the ODesoo measurements (Figure 29, D1) were extracted and
plotted individually to study the antibacterial effect of the materials at the highest
concentration in detail. Three time points (5 h, 10 h and 20 h of incubation time,
Figure 30a) were assessed, and each cell viability value was normalised to the
control (100 % cell viability, only bacteria in the broth, no other disturbances).
Within the first 5 h, gel V showed bactericidal properties since only 44 % of the
bacteria were left alive in the culture. Similarly, bacteria in contact with hybrid
gel V-GO showed only 56 % cell viability. The population in the GO suspension
was higher than that of the control, supporting the hypothesis of GO acting as a
scaffold for bacterial growth. This result is a discrepancy compared to the
literature reporting the antibacterial activity of graphene-based materials, in
which GO was found to have a high bactericidal activity against E. coli.[22] Indeed,
in our case and for all incubation time and dilution, GO was found to promote
bacterial growth. After 10 h of incubation at D1, the bacteria population in the
GO sample remained quantitatively similar. For both gels V and V-GO, the
bacteria population in the culture increased, suggesting that the growth
inhibition properties of the materials decreased. Finally, the bacterial population
remained constant after 20 h of incubation in contact with gel V, whereas the
presence of GO in hybrid gel V-GO presumably favoured the growth of E. coli.
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Figure 30. Cell viability (%) obtained by ODgw measurements a) at 5 h, 10h and 20 h at D1
dilution factor. b) 5 serial dilutions at 5 h of incubation. All values for each time point were

normalized to the control value of the same time point for clarity and comparison. Adapted
from ref. IV under CC-BY 4.0 license.

Similarly, the data for all materials were extracted and plotted for the serial
dilution factors D1-D5 after 5 h of incubation time (Figure 30b). Hybrid gel V-
GO displayed bactericidal activity for the three lowest dilution factors, D1-D3
(the cell viability is lower than that of the control). The dilution D2 shows the
lowest bacterial population among the three, indicating that this concentration is
optimal. Gel V loses its bactericidal activity from D2 and below, whereas the GO
suspension shows qualitatively similar bacterial growth to the control regardless
of the dilution factor. The overall results suggest that the D1 dilution factor
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(highest concentration) is the most optimal for bacterial growth inhibition for at
least the first 5 h. Lower materials concentrations result in the loss of antibacterial
properties.

Live/dead staining assay was performed on D1 dilution samples after 5 h
of incubation to detect damaged or intact cell membranes visually. A green
fluorescent dye (Syto9) was used to stain live and dead bacteria, while a red
fluorescent dye (PI) was used to stain bacteria with damaged cell membranes
selectively. Fluorescence microscopy was used to qualitatively image the bacteria
cultures in contact with each material sample and the control without
numerical/statistical analysis (Figure 31). The results agree with the optical
density measurements and show mainly live bacteria (mostly green coloured
bacteria) in the control culture. Bacteria in the GO suspension are mainly alive
and agglomerated, supporting the hypothesis that GO creates a scaffold for
bacteria to attach to. Bacteria in contact with the hybrid gel V-GO are mainly
dead, although more are alive than in the culture in contact with gel V,
corroborating the numerical results obtained by ODeso measurements. In this
study, Fmoc-Phe gel shows low antibacterial activity towards gram-negative E.
coli. In the literature, Fmoc-amino acid gels have been reported to exhibit
antibacterial activity towards gram-positive bacteria.[219224]

Control. {20sm GO suspension | 20um Fmoc-Phe gel | 20um Hybrid gel

#23

(] 2um GO suspension Fmoc-Phe gel J§ 2ym Hybrid gel

Figure 31. a) Fluorescence spectroscopy images of the live/dead bacteria assay after 5 h of
incubation at D1 dilution factor of GO suspension, gel V and gel V-GO. b) is a magnification
for clarity. Green fluorescence indicates bacteria with intact and damaged cell membranes,
while red fluorescence indicates bacteria with broken membranes (dead bacteria). Repro-
duced from ref. IV under CC-BY 4.0 license.
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4 CONCLUSIONS

Supramolecular gelation is a complex phenomenon that requires a “try and see”
approach. Due to the large number of parameters influencing this process, it is
rather difficult to predict whether a molecule will gel in a solvent. Although some
studies have demonstrated successful predictions on the gelation of short amino
acid-based systems (mono- and dipeptides), it is usually difficult for more
complex systems. Systematic studies comparing chemical structures, solvents
and gelation conditions give a lot of insights into designing gel systems, for
instance which functional groups are more likely to favor self-assembly. This
approach becomes even more complex when designing out-of-equilibrium
systems, such as DSA, due to the increased number of parameters to consider,
such as competing reaction kinetics of fuel consumption and deactivation rate.
In this thesis, a new type of out-of-equilibrium self-assembly was
developed. This system, so-called solvent-induced self-assembly, was
investigated at multiple length scales, and the gelation parameters were varied
to assess their impact on the resulting materials, both from a dynamic and
mechanical properties point of view. Within the initial set of eight peptide
precursors, three formed gels under the specified conditions. Two of these
precursors consisted of phenylalanine (di- or tripeptide) and one leucine, along
with phenylalanine (dipeptide). The lack of gel formation for other precursors
was suggested to be because of the high freedom of o-bond rotation (aliphatic
side chains shorter than leucine) and electrostatic repulsion (tyrosine).
Molecular scale characterisation indicated that the proposed mechanism of
gel formation, i.e. precursor deprotection causing in situ formation of two
activated gelators and their chemical interconversion over time, and the
formation of the secondary solvent responsible for the materials” abolishment,
was similar for all gel systems. The difference in the dynamic nature, represented
by the lifetime of the materials (i.e. spontaneous gel-to-sol transition or self-
abolishment), varied depending on the chemical structure of the precursor. This
was suggested to be a consequence of the different solubility of the gelators in
primary and secondary solvents. In addition, precursor concentration and
accelerator amount affected the dynamic nature of the materials, the latter by
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modifying the rate and amount of secondary solvent formation. Varying the
gelation conditions not only affected the lifetime of the gels, but also their
macroscopic properties (e.g. stiffness and elasticity). A direct correlation between
the dynamic and mechanical properties was observed, that is, softer gels have a
higher lifetime and vice versa.

This work highlighted the development of transient materials whose
properties can be finely tuned by varying gelation conditions. A wide range of
lifetime and stiffness can be obtained simply by changing the precursor structure
and concentration, and the amount of accelerator. However, further work must
be done to investigate the different kinetics regulating the assembly and
disassembly processes. Additionally, future applications such as temporary ink
writing with spatial control of the assembly on a surface or a switch to water-
based solvents using an external tBu group supplier to sustain the transient
character of the materials can be envisioned. The intrinsic biocompatibility of
peptide hydrogels would allow such solvent-induced self-assembled systems to
be used for drug delivery exhibiting a controllable burst release, for instance. This
work also highlighted the use of sSSNOM for the nanoscale analysis of the
supramolecular assembly. It enabled the study of secondary organizations and
non-covalent interactions leading to gelation, depending on the topology of the
network, with a spatial resolution of ~ 20 nm, highlighting the heterogeneity of
the assembly.

On the other hand, the gelation properties of nanocarbon-loaded amino
acid-based hydrogels and the influence of GO on the self-assembly process were
investigated. The presence of GO within the network does not disrupt the self-
assembly and the fibre formation during gelation, but electron microscopy
showed that the fibres seem to entangle around the GO flakes on higher-order
organizations. Infrared spectroscopy revealed that the 1D aggregation of the
gelators in the neat and hybrid gels are identical, suggesting that GO does not
interfere with the molecular aggregation. Similarly, the 2D structures (3-sheets in
our case) are identical between both gels, supporting the previous findings. The
stiffness of Fmoc-Phe gels is in the range of the brain tissue stiffness, allowing
them to be potentially used for brain tissue regeneration. The presence of GO in
the system, studied at different concentrations, negligibly modified the stiffness
of the hybrid materials but had more impact on the elastic behavior. The hybrid
materials have a higher microbicidal activity than the neat hydrogel, and they
display it at lower concentrations, even though GO alone promotes bacterial
growth by offering additional surfaces as scaffolds for bacterial attachment. This
highlights the synergy between organic gels and carbon materials as additives,
supporting the literature on carbon-based hybrid materials for biomedical
applications.

Overall, this thesis brings fundamental studies on the development of a new
self-assembly process that can be employed for materials requiring a transient
behavior and tunable properties, along with enriching the pool of synergistic
hybrid antimicrobial materials.
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A transient organo-gelation system with spatiotemporal dynamic
properties is described. Here, the solvent actively controls a
complex set of equilibria that underpin the dynamic assembly
event. The observed metastability is due to the in situ formation
of a secondary solvent, acting as an antagonist against the primary
solvent of the organogel.

In nature, energy dissipating biomolecular assemblies form
transiently under the constant exchange of energy and matter
with the environment. However, many artificial assembled
systems lack the complexity of their natural counterparts as
the assembly event occurs at thermodynamic equilibrium.
There is increasingly intense interest in metastable gelation
systems that assemble in a dynamic, kinetically controlled way,
for example, in response to the presence of fuel and then
disassemble when the fuel is depleted.'™ van Esch et al., for
example, used an alkylating agent as fuel to generate a low
molecular weight gelator (LMWG) ester, while the process was
reversed by ambient hydrolysis.* A number of reports built on
this demonstrating that hydrogels can exist in non-equilibrium
states using various fuels.”™®

Transient materials do not only depend on cyclic fuelled
dissipative systems. In the seminal work of Heuser et al.,” the
catalytic temporal control of a pH-responsive dipeptide consists
of an alternative approach towards transient peptide gels. The
self-assembly of LMWGs is a dynamic process, strongly depen-
dent on their structural features and the nature of the gelation
trigger, either physical or chemical."”'" For example, photo-
responsive gelators have been reported to assemble towards
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Triggering a transient organo-gelation system
in a chemically active solventy

)b

out-of-equilibrium systems,'*'? deprotection of a Boc group
has been used to convert organogelators to hydrogelators,*
simple deprotection reactions can yield gels in situ,"”” and
enzyme-mediated chemical changes can trigger self-
assembly.’®® Catalysis plays an intimate role in controlling
non-equilibrium fuelled systems in both assembly/disassembly
pathways. A case as such describes gelation in which the fuel
derives catalytically from a “pre-fuel”."® Additionally, catalysis
has been reported to trigger an interplay between pH and
oxidation, leading to the transient assembly of dendritic pep-
tide monomers.>* Among amino acid based gelators, phenyla-
lanine derivatives are efficient LMWGs, yielding self-supporting
gels.”**> Working on a multistep synthesis towards a set of
phenylalanine based organogelators, we serendipitously
noticed the in situ gelation of dipeptide N-tert-
butyloxycarbonyl (Boc)-L-phenylalanyl-i-phenylalanine tert-
butyl ester (Boc-Phe-Phe-OtBu 1), triggered by the selective
deprotection of the Boc group in the presence of the tert-butyl
group (Fig. 1 and Fig. S1, ESIY).
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Fig. 1 Selective deprotection of the Boc-group in the presence of the
tert-butyl group under acidic conditions. Gelation is induced by the
chemical equilibrium between products 2 and 3.
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Herein, we focus on deciphering the gelation mechanism
and understanding how the dynamic nature of the reaction
equilibrium affects the stability of the obtained organogel. In
many cases, the solvent in gelation systems plays a relatively
passive role in simply supporting the assembly event. In this
system, however, it plays an active and chemically intimate role
in controlling the equilibria that underpin the dynamic assem-
bly process.

The deprotection reaction is based on the protocol of
Lin et al.®>® The precursor gelator 1 is suspended in tert-butyl
acetate (tBuOAc) at a concentration of 0.5 M. When adding
1.5 equivalents of sulfuric acid to the reaction mixture, dipep-
tide 1 is selectively deprotected at the carbamate group to give
the ester Phe-Phe-O¢Bu 2 (Fig. 1 and S2, ESI) in 95% yield.
According to Lin et al.,*® the driving force of the reaction is the
formation and release of carbon dioxide formed by the irrever-
sible cleavage of the Boc group. Their studies showed that the
C-terminal ester is also deprotected to give the mono-
carbamate protected dipeptide Boc-Phe-Phe 4. This process
is rapid and reversible as tBuOAc regenerates the tertiary cation
(tBu"), therefore reforming the ester group of 1. In this way, the
solvent plays an intimate role in the reaction cycle. However,
our studies showed that gelation is achieved when adding less
sulfuric acid (1.0 equivalent) while keeping the concentration of
1 constant (0.5 M). In this sense, sulfuric acid can be consid-
ered an “‘accelerator” for the gelation process.

