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The synthesis of a new hydrogelator with an indole capping
group, 1, is reported. 1 forms exceptionally strong hydrogels
in a variety of environments, with values for the storage
modulus G’ amongst the highest reported for supramolecular
hydrogels. These gels exhibit strong bundling characteristics,
which gives the high values for G’ observed. Cell viability
studies show that at low concentrations, 1 is biocompatible,
however upon self-assembly at higher concentrations,
cytotoxic effects are observed.

Supramolecular or self-assembled hydrogels are an important class of
materials that are rapidly gaining prominence, due to applications such
4

as wound repair,'? tissue engineering,** drug delivery™® and
biosensing.” Hydrogels composed of di- or tripeptides are a subset of
these remarkable materials, and usually rely on hydrogen bonding
between amide groups in conjunction with aromatic stacking
interactions to drive self-assembly. To this end, the diphenylalanine
sequence (-FF) is perhaps the most well-studied of the dipeptides, with
its self-assembly being partially driven by the two phenyl groups
present on the amino acids.® Since the initial paper reporting the
Fmoc-FF

fluorenylmethoxycarbonyl) there have been a number of reports

gelation properties of (where Fmoc =

investigating the use of Fmoc-FF for biocatalysis, drug release and cell
culturing.**?

Due to their supramolecular nature, these hydrogels are typically
weak, with storage moduli typically around 1000 Pa or less. The value
of the storage and loss modulus of a supramolecular gel is also
dependent on the method through which the gel network is formed, for
example in pH triggered gelation the final pH and nature of the pH
trigger plays a crucial role in the final values obtained through
rheology."”® Limited examples of “strong” hydrogels exist currently,
including peptide-based hydrogels reinforced with carbon nanotubes or
long alkyl chains to maximise van der Waals interactions.'*"’In many
cases hybrid systems are employed in order to increase gel strength,

such as the use of peptides encapsulating non-steroidal anti-
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inflammatory drugs (NSAIDs),'® long peptides linked through
Ca'ions'” or peptide-based dendrimers that act as binding agents for
dispersing clay nanosheets, resulting in very high storage moduli."®
Certain di- and tripeptide sequences bearing Fmoc capping groups have
also been shown to exhibit high storage moduli,'** but self-assembled
hydrogels with storage module exceeding > 10° Pa remain elusive.
Indole
commonly found in a wide variety of natural products, including the

is a versatile naturally occurring compound and is

amino acid tryptophan. Its derivatives are used in a variety of

fragrances,”’ and as pharmaceutical and synthetic biological
compounds.****3-indoleacetic acid is better known as auxin, and this
compound and its associated derivatives play a crucial role in the
growth of plants.*Despite the widespread use of indoles throughout
chemistry, no examples of supramolecular hydrogels employing indole
as a capping group exist. This is surprising, given the ability of the
indole moiety to drive self-assembly both through its aromaticity and
potential for hydrogen bonding. Herein, we report the synthesis of the
first dipeptide capped with an indole group; indole-3-acetic acid
diphenylalanine, that is able to form stable and exceptionally strong
hydrogels, in addition to the physical and toxicological characterisation

of these novel tough gels.

HN

Fig 1 Chemical structure of 1.

Compound 1 (shown in Fig. 1) was prepared via solid phase
synthesis using commercially available indole-3-acetic acid (see
supplementary information for details on the synthesis, characterisation
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and preparation of gels of 1) and its gelation properties investigated.
Compound 1 is able to form gels in a variety of different solvents, such
as lmM phosphate buffer solution (PBS), where the solution is heated
to 90 °C and allowed to cool, forming a transparent gel that gradually
changes to an opaque gel over time. Compound 1 can also form a gel if
dissolved in DMSO and then diluted with water, or through a pH
switching mechanism where one equivalent of base is added to
solubilise the gelator, followed by the addition of one equivalent of
glucono-d-lactone (GdL) to lower the pH. In both of the preceding
examples, opaque gels are formed over the course of 5-10 minutes.
Only in the pH switching gel is sonication required to aid gelation, in
all other cases gentle agitation of the gelator solution is sufficient to
dissolve the gelator. In all solvents the minimum gel concentration was
found to be about 0.4% (W/v).

Journal Name

strains of just over 50% (Fig. 2d). By changing the gelation method for
gel formation from a pH swith to a solvent switch using DMSO (Fig.
S5) or temperature switch in 1 mM PBS (Fig. S6), it is possible to
lower the G* down to or below 10* Pa.lt should be noted that for
hydrogels formed via the pH switch method, sonication time had little
effect on the final G’ values recorded.

The impressively large G’ values measured may also be due to the
formation of large fibrous networks, as upon slicing open or coating a
gel onto a substrate, millimetre-length fibres are visible with the naked
eye. In order to investigate the behaviour of the hydrogel on the
nanoscale, both TEM and AFM measurements were performed. TEM

micrographs show long, straight fibres (Fig. 3a and 3b).
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Fig 2 (a) CD spectrum of a 1% (w/v) hydrogel of 1 dispersed in water to achieve a
final concentration of 0.05% (w/v) and (b) ATR-IR spectrum of a 1% (w/v)
hydrogel composed of 1, showing the Amide I and II regions.(c) Frequency sweep
and (d) strain sweep for a 1% (w/v) hydrogel of 1 in milliQ water at 25 °C, where
error bars denote two standard deviations from the log-averaged mean.

The secondary structure of the gel was probed using circular
dichroism (CD) and attenuated total reflectance-infrared spectroscopy
(ATR-IR). CD measurements were taken at a concentration of 0.05%
(w/v), a 20x dilution of the initial 1% (w/v) gel that was prepared, and
the sole negative peak at 220 nm is indicative of a f-sheet arrangement
(Fig. 2a). This is supported by the ATR-IR data, which shows peaks in
the Amide I and II regions at 1643 and 1531 cm™' respectively (Fig. 2b).

