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WILEY-VCH

Hydrogel and Organogel Formation via Hierarchical Self-
Assembly of Cyclic Peptides Nanotubes

H. Shaikh,[® J. Y. Rho,® L. J. Macdougall,®® P. Gurnani,® A. M. Lunn,® J. Yang,® S. Huband,™ E. D. H.

Mansfield,® R. Peltier,*® S. Perrier. [2cd

Abstract: Breaking away from the linear structure of previously-
reported peptide-based gelators, this study reports the first example
of gel formation based on the use of cyclic peptides made of
alternating D- and L- amino acids, which self-assemble in solution to
form long nanotubes. Herein, a library of cyclic peptides were
systemically studied for their gelation properties in various solvents,
uncovering key parameters driving both organogel and hydrogel
formation. The hierarchical nature of the self-assembly process in
water was characterised by a combination of electron microscopy
imaging and Small Angle X-ray Scattering, revealing a porous
network of entangled nanofibers composed by the aggregation of
several cyclic peptide nanotubes. Rheology measurements then
confirmed the formation of soft hydrogels with comparable stiffness
to soft tissue.

Introduction

Hydrogels are fascinating materials that consist mostly of water
molecules (typically 95% or above) being held together by
networks of molecular fibres. Due to their high water content,
these materials have become a popular choice in a wide range
of applications such as contact lenses, wound dressing,
injectable drug delivery systems or artificial matrixes for cell
growth.[M2LE While the majority of currently available hydrogels
are made from chemically crosslinked synthetic polymer chains,
peptides that self-assemble into physically cross-linked fibre-like
structures have risen as a particularly promising alternative. In
addition to their inherent biocompatibility and biodegradability,
these peptides rely on a convenient “bottom up” approach, in
which a small change in the structure of the building block can
induce dramatic changes in the physical property on the
resulting materials. A variety of fibre-forming peptides have been
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developed recently. Examples include peptides that fibrillate
upon formation of a bilayer B-sheet structure,™ collagen
mimicking a-helical peptides that self-assemble through coil-coil
aggregation,® and short N-terminal protected phenylalanine-rich
peptide sequence that stack via a combination of hydrophobic
and T—T stacking interactions.’)- Another advantage of using
small molecule gelators is the possibility to prepare highly
functional hydrogels by mixing functionalised building blocks in
the gelating formulation.®!

Over the years, examples of hydrogelating peptides have almost
exclusively relied on linear structures. A range of cyclic tri- and
dipeptides has been described previously as the smallest
peptide-based  hydrogelators.®!  Recently, Choi et al.
demonstrated that cyclic peptides made out of 11 or 12 amino
acids resulted in unusual self-assembly as compared to their
linear equivalents.® Recently, Méndez-Ardoy et al. reported on
the formation of artificial fibrillar networks confined in water
droplets using cyclic peptide nanotubes.(add ref.) Despite these
promising results, the use of larger cyclic peptide structures as
hydrogelating building blocks remains unexplored. In the 90’s,
Ghadiri and co-workers discovered that cyclic peptides (CPs)
containing 8 to 12 amino acids of alternating D- and L-
configurations are able to stack via [B-sheet antiparallel H-
bonding, leading to the formation of well-defined nanotubes with
sizes ranging between 10 to 500 nm, and cavity diameters
between 2 to 13 A (Fig. 1).'l These systems offer an interesting
versatility as the number of amino acids present in the peptide
ring controls the internal diameter of the nanotubes whilst the
nature of the amino acids and conjugated moieties change the
properties of the external surface of the tubes.*? In addition, the
planar structure of these peptides with the amino acid side
chains protruding perpendicularly to the tubular axis offer a
convenient handle for the functionalisation of the nanotubes
without disrupting the assembly.'®l This was exploited to
developed cyclic peptide-based nanotubes functionalised with
hydrophilic polymers that were shown to self-assemble even
when decorated with polymeric chains many times their
molecular weight (up to 20 kDa), thus forming a soft functional
layer on the tube surface.*¥ Interestingly, these self-assembling
systems were shown to be highly dynamics with cyclic peptides
functionalised with various moieties (polymer, dyes) readily
mixing to incorporate different functionalities within the same
nanotubes.%

Herein, we explore the use of these alternating D- and L- cyclic
peptides as building blocks for the formation of gel materials in a
variety of solvents, particularly in water. A library of 8-membered
CPs was screened for their gelating properties, uncovering the
key structural parameters driving gel formation. Due to the
charged nature of some of the residues, the influence of pH on
hydrogelation was carefully tested. Selected samples of
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hydrogels were then studied via electron-microscopy and small-
angle X-ray scattering (SAXS) to assess the underlying structure
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Figure 1. Hierarchical self-assembly process involved in hydrogel formation
from D-, L- cyclic peptides.

of the hydrogels formed, and rheology measurements were used
to characterise the physical properties of the materials.