To identify the minimum gelation concentration (MGC) of
precursor 1 (0.05 M; Table S1, ESIt), we performed a series of
concentration screening trials. Gelation, assessed by the vial
inversion method, occurred within 12 h upon addition of the
acid at room temperature. In addition, we measured the gel-to-
sol phase transition temperature (Tgei_so1) by controlled heating
of the gels. Irrespective of their concentration, all samples
appeared stable up to 45-50 °C. Heating at 55 °C resulted in
the collapse of the gels to a solution. However, they reformed
upon cooling, verifying the thermoreversible nature of the gel
(Fig. S3, ESIY).

The organogel has a lifespan of four days, after which it
turns into a solution. Under acidic conditions, the deprotection
of 1 could occur to a full extent towards r-phenylalanyl-i-
phenylalanine (Phe-Phe) 3 before tBuOAc regenerates ester 2.
Therefore, gelation must be triggered either by Phe-Phe 3, the
mono-protected ester 2 or both potential gelators 2 and 3. The
slow decay of the organogel within four days could suggest
possible changes in the chemical equilibrium between dipep-
tide counterparts 2 and 3. Therefore, to identify the gelling
agents and investigate the gelation mechanism with respect to
the reaction equilibrium, we performed nuclear magnetic reso-
nance (NMR) studies on the dried gel (xerogel I-dried xerogel
dissolved in deuterated ds-DMSO) of a freshly prepared
organogel.

Both *C and "H NMR spectra of xerogel I confirmed the
presence of the mono-protected 2 and fully deprotected 3
dipeptides, in approximately 1:0.9 ratio (Fig. 2 and Fig. S5,
S6, ESIt). The two doublets at ~9.0 ppm are attributed to the
two NH groups of the peptide bonds. Integration of the
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Fig.2 *H NMR (300 MHz, dg-DMSO) spectrum of xerogel I. Gelation is
induced by products 2 and 3.

remaining signals shows twice the number of H atoms, except
for the tert-butyl group. The broad band at 4.4 ppm is due to the
hydroxyl group of tert-butyl alcohol (tBuOH), a side product of
the ester 2 deprotection. The broad peak at ~8 ppm corre-
sponds to the protonated N-terminus of compounds 2 and 3
under acidic conditions. The presence of both compounds in
the xerogel was also confirmed by high-resolution mass
spectroscopy (HR-MS, Fig. S10, ESIT).

To assess potential changes in the ratio of compounds 2 and
3 and their impact on the gel’s lifetime, we recorded the NMR
spectra of dissolved dried xerogels, prepared at different time
points, ranging from the formation of the gel (day 1) until the
transition to the solution phase (day 4). Although both com-
pounds 2 and 3 were present in the system, their ratio appeared
to change randomly over 4 days (Fig. 3). Interestingly, the
dynamic interconversion between dipeptides 2 and 3 does not
seem to be responsible for the collapse of the gel but rather the
formation of tBuOH over time.

Indeed, when we added ¢tBuOH on the surface of freshly
prepared organogels, they collapsed within 48 h, in contrast to
the untreated material. Additional control experiments with
water showed that the gel collapses almost immediately upon
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Fig. 3 H NMR (300 MHz, dg-DMSO) spectra of xerogels over 4 days.
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addition. The water in the system originates from the acid
solution and solvents. However, its amount is insufficient to
break the gel structure as the untreated organogel collapses
after 4 days. Upon addition of the acid, part of the formed tert
butyl cation (¢Bu') re-esterifies Boc-Phe-Phe 4 towards Boc-
Phe-Phe-O¢Bu 1 (Fig. 1) in a rapid process, as per the given
mechanism. Based on the control experiments and the
obtained NMR spectra, we, therefore, suggest that the
formation of tBuOH at a slower pace is responsible for the re-
esterification of Phe-Phe 3 to the mono-protected ester Phe-
Phe-Ot¢Bu 2.

To clarify the observed random evolution of compounds 2
and 3 over time and their contribution to gel formation, we
tested whether components 2 and 3 could form alone a self-
supporting gel in tBuOAc. In the absence of sulfuric acid, ester
2 did not gel, indicating that compound 2 cannot form gels
independently. However, when 1.0 equivalent of the acid was
added, compound 3 formed in situ, leading to a mixture of 2
and 3 at a 0.9:1 ratio that once again yielded a self-supporting
organogel. NMR analysis of the corresponding xerogel (II)
showed qualitative spectra similar to xerogel (I) (Fig. S5 and
S6, ESIT). In contrast, Phe-Phe 3 did not gel in tBuOAc even
after the addition of the acid. Thus, to induce gelation under
the given conditions, the presence of both compounds 2 and 3
is required.

Gelation is dynamically driven by the presence of acid in the
system. The organogel appears to be thermodynamically meta-
stable since supramolecular forces between derivatives 2 and 3
develop relatively rapidly (12 h), leading to gelation. The
observed interconversion between gelators 2 and 3 does not
affect the stability of the gel. In contrast, the formation of
tBuOH, which occurs more slowly over four days, converts the
gel to a solution, as it seems to act antagonistically against
tBuOAc (Fig. 4). Therefore, the presence of {BuOAc, which
reverses the conversion of 2 into 3, the process that otherwise

Deactivated building block o

[e]
. - B
H
s B S
CO,+ tBu* it
(o]
L

2 be

H3N
" activated "
H building blocks H

o
3

tBu*

o O

Gel state Sol state

Fig. 4 Transient assembly: precursor 1 is activated by acid “accelerator”
towards gelators 2 and 3. The solvent (tBuOAc) acts as a “brake”, reversing
the conversion of 2 into 3 and preventing the formation of tBuOH, which
otherwise causes the gel to decay.
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forms tBuOH, effectively acts as a brake on the process. In
principle, the balance between the ‘“accelerating” sulfuric acid
and the “braking” ¢BuOAc will dictate the gel’s metastability.
This means that the degradation time could be controlled, for
example, by changing the acid concentration. Indeed, when
only 0.5 equivalents of acid were used, the lifetime of the gels
extended beyond 4 weeks (Table S2, ESIt). Such an approach
might be beneficial for applications that require the formation
and controlled degradation of soft materials at a given
time.>*%”

According to the literature, diphenylalanine-based nanos-
tructures adopt f-sheet conformations when assembled, as per
the reported positions of the amide I bands.*®*™° Here, the
xerogel shows a peak at 1661 cm™' suggesting the potential
formation of 3,-helices® rather than a parallel or antiparallel
B-sheet secondary structure.

In addition, we performed swelling studies on the organogel
in tBuOAc to assess its stability. Two gel specimens at concen-
trations of 0.05 M (MGC) and 0.1 M were used. The calculated
swelling degree (SD-%) of each sample against time revealed
that swelling is concentration-dependent (Fig. S4, ESIT). At the
MGC (0.05 M), swelling reached a plateau after sixteen days,
whereas at a higher concentration (0.1 M), no swelling was
observed, even after ten days of continuous measurements. The
swollen material absorbed solvent up to 6% of its initial weight,
demonstrating a high degree of elasticity. Rheology studies at
the MGC before swelling revealed a storage modulus (G’) of
10890 Pa and a loss modulus (G”) of 2474 Pa, respectively
(Fig. S12, EST}).

Although the standard organogel has a lifespan of four days,
both materials remained intact for twenty days during the
swelling studies. Seven months later, the swollen gel was still
stable. The lifespan expansion suggests that the solvent treat-
ment affected the consistency and potentially the materials’
supramolecular network. Therefore, we recorded the NMR
spectra of the swollen gel (Fig. S8 and S9, ESIf) to assess
potential changes in its consistency. In contrast to the initial
organogel, only ester 2 was detected. It seems likely that adding
extra solvent and the material’s swelling helps prevent the
deprotection of compound 2 towards 3. Indeed, removing
excess solvent from the gel’s surface during each measurement
will also decrease the acid concentration, effectively removing
some of the “accelerator”” from the system. Meanwhile, tBuOAc
forms the tertiary cation in excess and regenerates ester 2,
acting as a “brake”. We reason that these processes combine to
extend the lifetime of the metastable gel. Interestingly, when
the mixture of 2 and 3 is treated with ¢{BuOAc in this way,
compound 2 can maintain the gel behaviour, whereas, on its
own, it cannot establish a gel. This indicates, as is often seen
for metastable gels that the assembly pathway plays an impor-
tant role in controlling the material’s performance.*

Notably, during the swelling studies, the conditions chan-
ged since sulfuric acid concentration was now present at less
than 1.0 equivalent. To relate the results of swelling studies
with potential alterations of the gel’s network, we performed
scanning electron microscopy (SEM) imaging of the gel samples

Chem. Commun., 2021, 57,10375-10378 | 10377
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Fig. 5 SEM imaging after (A) 1 day; (B) 20 days; (C) 7 months. Inset depicts
the corresponding bulk gels. The double layer (B and C) is a mirror effect
due to the camera’s angle.

(Fig. 5). Images taken immediately after the gel formation
revealed a dense three-dimensional network of branched,
entangled, plated ribbons. The swollen material after twenty
days of treatment showed elongated, fine fibres in coil-coiled
constructions. Seven months later, the network consisted of
thicker fibres intertwined into wider bundles. This suggests the
slow dynamic evolution of the structure over time.*

Our studies prove a gelation system, which evolves dynami-
cally over time through a set of coupled reactions, some of
which are in equilibrium. Sulfuric acid is the reaction ‘“‘accel-
erator”, driving the deprotection reactions of NHBoc and ¢Bu-
ester forward. The solvent (¢BuOAc) acts as a ‘“brake” by
effectively reversing the ester deprotection. This prevents the
formation of tBuOH, which otherwise appears to trigger the gel-
to-sol transition. The organogel is thermodynamically meta-
stable and responds to the presence of the ‘“accelerator” or the
“brake”. For example, swelling of the material with additional
solvent limits the hydrolysis of the ester and the formation of
tBuOH, thus, extending its lifespan and altering its supramo-
lecular network. Therefore, sample-handling procedures could
introduce, to some extent, tuneability to the micro- and macro-
scopic properties of gels. This system constitutes a rare example
in which the solvent does not only play a passive role in
supporting the gelation process but is intimately involved in
the chemical equilibria, which underpin the dynamic gelation
event itself and helps trigger gel assembly/breakdown.
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Nanoscale Probing of the Supramolecular Assembly in a
Two-Component Gel by Near-Field Infrared Spectroscopy

Romain Chevigny,? Efstratios D. Sitsanidis,”” Johanna Schirmer,”” Eero Hulkko,®
Pasi Myllyperkid,” Maija Nissinen,* and Mika Pettersson*

Abstract: The design of soft biomaterials requires a deep
understanding of molecular self-assembly. Here a nanoscale
infrared (IR) spectroscopy study of a two-component
supramolecular gel is introduced to assess the system's
heterogeneity and supramolecular assembly. In contrast to
far-field IR spectroscopy, near-field IR spectroscopy revealed
differences in the secondary structures of the gelator
molecules and non-covalent interactions at three distinct
nano-locations of the gel network. A -sheet arrangement is

dominant in single and parallel fibres with a small proportion
of an a-helix present, while the molecular assembly derives
from strong hydrogen bonding. However, at the crossing
point of two fibres, only the f-sheet motif is observed, with
an intense m—m stacking contribution. Near-field nanospectro-
scopy can become a powerful tool for the nanoscale
distinction of non-covalent interactions, while it is expected
to advance the existing spectroscopic assessments of
supramolecular gels.
p 9 )

Introduction

Fourier transform infrared (FTIR) spectroscopy is widely used to
probe the secondary structure of proteins and elucidate their
conformations and folding." Supramolecular gels, especially
those consisting of amino acids or small peptides, have gained
momentum for the development of soft artificial biomaterials
to mimic the extracellular matrix (ECM) for biomedical
applications.”"" To date, the secondary and higher-order
architectures of the gelator molecules are mainly probed by
ultraviolet-visible (UV-vis), circular dichroism (CD) and far-field
FTIR spectroscopy techniques.">'® However, these techniques
solely probe the intermolecular interactions of the gelator
molecules and higher-order molecular assemblies within the gel
network at the macroscale (i.e. in bulk systems). Indeed, the far-
field ATR-FTIR spectra of supramolecular gels contain the
average of the vibrational bands of the gel system. At the
macroscale, the study of the amide | (1600 to 1700 cm™') and
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amide Il (1500 to 1600 cm™') regions in peptide-based gels
gives valuable information on the secondary structure of the
gelator molecules and, consequently, their organization in fibrils
and fibres, which form the three-dimensional (3D) gel
network."7""?

