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Low molecular weight gelators that are not easily degraded by
enzymes have a range of potential applications. Here, we report
new Fmoc-protected dipeptides in which the amide carbonyl group
has been replaced by an oxetane ring. Remarkably one of these
peptidomimetics, but not the corresponding dipeptide, is an effec-
tive gelator, forming hydrogels at a concentration of 3 mg mL™™.
On assembly, there is a lack of beta-sheet structure, implying that
there is no requirement for this motif in such a gel. Furthermore, the
modified dipeptide is also stable to proteolysis compared to the
parent dipeptide.

Low molecular weight gels are being widely investigated currently
for a range of applications.””” These gels arise from the self-
assembly of small molecules into fibres. This type of gel has
interesting properties compared to polymer gels. For example,
they are usually reversible and tend to form at low gelator
concentrations.

There are a significant number of reports demonstrating
biocompatibility of low molecular weight gels.? A range of these
gels have been used for applications such as cell culturing, drug
delivery and controlled release. For some of these applications,
in vivo proteolytic degradation would be beneficial but for a
number of others, it is desirable that the self-assembled scaffold
is not easily degraded by enzymes.

Recently, amino acid or dipeptide-based gelators have become
common.>* These can be highly effective gelators of water, and
there is now a large library of these molecules that can form gels
using a range of gelation methods. For these gelators, a number
of approaches have been developed to slow down the enzymatic
degradation. These include using p-amino acids as the constitu-
ent parts of the gelator;® generally synthesising the gelator with
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either the 1- and p-amino acids results in equally effective
gelation, but the p-amino acids are significantly more resistant
to enzymatic action. Another approach is to use f-amino acids
such as carnosine that are less susceptible to enzymatic
cleavage.® Finally, non-natural amino acids can be used. For
example, Panda et al. have used an o-carbon to B-carbon
unsaturated analogue of the naturally occurring phenylalanine,
which imparted proteolytic stability.” Similarly, other dehydro-
dipeptides have also been shown to be both effective gelators
and resist proteolytic degradation.®® Whilst these approaches
can be used to impart stability to enzymes, it is beneficial to
find other potential methods and gelators. When used, the gels
will also need specific mechanical properties, diffusion rates,
and stability to shear. For low molecular weight gelators, it is
very difficult to predict in advance the properties, so increasing
the range of materials available is of benefit.

Some of us have recently reported the synthesis of a new
class of peptidomimetic where one of the backbone amide
carbonyl bonds is replaced by a four-membered oxetane
ring."®"* A number of Fmoc-protected dipeptides were pre-
pared containing this oxetane ring."® Since Fmoc-dipeptides are
a well-known, effective class of gelator,****'* we reasoned that
we could prepare gels from these dipeptides (Fig. 1a). Impor-
tantly, the oxetane ring was expected to render the gelators
resistant to enzymatic cleavage through deletion of the central
amide bond.

For low molecular weight gelators, it is very difficult to predict
in advance which will form gels and which will not." We there-
fore used a computational descriptor approach® to predict the
gelation ability of three modified dipeptides (Fig. 1b). 1 was
predicted to be an effective gelator (84% likely), with 2 and 3
expected not to form gels. All of the predictions were within the
domain space of the model, and hence expected to be correct.'®
The synthesis of 1-3 was readily achieved in three steps from
oxetan-3-one and the appropriately protected r-amino acids
(for full details, see ESI¥).

To test the effectiveness of 1, 2 and 3 as gelators, we
used a pH-triggered approach, which is commonly successful
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Fig. 1 (a) Concept of oxetane modification of Fmoc dipeptide gelators.
(b) Chemlcal structures of modified dipeptides used in this study.

for Fmoc-dipeptides.’®"'” The different dipeptides were suspended

in water and a molar equivalent of base added to deprotonate the
terminal carboxylic acid. As the base, we used sodium carbonate
to avoid deprotection of the Fmoc group. 1 and 2 formed trans-
parent solutions at 3 mg mL ", but 3 formed a turbid suspension
(Fig. 2a). To form gels, the pH of the solutions was decreased. To do
this, we exploited the hydrolysis of glucono-é-lactone (GdL) as we
have done for a number of Fmoc-dipeptides and related gelators.'®
Here, the dissolution of GdL is fast, and the subsequent hydrolysis
of GdL to gluconic acid results in a homogeneous pH decrease.

