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Molecular self-assembly is a key direction for the fabrication of
advanced materials. Yet, the physical properties of the formed
assemblies are limited by the inherent characteristics of the specific
building blocks. Here, we have applied a co-assembly approach to
synergistically modulate the mechanical properties of peptide
hydrogels, thereby forming extremely stable and rigid hydrogels.

Molecular self-assembly serves as a key approach for the formation
of biocompatible peptide-based architectures, including nano-
spheres, nanotubes, nanosheets, nanofibrils and vesicles."™ In
addition, short peptides can form three-dimensional (3D) hydro-
gels. These low molecular weight hydrogelators have been widely
explored in recent years.>**” They are particularly valuable for
biotechnological and medical applications, due to their ability to
act as building blocks for three-dimensional macroscopic structure
formation with nanoscale order, which mimics the extracellular
matrix.>*>® Peptide-based hydrogels have been found to form a
supporting scaffold for the growth of cells and are being used in the
field of regenerative medicine.® Self-assembled ultra-short peptide
building blocks have been proposed as hydrogelators due to their
easy fabrication and simple chemical and biological decoration.”'
These advantages are unique to peptide hydrogels compared to
many natural or synthetic hydrogels.® Recently, it has been shown
that a peptide-based hydrogel could be printed in order to support
human stem cells differentiation,"* and functional motifs could be
linked to self-assembled peptides to allow such differentiation and
proliferation.'” A large number of studies has focused on fluorenyl-
methoxycarbonyl (Fmoc)-modified oligopeptides and their ability to
form hydrogels.>® The common use of Fmoc as a protecting group
in peptide synthesis makes this building block readily available.
In addition, Fmoc-based hydrogels are very promising candidates
in biomedical implementation due to their anti-inflammatory
properties.” The supramolecular nature of these hydrogels results
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in typically weak materials, with storage moduli of ~1000 Pa or
less. There are several examples of hydrogels with high storage
modulus values, including peptide-based hydrogels reinforced with
carboxylated-carbon nanotubes,"* covalent conjugation of p-amino
acid to NSAIDs,"” peptide-based hydrogels linked by electrostatic
interactions through Ca>" ions, dendrimers with multiple adhesive
termini for binding to clay that form a hydrogel,'® certain di- and
tripeptide sequences bearing Fmoc or indole capping groups,””*°
and genetically engineered protein-based hydrogels.”® A notable
example of Fmoc-based hydrogels is the Fmoc-diphenylalanine
(Fmoc-FF) peptide that efficiently assembles into a fibrous hydrogel
under physiological conditions.”*" This building block encom-
passes the well-studied FF dipeptide motif that self-assembles into
ordered structures and shows unique properties enabling its
utilization for various applications." Furthermore, Fmoc-modified
aromatic amino acid analogues, namely Fmoc-Phe and Fmoc-Tyr,
were shown to form ordered fibrillar assemblies,?* consistent with
the ability of single phenylalanine to form ordered structures.>* In
addition, Fmoc-modified non-coded single aromatic amino acids,
including Fmoc-DOPA,** naphthyl modified Fmoc-alanine® and
fluorinated Fmoc-Phe derivatives,”® have also been investigated as
hydrogelators. The fluorinated peptide derivatives of Fmoc-Phe
include Fmoc-pentafluoro-phenylalanine (Fmoc-Fs-Phe), where
the halogenation of the phenyl side-chain results in rapid self-
assembly when compared to non-substituted Fmoc protected
analogues.”® The fluoride function has been demonstrated
when short phenylalanine-containing peptides were modified
to form antifouling coatings.?” Fluoride has also been widely
applied in dentistry as a non-invasive treatment of root caries
lesions®® and is incorporated into dental restoration materials®®
due to its antibacterial characteristics, including inhibition of
bacterial adsorption to hydroxyapatite, interfering with bacterial
metabolism and dental plaque acidogenicity.*®

