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Anthranilamide-based Short
Peptides Self-Assembled Hydrogels
as Antibacterial Agents
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David StC. Black?, Pall Thordarson® & Naresh Kumar'*

In this study, we describe the synthesis and molecular properties of anthranilamide-based short
peptides which were synthesised via ring opening of isatoic anhydride in excellent yields. These

short peptides were incorporated as low molecular weight gelators (LMWG), bola amphiphile, and
C;-symmetric molecules to form hydrogels in low concentrations (0.07-0.30% (w/v)). The critical gel
concentration (CGC), viscoelastic properties, secondary structure, and fibre morphology of these short
peptides were influenced by the aromaticity of the capping group or by the presence of electronegative
substituent (namely fluoro) and hydrophobic substituent (such as methyl) in the short peptides. In
addition, the hydrogels showed antibacterial activity against S. aureus 38 and moderate toxicity
against HEK cells in vitro.

Hydrogels, consisting of a large amount of water and an entangled fibrous network, are attractive materials which
have been reported to have potential applications in many areas such as tissue engineering'™, catalysis>‘, wound
healing’, and cell culture®. Such hydrogels can be created through the self-assembly of small molecules, referred
to as low molecular weight gelators (LMWG), forming a viscoelastic three-dimensional network that immobilizes
water and results in hydrogel formation.

With their well-organized structure and diversity of amino acid functionality, peptides are one class of organic
compounds that are generally suitable to be used as LMWG. Moreover, hydrogels made from peptides endow
some fascinating advantages such as having lower toxicity, biodegradability, and non-immunogenic properties
in most cases’. Recently, hydrogels made from short peptides are gaining attention due to their relative ease and
low cost of synthesis, as compared to longer peptides. Diphenylalanine (FF), the core motif for the ff-amyloid
self-assembling sequence'’, is frequently incorporated as a backbone to generate short peptide based hydro-
gelators due to their ability to involve in extensive w-m stacking interactions!!. Generally, an aromatic capping
group is required to be appended on the N-terminus of the FF sequence, as this plays a pivotal role in enhancing
intramolecular interactions which then can induce hydrogel formation. Fluorenylmethyloxycarbonyl (Fmoc), a
protecting group widely used in solid phase synthesis (SPPS), is one of the most investigated capping group for
generating short peptide-based hydrogelators'>-'4. Besides Fmoc, naphthalene!>'é, indole!’, benzimidazole's, or
carbazole!*?* have also been reported to be employed as capping group to generate hydrogelators. In some cases,
the selection of a capping group might have some influence on the physical and chemical properties of the result-
ing bulk hydrogels'®*'.

Our previous work demonstrated that glyoxylamide-based short peptides, obtained via ring-opening reac-
tion of N-acylisatin, can self-assemble to form organogels and hydrogels in low concentrations?*?. Even though
hydrogels made from glyoxylamide-based short peptides exhibit high loading capacity of ciprofloxacin (an anti-
bacterial agent) and sustainable release profile, they self-assemble over a relatively long time period*.

Anthranilamide, (2-AB), exhibits a similar structure to glyoxylamide (Fig. 1) and can be generated via
ring-opening reaction of isatoic anhydride using a primary amine as a nucleophile?*. Besides an aromatic group,
which could enhance the - stacking interaction, anthranilamide also provides H-bonding sources that could
participate in intermolecular interactions.

However, anthranilamide-appended short peptides have not been explored yet as an avenue to generate
LMWG. In addition, peptide mimics bearing an anthranilamide moiety have been shown to exhibit antibacterial
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Figure 1. General structure of anthranilamide-based compared to glyoxylamide-based short peptides.
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Figure 2. Structure of the modified anthranilamide-based hydrogelators 1-11.

activity?. Therefore, in this work anthranilamide-based short peptides were synthesised and their ability to
form antibacterial hydrogel through self-assembly, were investigated. These anthranilamide-based short pep-
tides can also be generated in solution, which is beneficial in terms of scalability and access to chemical diver-
sity. By changing the acyl group and introducing substituents (namely fluoro and methyl groups), the effect of
hydrophobicity and electronegativity on the properties of the resulting hydrogel was investigated. In addition,
anthranilamide-based short peptides were also incorporated in other self-assembled systems such as bola amphi-
phile (BA) and C;-symmetric molecules.