Results and Discussion

Alternating D- and L-amino acid cyclic peptides (CPs) composed
of eight a-amino acids were considered for this study, as they
are known to promote good self-assembly while being small
enough to be easily synthesised.!*®! Peptides were designed. to
contain D-Leucine, as they have previously been shown to help
promote the self-assembly process via increased hydrophobic
interactions.’’l These peptides also contains L-Tryptophan,
which was empirically found by our group to improve peptide
solubility in aqueous solutions. A library of CPs with varying L-
residues was then designed, in an iterative manner, starting
from fully protected cyclic peptide 1 which was discovered to
form a gel in DMF during previous studies by our group. The
influence of protecting group on gelation was investigated using
the product of selective deprotection of CP 1. In an attempt to
balance the overall hydrophobicity of the structure, several
hydrophilic residues (L-Lysine, L-Glutamic Acid or L-Cysteine)
were then introduced in the structure, and the effect of varying
the nature and number of these residues on gelation was
carefully investigated.

Linear sequences were synthesised by solid phase peptide
synthesis (SPPS) then cleaved from the resin using a mild acid
(HFIP) to conserve the protecting groups. Cyclisation of the
protected peptides was then achieved by the coupling of N- to
C-terminus using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium (DMTMM.BF,) to form a stable amide bond,
under dilute conditions to favour intramolecular cyclisation. Boc-
deprotection was then carried out via treatment with TFA in the
presence of scavengers. Cyclic peptides were purified via
precipitation, either in a mixture of methanol and water (for the
protected compounds), or in diethyl ether for the fully
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deprotected compounds. Cyclic peptides were characterised by
electron spray ionisation-time-of-flight (ESI-TOF) mass
spectroscopy (Table S1, ESIt) and their purity assessed using
reverse-phase high-pressure liquid chromatography (RP-HPLC)
(Fig. S2, ESIY). Cyclic peptides were found to have a purity
superior to 85% and were used as such. A summary of the
cyclic octapeptides used in this project is given in Scheme 1.
Cyclic peptide 1, which was initially discovered to form a
transparent gel in DMF, was found to be fully soluble in DMSO
and methanol (Table 1), with no gel formation. On the other
hand, CP 1 did not dissolve in water, and remained as a white
insoluble solid despite extensive sonication, due to the highly
hydrophobic nature of the fully protected peptide. With the
formation of a hydrogel in mind, we then decided to gradually
decrease the hydrophobicity of CP 1 via selective removal of the
orthogonal protecting groups (Scheme S1, ESIt). Hydrogelation
or organogelation tests were carried out by dissolving the
peptide powder directly in the indicated solvent, sonicating the
mixture and letting it to rest at room temperature for 3 to 76
hours. Gelation was systematically tested via the vial inversion
method (Table 1).

Selective deprotection of the Dde group using 4% hydrazine
yielded CP 2 with Boc protecting groups still intact. CP 2 formed
clear organogels in DMF, DMSO and methanol after
approximately 3 hours, yet no gels could be formed in water.
Selective deprotection of the Boc protecting groups from two
Lysine and one Tryptophan residues, leaving one Dde-protected

S

oHN

PG PG PG PG
O R |y O Ry O R | O Ry \;o
HoN NJW,N N}ﬁrN N)\H/N NJWTOH HM X
L) L) H oo o5
1. DMTMM.BF, o A‘RZ
2.TFA, TIS, H,0 (opt) ™)
2 )\HN%\ ‘(NH o
N
O & H Y

I

0
NHBoc NH
1R NBoc RyRs M/J Ry m/f —
5
NHBoc NH3*
2 R NBoc Ry-Rs m/_f R m/_f
0
NH3* NH
3 R NH Ry=Ry m/f R M/_F —
g
NH;*
4 R NH Ry=R;=R, W/J
NH;*
5 R=R NH Ry-Ry m/f
NH3*
6 Ry=R;=R, NH R, m/_f
7 Ri=R NH Ry=Ry
— 0o
8 R;=R;=R, NH R,
— 00
9 Ry=R;=R, %NH R;-R SH
NH;*
10 R, %NH R,=R, M/_f ° R, SH
o o |
- ~
1 R " NH R, =R, W”Wo/\/g\

Lysine residue, yielded CP 3 which formed a gel in DMF and

Scheme 1. Chemical structures of cyclic peptides used in this study.
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Table 1. Gelation properties of selected cyclic peptides in water and organic solvents. Hydrogelation assays were carried out at pH = 3 for peptides 1-6 & 9-10

and pH = 11 for peptides 7-8.