In spite of their advantages, the physical properties of short
peptide- and amino acid-based hydrogels are limited due to the
chemical nature of the chosen building blocks, making the modula-
tion of these physical properties highly challenging. It has been
previously shown that the co-assembly of two building blocks into
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one ordered structure can promote the formation of a new compo-
site material exhibiting new architectures,*** higher and tunable
mechanical properties,® > higher stability,® and improved
biofunctionality.>***° This concept is naturally occurring in biological
systems, such as the extracellular matrix, the physical properties of
which are modulated by combining several basic building blocks,
including proteins and polysaccharides. Previous studies have
shown the formation hydrogels with enhanced mechanical properties
using mixed systems and the co-assembly approach.*****"** Using
two or more building blocks mixed together enabled us to achieve
improved properties compared to those of each of the building blocks
alone. Bing Xu’s group incorporated Fmoc-F into Fmoc-Leucine to
produce higher elasticity and rapid recovery after stress.** In another
study, Tendler’s group fine-tuned the mechanical properties of a
peptide nanostructure composed of FF and di-p-2-napthylalanine,
two aromatic peptides known to self-assemble separately, by
changing their relative concentration.*” Another method to
enhance the mechanical properties of hydrogels was a pH
triggered approach proposed by Adam’s group.*®

In the current study, we explored the Fmoc-Fs-Phe hydrogel
(Fig. 1a). In spite of its interesting properties, its rigidity and dura-
bility are inferior to other biomolecular hydrogels. Nilsson’s group
demonstrated that the co-assembly of Fmoc-Fs-Phe hydrogel with a
C-terminal PEG-functionalized Fmoc-Fs-Phe resulted in higher rigid-
ities of approximately 3 kPa.>* Here, in order to stabilize the Fmoc-Fs-
Phe hydrogel, we chose to harness the mechanical properties of
Fmoc-FF hydrogels and study the formation of hybrid assemblies
(Fig. 1b). The Fmoc-FF hydrogels were prepared using the solvent-
switch method,” by dissolving the peptide in DMSO and then
diluting the stock solution into water. Following the dilution, a rigid
hydrogel was formed (Fig. 1b and c). The Fmoc-Fs-Phe hydrogel was
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Fig. 1 (a) Molecular structures of Fmoc-FF and Fmoc-Fs-Phe. (b) Sche-
matic presentation of the gelation process of each of the building blocks
separately and of the formation of a hybrid hydrogel. (c) Inverted tubes of
(left to right) Fmoc-Fs-Phe, Fmoc-Fs-Phe/Fmoc-FF 3:1,1:1, 1: 3, respec-
tively and Fmoc-FF. (d) Inverted tubes of Fmoc-Fs-Phe (left) and 1: 1 hybrid
hydrogel (right) three weeks after preparation.
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also prepared using the solvent-switch method, by first dissolving the
building block in ethanol, followed by dilution into water. Similarly,
the dilution into aqueous solution resulted in the formation of a
hydrogel (Fig. 1b and c). However, this hydrogel had low stability, as
after seven days it collapsed and a phase separation was observed
(Fig. 1d). In order to improve the physical stability of the Fmoc-Fs-
Phe hydrogel for extended periods of time, we applied the co-
assembly strategy. For this purpose, hybrid hydrogels were prepared
using the two building blocks, Fmoc-Fs-Phe and Fmoc-FF, at three
stoichiometric ratios of 3:1, 1:1 and 1:3 by mixing both stock
solutions and then diluting them into water. In all cases, a trans-
parent homogenous hydrogel was formed (Fig. 1c). The stability of
the hybrid hydrogels was monitored over a period of six months,
and in all cases, a stable 3D structure was maintained. We further
analyzed the gelation kinetics of all formed hydrogels. While Fmoc-
Fs-Phe hydrogel formation occurred within seconds, the formation
of a transparent rigid hydrogel using Fmoc-FF occurred only after
~4 minutes. The 3:1 and 1:3 hybrid hydrogels were found to be
solid and transparent, and showed similar kinetics to that of the
pure Fmoc-FF, forming after 5 minutes (Fig. 2a). In addition, in order
to study the hydrogel underlying morphologies, we used transmis-
sion electron microscopy (TEM) analysis. TEM samples were pre-
pared for the three hybrid hydrogels, as well as for the pure Fmoc-Fs-
Phe and Fmoc-FF hydrogels. To this end, hydrogels were prepared at
a concentration of 5 mg mL™~", immediately after diluting the stock
solutions in water (Fig. 2b—f). In all cases, the architectures com-
prised of fibrils of 15-25 nm in width. The pure Fmoc-F5s-Phe and
Fmoc-FF hydrogels demonstrated tangled, several micron-long fibrils
(Fig. 2b and c), while short and less tangled fibrils were observed in
the 1:1 hybrid hydrogel samples. Notably, the fibrils of the 1:1
hybrid hydrogel were only a few microns long, shorter than those of
the other hydrogels (Fig. 2¢). The presence of fluorine within the fibrils
of all hybrid hydrogels was demonstrated using energy-dispersive
X-ray spectroscopy (EDS) analysis, suggesting they were indeed com-
prised of the two building blocks (Fig. 2g). Next, the mechanical
properties of the hydrogels were examined using rheological analysis,
which can also shed light on the kinetics of hydrogel formation. Strain
sweep (at 5 Hz frequency) and frequency sweep (at 0.5% strain)
oscillatory measurements were performed in order to optimize
the appropriate measurement conditions. Fig. Sla and b (ESI})