The characterization of these short peptides was conducted using various spectroscopy and microscopy tech-
niques to investigate intermolecular interactions, secondary structure, and fibre morphology. In addition, rheol-
ogy was conducted to examine the mechanical properties of the hydrogels formed. The antibacterial activity and
cytotoxicity of the resulting hydrogel was measured in vitro against S. aureus 38 and HEK293T cells, respectively.

Results and Discussions
Synthesis of anthranilamide-based short peptides. The library of anthranilamide-based short pep-
tides was designed based on three main modifications, which include modifying the acyl group R1 (modification
A), introducing substituents at the 5 position of the capping group (modification B), and incorporation of anthra-
nilamide-based short peptides into the bola amphiphile (BA) scaffold (modification C) Fig. 2.

A capping group of a short peptide-based hydrogelator could govern the stiffness and stability of the resulting
hydrogels'®?. Therefore, hydrogels 1-4, bearing different aromaticity on their capping groups, are envisaged to
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Scheme 1. General scheme for ring-opening reaction of isatoic anhydride to obtain anthranilamide-based

hydrogelators 1-6. (i) K,CO; (2 equiv.), water, 60 °C, 18 h; (ii) base (1.5 equiv.), DCM, r.t, 4-18h; (iii) LIOH (2.0
equiv.), THF: MeOH; H,O, r.t, 2-16h.
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Scheme 2. General synthetic scheme for BA 7-10 and C; symmetric 11. (i) K,COj; (2 equiv.), water, 60°C, 18 h;
(ii) Et;N (3.0 equiv.), DCM, r.t, 4-18h; (iii) LiOH (2.0 equiv.), THF: MeOH; H, O, r.t, 2-16 h.

exhibit different properties. Fluorine, a small electronegative atom, and methyl were introduced (modification B)
to investigate the effect of an electron-withdrawing or electron-donating group on the subsequent scaffolds, yield-
ing compounds 5 and 6, respectively.

Aside from conventional, linear low molecular weight gelators (LMWG), BA and C;-symmetric mole-
cules comprise rather different molecular structures and are reported to have self-assembly properties?’>!.
Therefore, anthranilamide-based, short peptides were incorporated into BA and C;-symmetrical scaffolds. A
Bola-amphiphile is an amphiphile which contains two hydrophilic ends that are connected via a hydrophobic
spacer and which can cooperatively induce fibre formation®*-**. The anthranilamide-based short peptides 7-9
were incorporated in different positions (ortho-, meta-, and para-) of benzene dicarboxamide to examine the
effect of molecular structure on the properties of corresponding hydrogels. In addition, hydrogelators 10, linked
via an oxalyl spacer, were also synthesised to investigate the effect of using a shorter hydrophobic spacer.

Further building on the bola-amphiphile scaffolds 7-10 which contain two hydrophilic ends connected
by a hydrophobic spacer, the anthranilamide-based peptides were incorporated into the C; symmetric
benzene-1,3,5-triscarboxamide (BTA)scaffold. BTA derivatives have been reported to form helical columnar
stacks as the result of cooperative -7 stacking, which led to excellent hydrogelation®®. Hence, the BTA-bridged
anthranilamide-based short peptide 11 was expected to form a supramolecular hydrogel.

Initially, to obtain anthranilamide-based short peptide, isatoic anhydride was ring-opened using a modified
known procedure®. Isatoic anhydride was heated under reflux with methyl L-Phenylalanyl-L-phenylalaninate
hydrochloride in the presence of an inorganic base to provide compounds 12a-c as pure products after purifica-
tion with column chromatography. Their structures were confirmed by '"H NMR as characteristic singlets around
8=6.3 ppm and 6= 8.8 ppm corresponded to aniline and amide protons, respectively. Compounds 12a-c were
treated with the respective acyl or sulfonyl chloride followed by ester hydrolysis reaction to give the carboxylic
acids 1-6 in excellent yield (70-83%) (Scheme 1).