Cyclic Peptide!®

Solvent Concentration®
1 2 3 4 5 6 7 8 9 10 11
Water 5 P P PS s G P G P PS G
3 P P PS S G P G P PS
1 P P PS S S P S P P PS
DMF 2 G G G G G S G S
DMSO 2 S G S G S S G G
MeOH 2 S G G S S S G G

[a] Concentration in w.t% [b] G = gel, S = solution, PS = partially soluble and P = precipitate

methanol. Peptide 3 was also found to be partially soluble in
water (pH = 3), but still not capable of forming a hydrogel.
Finally, complete deprotection of 1 resulted in CP 4, which was
fully soluble in water (pH = 3) and methanol, but formed clear
organogels in DMF and DMSO. No clear trend between
organogel formation and polarity of the CP could be observed
for CPs 1-4. Sequential removal of the hydrophobic protecting
groups resulted in increased solubility in water as expected.

Despite covering a significant range of hydrophilicity with these
compounds, none formed a hydrogel. To elucidate whether
water-soluble CP 4 formed nanofibers in water nevertheless,
TEM imaging of a 2 w.t % sample of 4 (water, pH = 3), diluted 10
times to facilitate visualisation, was carried out. Images revealed
a network of crosslinked fibres (Fig. 2A; Fig. S3, ESIYT),
indicating that self-assembly was taking place, however the
constructs were not sufficiently dense to trap water molecules
and form a hydrogel. The width distribution of the nanofibers, as
measured from TEM images, indicates an average width of 30

Figure 2. TEM images and fibre size distribution for a A) solution of 4 at
0.2 w.t % in water (pH = 3); B) solution of 5 at 0.3 w.t % in water (pH = 3);
C) solution of 5 at 0.05 w.t % in water (pH = 3); D) solution of 7 at 0.4 w.t %
in water (pH = 11).

nm. Given that single cyclic octapeptide nanotubes, having a
diameter of approximatively 1 nm,*8 this demonstrates that the
fibres are composed of hundreds of laterally aggregated
nanotubes that have formed nanotubular bundles. This is in
accordance with previous work reporting the lateral aggregation
of cyclic peptide-based nanotubes in aqueous solution.*?! While
the length of these fibers is difficult to judge, the fibril structure
obtained here resembles the structure obtained for previously-
reported hydrogelating system. 2%

The formation of fibers from CP 4 suggests that hydrogel
formation may be possible from this Lysine-functionalized cyclic
peptide system, but that a fine balance between hydrophobicity
and hydrophilicity needs to be achieved to enable formation of
longer fibrils which can entangle into a denser network in
aqueous environment. The influence of the number of charged
residues was then investigated by varying the number of Lysine
residues in CP 4 and substituting them with neutral Tryptophan
residues instead. CP 5, containing a symmetrical arrangement
of two Lysine and two Tryptophan residues on opposing sides,
was found to form a clear organogel in DMF after 2 hours but
was fully soluble in DMSO and methanol. Most interestingly,
solutions of CP 5 in water (pH = 3) at 3 wt % led to the formation
of an opaque hydrogel after letting it rest for 16-24 hours at room
temperature (Fig. S4A, ESIt). Decreasing the concentration to 1
wt % resulted in a slightly opaque solution which did not form a
gel, nor formed a sediment at the bottom of the vial over time.
SEM was employed to visualise the macrostructure of the
hydrogel material formed. SEM imaging of a 3 wt % sample of
CP 5 (pH = 3) showed a porous network of elongated fibres, as
typically observed for peptide-based hydrogels (Fig. S5).21 TEM
imaging was then employed to visualise individual nanofibers
with higher resolution. TEM images of a 0.3 w.t % sample of CP
5 (pH = 3), showed a network of entangled fibres with an
average nanofiber width of 20 nm (Fig. 2A; Fig. S6, ESIt). The
effect of dilution on fibre morphology was tested by imaging at a
further 2 fold and 6 fold dilution (final concentration = 0.15 and
0.05 w.t %, Fig. 2C, Fig. S6, ESIt). Images showed nanofibers
of comparable width but with decreasing length and density as
concentration decreased. This is consistent with the absence of
hydrogel formation at 1 wt % for CP 5, indicating that reducing
the concentration does not form a sufficient fibril network to
entrap water molecules and therefore form a hydrogel.



Reducing the number of Lysine residues further, (mono-Lysine,
CP 6) resulted in a compound that formed a white precipitate in
water. In contrast with the opaque solution obtained with CP 5 at
1 wt %, the present opaque solution settled at the bottom of the
vial after a few hours. As expected, decreasing the number of
charged residues resulted in increased hydrophobicity of the
peptides (see HPLC in Fig. S2, ESIt) which translates into a
reduction of solubility in water from a fully soluble compound to a
hydrogel, then to a fully insoluble peptide. CP 6 was however
fully soluble in DMF, DMSO and methanol. Fully deprotected
CPs 4-6 show a trend in which increasing the number of
charged residues, and thus hydrophilicity, favours gelation in
organic solvents.