To decipher the molecular/higher-order assemblies and
type of interactions in a supramolecular gel system, overcoming
the sub-diffraction limit of light and probing at the nanoscale is
crucial. Scattering scanning near-field optical microscopy
(sSNOM) is an emerging surface spectroscopy technique that
has received increasing interest over the past decade.”” This
method combines the topological study of atomic force micro-
scopy (AFM) with the absorptive properties of infrared (IR)
radiation on organic molecules. The IR incident radiation is
focused at the apex of the probing tip into a highly
concentrated electric near-field, which interacts with the
sample. The interferometric recording of the scattered light
provides infrared spectra at a spatial resolution approximately
equivalent to that of the tip (20 nm).?'*® sSSNOM has been used
for the analysis of polymeric thin film surfaces,****>¥ imaging of
cells,2% viruses™'“? and neurons! and the structural elucida-
tion of protein fibrils.*+¢

Although the secondary structure of protein fibrils has been
successfully studied by sSNOM, in supramolecular gels the self-
assembly of the gelator molecules (e.g. secondary structure)
and the type of non-covalent intermolecular interactions (e.g.
hydrogen bonding and m-m stacking) responsible for self-
assembly have not yet been studied at the nanoscale. To
address the nanoscale probing of molecular self-assembly and
elucidate higher-order architectures, such as inter-fibrillar
interactions, we introduce sSNOM studies of a two-component
amino acid-based organogel, which has been recently intro-
duced by our group (Figure 1).#”” We demonstrate that the high
sensitivity of nanoFTIR can distinguish the type of secondary
structural features among two structurally similar gelator

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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gelators 2 and 3. Irreversibly cleaved Boc- group and reversibly cleaved tert-butyl groups are highlighted in orange and blue, respectively. b) Schematic
depiction of the transient assembly mechanism. /) activation of the precursor gelator 1 into the active molecular building blocks 2 and 3; /) hydrolysis of 2; Il)
esterification of 3; V) hydrolysis of tBuOAc solvent; V) dissipation of the gel network. ¢) ATR-FTIR spectrum of the bulk gel system in the range of 1475 to

1750 cm™' showing the main vibrational bands. Red dashed lines indicate the amide | peaks. The P,", P,”’, P,;"" and P, peaks (green dashed lines) refer to the

vibrations of the functional groups of interest (C=C aromatic stretching, amide Il

N—H bending, C=0 ester stretching and C=0 carboxylic acid stretching,

respectively). The amide Il region shows the N-H bending of the amide group. d) Topography image of the gel’s fibres on a gold surface (5x5 pm, scale bar
1 um). Single fibre (plain circle), crossing point of two single fibres (dashed circle) and two parallel fibres (dash-dotted circle).

molecules. We also introduce sSNOM as a valuable tool for
investigating  the  heterogeneity of  multicomponent
supramolecular gel networks in high spatial resolution and
overcoming surface analysis constraints.

Results and Discussion
Model Gel

In our bimolecular gel system, a chemically active solvent (tert-
butyl acetate, tBUOAc) controls a set of coupled reactions that
promote the dynamic assembly event®’ The two gelator
molecules form in situ by the coupled deprotection/protection
reactions of the precursor gelator N-tert-butoxycarbonyl-L-

Chem. Eur. J. 2023, 202300155 (2 of 9)

phenylalanyl-L-phenylalanine-tert-butyl ~ ester  (Boc-Phe-Phe-
OtBu) 1 (Figure 1a). Gelation occurs through the irreversible
deprotection of the Boc- group in the presence of the tert-butyl
group, triggered by the addition of sulphuric acid in the
medium, as it forms the activated building block Phe-Phe-OtBu
2 (Figure 1a/b). The tert-butyl ester group of 2 is reversibly
deprotected to form the free carboxylic acid counterpart Phe-
Phe 3, which reforms to the tert-butyl ester 2 through the
hydrolysis of the tBuOAc solvent. Through hydrolysis, the
tBUOAC solvent provides the tBu™ cation needed to esterify 3
towards 2 and generates the secondary solvent tert-butyl
alcohol (tBuOH), which acts antagonistically against the primary
solvent tBuOAc. Indeed, unlike the free acid 3, its tert-butylated
counterpart 2 is soluble in tBuOH, thus leading to the
progressive dissolution of the supramolecular network.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Spectroscopic and structural information of a single fibre. a) Topography image of the formed fibres on a gold surface (3x3 pm, scale bar 1 um). The
orange spot indicates the location of the recorded reference spectrum for b). b) NanoFTIR spectrum of a single fibre recorded at the position marked by the
red circle in a). Average of 10 interferograms, 20 ms integration time. A reference spot was taken on the gold surface. P;, P,, P; and P, (green dashed lines)
correspond to the vibrational bands of the functional groups of interest (C=C aromatic stretching, N—H amide bending, C=0 ester stretching and C=0
carboxylic acid stretching, respectively). c) NanoFTIR expansion spectrum of the amide | area (1600-1700 cm ") indicated by the red dashed lines in b).
Experimental spectrum (black curve) and fitting function for each individual peak. Blue fits refer to 5-sheet secondary structures and red fit to an a-helix. d)
The height profile of the cross-section taken at the position marked by the blue dashed line in a). The obtained features (periodicity and plateau of height)
indicate both 3-sheet and a-helical structures.*? e) Schematic representation of the secondary structures adopted by the single fibres.

The hydrolysis/esterification cycles between compounds 2  Interestingly, for this dynamic system to initiate the gelation
and 3 control the formation of the supramolecular network. process, both building blocks 2 and 3 are required (Figure S1).
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Therefore, the supramolecular network consists of two structur-
ally similar entities differing only at their C-terminus (free
carboxylic acid and tert-butyl ester), which are intimately linked
to one another since neither can support gelation individually.

The far-field ATR-FTIR spectrum of the bulk organogel
(Figure 1c and Figure S2) shows the characteristic vibrational
bands at 1691 cm™ and 1660 cm™', which correspond to /-
sheet and oa-helical secondary structures, respectively.”** In
general, for diphenylalanine-based (Phe-Phe) supramolecular
gels, mainly a f-sheet secondary structure (both parallel and
anti-parallel) is reported, relating to the strength of z-it stacking
and hydrogen bonding interactions.""*=*" Therefore, in our
study, the obtained peaks P, (1496 cm™', C=C aromatic), P,
(1550 cm™', N—H amide Il), P; (1712 cm™', tert-butyl ester of 2)
and P, (1732cm™', carboxylic acid of 3)** and the amide |
region are of primary importance to reveal the heterogeneity in
molecular organization and how non-covalent interactions drive
the network formation at the nanoscale.

Nanoscale Packing Modes and Interactions in a Single Fibre

The 3D gel network consists of single fibres entangled into
wider bundles (Figure 1d).*’*" Here, we compare the
supramolecular interactions, as observed, in a single fibre, along
two parallel fibres and at the crossing point of two fibres by
near-field spectroscopy, which is an important tool to identify
non-covalent interactions responsible for the molecular assem-
bly at the nanoscale. Indeed, in contrast to far-field ATR-FTIR, it
enables the selective recording of the nanoscale IR profile of a
distinguished higher-order structure, such as a single fibre.
Therefore, we recorded the nanoFTIR spectrum at a specific
position along an individual fibre (Figure 2a), which showed the
four vibrational bands of interest, as already observed in the
bulk material (P,, P,, P; and P, marked by the green dashed
lines in Figure 2b). It is reasonable to assume that due to
intermolecular interactions, the shifts observed for P; and P, are
insufficient to inverse their positions. Therefore, we assign the
lower wavenumber peak to P; and the higher wavenumber
peak to P,. A summary of the peak positions is presented in
Table 1 (Figure S5a and Table S1), along with the reference
positions in the spectra of the synthesized gelators (powder
materials, Figure S3 and S4) and the bulk gel, measured by far-
field ATR-FTIR. Based on the nanoFTIR data, the lower wave-
numbers of the P, ((=C aromatic), P; ((=0 ester) and P, (C(=0
carboxylic acid) bands in the single fibre, compared to the
synthesized gelators (powder materials), indicate that both
functional groups are involved in the assembly event. The
results are in accordance with previously reported data for
assemblies of the Phe-Phe motif.!'" ="

Although the type of interactions is similar at the nanoscale
(single fibre/nanoFTIR) and bulk gel (macroscale/ATR-FTIR), their
strength is different, as the wavenumbers for both carbonyl
group signals are significantly higher in the single fibre
spectrum. This suggests that along an individual fibre, the
hydrogen bonding originating from the C-terminal carbonyl
groups of 2 and 3 is weaker compared to the bulk material. This

Chem. Eur. J. 2023, 202300155 (4 of 9)

is due to the averaging of the far-field FTIR, which takes all
entities and conformations into account. In contrast, at the
nanoscale, only the interactions involved in the formation of a
single fibre are collected. The downshift of P, is much higher
than that of P;, meaning that the carboxylic acid interacts
stronger than the ester group. The reason for this is the steric
hindrance caused by the bulky tert-butyl group and the
stronger hydrogen bonding tendency of free carboxylic acids,
confirmed by a previously reported study on carboxylic acid
complex formation.*?

A more detailed study of the amide | region (Figure 2c)
revealed a convoluted band which gave rise to four distinct
peaks upon deconvolution. The minima of the second deriva-
tive within the region of interest were used to determine the
number of the individual bands for subsequent fitting (see
more in Supporting Information). The peak at 1652cm™ is
attributed to an a-helical structure (red fitting curve), while the
three peaks at 1627 cm™', 1669 cm ™' and 1690 cm ™' correspond
to parallel and antiparallel S-sheet structures (blue fitting
curves).*! In contrast to previous studies on Phe-Phe-based
supramolecular materials where mainly a S-sheet structure is
reported,"'**% here the calculated distribution, as obtained by
Gaussian fitting (bandwidth, assuming the same intrinsic
intensity), is 10% and 90% for a-helical and f-sheet structures,
respectively. This highlights the high spatial resolution of
nanoFTIR in assessing the structural differences at the nano-
scale, compared to the bulk material far-field ATR-FTIR studies
at the macroscale.

In addition to spectroscopy recordings, the height profile
measurements have also been used to describe the secondary
structure of fibres.”® We obtained the height profile of a cross-
section taken at the same spot as the nanoFTIR spectrum
(Figure 2d). The presence of a plateau of height indicates an a-
helix, whereas periodic features reveal 3-sheet structures. There
is some difference in observed height between this measure-
ment and the literature®™ but it can be explained by the
difference in the structure of the reported gelators. Thus, the
height pattern provides information on the secondary structure.
Both secondary structures are present in the 3D gel network,
while the orientation of the side chains dictates whether the
molecular arrangement of the gelators is parallel or antiparallel
in the 3-sheet motif (Figure 2e).