Similarly, the synthetic procedures to obtain BA 7-10 and C; symmetric 11 derivatives are outlined
in Scheme 2. Isatoic anhydride was ring-opened using one unit of L-phenylalanine to provide methyl
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Compounds Trigger Gelation time | Remarks® (CGC®) | Tg(°C) | pH
N-acetyl 1 NaOH + heat <1min 0G (0.3) n.a. 9
N-benzoyl 2 ™% NaOH + heat 30min CG(0.1) 76 11
N-naphthoyl 3 T/ NaOH + heat 30min CG(0.1) 86 12
5-fluoro N-benzoyl 4 ™ NaOH + heat 10 min CG (0.07) 72 9
5-methyl N-benzoyl 6 '* NaOH -+ heat 15min CG(0.3) 56 9

(meta-) 8 pH switch and heat 24h CG(0.1) n.a. 6.5
Bola amphiphile

(para-)9 pH switch and heat 24h CG(0.2) n.a. 6.5
Oxalyl-linked 10 pH switch and heat 24h CG(0.5) n.a. 6.5

Table 1. Critical Gel Concentration (CGC) and hydrogelation time of anthranilamide-based hydrogels
formed using pH switch method. TR = thermoreversible. *PG = partial gel; OG = opaque gel; CG: Clear gel.
SCGC = critical gel concentration (denoted as %w/v).

(2-aminobenzoyl)- L-phenylalaninate 13. After purification, 13 which was then reacted with the relevant acyl
dichloride, oxalyl chloride, or trimesoyl chloride followed by hydrolysis to provide the final compounds 7-11 in
good yield.

Self-assembly of anthranilamide-based short peptides. Molecular self-assembly can be defined as
a spontaneous process where disordered molecules or systems form more defined structures as result of inter-
molecular interactions®. In order to form a self-assembled gel, intermolecular interactions and balance between
hydrophobicity and hydrophilicity of a short peptide-based gelators often play a significant role. An aromatic
capping group of a short peptide-based hydrogel is usually designed in such a way that it could provide not only
intermolecular interaction sources, but also a balance between hydrophobicity and hydrophilicity in the mole-
cule. The partition coefficient, log P value, is a universal tool used to predict the hydrophobicity of a molecule.
Having log P values between 2.53 and 5.25, which are considered to be ideal®®, the anthranilamide-based hydro-
gelators 1-11 are expected to formed stable hydrogels. Additionally, the anthranilamide-based hydrogelator also
provides a carbonyl group which might act as a hydrogen bond acceptor.

Several triggers such as physical stimuli, pH switch, solvent switch, or a combination of these, were employed
to assess the self-assembly of compounds 1-11 in water. Initially, hydrogel formation of compounds 1-11, at 1%
(w/v), was investigated using a combination of pH switch and temperature switch. The compounds were heated
in dilute sodium hydroxide (NaOH) in order to deprotonate the carboxylic acid group at the C-terminus of the
short peptides. Upon cooling the solutions to room temperature, clear or opaque hydrogels with pH ranging from
9-12 were observed for N-acetyl 1, N-benzoyl 2, N-naphthoyl 3, fluoro substituted 5 and methyl-substituted 6, as
shown in Fig. S1. The other compounds (4, 7-11) remained as clear solutions even after 48 hours.

In an attempt to induce gelation in peptides which failed to form hydrogels using the previous method,
glucono-b-lactone (GdL) was added to basic solutions of 4 and 7-11. Compared to a mineral acid, GdL promotes
the formation of a homogenous hydrogel due to its slow hydrolysis and fast dissolution rate in water***’. Addition
of 3 equivalents of GdL, to protonate the C-terminus of the peptide, resulted in formation of translucent hydrogels
for BA 8-10 (Table 1, Fig. S2).