Having determined that two hydrophilic residues is the optimal
combination for hydrogelation, we investigated the effect of
modifying these residues. Firstly, the positively charged L-Lysine
residues in CP 5 and 6 were replaced by negatively charged L-
Glutamic acid residues (CPs 7 and 8). CP 8 was found to form a
gel in DMSO and methanol, while CP 7 formed a gel in all three
organic solvents tested. Overall, these results indicate that the
nature of the charge is not essential in forming organogels, and
that increasing the number of charged residues in the CPs
appear to favour gelation in organic solvent, possibly due to a
reduction of the solubility of the peptides in these solvents.

In water at pH 11, mono-Glutamic acid CP 8 precipitated in
solution, while hydrogels were obtained for di-Glutamic acid CP
7 at concentrations above 3 w.t %, following 4-6 hours
incubation at room temperature (Fig. S4B, ESIt). A comparison
of the fibres obtained for CP 7 and 5 via TEM imaging shows
that while both form a porous macroscopic network of fibres is
formed, di-Glutamic peptide 7 forms nanofibers have wider
widths and potentially shorter lengths than its di-Lysine
counterpart CP 5 (Fig. 2D, Fig. S6, ESIt). While the mechanism
of self-assembly is expected to be the same for positively and
negatively charged compounds, a number of factors are
expected to affect the solubility and hydrophilicity of the final
compounds, and thus account for these differences. These
include the nature of the counterions, the purity of the final
peptides, or difficulties in accurately tuning the pH due to the
small volumes tested.

Replacement of the charged residues by uncharged hydrophilic
residues, such as Cysteine in CP 9, resulted in a peptide that is
not soluble in water, further highlighting the importance of
charges in hydrogel formation. It is noteworthy that similar
results were obtained in the presence or absence of TCEP as a
reducing agent to avoid lateral crosslinking via disulphide bond
formation.

As expected due to the presence of charged residues (pKa Lysine
= 10.65, pKagiutamic acid = 4.15), hydrogels from CPs 5 and 7
exhibited a clear dependence on pH. This behaviour was
carefully characterised for the compounds containing charged
residues (4-8 and 10). The results, reported in Table 2, show
that CP 5 forms a hydrogel exclusively between pH = 2 and pH
= 4. At pH > 4, partial protonation of these residues resulted in
the peptide becoming partially insoluble, while at pH < 2 the
increased number protonated Lysine resulted in a fully soluble
compound instead. For similar reasons, CP 7 formed a hydrogel
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at pH > 9. Interestingly, Tri-Lysine CP 4 failed to form a hydrogel
but went from an opaque solution to a precipitate at around pH =
5, suggesting that the number of charged residues plays an
important role in the gelation process.

The relationship between the presence of charges and gelation
was further explored by preparing a CP bearing two ammonium
moieties, which remains positively charged regardless of the pH.
CP 11 was prepared in one step by modifying CP 5 using
glutaric acid choline ester. As expected, CP 11 formed a clear
hydrogel at 3 wt% at pH = 2, pH = 7 and pH = 12 (Fig S4C),
confirming that the presence of charge is an essential criterion to
hydrogel formation for the studied compounds. Although, the
charge exhibited by the lysine, glutamic acid or ammonium
residues should result in electrostatic repulsion between
individual cyclic peptides preventing self-assembly, the opposite
is observed. We hypothesise that the stacking of these CPs
partly occurs in such a such way that each peptide in the
assembly is adopting an alternating conformation, where the
charged residues (R; and R3) of one cyclic peptide aligns with
the non-charged Tryptophan residues (R and R4) of the
subsequent peptide in the stack. However, the observation of a
2 nm red-shift of the UV spectra in the region corresponding to
Tryptophan for aqueous solutions of 5 and 7, as compared to
bulk Tryptophan in solution, suggests that at least some pi-pi
stacking is involved in the assembly process. (ref)

Hence, the importance of Tryptophan residues on hydrogel
formation was further assessed by replacing one hydrophobic
Tryptophan residue from CP 5, by a hydrophilic Cysteine residue
to give CP 10 instead. As expected, the solubility was
dependent on pH, with CP 10 forming an opaque solution at pH
< 3, but precipitating out of the solution at higher pHs without
forming hydrogels. While such substitution increases the overall
hydrophilicity of CP 10 as compared to CP 5 (See Fig. S2, ESIt),
removal of a Tryptophan residues appears to diminish the
peptide solubility in water. This is in accordance with general
observations made in our group that Tryptophan residues
increase the peptide solubility in aqueous solutions, arguably
because they help reduce lateral aggregation of the individual
nanotubes.??]