Nanoscale Packing Modes and Interactions of Two Parallel
Fibres in Contact

The molecular arrangement giving rise to a single 1D fibre
originates from - stacking and hydrogen bonding. For
higher-order organizations, however, the strength of the
interactions and the type of functional groups involved are
affected by the spatial orientation and/or entanglement of the
1D fibres within the supramolecular network. For instance,
probing the contact point of two parallel fibres along their
longitudinal axes (Figure 3a) reveals differences in the peak
intensity and position compared to the IR profile of a single
fibre. The 3D topography depiction (Figure 3b) of the two-fibre

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Supramolecular arrangement along two parallel fibres. a) Topography image of two parallel fibres on a gold surface (2x2 pum, scale bar 1 pm). The
orange spot indicates the location of the recorded reference spectrum for d). b) 3D magnification of the red rectangle in a), showing two parallel fibres.
Vertical dashed lines show the distance between the height maxima. The red (L;) and black (L,) dashed lines refer to the cross-section height profile
measurement in Figure S6. c) Schematic depiction of the near-field measurement. The probed volume includes the contact point of the two parallel fibres.
Numerical values are in nanometres. d) NanoFTIR spectrum of the parallel fibres recorded at the position marked by the red rectangle in a). Average of 10
interferograms, 40 ms integration time. A reference spot was taken on the gold surface. P,, P,, P; and P, (green dashed lines) correspond to the vibrational
bands of the functional groups of interest (C(=C aromatic stretching, N-H amide bending, C=0 ester stretching and C=0 carboxylic acid stretching,
respectively). e) NanoFTIR spectral expansion of the amide | area (1600-1700 cm ") indicated by the red dashed lines in d). Experimental spectrum (black
curve) and fitting function for each individual peak. Blue fits refer to 5-sheet and the red fit to an a-helical structure. f) Schematic depiction of the hydrogen
bonding interactions in the molecular arrangement of two adjacent fibres in contact.®”

system depicts the location of the nanoFTIR measurement. The
height of the individual fibres is between 20-30 nm as well as
the distance between the height maxima of the cross-section.
These values correspond to tubular structures with a diameter
of 20-30 nm in contact with each other. The lateral dimension
is much larger in the image (~60 nm for each individual fibre)
presumably due to the tip convolution effect arising from the
AFM probing tip. The recorded image is, therefore, a convolu-
tion of the actual object and the finite size tip.*¥ As the near-
field, generated by the oscillation of the tip on the surface,
probes at a spatial resolution of ~20 nm, the recording of the
nanoFTIR spectrum covers both fibres and their contact point,
allowing us to study the spectral differences compared to a
single fibre (Figure 3d). The four bands of interest (P, P,, P; and

Chem. Eur. J. 2023, 202300155 (5 of 9)

P, marked by the green dashed lines) are summarized in
Table 1 (see also Figure S5b). The peak corresponding to the
aromatic moieties (P,) is not shifted compared to the ATR-FTIR
profile of the gelator molecules 2 and 3 (powder materials). This
suggests that the phenyl rings are not involved in stacking
interactions along the parallel fibres. However, a small shift of
the amide Il peak (P,) is observed, whereas the carbonyl groups
P; and P, show a higher downshift. The results suggest that
hydrogen bonding is stronger when two fibres are connected
at their longitudinal axes than in a single fibre. As for single
fibre, the terminal carbonyl groups (carboxylic acid and ester)
show a different shift depending on their steric hindrance and
bulkiness.
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1 um). The orange spot indicates the location of the recorded reference spectrum for d). b) 3D magnification of the red circle in a), showing the crossing point
of two fibres (scale bar 800 nm). Dashed lines L, (red) and L, (black) refer to the cross-section height profile measurement in Figure S7. ¢) Schematic depiction
of the near-field measurement. Numerical values are in nanometres. d) NanoFTIR spectrum of the crossing point of two fibres (obtained from the position
marked by the red circle in a). Average of 10 interferograms, 20 ms integration time. A reference spot was taken on a gold surface. P,, P,, P; and P, (green
dashed lines) correspond to the vibrational bands of the functional groups of interest (C=C aromatic stretching, N-H amide bending, C=0 ester stretching
and C=0 carboxylic acid stretching, respectively). e) NanoFTIR spectral expansion of the amide | area (1600-1700 cm ") indicated by the red dashed lines in d).
Experimental spectrum (black curve) and fitting function for each individual peak. Blue fits refer to -sheet and the red fit to an a-helix secondary structure. f)
Schematic depiction of the hydrogen bonding and mt-xt stacking interactions in the molecular arrangement of the two adjacent fibres in perpendicular

contact.””

The deconvolution of the amide | region reveals four bands
(Figure 3e) with equivalent positions to the single fibre IR
profile (1653 cm™' corresponding to an a-helical structure (red
fitting curve) and the peaks 1626 cm™', 1679 cm™ and
1691 cm™' corresponding to parallel and antiparallel -sheet
arrangements (blue fitting curves)). The calculated composition
by Gaussian fitting (20% and 80% for a-helix and [-sheet,

Chem. Eur. J. 2023, 202300155 (6 of 9)

respectively) is also qualitatively similar to the single fibre
nanoFTIR measurements. Therefore, although the strength of
the supramolecular interactions differs with the spatial location
of the fibres, the secondary structures are not affected.

A cross-section of each fibre (L, (red) and L, (black) lines,
Figure 3b) was also used to assess the secondary structure. The
corresponding height profile (Figure S6) shows the character-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. P,, P,, P, and P, peak positions (cm™') in the nanoFTIR spectrum of crossed, parallel, and single fibres, their reference position in the ATR-FTIR

spectra of the bulk gel and the synthesized gelators 2 and 3.

Crossing fibres Single fibre Parallel fibre Gelator 2 Gelator 3 Bulk gel
P, C=C stretch. aromatic 1489 1488 1496 1496 1497 1493
P, N—H bend. 1556 1557 1546 / 1550 1550
Py C=0 stretch. ester 1729 1727 1720 1732 / 1712
P, C=0 stretch. carbox. acid 1761 1754 1743 / 1780 1731

istic plateau of an a-helix, although wider, while no character-
istic features of a 3-sheet arrangement were observed for the L,
fibre. On the contrary, L, fibre shows a relatively constant height
profile. Thus, the proximity of the two fibres seems to hinder
the topographical determination of the secondary structure.
However, the information could be obtained from the spectro-
scopic profile. A depiction of the potential interactions respon-
sible for the gelator’s assembly mode in this spatial location is
given in Figure 3f. A previously reported crystal structure of the
dipeptide Phe-Phe® clearly shows hydrogen bonding between
the carboxylic acid and the amine groups. In addition,
interactions involving the amide group are observed.

Structural Differences at the Crossing Point of Two Single
Fibres

In addition to the two parallel fibres, we aimed to decipher the
supramolecular interactions at the crossing point of two fibres
(Figure 4a). The height of each fibre is approximately 20 nm,
while the 3D magnification shows that the fibres fuse at the
crossing point. Therefore, the near-field resolution (~20 nm)
can probe the fibre interactions (Figures4b and 4c). The
nanoFTIR spectrum at this particular point reveals an opposite
trend to the parallel fibres (Figure 4d). Indeed, the peak of the
aromatic moieties (P;) of the building blocks are shifted (Table 1
and Figure S5¢), showing their involvement in molecular
packing. Interestingly, the peak of the bulky tert-butyl group
(P5) is not shifted, in contrast to the free carboxylic acid (P,).
However, the shift is lower compared to the single and parallel
fibres. The results indicate that when two fibres interact
perpendicularly (crossing point), the phenyl rings of the
molecules interact to maintain their secondary structure and
are supported by the hydrogen bonding originating from the
carboxylic acid groups (Figure 4f).

The deconvolution of the amide | region of the spectrum
reveals a deviating trend from the previous spatial locations
(Figure 4e). The presence of the four bands attributed to a-helix
(red fitting curve, 1651 cm™'), parallel B-sheet (blue fitting
curves, 1627 cm™" and 1670 cm™') and antiparallel S-sheet (blue
fitting curves 1790 cm™) is also observed at the crossing point,
and their band positions are quantitatively similar. However, the
calculated relative composition of the secondary structure
differs. Indeed, Gaussian fitting yielded 96% of pS-sheet
structures and 4% of a-helical structures. In contrast to the
single and two parallel fibres, the secondary structure at the
crossing point of two fibres is altered and is now dominated by
a f-sheet arrangement (Table 2).

Chem. Eur. J. 2023, 202300155 (7 of 9)

Table 2. Peak positions (cm™') and composition (%) of the secondary
structure at three different spatial locations of the gel network.

Single fibre Parallel fibres Crossing fibres
[-sheet 1626 1626 1627
[-sheet 1669 90% 1679 80% 1670 96 %
anti-B-sheet 1690 1691 1690
a-helix 1652 10% 1653 20% 1651 4%

The cross-sections of the two perpendicular fibres and the
corresponding height profile (L, (red) and L, (black) Figure 4b
and Figure S7) show a plateau of height for the L, fibre
(characteristic of the a-helix structure), although shorter than
for the single fibre. The height profiles do not give detailed
structural information at the crossing point. Similarly to the
parallel fibres, this is observed when the two fibres are adjacent.
However, the structural information is evident on the spectro-
scopic profile. The height profile of the L, fibre clearly indicates
the contact point, at which it interacts with the L, fibre.
Figure 4f depicts the interactions maintaining the structure at
the crossing point. The interpretation is supported by the
previously reported Phe-Phe crystal structure,”® which shows
both -7t and CH-mt stacking of the phenyl rings.

It is of note that drying conditions alter the fibrous network
depending on the process®® and hence the vibrational
frequencies of the freeze-dried (sSSNOM) and room temperature
dried (bulk gel) materials may differ. Freeze drying allows to
study the closest state to the 3D material network whereas
drying at room temperature distorts the fibre arrangement
(restructuration over the slow collapse of the material induced
by solvent evaporation). The frequencies for P; and P, in the
bulk gel state are lower than those at the nanoscale,
presumably due to the difference in drying conditions (see
Table 1). Additionally, the sSSNOM spectra were taken only at a
few specific locations and a much larger data set would be
needed for statistically meaningful comparison of frequencies.

Conclusion

Our study aimed to decipher the non-covalent interactions and
the corresponding secondary structure of the gel fibres at a
nanoscale spatial resolution with infrared spectroscopy. De-
pending on the spatial location of the fibrous gel network, the
spectral differences provide additional insight into the driving
forces leading to its formation.

Our observations demonstrate that the formation of a single
fibre and the parallel orientation of two single fibres is dictated

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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mainly by hydrogen bonding, mainly originating from the
carboxylic acid group, since its shift is higher than that of the
bulky ester group. In both configurations, the secondary
structure is constant, with a significant contribution of S-sheet
and a small proportion of a-helix. However, there is a
tremendous change at the crossing point of two fibres, where a
preference towards mt-it stacking with a weaker contribution of
hydrogen bonding is observed. The secondary structure is
dominated by S-sheet with a negligible proportion of a-helix.
Our findings are consistent with the previously reported results
on similar supramolecular gels studied as bulk materials by far-
field IR and other spectroscopic methods.""*#%5" However,
nanoFTIR spectroscopy gives a deeper insight into the hetero-
geneity of supramolecular systems and increases our under-
standing of the molecular assembly modes in relation to the
features of the supramolecular network at the nanoscale.

The sSNOM, therefore, proved to be a sensitive and reliable
technique to study soft supramolecular materials, as it enables
the direct spectroscopic assessment of the molecular building
block arrangement while overcoming surface analysis
constraints.”” Thus, this technique has the potential to become
a routine spectroscopic assessment tool and expand the range
of techniques to study soft supramolecular gels.
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ABSTRACT: Herein, we introduce a new methodology for designing
transient organogels that offers tunability of the mechanical properties
simply by matching the protective groups of the precursor to that of the
solvent. We developed solvent-induced transient materials in which the
solvent chemically participates in a set of reactions and actively supports
the assembly event. The activation of a single precursor by an acid
(accelerator) yields the formation of two distinct gelators and induces
gelation. The interconversion cycle is supplied by the secondary solvent
(originating from hydrolysis of the primary solvent by the accelerator),
which then progressively solubilizes the gel network. We show that this
gelation method offers a direct correlation between the mechanical and
transient properties by modifying the chemical structure of the
precursors and the presence of an accelerator in the system. Such a
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method paves the way for the design of self-abolishing and mechanically tunable materials for targeted purposes. The
biocompatibility and versatility of amino acid-based gelators can offer a wide range of biomaterials for applications requiring a
controllable and definite lifetime such as drug delivery platforms exhibiting a burst release or self-abolishing cell culture substrates.

H INTRODUCTION

Biological supramolecular assemblies, which exist out of
equilibrium, are under the constant exchange of energy and
matter with their environment to sustain the transient state,' >
in contrast to in-equilibrium biological assemblies. These
systems often exhibit interesting properties, such as a
triggerable response to external stimuli and self-healing.** In
contrast to biological assemblies, analogous artificial counter-
parts form under thermodynamic equilibrium, i.e., the
intermolecular interactions, structure, and inner environment
are kept stable when no external stimuli/disturbance is applied.
In an effort to mimic naturally occurring systems and the
unique properties of out-of-equilibrium systems, transient
supramolecular materials have gained momentum in the past
decades.”® Transient materials have been envisioned to be
used as temporary delivery devices, such as drug delivery
platforms”™ and self-abolishing materials.* Therefore, tran-
sient organogels can enrich the pool of materials with tunable
properties such as finite and controllable release.

Dissipative (or dynamic) self-assembly (DSA) is an

extensively studied representative of transient assembly Received: September 12, 2023 i
mode, which relies on a reaction cycle,'”®™'* such as that Revised: ~ November 21, 2023 o A & |
exemplified in Scheme 1. Consumption of energy (i.e., fuel) by Accepted: November 29, 2023 g W

a gelator precursor forms the activated building blocks Published: December 15, 2023 @
(activation reaction), which subsequently self-assemble.'>™"° !