However, using this method, a white precipitate was observed from the N-naphthalene sulfonyl 4, ortho 7, and
C;-symmetric 11. In addition, the effect of salt which can induce gelation in basic peptide solutions*!, due to high
ionic was also investigated for peptides 1-11. Addition of NaCl or CaCl, to high pH solutions of compounds 1-11
resulted in precipitation of these short peptides, presumably due to a salting out process.

In a final attempt to induce gelation in peptides 4, 7 and 11, a solvent switch method using dimethyl sulfoxide
(DMSO), methanol, or ethanol as co-solvent was employed**~*’. The majority of the anthranilamide-based short
peptides formed a turbid solution which then clarified to various degrees, over the course of seconds to minutes,
and subsequently formed clear or opaque hydrogels (Table S1, Fig. S2). However, gels were observed only for the
first 5 minutes for N-naphthalene sulfonyl 4 and BA 7 (ortho-), as water and a white precipitate was observed to
evolve over time when using DMSO: water at 1% w/v (Fig. S4). Peptide 11 formed a precipitate for all solvent
switch conditions tested. Given that these hydrogels were designed with antibacterial applications in mind, due
to the potential toxicity concerns arising from the use of organic co-solvents, further characterisation of peptides
4,7 and 11 was not carried out.

The critical gel concentration (CGC) represents the minimum amount of the anthranilamide-based short
peptide required to form a hydrogel. The CGC of anthranilamide-based short peptides were qualitatively assessed
by varying the short peptide concentrations and conducting vial inversion test**-*. Hydrogels composed of
anthranilamide-based short peptides exhibit relatively low CGCs ranging from 0.07-0.30% (w/v) with gelation
achieved either through combinations of pH and temperature switch (Table 1). Here, gelation time represents the
time required for these short peptides, at 1% (w/v), to form self-supporting hydrogels as assessed through the vial
inversion test.

Characterisation of anthranilamide-based hydrogels. It has been reported that interaction between
aromatic units, in short peptide hydrogelators, plays a prominent role for self-assembly to occur®*% Therefore,
the w-7 stacking interaction between aromatic groups of anthranilamide-based short peptides was investigated
using '"H NMR, UV-Vis, and Circular Dichroism (CD) spectroscopy.
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Figure 3. (a) 1H NMR and (b) UV-Vis spectra of N-benzoyl 2 at different concentrations.
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Figure 4. CD spectra of (a) compounds 1-3; (b) compounds 4 and 5; (c) BA 8-9; and (d) BA linked via an
oxalyl linker 10.

IH NMR and UV-Vis To investigate the role of the w-m stacking interactions, concentration dependent 'H
NMR studies were performed on N-acetyl 1, N-benzoyl 2, and N-naphthoyl 3, bearing different aromatic cap.
Upon increasing the concentration of these hydrogelators, notable up-field chemical shifts (46=0.1 ppm)
were observed for the aryl proton from the aromatic cap which indicated their involvement in w- « stacking
that initiate self-assembly process (Figs. 3a and S5)>***. The peak broadening (Fig. 3a, green) indicated that the
self-assembly of short peptides 1-3 started to occur at very low concentrations. However, complete transforma-
tion from solution phase into gel phase was observed at their CGC, as indicated by disappearance of the 'H NMR
features (Figs. 3a and S5, red)™.

To support the 'H NMR analysis, concentration dependent UV-Vis was carried out. UV-Vis absorption of
N-benzoyl 2 showed a bathochromic shift (from 203 nm — 217 nm) and enhancement of a shoulder peak rang-
ing from 240 nm - 350 nm as the concentration was increased from 0.003 mgmL~" to 0.050 mgmL~! (Fig. 3b).
Similarly, N-acetyl 1 (bearing less aromatic cap) and N-naphthoyl 3 (bearing a more aromatic cap) also exhib-
ited bathochromic shifts from 202 nm — 213 nm and enhancement of shoulder peaks ranging from 240-350 nm
(Fig. S6). These results further support the observation that aromatic groups promote the self-assembly of
anthranilamide-based short peptides to form well defined nanofibres leading to hydrogel formation.