The mechanical properties of the hydrogels produced by the di-
lysine 5, di-glutamic acid 7 and di-ammonium cyclic peptides 11

Table 2. Influence of pH on the gelation of selected cyclic peptides in water.

Cyclic PH

Peptide

[y
N
w

4 5 6 7 8 9 10 11 12 13 14

S PS PS - PS - PS

G PS PS PS

6 P - P - P - P
7 P - P - P PPSG G G G G G
8 P P P P
0 PS - PS - P - P - P

e G G




were studied using rheological measurements. Oscillation
frequency sweeps were carried out on hydrogels made from 5 (3
w.t %, pH = 3), 7 (4 w.t%, pH = 10) and 11 (3 w.t %, pH = 7).
The experiment demonstrates the materials response to
deformations and reveals the hydrogels viscoelastic properties.
The samples exhibit a higher storage moduli (G’ than loss
moduli (G”) confirming the gel like state of the samples. The
frequency-independent behaviour confirms the materials behave
like an elastic solid at low frequency/ long timescales and at high
frequency/ fast timescales (Fig. 3A, Fig S8A,C).% The low
absolute values measured for G’ in the linear viscoelastic regime
indicates that the gels formed are weak gels. Amplitude sweeps
were carried out to monitor the response G’ and G” had with
increasing strain (Fig. 3B, Fig S8B,D). The gel nature of the
samples is confirmed by the G’ values compared to the G”
values by one order of magnitude. The absence of a cross point
of the G’ and G” at high strain, as commonly observed amongst
other supramolecular hydrogels, indicates that the hydrogel is
stable up until 100% strain, which may be attributed to the highly
dynamic nature of these self-assembled systems.['®! This is in
accordance with previous observations in the literature where
similar systems showed a decrease in the elastic modulus only
at strains higher than 100%.45 Taken together, the results
suggest that, despite minor differences in the storage modulus
of hydrogels made from CP 5, CP 7 and CP 11, all three
hydrogels show very similar rheological behaviour.

Finally, SAXS experiments were carried out to discern more
details about the structure of the individual fibers forming the
hydrogel. Raw scattering data obtained for gel samples from 5
(B w.t %, pH=3)and 7 (4 w.t %, pH = 10) show significant

Figure 3. Rheology of cyclic peptide hydrogel 5. A) Frequency sweep of a
hydrogel of 5 (3 w.t %, water, pH = 3) carried out at a temperature of 22 °C
and 0.5 % strain. B) Amplitude sweep of a hydrogel of 5 (3 w.t %, water, pH =

>

10000

=

o

o

o
L

. _ e—o—

=

o

o
L

O ©°—0—o0—0o-Lo 5, o

=
o
L

Storage modulus, G' (Pa)
Loss modulus, G" (Pa)
T

G

—o—G"
0.1 ,
0.1 1 10
Frequency (rad s™)
B 1000
—_
SN SN
~ & 1004 N\\\'
O o]
%) —0—o0—0—0—0—0—0—__
g~ D
sS4
85 % T
€ o \o\
o £
55 e
o
0.1 . ‘
0.1 1 10 100

Strain. (%)

WILEY-VCH

3) carried out at a temperature of 22°C and a frequency of 10 rad s™.

differences between the two gels, especially given the minor
differences in chemical structure. The absence of turn over at
low Q values for both data sets suggests a fractal like scattering,
which is consistent with the structure of entangled polymer gels
observed by TEM.?8l To determine information on the higher
order structure within the system, data were fitted to a
previously-reported combination of cylindrical model and mass
fractal model (Fig. S7 and S8, ESIt).?1 The choice of a
cylindrical model is based upon previous data reported for
similar cyclic peptides,?® while the mass fractal model should
account for their entanglement.

Using this model, an accurate fit was decided upon when Chi2 <
2. A mass fractal model describes the power law scattering,
where the mass M is proportional to the radius (R) as a function
of the fractional dimension Df (M~RP™). The fractal dimension is a
statistical determination on the complexity of the gel network,
with Df = 1 for systems that are loosely aggregated with an ill-
defined structure and Df = 3 for more densely aggregated
structures. The correlation length represents the length of a
single fiber, and the fractal radius refers to the radius of the
fibers. This additive model takes into account the scattering from
cylindrical-like aggregates that forms the basis of the gel
structure. In both cases, the correlation length was fixed at 2000
A since the maximum length of the fibers was found to be
outside the window of observation for the SAXS instrument used
in these investigations (2000 A), as evidenced by the TEM/SEM