The transient assembled structure exhibits a limited lifetime

© 2023 The Authors. Published by
American Chemical Society
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governed by depletion of the fuel. Energy dissipation reverses
the process, regenerating the non-assembling gelator precursor
(deactivation reaction) and inducing the collapse of the
network (disassembly). Thus, transient assemblies occur when
the rate of energy consumption is higher than that of energy
dissipation. Among DSA systems, several types of fuel have
been previously reported, including chemical, light, and
electrical fueling.'®™'® Chemically fueled DSA systems intrinsi-
cally produce chemical waste during the DSA reaction cycle,
that is, side products after activation and/or deactivation
reactions, which can be problematic in some applications.
Light-fueled DSA systems, which do not release chemical waste
into the system, were developed to overcome this problem.'®

Recently, our group introduced the solvent as a new type of
chemical agent inducing a transient assembly'® inspired by
DSA. In both dissipative and non-dissipative self-assembly,
solvents are encapsulated in the gel network and do not affect
the assembly event via chemical reactions. Our “solvent-
induced” supramolecular gel (Scheme 1) is a rare case in which

https://doi.org/10.1021/acs.chemmater.3c02327
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Scheme 1. Schematic Description of DSA and Solvent-Induced Self-Assembly Systems®”
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Figure 1. General structures of potential precursors 1—8 (upper table), monoprotected gelators 1la—3a, and deprotected gelators 1b—3b (lower

table) as well as the corresponding gel systems I-IV.

the primary solvent, tert-butyl acetate (tBuOAc), actively
controls a set of reactions promoting self-assembly. In contrast
to typical DSA, the deprotection of the gelator precursor by an
acid accelerator (activation reaction) gives rise to two distinct
gelators. The N-Boc protective group is irreversibly depro-
tected, while the tBu ester group at the C-terminus is reversibly
deprotected. Both gelators interconvert through a cycle of
hydrolysis—esterification reactions supplied by the secondary
solvent tert-butyl alcohol (tBuOH), a hydrolysis product of the
primary solvent, reintroducing the tert-butyl group in the cycle.
A key requirement for the proposed mechanism is that the
primary solvent and the precursor gelator should have the
same protective group, tBu ester, in our case. Interestingly, one
of the gelators is soluble in tBuOH. Therefore, progressive
dissolution of the network is observed over time. This new
class of solvent-induced self-assembly is not to be defined as
DSA. The transient assembly is induced by two acid-
accelerated processes: the primary solvent hydrolysis generat-
ing the secondary solvent and the gelators’ interconversion.
The transient nature of the system relies on the dual role
adopted by the solvent, most importantly, the competing
kinetics of the secondary solvent formation and the formation/
dissolution of the gelators, dictating the assembly/disassembly.

Herein, we deepen and further optimize the solvent-induced
transient assembly concept and prove its application to a set of
phenylalanine-based peptide precursors bearing the same
protective group (tBu) as that of the solvent. We report the
transient assembly mechanism and assess the effect of the
gelators’ chemical structure on the corresponding materials’
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properties from the molecular to macroscopic length scale by
varying the number of aromatic units (Figure 1). In addition,
we decipher the assembly mode and the transitivity character
of a multicomponent gel compared to its respective single-
component gels. We show that the materials’ intrinsic and
transitivity properties are tunable, depending on the gelation
conditions and gelator structure, thus paving the way toward
controllable materials.

B EXPERIMENTAL SECTION

Materials. All chemicals were used as supplied without any further
purification, unless stated otherwise. (S)-Phenylalanine tert-butyl ester
HCI (Phe-OtBu) and N-(tert-butoxycarbonyl)-L-tyrosine (Boc-Tyr)
were purchased from Carbosynth. N-(tert-Butoxycarbonyl)-L-phenyl-
alanine (Boc-Phe), N-(tert-butoxycarbonyl)-L-valine (Boc-Val), and
N-(tert-butoxycarbonyl)-alanine OH (Boc-Ala) were purchased from
TCL N-(tert-Butoxycarbonyl)-leucine OH (Boc-Leu), N-(tert-butoxy-
carbonyl)-isoleucine OH (Boc-Ile), and N-(tert-butoxycarbonyl)-
glycine OH (Boc-Gly) were purchased from Sigma-Aldrich. 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethylammonium tetrafluoroborate
(TBTU) and sodium hydrogen carbonate (NaHCOj;) were purchased
from Novabiochem and VWR Chemicals, respectively. tert-Butyl
acetate (tBuOAc) was purchased from TCI and sulfuric acid from
Fluka.

Methods. NMR Spectroscopy. The spectra of the synthesized
compounds and xerogels were recorded on Bruker Advance III HD
300 and 500 MHz spectrometers in de-DSMO and CDCl; solvents.
Chemical shifts (5) are given in parts per million, and the coupling
constant (J) is given in Hz. The spectra were referenced to the solvent
signal (2.5 and 7.26 ppm in '"H NMR and 39.52 and 77.16 ppm in *C
NMR for de-DSMO and CDCl,, respectively). *C NMR spectra were

https://doi.org/10.1021/acs.chemmater.3c02327
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Figure 2. (a) Vial inversion test confirming the lack of flow and thus acting as supporting evidence of material formation for gel systems I, II, III,
and IV. Gel IV is the multicomponent gel formed by precursors 1 and 3 with a 1:1 molar ratio. (b) Schematic depiction of the solvent-induced

transient assembly.

recorded with a broadband 'H decoupling. Xerogels were obtained
from fresh organogels dried in open air at room temperature
(overnight).

FTIR Spectroscopy. The spectra of the synthesized compounds and
xerogels were recorded on a Bruker Tensor 27 FT-IR in attenuated
total reflectance (ATR) mode. Spectral width: 400—4000 cm™;
number of scans: 124; resolution: 4 cm™". All spectra were baseline
corrected. Xerogels were prepared as mentioned above in the NMR
Spectroscopy section.

UV-Vis Spectroscopy. The UV—vis spectra of synthesized
compounds in ACN and gels were recorded on a PerkinElmer
Lambda 850 UV—vis spectrometer (spectral range: 200—500 nm;
step: 1 nm; integration time: 0.2 s; slit width: 2 nm). The samples
were measured in a 1 mm path length quartz cuvette at room
temperature. Gel samples were prepared in situ in the quartz cuvettes
one day before the measurements.

Rheology. Rheology measurements were performed on an Anton
Paar MCR 302 modular compact rheometer with an upper geometry
cylinder (cylinder-relative ST10-4V-8.8/97.5). Gel samples (1.0 mL)
were prepared in glass vials (Fisherbrand Type III soda lime glass, 14
mm inner diameter) and allowed to rest for one day before
measurements for gelation to occur. Frequency sweep measurements
were performed within the linear viscoelastic region (LVR) as
obtained by amplitude sweep measurements. All measurements were
taken in triplicate at room temperature.

SEM Imaging. Microscopy images were obtained on a Zeiss EVO-
SOXVP microscope. Diluted gels (x10), with the organic solvent used
for gelation, were pipetted (1 xL) onto carbon films (400 mesh
copper grids) obtained from Agar Scientific and freeze-dried for 1 h
before imaging.

B RESULTS AND DISCUSSION

Transient Assembly at the Molecular Level. Phenyl-
alanine-derived peptide precursors 1—8 (Figure 1) bearing a
phenylalanine unit and varying the second unit by using
hydrophobic side-chained amino acids were synthesized (see
the Supporting Information, Section 1, for synthesis details).
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Under identical gelation conditions (tBuOAc solvent, SO
mM,, 1 equiv of sulfuric acid), four self-supporting gels (SSG)
were obtained (Figure 2a). Interestingly, no SSG formed from
the precursors bearing tyrosine or an aliphatic side chain
shorter than leucine. Although the gelation ability of specific
molecules under certain conditions is not fully understood,
common trends and hypotheses can be drawn. The presence of
phenylalanine (Phe), tyrosine (Tyr), and leucine (Leu) motifs
has been reported to play an important role in the self-
assembly event. Because of the hydrophobicity, the z—=x
stacking tendency of Phe and Tyr, and the additional
hydrogen-bonding donor site of Tyr, these aromatic amino
acids are often present in amino acid-based gelators. Similarly,
Leu is widely reported as an efficient amino acid for gelation
due to its mobile aliphatic side chain.”’"** In our case, the
length of the side chain and the electric charge affect the
gelation process by electrostatic repulsion and/or steric
hindrance™ which is in line with the existing literature.

The only precursors yielding SSGs (Figure 2a) contain
either only phenylalanine or phenylalanine and leucine motifs
(Boc-Phe-Phe-OtBu 1 (gel I), Boc-Phe-Phe-Phe-OtBu 2 (gel
II), and Boc-Leu-Phe-OtBu 3 (gel III); Figure 1). In addition,
the multicomponent gel (gel IV), consisting of precursors 1
and 3 with a 1:1 ratio, was prepared to study whether the
mode of assembly is self-sorting (two distinct fibrous networks
of each gelator individually) or co-assembly (a single fibrous
network consisting of both gelators).”* The comparison of
precursors 1, 2, and 3 also gives insight into the effect of the
number of aromatic units on the gelation ability and gel
properties.

For all systems (I, II, III, and IV), SSGs could be obtained
at a concentration down to 25 mM (Tables S2—SS). The
phase-transition temperatures (Table S1) show an increase
proportional to the number of aromatic units, suggesting that
the network stiffens by increasing the aromatic character of the

https://doi.org/10.1021/acs.chemmater.3c02327
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precursors. Importantly, under similar gelation conditions (50
mM, 1.0 equiv of accelerator), each gel system exhibits a
transient character with a different lifetime. Gel I is stable for
4—6 days and gel III for 20—22 days, while multicomponent
gel IV collapses after 10 days, showing a lifetime approximately
in between that of its individual components. For gel II, the
gel-to-sol transition is observed after 8 days.

To assess whether precursors 2 and 3 follow the same
transient assembly mechanism as for 1 (Figure 2b), nuclear
magnetic resonance (NMR) studies were performed on the
xerogels (dried gels) of each system a day after gelation (Figure
3). Gel I shows two amide signals at 8.83 and 8.89 ppm
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Figure 3. '"H NMR (300 MHz, d.-DMSO) spectra of the dried gel
systems I (black), II (red), IIT (blue), and IV (green) using 1.0 equiv
of accelerator. Peaks belonging to the rotamer are marked by a star.

corresponding to gelators 1a and 1b and a singlet at 1.32 ppm
attributed to the tBu ester group of la (Figure 3, black)."’
Consequently, for gel IIT (Figure 3, blue), an identical trend is
observed with the formation of 3a and 3b. As precursor 2
contains an additional amino acid unit compared to 1 and 3,
two amide signals are expected per gelator present in gel II
(Figure 3, red). The peaks marked with an asterisk correspond
to a rotamer of 2a observed in de-DMSO (Figure SS).
Increasing temperature provides additional energy lifting the
rotational restriction of the single bond. Therefore, 'H NMR
spectra recorded at 30, 70, and 90 °C show the coalescence of
the rotamer peaks (Figure S6). Additionally, the presence of
the rotamer was confirmed by recording the spectrum in a
different solvent, here, CDCI;, in which no additional signals
were observed (Figure S3). HR-MS also confirmed the
presence of a single molecule.

At the amide region, the spectrum of multicomponent gel IV
(Figure 3, green) is the superimposition of its individual
component’s gel systems (Figure 3, black and blue). As
precursors 1 and 3 are present, four gelator molecules are
observed in the gel state. Indeed, three amide signals
(including the overlapping signal at 8.83 ppm corresponding
to two amide groups) and two tBu ester signals are seen. The
results are supported by HR-MS measurements confirming
four distinct gelators 1a, 1b, 3a, and 3b. In all gels’ NMR
spectra, a broad peak at around 3—6 ppm corresponds to
tBuOH, as supported by the control experiment of induced
hydrolysis of tBuOAc (Figure $26). In addition, NMR spectra
were measured on the xerogels of each system at half of their
respective lifetimes. All systems follow an identical trend; that
is, the expected gelators are present in the corresponding gels,
although in a different ratio (Figures S35, S41, and S47).
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These results suggest that throughout the lifetime of the gels,
the chemical interchange carries on until the materials collapse.

Surprisingly, all systems formed SSGs also when a lower
amount of accelerator was used to trigger gelation (0.5 equiv
instead of 1.0 equiv). Analysis of the "H NMR spectra of these
gels revealed that the same reactions occurred, as the spectra
are quantitatively similar. However, since half the amount of
triggering agent (acid accelerator) was used, the remains of the
unreacted precursors were also present in the systems (Figures
$29, S33, S39, and S45). Notably, because less accelerator was
used to trigger the hydrolysis cycle (required water originates
from the aqueous accelerator), a smaller amount of tBuOH
formed during gelation. Therefore, gels made with 0.5 equiv of
accelerator do not show a transient character, unlike those
made with 1.0 equiv, and are stable to date. Respectively, the
lifetime of the gels formed using 1.5 equiv of accelerator was
shorter (Tables S2—SS). A higher concentration of accelerator
produces more tBuOH in the medium, increasing the collapse
rate of the materials from 4—10 days to 1—3 days.