Using this approach, 1 formed a self-supporting material
after standing overnight (Fig. 2b). Decreasing the pH of a solu-
tion of 2 resulted in some of the sample forming a gel over
18 hours (Fig. 2b), but this was transient with precipitation
occurring over two days. The solution of 3 did not form a gel,
but rather precipitation occurred as the pH decreased (Fig. 2b).
Hence, the descriptor-based approach®® correctly predicted the
gelation propensity of these three molecules (see above). We note
that it is often difficult to explain why some molecules form gels
and some do not,* which is why prediction of the effectiveness
of a specific molecule as a gelator is often difficult a priori.
Remarkably, the impact of replacing a carbonyl with an oxetane
ring is immediately apparent as the dipeptide analogue of 1;
Fmoc-GlyPhe is known to not be able to form gels."®'”

The hydrolysis of GdL is slow, meaning that the process of
gelation can be followed with time. The assembly can be linked

Fig. 2 (a) Photographs of the solutions of 1, 2 and 3 at a concentration of
3 mg mL~* at high pH. (b) Photographs of the samples shown in (a) after the
pH has been lowered via the hydrolysis of GdL. The white bands in (b) are
labels on the sample tubes.
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Fig. 3 (a) Change in pH (red data), storage modulus (G’, full circles, top
data), and loss modulus (G”, open circles, bottom data) with time for a
solution of 1 after the addition of GdL. (b) Frequency sweep of gels of 1
after 18 hours (G/, full circles; G”, open circles). (c) Strain sweep of gels of 1
after 18 hours (G, full circles; G”, open circles). For (b) and (c), the data are
shown as an average from three gels, with the error bars representing the
standard deviation of the data. (d) SEM image of a xerogel of 1. The scale
bar represents 500 nm. The contrast has been improved on this image for
clarity. The original is provided in the ESI.t

to the pH of the sample; as the pH decreases, the apparent pK,
of the gelator is reached and it is typically at this point that
gelation begins.'® Here, for 1, the pH drops slowly (Fig. 3a).
From these data, the apparent pK, of 1 is around 6.8; such a
high apparent pK, is consistent with this class of gelator.">*°
The mechanical properties of the sample can be followed using
rheology. As can be seen from Fig. 3a, gelation begins after
around 20 minutes by the increase of the storage modulus (G’)
and the loss modulus (G”). At this point, the pH is below the
pK, of 1. The gel develops over time, with both G’ and G”
stabilising after 120 minutes. At this point, tan J (G”/G’) is 0.13,
which is typical of such a gel.>! Frequency sweeps (Fig. 3b) and
strain sweeps (Fig. 3c) are also as expected for such a gel. From
the strain sweeps, it can be seen that the gel is insensitive to
strain until 10%, at which point the gel begins to break. The
gels are relatively insensitive to frequency.

Scanning electron microscopy (SEM) imaging of the dried
gel showed the expected network of fibres (Fig. 3d, additional
images are shown in Fig. S1, ESIt). The fibre widths were
measured by image analysis, with the average diameter being
21.3 £+ 4.4 nm (Fig. S2, ESIT). Importantly, 1 showed no sign of
chemical reaction after the gelation process as shown by the
NMR of the gelator obtained by freeze-drying a gel (Fig. S3-S5
and Table S1, ESIT). HPLC of the freeze-dried 1 implies that there
is around 6% oxetane ring opening (Fig. S6, ESIt), although this
ring-opening may occur during the analysis.

As noted above, there has been significant interest in Fmoc-
dipeptides as hydrogelators. In one case for Fmoc-diphenyl-
alanine, a detailed model of the assembly has been proposed,**
although more recently some of the assignment of the supporting
infra-red data has been shown to have been mis-assigned.”* Data
for Fmoc-dialanine is also not consistent with this model, and the
authors also highlight how extrapolating from spectroscopic

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Fluorescence for a solution of 1 at high pH (black data) overlaid
with the data after gelling overnight (blue data). The excitation wavelength
was 265 nm. (b) Circular dichroism spectrum at high pH of a solution of 1
(black data) overlaid with the data after gelling overnight (blue data). (c) IR
spectrum of freeze-dried xerogel of 1. (d) Kinetics plot showing change in
pH (red data), fluorescence intensity at 320 nm (blue data) and circular
dichroism intensity at 270 nm (black data) with time.

assignments from proteins to dipeptides should be carried out
with caution.?* Since in this example we have a dipeptide-based
gelator where one of the carbonyls has been replaced by an
oxetane ring, we investigated the assembly process to allow
comparison with the known family of Fmoc-dipeptides. The
suggestion is that Fmoc-dipeptides assemble by a so-called
n-beta structure, which has been shown by fluorescence, circular
dichroism (CD), and infra-red (IR) spectroscopy.>>

Here, the fluorescence emission for 1 in water at high pH
shows the expected fluorescence from the fluorenyl ring (Fig. 4a).
After gelation, significant quenching of the fluorescence has
occurred (Fig. 4a), consistent with aggregation and self-quenching
of the fluorenyl group. Unlike for reported Fmoc-dipeptides, no
apparent red shift in the emission was observed.