Figure 3. SAXS scattering data obtained for solution of 5 (3 w.t %, water, pH =
3) and 7 (4 w.t %, water, pH = 10). A) Scattering plot with drawn lines
represent the associated power laws modelled to each sample (see Sl for
details). B) Summary of parameters used for fitting to a flexible cylinder model.
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cyclic peptide nanotube varies depending on the type of
technique used

to determine it,[!> 2% a diameter of 1 nm has previously been
shown by SAXS and SANS to provide an optimal fit for the
data.B The fits obtained for CP 5 scattering data suggest the
formation of long thin fibers with long length scales and a radius
of approximately 40 A. The fractal dimension obtained (2.9)
suggests a well ordered and strongly aggregating system. This
is in accordance with previously reported observation for similar
polymeric hydrogels.®! In the case of CP 7, long fibers are also
formed, with lengths superior to 2000 A. However, the individual
cyclic peptide chains appear to be shorter (418 A). The fractal
dimension of 1.5 obtained from the fit suggests a weaker
aggregation with a less ordered structure. While this tends to
disagree with the similar mechanical behavior observed via
rheology for these two systems, it matches the difference
observed via TEM imaging, where shorter fiber lengths were
shown in the case of CP 7 (0.4 wt%, pH = 10) in comparison
with CP 5 (0.3 wt%, pH = 3).

Conclusions

A new class of gelators, based on a cyclic peptide motif, has
been successfully identified via a careful study on the effect of
structure and environmental conditions on the gelation of these
compounds. Hydrogels that are responsive to pH have been
formed from cyclic peptides containing two charged residues,
either Lysine or Glutamic acid residues, while pH-independent
hydrogels could be formed using quaternized functional groups.
These hydrogels were shown to occur via a hierarchical self-
assembly process in which cyclic peptides first stack vertically
into hollow nanotubes; these nanotubes then aggregate into
larger fibres which tangle into a dense network that can entrap
solvent molecules. To our knowledge, this is the first report of
hydrogels formed from cyclic peptide nanotubes.

Experimental Section
Materials

All Fmoc protected amino acids and 2-(6-Chloro-1-H-benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) were used as
received from Iris Biotech GMBW. Piperidine was purchased from
Honeywell, (N, N- Diisopropylethylamine), (DIEA) from Fluka Analytical,

trifluoroacetic acid (TFA) from Fluorochem and were all used as received.

4-(4,6-dimethoxy-1,3,5-triazin-2- yl)-4-methylmorpholinium
tetrafluoroborate reagent (DMTMM. BFi) was prepared as per literature
procedure.32

Synthesis of cyclic peptides 1-10

Fully protected linear octapeptides were prepared via solid phase peptide
synthesis  (SPPS) on a Prelude Automated Peptide Synthesizer™
(Protein Technologies Inc.) using 2-chlorotrityl chloride resin as the solid
support. The first Fmoc-protected amino acid was coupled to the resin
using DIPEA (4 eq.) in DCM, followed by capping of unreacted resin sites
using a solution of MeOH:DIPEA:DCM (7:1:2, viviv). Deprotection of the
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Fmoc- group of the amino acids was done using 20% piperidine in DMF.
Subsequent amino acids were coupled using Fmoc-amino acid (5 eq.),
HCTU (5 eq.) and NMM (10 eq.) in DMF. In the last step, the linear
octapeptides were cleaved from the resin (while keeping protecting
groups on) by a solution of 20 vol % 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) in DCM. Peptides were cyclised by stirring at room temperature
for 3 to 5 days in the presence 1.2 equivalents of DMTMM. BF4 in DMF.
The solution was then concentrated in vacuo and precipitated with an
ice-cold solution of MeOH: H20 (1:1). Removal of the -Boc and -tBu
protecting groups was achieved by adding a mixture of trifluoroacetic
acid:triisopropylsilane:water (95:2.5:2.5 viv/v) to the cyclic peptide and
stirring for 3 to 4 hours. The resulting solution was then concentrated and
precipitated in ice cold diethyl ether to give the fully deprotected cyclic
peptides. -Dde deprotection was achieved via addition of a 4 %
hydrazine solution in DMF to the cyclic peptide and stirring for 3 hours.
Precipitation in a 1:1 methanol:water and repeated washings in ice cold
diethyl ether yielded the -Dde deprotected product. Peptides were
dissolved or suspended in water and freeze dried to obtain a white
powder. When necessary, cyclic peptides were purified via semi-
preparative  RP-HPLC. Final peptides were characterized by mass
spectrometry (electrospray ionization, ESI) (Table S1). The purity of the
most hydrophilic ones was assessed using RP-HPLC (Figure S1).