Additionally, the effect of the precursor concentration on the
dynamic properties (lifetime) of the materials was investigated
(Tables S2—S5). It was found that gels with a high precursor
concentration (100 mM) exhibited longer lifetimes than those
with a lower concentration (S0 mM). This difference is
presumably due to the higher amount of gelator to be dissolved
and stronger supramolecular interactions maintaining the
assembly.

To verify the assumption that the gelation trigger and the
subsequent gelation mechanism are related only to the
identities of the C-terminus protective group and solvent, an
attempt to induce gelation using the same trigger in
dichloromethane (DCM) was made with precursors 1 and 3.
No gelation was observed; instead, the product precipitated,
and the analysis of the 'H NMR spectrum revealed the
complete deprotection of the precursors (Figure S49). In
addition, gelation was attempted using Boc-deprotected
molecules 1a—3a as precursors using the same trigger. SSGs
formed within the same time, and 'H NMR spectroscopy
verified the presence of both monoprotected and fully
deprotected gelators, along with tBuOH, in the medium.
Therefore, both the solvent and the precursor’s C-terminus
must bear the same functional group, in this case tBu ester, for
the reaction cycle and gelation to occur, regardless of the
peptide backbone and/or the presence of a Boc protective
group on the N-terminus.

Higher-Order Assembly Determination. To investigate
the effect of the gelators’ structure on the fibrous network,
scanning electron microscopy (SEM) images shown in Figure
4 were recorded on diluted gels. All samples were freeze-dried
for 1 h prior to imaging to minimize potential structural
rearrangement of the network during drying at room
temperature.”> Gel 1 (Figure 4a) contains densely packed,
curved fibers, branching and entangling with one another,
which support the high stiffness value measured by rheology
(vide infra). In contrast, the fibers of gel III (Figure 4c),
although similar in shape to gel I, appear less packed, verifying
the lower stiffness than gel L. In addition, helical features are
present, supporting the peak corresponding to the helical-type
assemblies observed in IR measurements (vide infra). For
multicomponent gel IV (Figure 4d), straightened fibers highly
entangled into bigger bundles are observed. The resulting
fibrous network exhibits a different shape than its individual
components, suggesting that a new structure has formed and

https://doi.org/10.1021/acs.chemmater.3c02327
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Therefore, the drying conditions do not significantly affect
the secondary structures of the gels. Surprisingly, the IR
spectrum of gel IT only shows a band corresponding to a helical
assembly at 1651 cm™" (Figure Sa, red). Although previous
literature reports that tripeptide (Phe-Phe-Phe)-based amphi-
philes form organogels exhibiting f-sheet structures,* this is
not observed in our case. Similarly to gel I, the discrepancy is
possibly due to the presence of a second gelator in the system.
Systematic experimental and computational studies report the
role and importance of Leu and Phe amino acids in the
formation of secondary structures. While Leu is considered a
helix former due to the rotational freedom of the y-branched
side chain,®® Phe is reported to favor the formation of f-sheets.
However, some reports also highlight the importance of
aromatic interactions for helix stabilization®® and that Phe is
not necessarily a helix breaker. Additionally, in our systems, the

~— single fipre 2060m b

Figure 4. SEM images of (a) gel I, (b) gel II, (c) gel III, and (d) gel bulky tert-butyl group might also disturb the system as a whole
IV. The final concentration of all gels was 5 mM after dilution with and force it to yield divergent arrangements of the building
tBuOAc. Samples were pipetted onto a silicon surface and freeze-dried blocks such as helices.
for 1 h prior to imaging. As gel IV is formed by both precursors 1 and 3 with a 1:1
ratio, the IR profile of its xerogel within the amide I region
implying co-assembly of the gelators.26 In gel II, SEM image should provide insight into whether self-sorting or co-assembly
shows individual curved fibers branching around nucleation occurred. If self-sorting occurred, then the mere super-
points (Figure 4b). imposition of the individual components’ spectra would be
Infrared (IR) spectroscopy was then employed to assess the observed. On the contrary, a different spectrum would be
differences in supramolecular interactions leading to gelation observed in the case of co-assembly. A peak at 1658 cm™
and the structural differences of the gelators. We specifically corresponding to a helical-shaped assembly is observed (Figure
emphasized on the secondary structures within the amide I Sa, green plot), and unlike the gels of its individual
region (1700—1600 cm™'). The ATR-FTIR spectra of the components, no f-sheet motif is clearly visible. This suggests
xerogels were measured one day after gelation (Figure Sa). that a new structure has formed by the co-assembly of the
Previously reported diphenylalanine (Phe-Phe)-based supra- different gelators.>”
molecular gels mainly exhibit a p-sheet secondary struc- In addition to the amide I region, the shifts of specific
ture.”’ " In our case, for gel I consisting of protected vibrational bands provide important information on the
diphenylalanine gelator molecules 1a and 1b, a strong band intermolecular interactions occurring during gelation, i.e.,
corresponding to a helical-shaped assembly in the higher n—n stacking and hydrogen bonding (Table 1). The bands
organization is observed at 1660 cm™,** in addition to the corresponding to the C=C stretching of the phenyl rings

expected f-sheet band at 1691 cm™ (Figure 5a, black).** The appear in the gelators (neat powder) at 1495 cm™ (1a), 1496
discrepancy with the literature possibly arises from the cm™! (1b), 1495 cm™! (2a, 2b), 1497 cm™ (3a), and 1496

presence of two different gelators instead of one. The IR cm™! (3b).** In the gel phase, these bands shift toward shorter
spectrum of gel III (Figure Sa, blue) is qualitatively similar to wavenumbers to 1493 cm™' (gel I), 1494 cm™" (gel II), and
that of gel I and exhibits both a helical assembly (1655 cm™") 1495 cm™" (gel III and IV), which suggests the 7—r stacking
and a f-sheet motif (1682 cm™). IR spectra recorded on of the phenyl rings. Although the small shifts of the C=C
xerogels and non-dried “wet” gels present similar secondary bands are of the same magnitude as the resolution limit of the
structures with minor shifts (Figures S63b and S6Sb). instrument, their presence still indicates the involvement of
a . T T T T b 5 T T T T T
\ \
- s
g gt
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Figure 5. (a) IR spectra of gels I-IV showing the amide I region (1600—1700 cm™"). (b) UV—vis absorption spectra. Dashed curves correspond to
the spectra of precursors 1 (black), 2 (red), and 3 (blue) in solution and solid curves to their corresponding gels I, II, III, and IV (green). All
measurements were performed on gels one day after gelation. For all samples, in solution and gel state, the concentration was SO mM. The optical
path length was 1 mm.
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Table 1. Phenyl Ring C=C Stretching and N-Terminal N—
H Stretching Wavenumber Peaks (cm™) of the Synthesized
Gelators (Neat Powders) and Gel Samples

C=C stretching phenyl rings ~ N—H stretching terminal amine

gel
system gelator a gelator b gel gelator a gelator b gel
gel I 1495 1496 1493 3392, 3346, 3249, 3328
3288 3171
gel IL 1495 1495 1494 3370, 3266 3375, 3349
3363
gel III 1497 1496 1495 3364, 3319 3392, 3323
3340
gel IV 1495, 1496, 1495 3392, 3364, 3392, 3320
1497 1496 3346, 3340,
3319, 3249,
3288 3171

m—7 stacking in intermolecular interactions. Additionally, the
bands corresponding to the terminal amine are merged and
downshifted (gel I: 3328 cm™; gel IT: 3349 cm™; gel IIL: 3323
cm™'; gel IV: 3320 cm™), suggesting hydrogen bonding,

Complementarily to IR, UV—vis spectroscopy provides
insights into the molecular packing of the gelators and has
been extensively used to elucidate the interactions leading to
self-assembly.*” More specifically, information about the 7—x
stacking of the phenylalanine moiety can be obtained, such as
the type of aggregates (H or J), by comparison of the band
shift between the spectrum of monomers in solution
(interaction free) and the spectrum of the gel (aggregated
monomers).** The absorption spectra of the gelators for each
system were obtained at the same concentration as those of the
gels (50 mM) in acetonitrile to enhance solubility (Figure Sb,
dashed curves). Solvatochromism (the shift of the absorption
maxima depending on the solvent)*' and the concentration
effect were verified by recording the UV spectra in tBuOAc at
50 and 5 mM concentrations.

However, no significant shifts were observed in either case
(Figure S50). The center of the absorption band (4,,,,,) at 258
nm for precursors 1—3 corresponds to the 7 — 7* transition of
the phenyl rings. As seen in Figure Sb, the A, is slightly red-
shifted upon gelation to 259 nm for gels I and III and 260 nm
for gel II (plain curves). Because of the weakly absorbing
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Figure 6. Rheological studies of the gels. (a) Frequency sweep measurements, under a constant shear strain 7 (%) of gel I (black, y = 0.02%), gel I
(red, y = 0.04%), gel III (blue, y = 0.04%), and gel IV (green, y = 0.1%). The concentration of the gel specimens was SO mM. (b) Frequency sweep
measurements of gel systems III (blue curves) and IV (green curves) at 25 mM (dashes), SO0 mM (solid), and 100 mM (dots). Gelation was
triggered with 1.0 equiv of H,SO,. (c) Frequency sweep measurements of gel I (black), II (red) III (blue), and IV (green) triggered by 1.0 equiv
(solid) and 0.5 equiv (dashes) of H,SO,. All gels were diluted to a concentration of SO mM. (d) Plot of the elastic moduli (black) against the
lifetime (red) of the gels as a function of the number of aromatic units in the precursor. Data markers refer to numerical values from experiments.
The point at 1.5 aromatic units corresponds to the average amount of aromatic rings in the system per mole of precursor in gel IV, where the ratio
between 1 and 3 is 1:1. Error bars are calculated by standard deviation. Details of the experimental conditions and amplitude sweep measurements

are given in the Experimental Section.
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character of the phenylalanine residues, compared to, for
example, naphthalene and anthracene, the observed shifts are
minor (1—2 nm).* However, these results still suggest the 7
system overlapping in J-aggregate. Additionally, the loss of fine
vibronic structure in the spectra of gel I and II is attributed to
charge transfer over molecular aggregation.%_45 In our case, in
contrast to most of the gel aggregation studies reported, %47
we observed an absorption intensity increase over gelation,
even after normalization due to scattering. This behavior could
be explained by the aggregation-induced enhanced emission
also related to the absorption profile.***~>° The red-edge tails
observed for gels I and II most probably arise from the
scattered light from the aggregates (opaque gels). No
broadening is observed for gels III and IV containing just
one phenylalanine unit due to its weak 7 — #* transition.
These results correlate with the rheological profile of the gels;
the weaker the z—r interactions, the softer the gels.
Interestingly, the intensity of the band of gel IV is observed
between those of its individual component’s gels. Red-shifts of
the weaker, longer wavelength n — 7* transitions correspond-
ing to the C=O0O carbonyl and N—H amide groups,’
respectively, are observed to be significant as the precursors’
aromaticity increases (3 < 1 < 2). This suggests hydrogen-
bonding-type interactions from these groups, consistent with
the literature.”**>~>*

Macroscopic Properties Assessment. Rheology experi-
ments were performed on the gel systems to assess the
correlation between the gelators’ structures and the materials’
mechanical properties. A material exhibiting a greater storage
modulus G’ than the loss modulus G” upon shear strain is
considered “solid”. At the point this inverses, the material is
considered “liquid”.>>*® For all gel systems, the measured
elastic modulus (or storage modulus), G/, is greater than the
viscous modulus (or loss modulus), G, verifying the
viscoelastic nature of the gels. For comparison purposes,
Figure 6a presents the oscillatory frequency sweep (FS)
experiments performed on gel specimens within the linear
viscoelastic region (LVR) one day after gelation at a constant
concentration of S0 mM and 1.0 equiv of accelerator. The G’
of both gels I (black) and II (red) is 420 and 320 kPa (Table
2), respectively, which is in the range of the bladder and gut

Table 2. Comparison of the Stiffness (G’) and Elasticity
(G'/G" Cross Point) Values of Gels I-IV