Circular Dichroism (CD) spectroscopy and ATR-FTIR Peptides often exhibit conformational motifs such as
a-helix, fi-sheets, or disordered coils which can be determined using CD spectra and FTIR spectroscopy. Initially,
the far UV region (240 nm - 190 nm) where the main absorbing group is a peptide bond, was investigated using
a CD spectrophotometer. The negative band at ~195nm and relatively low ellipticity above 210 nm observed for
N-acetyl 1 indicated formation of a random coil secondary structure®. On the other hand, the N-benzoyl 2 and
N-naphthoyl 3 possessed f$-sheet secondary structures as indicated by the presence of positive maxima at around
190-200 nm (1 — w*) and negative minima around 230 nm (n — =*) (Fig. 4a)*’. The presence of two positive
maxima, at 197 nm and 220 nm, for 2 and 3 suggested formation of dipeptide nanotubes which are rich in §-sheet
secondary structure facilitated through - stacking interactions from the aromatic capping group®**.
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Figure 5. (a) Temperature dependent CD spectra of N-benzoyl 2. (b) Proposed f8-sheet arrangements observed
from N-benzoyl 2 using CD spectroscopy and FTIR.

G’ (kPa) | G” (kPa) | LVER (%) G’ (kPa) | G” (kPa) | LVER (%)
N—acetyl 1 3.40 0.97 0.240.01 BA 8 (meta) 3.13 0.16 5.2+0.04
N-benzoyl 2 16.93 1.16 5.6+0.03 BA 9 (para) 22.70 1.12 4.74+0.05
N-naphthoyl 3 5.74 0.53 1.9+0.02 BA 10 10.39 0.84 1.5+0.02
Fluoro 5 11.39 0.75 8.5+0.02
Methyl 6" 0.12 0.012 0.6+0.01

Table 2. Modulus storage (G'), modulus loss (G”), and linear viscoelastic region (LVER) of hydrogels 1-10
obtained from frequency sweep and strain sweep test. ‘G”> G’at {>4.5Hz.

Anthranilamide-based short peptides 5 and 6, bearing fluoro and methyl as substituents, exhibit similar CD
patterns to those of N-benzoyl 2 (Fig. 4b), which suggest that introduction of a substituent at the 5-position of
anthranilamide-based short peptides does not affect their secondary structure (Fig. 4c,d).

f8-sheet secondary structure was also observed from dilute solutions of both BA 8 (meta-) and 9 (para-). On
the other hand, BA 10 (linked via an oxalyl linker) showed a characteristic disordered coil by appearance of a
strong negative band below 200 nm and a weak positive band at ~218 nm®.

In addition, CD spectroscopy was also used as a tool to investigate gradual thermal denaturation of
anthranilamide-based short peptides. Despite the CD signal of N-benzoyl 2 (as model compound) being grad-
ually decreased, the overall f§-sheet feature was preserved upon increasing temperature from 25°C to 60 °C.
This result indicates that there are no significant conformational changes and demonstrates thermal stability
of N-benzoyl 2 under physiological conditions (Fig. 5), which is important to note for future antimicrobial and
cytotoxicity studies.

FTIR was used to further confirm the formation of either f§-sheet structure or disordered coil in
anthranilamide-based hydrogel 1-10 (Figs. S7-14). The amide I region of D,0 gels made from N-benzoyl 2,
N-naphthoyl 3, and BA 8-9 exhibited peaks that correspond to 8-sheet structure (1625 cm™! —1640 cm™!)*’.
Meanwhile, hydrogels made from N-acetyl 1 and BA 10 showed peaks at 1647 cm™' and 1640 cm ™, respec-
tively, which support their disordered coil structure observed by CD spectroscopy®"®2. In addition, peaks cor-
respond to their respective secondary structure were also observed in xerogels (air-dried H,O gel) of these
anthranilamide-based short peptides 1-10 (Figs. S7b-S14b). This suggested that secondary structures of these
hydrogels were retained, regardless of whether the peptide was in a lyophilized or hydrated environment®?.