Cyclic Peptide 11

Cyclic peptide 5 (100 mg, 0.092 mmol), hydrogen choline chloride
glutarate (35 mg, 1.5 eq., 0.14 mmol) and HBTU (68 mg, 2 eq., 0.18
mmol) were solubilized into 10 mL anhydrous DMSO. NMM (28 mg, 3 eq.,
0.28 mmol) was added and the reaction mixture was left to stir at room
temperature for 3 hours. After the reaction, DMSO was removed using a
stream of N2 and the mixture was dissolved in CH3CN and purified from
the excess monomer and HBTU using a dialysis bag with a molecular
weight cut off of 1 kDa. Tetrabutylammonium bromide was then added
into the isolated cyclic peptide, and the precipitation was collected by
centrifugation and dried in vacuum oven. Yield = 110 mg (80 %). *H NMR
(400 MHz, TFA-d, ppm): d = 8.01-7.35 (m, 10H, Trp) , 5.77 (M, 2H, Ha
Trp), 5.53 (M, 6Hpeptide, Ha Leu and Ha Lys), 5.01 (m, 4H, COO-CHz-),
4.08 (m, 4H, CH2-N(CH3)3), 3.79 (m, 4H, CH2-NH-CO), 3.57 (s, 18H,
N(CH3)3), 3.13 (m, 4H, NH-CO-CH2), 2.99 (m, 4H, CH2-COO0), 2.44 (m,
4H, NH-CO-CH2-CH),2.26-1.78 (m, 12H, CH2-CH>-CHz Lys), 1.81-1.40
(m, 12H, CH2-CH Leu), 1.30-1.06 (m, 24H, CHs3 Leu). MS: [M-Br]*
calculated: 1561.8, found: 1561.8.

Preparation of cyclic peptide gels

Samples for gelation assay. Peptide powders were first weighted in 1.5
mL glass vials. Distilled water, dimethylformamide, dimethyl sulfoxide or
methanol were then directly added onto the peptide powder to reach the
desired concentration. Samples containing deprotected Lysine residues
in water were then adjusted to pH = 3 using small volumes of 1 M HCI
(typically 1 to 2 uL), while samples containing deprotected Glutamic acid
residues were adjusted to pH = 11 using small volumes of 1 M NaOH
(typically 1 to 5 uL). Samples were vortexed for 2 minutes and sonicated
for 1 hr at 40°C, before being allowed to rest at room temperature for 3 to
76 hours. To help induce hydrogel formation, different triggers for
gelation were tested including physical and chemical stimuli such as
altering the temperature, sonication period, lowering and increasing the
pH and predisolving the compounds in a small volume of good solvent to
help solubilise the peptide. However, results obtained with these
methods were identical to the ones reported using the method reported
hereabove (Table 1), and therefore were omitted from this report for
clarity.



Sample for pH investigation. Peptide powders were first weighted in
1.5 mL glass vials. Distilled water was added to the peptide powders to
reach the desired concentrations. The sample was vortexed for 2
minutes and sonicated for 20 minutes. The pH was then adjusted to the
desired values using small volumes of either 1 M HCl (1to 5uL) or 1 M
NaOH (1 to 15 uL). The sample was then vortexed for 2 minutes and
sonicated for 1 hr, then allowed to gelate at room temperature for 16 to
76 hours.

Characterisation

High performance liquid chromatography (HPLC). Chromatograms
were obtained on an Agilent 1260 Infinity series stack equipped with an
Agilent 1260 variable wavelength detector. For analytical, the HPLC was
fitted with a Phenomenex Luna® C18 (250 x 4.6 mm) with 5 pm micron
packing (100 A). For semi-preparative purification, the HPLC was fitted
with a Phenomenex Luna® C18 (250 x 4.6 mm) with 5 ym micron
packing (100 A). Mobile phase A consisted of water containing 0.05 %
TFA, mobile Phase B consisted of methanol containing 0.05 % TFA. The
gradient used for HPLC analysis was increased from 5% to 95 % B in 30
minutes. Detection was achieved via monitoring at 280 nm (Tryptophan
absorbance). Purity was calculated using integration of the area under
the curve using Agilent OpenLab® software

Mass spectrometry (ESI-TOF). Electrospray ionisation- time of flight
mass spectra of samples dissolved in pure methanol were recorded on a
Bruker Micro-TOF using positive ionisation mode and a recording range
from 500 to 1500 m/z.

Scanning electron microscopy (SEM). Cyclic peptide hydrogels were
first prepared using the method described above. Small samples of gel
were then either air-dried by leaving it open to air overnight, freeze-dried
or vacuum-dried in a vacuum oven. Samples were then mounted on
super smooth silicon chips and coated in gold for 15 seconds using a
Polaron 5C 7640 sputter coater before being imaged using a Zeiss Supra
55VP Scanning Electron Microscope.