G’ (kPa) G'/G" cross point (%)
concn (M) 0.5 equiv 1.0 equiv 0.5 equiv 1.0 equiv
gel I 0.05 180 420 4.2 1.5
gel 11 0.0S 147 320 no crossing points
gel III 0.025 n.m.” 10 n.m. 6.5
0.05 11 6.5 9 3
0.1 n.m. 330 n.m. 2
gel IV 0.0S 52 20 4.5 3.5
0.1 n.m. 15§ n.m. 1.2

“Not measured.

tissue stiffness.””*® These quantitatively similar values suggest

that an additional aromatic moiety (in this case, phenylalanine)
does not significantly alter the stiffness of the material.
However, for gel III (blue) bearing an aliphatic leucine unit
instead of an aromatic phenylalanine unit, the G" value of 6.5
kPa indicates that lower aromaticity of the gelators yields a
softer material (approximately 60-fold), which is in the range
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of the lung and liver tissue stiffness.”*® Previous studies show
that a difference in the number of hydrophobic aliphatic
carbons in the side chains of the gelators also affects the
stiffness of the corresponding materials. However, this effect is
minor (2—10-fold increase of G’ depending on the side chain
length) to the observed 60-fold increase when adding three
carbons and the aromatic character between leucine and
phenylalanine.*”*® Despite a lower stiffness, gel III exhibits 2-
fold more elastic behavior than gel I (Table 2). The elasticity
was assessed by comparison of the G'/G” cross points of the
amplitude sweep measurements. A higher elasticity is indicated
by the materials’ resistance to shear strain, as the cross point is
shifted toward higher shear strain (y%) values. Interestingly,
the amplitude sweep measurements of gel II exhibit no
crossing points between G" and G”, although the curves seem
to merge at the maximum shear strain y of 100%, indicating
that a crossing point would be observed over this value, as
reported earlier for highly elastic gels.®" The additional
phenylalanine motif in precursor 2 provides a higher
hydrophobicity and more available sites for 7—z stacking
than that in precursor 1 (two phenylalanine motifs), giving
more stability to the molecular aggregation during gelation.
Although more intense 77— stacking yields stiffer materials,
the G’ values are quantitatively similar for gels I and II, while
the elasticity is higher for gel II than for gel I. This suggests
that the fiber arrangement (microenvironment) has more
impact on the material properties than the molecular
interactions. In addition, the G’ value of 20 kPa for the
multicomponent gel IV (green), although quantitatively closer
to gel III than gel I, suggests that a new structure has formed,
implying co-assembly of the gelators.”*

To further investigate the effect of gelation conditions on the
stiffness of the materials, we measured the elastic modulus G’
at different concentrations of gel III (monocomponent) and
gel IV (multicomponent, Figure 6b). An increase in the
precursor concentration yields a stiffer material in both cases
(approximately 10—40-fold higher G’ value), along with a
decrease in the elastic behavior (Table 2).

Similar experiments were performed by changing the
amount of accelerator (0.5 or 1.0 equiv) to determine whether
the precursor concentration of the precursor or that of the
accelerator has a more significant effect on the materials’
properties. For all four gel systems, although a quantitatively
similar G’ value was observed (approximately 3-fold, Figure
6¢), the elasticity was found to increase by 1.5—2-fold in gels
formed with 0.5 equiv of accelerator. Therefore, we suggest
that the mechanical properties of the gels are tunable within a
wide range of stiffness by modifying the precursor structure,
i.e, the number of aromatic rings, concentration, and the
amount of accelerator used to trigger gelation.

The phase-transition temperature (Tgel—sol) indicates the
thermal stability of the different materials. Gel samples
(viscoelastic gel behavior initially confirmed by rheological
measurements) were gradually heated by S °C increments at
10 min intervals. The vial inversion method was used to verify
the gel-to-sol (i.e., the complete transition from self-supporting
gel to free-flowing solution) and gel-to-sol-to-gel transitions
(Supporting Information, Section 2.4), assuming that after
thermal breaking the viscoelastic nature of the gels remains
identical with that of the gels initially assessed by oscillatory
frequency sweep measurements. The observed Ty, was
found to be proportional to the number of aromatic units
within the gelator structure (gel III: 40 °C; gel I: 45 °C; and
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gel II: 55 °C at S0 mM) and to the gel concentration (10 °C
increase from 25 to 100 mM, Table S1 and Figure S51). These
results suggest that the fibrous network and consequently the
bulk material stiffen with the increase in the aromatic character
of the gelators. However, the observed temperature for gel IV
is lower than that of its individual components, in contrast to
the rheological data. This behavior may arise from differences
between the fibrous network (related to the T,_,,) and the
7—7 interactions (related to the gel stiffness).*

Numerical values of the lifetime (Figure 6d, red y-axis)
compared to the mechanical properties (Figure 6d, black y-
axis) of the gels, when plotted as a function of the number of
aromatic units in the precursor structure, highlight a common
trend. The evolution of the stiffness is found to be inversely
proportionally to that of the lifetime of the materials, that is,
stiff materials have a short lifetime. To ensure the
reproducibility of the measurements and the reliability of the
results, lifetime monitoring and rheological measurements
were performed in triplicate. Systematic studies will be
beneficial in the future to corroborate these findings for an
extended set of data (gelation conditions, precursors, and acid
equivalent). This observation can be assessed based on two
factors: the gelators’ solubility in the secondary solvent,
tBuOH, and the material’s elasticity. Indeed, control experi-
ments showed that gelators la, 2a, and 3a are soluble in
tBuOH, whereas their deprotected counterparts 1b, 2b, and 3b
are insoluble. Therefore, with time, the in situ formed tBuOH
will progressively dissolve the monoprotected gelator 1a, 2a,
and 3a until the collapse of the material, as verified and
described above. Considering this and the identical reaction
cycle for all gel systems depicted in Figure 2b, the mechanical
properties of the gels are potential reasons for the different
lifetimes. As the fibrous network is progressively dissolved by
tBuOH, a more elastic material remains self-supporting for a
longer period of time before collapsing.

H CONCLUSION

We developed solvent-induced transient self-assembly for the
formation of a transient gel materials. A diprotected precursor
molecule forms in situ two gelator building blocks (N-
deprotected/C-protected and N-/C-deprotected) through
activation by an accelerator, while the primary solvent
chemically participates in the interconversion cycle between
the two activated gelators through the generation of the
secondary solvent. Additionally, the secondary solvent
progressively solubilizes the fibrous network, leading to the
collapse of the material over time. The gelation trigger and
subsequent mechanism are related only to the precursor’s C-
terminus protective group and the solvent, therefore offering a
wide range of potential gelator candidates for the gelation of
peptide-based systems. UV—vis spectroscopic data correlate
the strength of the intermolecular interactions to the
mechanical properties of the materials. Gels exhibiting greater
stiffness showed greater absorption intensity increase and loss
of vibronic structure, and vice versa, which can further be
attributed to the prevalence of the 7—7 stacking interactions.
IR spectroscopy, rheology, thermal stability, and lifetime
studies highlighted the co-assembly of the gelators in the
multicomponent gel IV. Additionally, the lifetimes of the gels
are found to be inversely proportional to their mechanical
properties. This work provides important insights into the
formation of transient peptide-based supramolecular gels. The
biocompatibility and versatility of modified amino acid-based
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gelators can be exploited, along with gelation in water-based
solutions, to serve targeted medical purposes. The hydrolysis/
esterification cycles proposed in this work could be used for
developing hydrogels with a wide range of mechanical and
transient properties, using, for instance, external tert-butylated
compounds as a supplier of the tBu group to support the out-
of-equilibrium self-assembly. The solvent-induced self-assem-
bly can, therefore, provide interesting alternatives for
responsive gelation and self-abolishing materials requiring a
definite lifetime, such as delivery systems exhibiting a burst
release. Alternatively, the self-abolishing character of these
materials could be used for designing temporary ink devices.
Thorough dynamic studies on the kinetics of gelator and
secondary solvent formation, for instance, by high-pressure
liquid chromatography'* would be beneficial to get insights
into the in-depth acid-accelerated processes.
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potential, among which the phenylalanine derivative (Fmoc-F) is the ) < —\ Y /’ ’
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and its dgrlvatlves,' although th'e reported result.s are somewhat e v A

controversial. Herein, we combined graphene oxide (GO) flakes 4 S d )

with Fmoc-F amino acid to form Fmoc-F/GO hybrid hydrogel for GO flakes
the first time. We studied the synergistic effect of each component 32%%?: o
on gelation and assessed the material’s bactericidal activity on Gram- B
negative Escherichia coli (E. coli). GO flakes do not affect Fmoc-F

self-assembly per se but modulate the elasticity of the gel and speed up its formation. The hybrid hydrogel affects E. coli survival,
initially causing abrupt bacterial death followed by the recovery of the surviving ones due to the inoculum effect (IE). The
combination of graphene with amino acids is a step forward in developing antimicrobial gels due to their easy preparation, chemical
modification, graphene functionalization, cost-effectiveness, and physicochemical/biological synergy of each component.
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B INTRODUCTION

Microbial infections pose a significant threat to human health
and are one of the major concerns in public healthcare.'
Despite the advances in drug development, limitations
associated with the treatment of pathogens include antimicro-
bial resistance (AMR) toward existing medication and the
appearance of new diseases.” Currently, new approaches in
antimicrobial therapeutics® and materials are constantly
introduced, such as polymers, ceramics, nanoparticles,
biomacromolecules, small organic molecules, and hydro-
gels.*™”

In particular, the phenylalanine derivative (Fmoc-F) has
exhibited antibacterial activity against Gram-positive bacteria,
both in the solution and gel state, via a mechanism disrupting
the bacterial membrane/wall.'*!® Additionally, Fmoc-F
inhibits the formation of biofilms and eradicates the already
formed ones over surfaces due to its surfactant properties.'®
Despite its efficacy over Gram-positive bacteria, its biocidal
effect on Gram-negative bacteria is limited due to its inability
to cross the bacterial membrane of Gram-negative microbes.
Therefore, to increase the antibacterial spectrum of the amino
acid, several Fmoc-F hybrid gels have been fabricated,
exploiting the synergistic effect of incorporated antimicrobial

Hydrogels have gained momentum for the treatment and
prevention of microbial infections due to their physicochemical
and viscoelastic properties, cost-effectiveness, ease of prepara-
tion, and manufacturing upscale. In addition, they have high
water content and combine low toxicity (high biocompatibility
toward mammalian cells) with antimicrobial activity. Their
activity can be either inherent or, for example, caused by
incorporating antimicrobial agents within the gel matrix, which
can increase their spectrum of activity.”’ Recently, several
amino acid and peptide-based supramolecular gels have been
introduced, of which the N-fluorenylmethyloxycarbonyl
(Fmoc)-protected analogues have shown high application
potential.'*~"

© 2023 The Authors. Published by
American Chemical Society
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agents, for example, aztreonam (AZT) antibiotic,"” silver
ions,'® berberine chloride,” and salicylic acid.?°

The research for efficient antimicrobial materials has
expanded into carbon nanomaterials, such as graphite (Gt),
graphite oxide (GtO), graphene oxide (GO), reduced
graphene oxide (rGO), carbon nanotubes (CN), and full-
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erenes.”** GO forms stable colloids in water and can be easily

chemically modified. Therefore, its antimicrobial activity has
been extensively studied against Gram-positive/negative
pathogens.”>** Graphene-based materials display antibacterial
action as they disrupt the cell membrane and induce oxidative
stress by producing reactive oxygen species (ROS). However,
the reported results are somewhat controversial since their
activity is influenced by several factors, such as their size,
morphology, purity, concentration, and type of functionaliza-
tion.>>*¢

Since GO flakes have been reported to show antibacterial
activity against Gram-negative Escherichia coli (E. coli),*" their
incorporation within the Fmoc-F gel network could expand the
antibacterial spectrum of the amino acid against E. coli.'* In
this study, we combined GO flakes with commercially available
Fmoc-F amino acid for the first time to produce Fmoc-F/GO
hybrid hydrogel. We investigated the synergistic effect of each
component on the gelation process spectroscopically and
assessed the macro-/microscopic properties of the hybrid
material (Fmoc-F/GO) in relation to the native Fmoc-F
hydrogel. In addition, we investigated the antimicrobial activity
of the formed gel and its components against Gram-negative E.
coli.

B MATERIALS AND METHODS

Materials. N-Fluorenyl-9-methoxycarbonyl-L-phenylalanine
(Fmoc-F) was purchased from Sigma-Aldrich, GO water
dispersion (0.4 wt %) from Graphenea, and rGO powder (98—
99%) from Wholesale Graphene. All reagents were used as
supplied.