Mechanical properties. Mechanical properties of hydrogelators prepared from anthranilamide-based
short peptides were investigated using a rheometer. All hydrogels, except those composed of 6 displayed
frequency-independent behavior during frequency sweep tests (FST) (Fig. S15). Hydrogels composed of
6 appeared to undergo irreversible deformation at frequencies >2 Hz, indicating that the gel network is
metastable®®*.

The stiffness of a hydrogel can be approximated by its G’ value, where a higher value corresponds to a stiffer
hydrogel®. It can be seen that changing the capping group from N-acetyl to N-benzoyl or N-naphthoyl signifi-
cantly increases the stiffness of the resulting hydrogel from 3.4 kPa to 16.9 and 5.7 kPa, respectively (Table 2). This
result might be ascribed to enhanced aromatic or hydrophobic interactions due to N-benzoyl 2 and N-naphthoyl
3 capping groups.

Hydrogel 5 (with a fluoro substituent), also showed characteristics of a stable hydrogel with similar stiff-
ness (11.4 kPa) to N-benzoyl 2, indicating that the installation of an electron-withdrawing fluoro group at this
position does not affect the overall mechanical properties of the hydrogel. In contrast, hydrogel 6 bearing an
electron-donating methyl substituent showed a notable decrease in strength with G’=120Pa (Table 2). Hydrogel
6 showed frequency-dependent behaviour at frequencies above 2 Hz, where hydrogel rupture ultimately occurred.
At frequencies below 1 Hz, however, frequency independent behaviour was observed.
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Figure 6. AFM image of fibre networks obtained from xerogel of anthranilamide-based hydrogelators 1-11 at
four time below their CGC. Xerogel made from (a) N-acetyl 1 at 0.08%w/v, (b) N-benzoyl 2 at 0.03%w/v, (c)
N-naphthoyl 3 at 0.03%w/v, (d) fluoro 5 at 0.02% w/v, (e) methyl 6 at 0.08%w/v, (f) BA 8 (meta-) at 0.03%, (g)
BA 9 (para-) at 0.03%, and (h) BA 10 (linked via oxalyl) at 0.13%w/v.

For the bola amphiphile-type peptides, depending on the spacer, diverse mechanical properties were observed
for hydrogel 8-10 owing to their different self-assembled structures. BA 8, which is linked at the meta- posi-
tion, gives a moderately stiff hydrogel with G’= 1.6 kPa. Interestingly, the structural isomer (para- 9) yields a
stiffer hydrogel (G'=12.9 kPa), possibly due to a more linear packing motif which could stabilize the multilayer
nano-structure. In addition, BA connected through an oxalyl spacer 10 also showed characteristics of stable
hydrogels with G'=10.3 kPa.

The strain sweep test (SST) was conducted to determine the linear viscoelastic region (LVER) of a hydrogel. A
larger LVER suggests that the hydrogel is more resistant to an applied oscillatory strain, such as that which can be
applied by cells®. Hydrogels composed of N-acetyl capped peptide 1 show deformation upon the application of
a relatively small strain (0.2 0.01%), indicating its unstable nature, potentially due to a lack of aromatic/hydro-
phobic interactions®. Aromatic - aromatic interactions are known to form more stable supramolecular hydro-
gels®. In agreement, the N-benzoyl 2 and N-naphthoyl 3 were more amenable to applied strains, with LVERs up
t0 5.6 +0.03% and 1.9 £ 0.02%, respectively (Fig. S16).

The presence of fluoro, as an electron-withdrawing substituent, in hydrogel 5 increased the LVER from 5.6%
to 8.5%. In contrast, hydrogel 6, bearing a methyl substituent, exhibited a significantly shorter LVER (0.6%). This
result might be accounted for by the electronic contributions from the substituent on the anthranilamide-core,
which affected the overall mechanical properties of the resulting hydrogels.

Compared to BA 8 (meta-), the isomeric structure BA 9 (para-) exhibited a shorter LVER, presumably due
to its more linear packing which reduces the flexibility of the resulting hydrogels. In addition, BA 10 (oxalyl-)
displayed a significantly shorter LVER, potentially due to the less aromatic and shorter spacer compared to BA 8
and 9.