This substantial hydrogen bonding is reflected in the rheology of
hydrogels ofl, which display extremely high values for the storage
modulus, G’. In fact, the values of G’ recorded for hydrogels composed
of 1 make it one of the strongest supramolecular gels reported to date.
This is more than likely due to the potential for extra hydrogen bonding
through the indole moiety, or perhaps mee*nt interactions between the
indole and the phenylalanine moiety. Values for G’ in the region of
over 10° Pa (Fig. 2¢) and reaching as high as 3 x 10° Pa for gels formed
by the pH switch, showing that hydrogels of 1 are remarkably strong,
and potentially suitable for a wide range of different mechanical
applications. Strain sweep measurements show that the hydrogel fails at
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Fig 3 (a) and (b) TEM images of a dried 1% (w/v) hydrogel of 1 at different
magnifications deposited on formvar coated copper grids. AFM amplitude images
of (c) dried solutions of a hydrogel of 1 at 1% (w/v) and (d) 0.01% (w/v) spin-
coated onto mica.

The TEM micrographs indicate that fibres vary in thickness from
approximately 100 — 400 nm, with no particular preferred size or
orientation. Interestingly, no branching of the fibres is observed in these
TEM images. Branching of nanofibres is commonly observed in many
supramolecular hydrogels, and is often identified as a stage in the
growth of gel networks. The lack of branching observed makes the high
storage modulus observed in the gel network of 1 even more
remarkable.

This lack of branching is further confirmed by the AFM images that
were taken upon spin coating a solution of the gelator onto a freshly
cleaved mica substrate. In these images, although they cross over each
other, no branching is observed and the fibres are seen to strongly
associate with each other, instead of the mica substrate (Fig. 3c). This
strong attractive tendency between nanofibres explains the high values
for the storage modulus that have been measured for hydrogels of 1 and
gives an insight into the morphology of hydrogels of 1 at the nanoscale.
It was recently postulated that the two main ways to increase the
stiffness of a gel network was to either increase either the number of
fibres (V) in a bundle or the persistence length (/,) of fibres in a
bundle.” From the AFM images observed, it is clear that for this
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system, N is large and therefore results in the exceptionally high storage
modulus observed for these gel networks.

Unfortunately, the strong association of these shorter nanofibres
precludes an accurate measurement of their height, however the isolated
nanofibres present in the images have a height of approximately 2 nm,
which is similar in height to the proposed J-aggregates of Fmoc-FF that
self-assemble into nanofibres.® Dilution of the gel solution was
undertaken in order to attempt to disperse these short, highly associated
nanofibres, however strong inter-fibre association is still observed even
in dilute solutions (Fig. 3d).
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Fig 4 (a) Cell viability studies of 1 compared to Fmoc-FF, performed on HeLa
cells at time points of 24 h and (b) 48 h. Error bars denote the standard deviations
(n =3).

The strength of these hydrogels makes them an ideal candidate for
biological applications, such as tissue engineering. As such, their
biocompatibility was investigated using an alamarBlue colourimetric
assay on HeLa cells. It can be seen from Fig. 4a that after 24 h, 1
to Fmoc-FF for
concentrations up to 0.1% (w/v). At higher concentrations (> 0.1%

displays comparable biocompatibility relative
(w/v) or >2.1mM), which is well beyond the limit of ordinary
cytotoxicity studies (around 0.05 — 0.5 mM),””** some cell toxicity can
be seen. We propose that the cell toxicity observed is due to the salts
present in the cell culture media preventing the bundling that is
observed in the fibres, resulting in smaller aggregates that most likely
interact with the cell membrane. Experiments where cells were seeded
on top of pre-formed gels of 1 were also performed, with cell death
occurring after 24 h for all samples. This is presumably due to the salts
in the cell culture media rapidly breaking down the large fibre bundles
into smaller, proto-fibres. These bundles are most likely held together
through electrostatic interactions due to the polar indole capping group,
and addition of salts act to screen these charges, disassembling the fibre
bundles into smaller proto-fibres which interact with the cell membrane
and result in cell death.*® Indeed, increased cytotoxicity has previously
been observed in peptide amphiphiles where alterations to the
cohesiveness of the fibres results in faster uptake into cells and resultant
cell death.’' The effect of salts on fibre formation is supported by the
lack of gelation in a DMSO-DMEM solvent mixture, in contrast to
DMSO-H,0, which forms stable hydrogels, and the degradation of
hydrogels of 1 when exposed to a concentrated solution of NaCl.

Conclusions

In conclusion, we have synthesised the first peptide bearing an indole
capping group, 1, and shown that this dipeptide forms gels under a
variety of different solvent conditions and at low concentrations. These
hydrogels have been extensively characterised using spectroscopic and

This journal is © The Royal Society of Chemistry 2012

ChemComm

microscopy techniques and display a f-sheet secondary structure.
Rheology measurements reveal that hydrogels of 1 are remarkably
strong, with a storage modulus reaching 3 x 10° Pa, making it one of the
strongest supramolecular hydrogels reported. An insight into the
strength of these gels comes from microscopy studies, which reveal a
low degree of branching and a high degree of fibre bundling, and this
extensive bundling goes some way to explaining the large values for
G’. Cell viability studies of 1 using HeLa cells show cytotoxicity which
is comparable to Fmoc-FF for concentrations up to 0.1% (w/v),
followed by cytotoxic effects as 1 starts to self-assemble into higher-
order structures. The salts present in the cell culture media are thought
to play a role in the inability of 1 to self-assemble into bundles, with the
resulting smaller supramolecular aggregates demonstrating cytotoxic
effects, most likely through interactions with the cell membrane.
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