Preparation of Hydrogels. Fmoc-F Native Hydrogel. A
suspension of Fmoc-F (2.0 mg/mL) in phosphate buffer
solution (PBS, SO mM, pH 7.4) was sonicated for 2 min and
heated at 80 °C for 30 min. The obtained transparent solution
was then left to cool down at room temperature for 12 h,
giving a self-supporting hydrogel as verified by vial inversion.

Fmoc-F/GO Hybrid Hydrogel. GO flakes were formed by
drying GO water dispersion (0.4 wt %) under a vacaum for 2
days. The obtained flakes were suspended in PBS solution (50
mM, pH 7.4) at several concentrations (0.2, 0.5, 0.75, 1.0 mg/
mL) by sonication (15 min) before the addition of Fmoc-F
(2.0 rng/mL). The resulting Fmoc-F/GO suspension was
sonicated (2 min) and heated at 80 °C (30 min). Gelation
occurred at room temperature after 12 h and was assessed by
the vial inversion method. The GO flakes remained equally
distributed through the final gel.

Instrumentation. Fluorescence Spectroscopy. Emission
spectra were recorded on the Varian Cary Eclipse fluorescence
spectrophotometer. Gel samples were formed in situ in a quartz
cuvette with a path length of 1 cm. The excitation wavelength
was 296 nm. Both excitation and emission slit widths were 5
nm.
Fourier Transform Infrared (FT-IR) Spectroscopy. IR
spectra were measured on Bruker Tensor 27 FT-IR
spectrometer in Attenuated Total Reflection (ATR) mode.
(Spectral width: 400—4000 cm™'; absorption mode; step: 2
cm™'; the number of scans: 124). All spectra were baseline
corrected.

Raman Spectroscopy. Raman spectra were recorded on
Bruker Optics SENTERRA R200-785 Raman microscope
(Laser 785 nm). Gels were dried under a vacuum for 2 days
and placed on a microscope glass slide before measurement.

Microscopy. Helium ion microscopy (HIM) images were
captured on the Zeiss Orion Nanofab microscope and
transmission electron microscopy (TEM) images on the
JEOL JEM-1400HC microscope. Atomic force microscopy
(AFM) imaging was performed on a Bruker Dimension Icon
atomic force microscope using PeakForce tapping mode.
ScanAsyst-Air probes from Bruker were used during imaging
with the peak force set to 2.0 nN. All AFM images were
processed with NanoScope Analysis 1.9 software. To prepare
xerogel samples for microscopy imaging, carbon films (400
mesh copper grids, Agar Scientific) were dipped into the gels
and allowed to dry in the open air overnight.

Rheology. Oscillation rheology was performed on the
Malvern Kinexus Pro+ rheometer, fitted with an 8 mm parallel
plate upper geometry. All gel samples (1.0 mL volume) were
prepared in homemade glass chambers and transferred onto
the lower geometry of the instrument as intact gel pellets.
Amplitude sweep measurements were performed at an angular
frequency of 1.0 Hz, using shear strain (y%) within the range
of 0.05—100% at 25 °C. Frequency sweep measurements were
performed in triplicate within the linear viscoelastic region
(LVR) where the elastic (G’) and loss (G”) moduli are
independent of the strain amplitude. Each measurement was
performed using a shear strain (y%) of 0.25%, at a range of 0.1
to 100 rad/s at 25 °C.

Thermogravimetric Analysis (TGA). Thermogravimetric
analysis was performed on PerkinElmer STA 6000 simulta-
neous thermogravimetric and differential scanning calorimetric
analyzer (TG/DSC). Each sample was placed in an open
platinum crucible and heated under air atmosphere (flow rate
of 40 mL/min) with a heating rate of 10 °C/min at a
temperature range of 20—600 °C. The temperature calibration
of the analyzer was based on the melting points of indium
(156.60 °C) and zinc (419.5 °C). The weight balance was
calibrated at room temperature with a standard weight of 50.0
mg. The used sample weights were 6.0—7.0 mg.

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction
measurements were performed on a PANalytical X’Pert PRO
MPD diffractometer in Bragg—Brentano geometry using
Johansson monochromator generated Cu Kal radiation (4 =
1.5406 A; 45 kV, 40 mA). Each lightly hand-ground powder
sample was prepared on a silicon-made “zero-background”
inducing holder using petroleum jelly as an adhesive.
Diffraction patterns were recorded from a spinning sample
by a position-sensitive X’Celerator detector using continuous
scanning mode in a 26 range of 4—70° with a step size of
0.017° and a counting time of 200 s/step. Diffraction data were
analyzed using Malvern Panalytical HighScore Plus (v. 4.8).”
The unit cell parameters of neat Fmoc-F powder at RT were
determined by the Pawley method®® using the correszponding
single crystal structure parameters (CSD database™ entry
OGIXOT?) as the basis of least-squares refinement. Variable
parameters were as follows: zero-offset, polynomial back-
ground, sample displacement, unit cell, and peak profile
parameters. Refined unit cell parameters were used for
monitoring the structural properties of Fmoc-F and Fmoc-F/
GO hybrid xerogels.

Antimicrobial Screening. The antimicrobial activity of
Fmoc-F/GO hybrid hydrogel against Gram-negative E. coli
(strain DSM 882) was assessed by evaluating the bacterial
growth/culture density over time (optical density-ODg).
Two-fold serial dilutions of the Fmoc-F/GO hybrid gel and its
corresponding components (Fmoc-F native gel, GO suspen-
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sion and PBS) were prepared in Luria—Bertani (LB) broth.
Fresh E. coli culture, in the exponential growth phase, was used
to prepare the bacterial inoculum to a final density of 1.5 X 10°
CFU/mL in testing samples. The gel samples, prepared at a
range of concentrations (Table 1), were pipetted in a

Table 1. Concentration of Fmoc-F/GO Hybrid Hydrogel
Samples for ODg, Screening

gel components D1 D2 D3 D4 DS
Fmoc-F (mg/mL)* 1.0 0.5 0.25 0.125 0.0625
GO (ug/mL)" 125 62.5 31.25 15.625 7.8125

“Given concentrations of each component of the Fmoc-F/GO hybrid
hydrogels prepared by serial dilutions (D1-DS5).

honeycomb 96-well plate (200 yL/well) and incubated in a
Bioscreen C spectrophotometer (37 °C, continuous shaking
with low amplitude and normal speed, OD, readings at 10
min intervals for 24 h). The ODyq, background values were
obtained by subtraction of the negative control values. The
ODggo background values of the hybrid gel and each
component were obtained from samples prepared without
bacterial inoculum. The control growth curve for each dilution
(with growth medium) was based on the bacterial growth in
the presence of the basic growth medium.

Gel samples were prepared based on the given gelation
protocol and sterilized under UV light for 1 h. Fluorescence
microscopy imaging of the bacteria was performed using a
Leica TCS SP8 Falcon microscope. The bacterial cell viability
was assessed after S h of incubation. E. coli were stained by a
mixture of SYTO 9 (33.4 uM working solution) and
propidium iodide (PI, 400 M working solution) stains. The
obtained images were processed by Fiji2 (Image]2) software.

B RESULTS AND DISCUSSION

Gel Fabrication and Morphological Features. The
gelation efficacy of the Fmoc-F/GO hybrid system was
assessed by a series of concentration screening trials. The
critical gelation concentration (CGC) of the protected amino
acid (Fmoc-F) for both gels, native and hybrid, was found to
be 2.0 mg/mL (Tables S1, S2). For the hybrid material, the
gelation outcome depended only on the amino acid
concentration, irrespective of the added amount of GO flakes
(Table S2). The gel-to-sol phase transition temperature
(Tgel_sol) was measured by controlled heating of the gels.
The Tye_so1 of the hybrid hydrogel increased only by increasing
the amino acid concentration, while the incorporation of GO
flakes at different concentrations showed negligible effects
(Tables S3, S4). The Tgel—sol Study verified the thermorever-
sible nature (gel-to-sol-to-gel) of the hybrid gel system since all
test samples reformed upon cooling within 12 h.

Under the given gelation conditions, the suspension of
Fmoc-F/GO yielded a homogeneous self-supporting hydrogel,
i.e., no phase separation or precipitation of the GO flakes was
observed (Figure 1). However, heating the suspension at a
higher temperature and for a longer time (95 °C, 1 h) led to
the precipitation of GO (Figure S1). When rGO powder was
incorporated into the amino acid solution, nonhomogeneous
gels formed under the standard gelation conditions (heating at
80 °C for 30 min). Indeed, rGO precipitated in all trials at all
used concentrations (0.25—1.0 mg/mL, Figure S2). The
increased aggregation of GO at a higher temperature may be
attributed to various processes such as enhanced collision

Figure 1. Gelation screening of the Fmoc-F/GO hybrid system at a
range of GO concentrations (0.25—1.0 mg/mL). Homogeneous self-
supporting gels were formed regardless of the amount of GO. The
concentration of Fmoc-F was kept constant (2.0 mg/mL).

frequency, cation dehydration, and reduced electrostatic
repulsion, as reported by Gao et al.*' in their aggregation
kinetics studies of GO in mono- and divalent aqueous
solutions.

The morphology of the hybrid gel network was investigated
by HIM, TEM, and AFM. The formed Fmoc-F fibers were
similar in shape, width, and length among the native and
hybrid materials (Figures 2, S3), suggesting that the presence
of GO flakes did not affect the self-assembly of the amino acid.
Therefore, the molecular packing of the Fmoc-F building
blocks seems to follow a specific hierarchy, initially forming
one-dimensional polymeric molecular chains, which lead to

1: Height Sensor

Figure 2. Microscopy images of the Fmoc-F/GO hybrid hydrogel. (A,
C) HIM images; (B) TEM image; (D) AFM image with given
dimensions of the fibers. The concentrations of Fmoc-F and GO were
2.0 and 0.25 mg/mL, respectively.
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Figure 3. Rheology studies of the hybrid hydrogel. (A) The effect of Fmoc-F concentration on the stiffness (G’) of the material. The concentration
of GO was kept constant at 0.25 mg/mL. (B) The effect of GO concentration on the stiffness (G’) of the material. The concentration of Fmoc-F
was kept constant at 2.0 mg/mL. The corresponding G” values are given in Figure SSA,B. (C) Assessing the elasticity of the hybrid gel: Comparing
the G" and G” cross points of the amplitude sweep measurements in contrast to the amount of added GO. The concentration of Fmoc-F was kept

constant at 2.0 mg/mL. Error bars represent standard deviation.

higher architectures that interact with GO, vide infra. The
three-dimensional network comprises single, branched, and
entangled fibers and fine fibers in coiled-coil constructions.
Their length varies up to several micrometers, and their width
is within the range of ~40—70 nm (Figure 2D).

The GO flakes, seen as semitransparent sheets in the TEM
and HIM micrographs, have various dimensions from nano to
micrometers. The flakes are well dispersed in the gel network
and encircled by Fmoc-F fibrillar loops (Figures 2A,C, white
arrows). Indeed, the fibers are formed on the surface, around
the edges and between the GO flakes, showcasing the
development of noncovalent interactions between the al-
ready-formed fibers and GO. GO flakes do not seem to affect
the self-assembly per se. However, the size of the flakes needs
to be investigated further regarding the nucleation step of
Fmoc-F to identify potential connection between the hydro-
gelation kinetics of the amino acid and the size of GO flakes.

In addition, microscopy imaging revealed spherulitic
structures or nucleation points, out of which fibers grow and
interpenetrate to adjacent spherulites (Figure 2B). Such
structures (microcrystals) have previously been reported in
Fmoc-F hydrogels at low pH values, originating from bundles
of needle-shaped crystals.*® When spin-cast, the structurally
similar diphenylalanine (F—F) dipeptide also grows dendritic
structures, which have been interpreted as two-dimensional
spherulites.”> For our hybrid Fmoc-F/GO material, the
spherulitic pattern does not cover the entire gel network,
which mostly consists of branched, entangled fibers. The
hydrogel sample was allowed to dry overnight in the open air
before imaging, which might have led to the crystallization of
Fmoc-F and the formation of the observed spherulites.

10228

Mechanical Properties and Thermogravimetric Anal-
ysis. The viscoelastic properties of the hybrid hydrogel were
assessed by oscillatory rheology studies (Figure 3). The
frequency sweep measurements were performed on self-
supporting gels within the linear viscoelastic region (LVR),
in which the storage (G’) and loss moduli (G”) are
independent of the strain amplitude. For both the native and
hybrid hydrogels, the G’ had a higher value than the G,
confirming the materials’ viscoelastic