Transmission electron microscopy (TEM). Cyclic peptide hydrogels
were first prepared using the method described above. Gel samples were
diluted 10 to 60-fold and a 10 pL drop of the diluted sample was
immediately deposited onto a hydrophobic surface (plastic petri dish).
The carbon-coated surface of the TEM grid was then placed on the drop
for 1 minute, then left to dry before imaging. A JEOL 2100FX
Transmission Electron Microscope at an accelerating voltage of 200 kV
was used to carry out the imaging.

Rheology. Cyclic peptide hydrogels were first prepared using the
method described above. Samples were then pipetted onto the lower
plate of the rheometer. Measurements were performed on an Anton Paar
MCR 302 rheometer using a parallel plate with a diameter of 8 mm and
measuring gap of 1 mm. The normal force was kept constant at 0 N
during measurements and all measurements were performed at 22°C
(maintained by a Peltier system). When conducting the amplitude sweep,
a constant frequency was applied of 10 rad. s and the strain was
ramped logarithmically from 0.01 % to 100 %. At each decade, six points
were taken and these measurements were repeated in triplicate to
calculate the average storage and loss moduli with increasing strain. For
the frequency sweep, a constant strain of 0.5 % was applied (pre-
determined to be within the linear viscoelastic regime) and the angular
frequency was ramped logarithmically from 10 rad. s to 0.1 rad. s. At
each decade, 5 points were taken and these measurements were
repeated in triplicate to calculate the average storage and loss moduli
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over the frequency range. All data was analysed using RheoCompass
software.

Small Angle X-ray Scattering. Small-angle X-ray scattering (SAXS)
measurements were made using a Xenocs Xeuss 2.0 equipped with a
micro-focus Cu Ka source collimated with Scatterless slits. The scattering
was measured using a Pilatus 300k detector with a pixel size of 0.172 ym
x 0.172 pm. The distance between the detector and the sample was
calibrated using silver behenate (AgC22H4302), giving a value of 1.199(5)
m. The magnitude of the scattering vector (q) is given by g = 4 sin6/2,
where 26 is the angle between the incident and scattered X-rays and A is
the wavelength of the incident X-rays. This gave aqrange for the
detector of 0.01 Aland 0.33 Al Samples were held between two
Kapton windows with a sample thickness of 0.5 mm. An azimuthal
integration of the 2D scattering profile was performed and the resulting
data corrected for the absorption, sample thickness and background from
the sample holder. Finally, the scattering intensity was then rescaled to
absolute intensity using glassy carbon as a standard.33!

All data were modelled using the SASview programme,®¥ using
predefined form factors. The best fit to the data was obtained from an
additive model, combined of a cylinder and mass fractal form factor
(Equations 1 and 2, respectively)

P(q,a) = %Fz(q, a).sin(a) + background Equation 1

Where

L1
sm(z qLcosa) |, (qR sina)
qR sina

F(q, ) = 2(0p)V
qu cosa

Here, a is the angle between the axis of the cylinder, and V=mIR2L is the
volume of the cylinder, L is the length of the cylinder, R is the radius, and
Ap is the scattering length density difference between the sample and
solvent. J1 is the first order Bessel function

1(q) = scale x P(q)S(q) + background Equation 2

P(q) = F(qR)?

3[sin(x) — x cos(x)]
x3

F(x) =

Dy —1)¢Pm- sin[D,, — 1) tan"'(q{)]
[1+ (g0)?]®Pm-b/2 q

S(g) =
scale = scale factor X NV? (pparticle - psalvent)z

Where R is the radius of the building block, Dm is the mass fractal
dimension, { is the cut-off length, pparicie @and psoivent iS the scattering
length density of the particle and solvent, respectively.

The combined form factor allows for the fitting of a mass fractal gel-like
system consisting of cylindrical fibres. In all cases, the SLD values were
calculated based on the atomic structure of the peptide and solvent,
respectively, according to the following equation
SLD — Zlnfl ZRe
Vin
Where Vm is the molecular volume, and Zge is the atomic number if the it
atom, multiplied by the classical atomic radius of a single electron (2.81

x101% cm). Table S2 provides a breakdown of the fitting parameters
obtained from the fit. Values marked * were fixed during the fitting



process. A good fit was considered when Chi?<2. It should be noted that
the maximum size of a scattering particle using the SAXS set-up
described here was 2000 A. As such, given no turn over was observed in
the g-range and the data follows a power law function, the cut-off length
was fixed at 2000 A. Additionally, from previous studies (described in the
main manuscript), the radius of the cylinder was fixed at 5 A.
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