Time, min

a) 01 2 34 5 6 b)

Fmoc-F-Phe

Fig. 2 (a) The formation kinetics of the different hydrogels, showing the
transition from a cloudy mixture to a transparent hydrogel. (b—f) TEM micro-
graphs of (b) Fmoc-Fs-Phe, (c) 1: 1 hybrid hydrogel, (d) Fmoc-FF, (e) 3 : 1 hybrid
hydrogel and (f) 1: 3 hybrid hydrogel. (g) Energy-dispersive X-ray spectroscopy
(EDS) analysis of the 3:1 hybrid hydrogel showing the fluoride peak.
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present the results for the 1: 1 hybrid hydrogel at 25 °C. Similar results
were obtained for the other hydrogels, and the conditions for time
sweep measurements were thus set to be 0.5% strain and 5 Hz
frequency. The rheological analysis showed that a significant portion
of gel rigidification is achieved within less than 6 minutes (Fig. 3a).
However, the completion of the gelation and final rigidification, i.e.
the time in which the storage modulus G’ reaches its plateau, is a
longer process. The individual Fmoc-FF hydrogel exhibited
high rigidity, with a G’ value of more than 9 kPa and a short
gelation time of approximately 10 min (Fig. 3a). The Fmoc-F5-Phe
hydrogel reached a G’ value of approximately 3.5 kPa after
2 hours, yet it continued to rise slowly, reaching a value of 4.2 kPa
after 3 hours. A possible explanation for this phenomenon is the slow
diffusion of the building blocks during the process of structural
organization into fibers within a viscous solution, as the Fmoc-Fs-
Phe solution became very viscous immediately following the dilution
in water, while the Fmoc-FF solution remained in a liquid state for
several minutes. The storage modulus of the 3:1 hybrid hydrogel
reached a plateau within 6 min, with a G’ value of approximately
22.5 kPa. The storage modulus of the 1: 3 hybrid hydrogel reached a
plateau after ~50 min, with a G’ value of approximately 68.8 kPa.
Strikingly, the 1:1 hybrid hydrogel reached a plateau after 40 min,
with a considerably higher storage modulus of approximately
190 kPa (Fig. 3a). Notably, the final storage moduli of all hybrid
hydrogels were higher than those of the pure single building block
gels, reaching their plateau after 60 min. The 1 : 1 hybrid hydrogel was
extremely rigid, with a very high storage modulus value at the
endpoint (Fig. 3b), placing this hydrogel as one of the most rigid
supramolecular hydrogels reported to date. This high mechanical
rigidity at a low gelator concentration of 5 mg mL ™", along with the
easy tunability using various hybrid hydrogel ratios, would be of
particular interest in tissue engineering and cell culture applications,
where the nanoscale morphological and mechanical environment is
vital for controlling various processes, such as stem cell differen-
tiation."® Recently, it has been shown that stem cells can undergo
stiffness-directed fate differentiation into neuronal, chondrogenic,

1:1 1:3 Fmoc-FF

Intensity, A.U.