Network morphology of the self-assembled gels. To gain some insight into the morphology of the
hydrogels, xerogels of 1-3, 5-6, and 8-10 were imaged using atomic force microscopy (AFM). In general, these
hydrogels possessed fibre-like structures with different diameters as shown in Fig. 6. N-acetyl bearing hydrogel
1 consisted of two fibre populations, small fibres with diameter of 60 & 13 nm and larger fibres with diameter of
180 +20 nm (Fig. 6a). Straight fibres with no junction zones were observed and might explain the brittle charac-
teristics of these hydrogels as measured by rheology. It has been reported that less aromatic hydrogelators tend to
form thicker fibres than more aromatic hydrogelators!”!8. Consistently, N-benzoyl 2 and N-naphthoyl 3 (bearing
more aromatic groups) exhibit fibres with smaller diameters of 18 + 5nm and 12 & 5 nm, respectively.

Introducing substituents, such as fluoro or methyl, did not significantly change the overall morphology of
the fibres (Fig. 6d-e). The fluoro substituted hydrogel 5 possessed fibres with similar diameter (16 £0.1 nm) to
those of hydrogel 2. Meanwhile, hydrogel 6 (having a methyl substituent) showed a notable decrease in diameter
(9+0.1 nm). This is somewhat surprising, given the significant differences observed in the mechanical properties
(storage modulus and LVER) for hydrogels of 5 and 6.

In addition to exhibiting distinct mechanical properties, the isomeric peptides BA 8 (meta-) and BA 9 (para-)
also showed divergent fibre morphology (Fig. 6f-g). Hydrogel 8 (meta-), showed formation of small straight fibres
(15+£2nm), while the hydrogel made from para- 9 displayed twisted fibres with diameter of 112 4+ 10 nm. The
formation of thicker fibres along with extensive bundling, observed from BA 9 (para-), clarify their much higher
G’value compared to BA 8 (meta-) shown in rheology®. In addition, BA 10 (linked via an oxalyl spacer) showed
formation of slightly curved fibres with diameter of 29 &7 nm.
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Figure 7. (a) Antibacterial activity against S. aureus 38 using viable count method (n =2, *p < 0.001, ns =no-
significant difference between hydrogels and negative control) of hydrogels made from N-acetyl 1, N-benzoyl
2, N-naphthoyl 3, methyl 6, and BA 9 (para-) at 1% w/v. (b) Cytotoxicity of hydrogels made from N-benzoyl 2,
N-naphthoyl 3, and BA 9 (para-) against HEK293T cells.

Antibacterial activity of the anthranilamide-based hydrogels. With a complete understanding of
the hydrogel ultrastructure now in-hand, the antibacterial activity of N-acetyl 1, N-benzoyl 2 and N-naphthoyl
3 was assessed, in order to evaluate the effect of increased hydrophobicity on antibacterial activity. Further, the
stiffest (BA 9) and softest (methyl 6) of the remaining gelators were tested to discern the relationship of hydrogel
stiffness to antimicrobial activity. Staphylococcus aureus, the most common causative organism for skin and soft
tissue infections, was chosen as the bacterial strain to assess the hydrogels antibacterial activity®®. These hydrogel
surfaces was challenged with bacterial inoculum of 3 x 10 cfu mL™" and viability was measured after 18 hour
of incubation. Interestingly, N-benzoyl 2, N-naphthoyl 3, and BA 9 (para-) exhibited significant bacteria activ-
ity with bacteria reduction of 4.4 Log,,, 9.0 Log,,, and 1.9 Log,,, respectively (Fig. 7a). In contrast, the less stiff
hydrogels (N-acetyl 1 and methyl 6) did not show significant bacterial reduction. This result was anticipated,
as rheological properties (in particular higher G’ value) were reported to give rise to antibacterial function of a
hydrogel by providing mechanical support to individual fibres and fibrous networks®. Furthermore, the observed
antibacterial activity was not due to the presence of NaOH as the concentration of NaOH in all of the hydrogel
tested were found to be below their MIC against S. aureus (7.5 mg/mL)”°. This results is consistent with previous
studies, where short peptide-based hydrogels without cationiccharge, were shown to exhibit antibacterial activity
against Gram positive and Gram negative bacteria”' 74,

Cytotoxicity of hydrogels 2, 3, and 9. In order to successfully treat infection, antimicrobial compounds
need to exhibit high toxicity towards bacteria but low toxicity towards mammalian cells. Although the dipheny-
lalanine moiety is known to be non-toxic, the cytotoxicity of short peptide based hydrogelators are often defined
by their capping group'®7>-7".