Before gelation, a solution of 1 shows little apparent CD or
linear dichroism signal (CD data shown in Fig. 4b). This is
typical for such gelators."® After adding the GdL, strong signals
appear in the CD. The minimum at around 255 nm and the
positive signals above 260 nm are consistent with the fluorenyl
group being assembled into a helical stack and similar to data
elsewhere.'®** The data below 240 nm is harder to assign, as
there will be a contribution from the hydrolysis products of
GdL.”® No linear dichroism was observed, showing that the
signals are true CD signals and not arising from alignment (see
Fig. S7, ESIT). The IR shows a broad peak centred at 1600 cm ™,
which is not present in the IR of the non-assembled precursor
(Fig. 4c and Fig. S7, ESIt); however, this may be due to the
carbonate species added as a base (Fig. S8, ESIT). There is a
peak at 1701 cm ™", which can be assigned to the carbonyl of the
Fmoc carbamate and is also present in the precursor. A peak at
1722 cm™ ! can be assigned to the protonated carboxylic acid.

Again, as the use of GdL allows the kinetics of the assembly
to be followed, we can compare the rates of change in the pH,
fluorescence, CD, and rheology (Fig. 4d). From these data, it is
clear that the fluorescence and circular dichroism essentially
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do not change after around 60 to 90 minutes. This is just as the
rheological moduli are starting to increase. Hence, the data show
that the molecular-level assembly is complete as the pK, of the
carboxylic acid is reached, presumably into fibrous structures. The
gel properties therefore arise as these fibres entangle. The entan-
glement does not lead to further changes in the CD or fluorescence
data. This is consistent with our work on naphthalene-
dipeptides.’® Drawing all of this together, assembly begins as
the carboxylic acid is protonated. The fluorescence and CD data
are consistent with the assembly placing the Fmoc groups
sufficiently close to one another to quench the fluorescence
and in to a helical arrangement. This is consistent with work on
Fmoc-dipeptides.'®** However, despite this similarity and the
fact that gels are formed here despite a lack of apparent beta-
sheet structure, our data imply that the assignment as requiring
a beta-sheet for assembly and gelation is not correct.

Finally, we tested how prone to proteolysis these materials are.
As a comparison, we chose Fmoc-GlyPhe. Whilst this dipeptide
does not form gels, it is the closest structural analogue to 1.
Stability in blood serum was initially assessed, however no degra-
dation was observed. Carboxypeptidase A is an exopeptidase that
hydrolyses peptide bonds of C-terminal residues with aromatic
side-chains such as phenylalanine and thus was chosen to
challenge the stability of Fmoc-GlyPhe and 1. As such, 1 or Fmoc-
GlyPhe were suspended in Tris buffer at pH 7.9. This is the optimal
PH for the enzyme and additionally the molecules are unassembled
at this pH. Hence, this is the most demanding test. To these
solutions, Carboxypeptidase A was added. After set periods of time,
an aliquot was removed, acetonitrile added to quench the enzymatic
activity and the products probed by HPLC after centrifugation to
remove the enzyme. Fmoc-GlyPhe degraded extremely quickly,
with 98% conversion to Fmoc-Gly after 1 minute and complete
conversion after 5 minutes (Fig. 5a).
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Fig. 5 (a) Degradation of FmocGlyPhe over 5 min to Fmoc-G-OH. (b) 1

was sampled at t = 0, 1 min, 5 min, 4 h and 24 h. No degradation was
observed over this timescale. Negative control containing no enzyme was
conducted in parallel.
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1 showed significant stability, with no enzymatic conversion
after 24 hours (Fig. 5b). A small amount of hydrolysis of the
oxetane ring had occurred, but this is due to suspension in
water as opposed to enzymatic activity as shown by control
experiments in buffer alone.

In conclusion, we have shown that gels can be formed from
a new class of peptidomimetic. The modified dipeptide is signi-
ficantly more resistant to proteolysis as compared to the native
dipeptide and so this class of material may have applications
in vivo.
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