300 350 400 450 %% 350 400 450
Wavelength, nm Wavelength, nm

Fig. 3 Rheological and spectroscopic analysis of the hydrogels. (a) In situ
time sweep oscillation measurements of hydrogel formation. (b) The end-
point storage moduli G’ of the various hydrogels, as determined by rheology.
(c) Fluorescence spectra of different hydrogels taken 20 minutes after gel pre-
paration. (d) Fluorescence spectra of the 1:1 hybrid hydrogel during gel
formation taken 6, 10 and 20 min after gel preparation.
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and osteogenic lineages on soft (1 kPa), stiff (13 kPa) and rigid
(32 kPa) hydrogels, respectively.*’*® To further probe the internal
organization of the hybrid hydrogels, we monitored their fluorescence
spectra in the near-UV region, taking advantage of the charac-
teristic fluorescence emission of the Fmoc aromatic moiety.>
Generally, all hydrogels showed an emission peak at 320 nm (Fig. 3c
and d). However, the 1: 1 hybrid hydrogel spectra presented a second,
more intense peak at 360 nm. The spectra of both the 1:3 and 3:1
hybrid hydrogels also presented increased emission at 360 nm, yet it
manifested in combination with the 320 nm peak. These results
suggest that new aromatic interactions arise in the hybrid hydrogels as
compared to the individual hydrogels, further indicating that the
hybrid hydrogels are formed through the co-assembly of the two
building blocks. This co-assembly is most likely mediated by n—r
interactions between the aromatic Fmoc groups in the two building
blocks, as well as between the aromatic phenylalanine in Fmoc-FF and
the halogenated phenylalanine side chains in the Fmoc-Fs-Phe,
similar to previously reported co-assembly systems.**** Time depen-
dent fluorescence emission of the 1:1 hybrid hydrogel (Fig. 3d)
showed that 6 min after the start of gelation, the fluorescence pattern
was similar to that of either of the individual hydrogels, with a single
peak at 320 nm, while the 360 nm peak emerged after 10 min,
increasing gradually and concomitantly with the gelation kinetics,
until reaching a maximum peak at 20 min. This further supports the
notion that new molecular interactions arise as a result of a co-
assembly process. The rigidity of all hybrid hydrogels prepared in this
study is extraordinary, pointing out the Fmoc-Fs-Phe/Fmoc-FF hybrid
hydrogel as one of the most rigid supramolecular hydrogels reported
to date. Fig. 4 compares the storage moduli of different classes of
hydrogels, namely synthetic (green region), including chitosan cross-
linked with glutaraldehyde,” thiol modified hyaluronic acid,** Fmoc-
FF and polyacrylamide gels,’® natural (orange region), which includes
collagen,” and hybrid gels (yellow region), such as chitosan/PEG,”
Fmoc-FF/alginate,”® hyaluronic acid /fibrinogen® and the Fmoc-Fs-
Phe/Fmoc-FF hybrid gels reported in this study (blue region).
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Fig. 4 The storage modulus (G’) of different classes of hydrogels, namely
synthetic (green region), which includes chitosan crosslinked with glutar-
aldehyde,* thiol modified hyaluronic acid,>®> Fmoc-FF and polyacrylamide
gels,> natural (orange region), which includes collagen,>* hybrid gels (yellow
region), which include chitosan and PEG,>® Fmoc-FF and alginate,>® hyaluronic
acid and fibrinogen, and the hybrid Fmoc-F5-Phe/Fmoc-FF gels (blue region)
reported in this study.
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To summarize, in the present study we demonstrated, for the
first time, the synergistic effect of the co-assembly of Fmoc-Fs-Phe
and Fmoc-FF on the mechanical properties of the resulting hybrid
hydrogels. The 1:1 hybrid formulation exhibited remarkable
mechanical properties with a storage modulus as high as 190 kPa,
an order of magnitude higher than hydrogels formed by each of the
individual building blocks. Taken together, the different character-
istics of the hybrid hydrogels demonstrate the supramolecular
co-assembly approach to result in ultra-rigid hydrogels with con-
trollable mechanical properties that can be utilized for tissue
engineering and other biotechnological applications. We provide
a conceptual framework for the significant expansion of the
repertoire of nanomaterials to fully exploit the prospects of
multi-component supramolecular chemistry.
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