With this in mind, the cytotoxicity of lead candidates N-benzoyl 2, N-naphthoyl 3, and BA 9 (para) from the
antibacterial studies were examined against HEK293T cells, as a robust mammalian cell model. As the antibac-
terial activity of the 2, 3 and 9 was evaluated in the gel phase, contact cytotoxicity of hydrogels at concentrations
0f 0.25, 0.5, and 1% (w/v) was examined. At these concentrations, which are far above their CGC, both 2 and 9
exhibited moderate cytotoxicity towards HEK cells (Fig. 7b) with no significant variation upon concentrations.
Unfortunately, the N-naphthoyl hydrogel 3 showed poor cell viability against HEK cells (Fig. 7b, green), poten-
tially owing to its increased hydrophobicity, which has previously been shown to correlate with cytotoxicity for
short peptide gelators’®.

Conclusions

Anthranilamide-based short peptides have been successfully incorporated as LMWG, bola amphiphile (BA), and
C, symmetric molecule via ring-opening reactions of isatoic anhydride in solution phase with excellent yield. The
short peptides reported herein formed hydrogels using combinations of pH switch and heat or solvent switch as
a trigger in relatively low concentrations (0.07-0.30%). The hydrogel properties (such as mechanical strength,
secondary structure, and fibre morphology) can be modulated by varying hydrophobicity or introducing sub-
stituents on the capping group. Hydrogels made from N-benzoyl 2 and BA 9 showed most favorable viscoelas-
tic properties. In addition, these hydrogels exhibit antibacterial activity against S. aureus and moderate toxicity
against HEK cells. Further modification to the hydrogel scaffold is required to improve the cytotoxicity of the
hydrogels for biomedical applications, such as topical antibacterial gels.

Materials and Methods
Synthesis. All chemicals and solvents used were purchased from Chemimpex, Combi Blocks, or Sigma
Aldrich and were used without any further purification.

The anthranilamide short peptides were synthesised via ring opening reactions of isatoic anhydride. The
detailed synthetic procedure for hydrogelators 1-11 along with their characterization data (IR, 'H NMR, *C
NMR, and HRMS) are given in Supplementary materials.

Preparation of hydrogels. To a pre-weighed compound in a glass vial, 1 M NaOH (2-8 molar equiv.) was
added followed by addition of Mili-Q water. The suspension was then heated and vortexed vigorously for 15 min-
utes to completely dissolve the compound. In the case of N-acetyl 1, N-benzoyl 2, N-naphthoyl 3, fluoro 5 and
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methyl 6, these clear solutions were left to cool to room temperature for 1-30 minutes. GdL (2-3 equiv.) was
added to a solution of compounds 7-11 in NaOH. The turbid solution was left at room temperature for 24 hours
to form a clear hydrogel. The vials were then inverted and allowed to stand overnight to confirm their hydrogel
formation. Critical gel concentration, shown as a percentage, indicates the lowest mass of hydrogelator where the
self-supporting characteristic is still observed divided by the total volume of the hydrogel®>.

Hydrogel formation via solvent switch method has been previously described”’. Similarly, compounds 1-9
was dissolved in 20% and 50% of either DMSO, ethanol, or methanol. Subsequently, respective amount of Mili-Q
water was added to the solutions of 1-9 followed by gentle mixing.

IHNMR. The NMR samples was prepared by dissolving N-acetyl 1 in an equivalent of NaOD, which followed
by addition of respective amount of D,O to make up final concentration of 0.04%, 0.08%, 0.15%, and 0.3% (w/v).
Meanwhile, N-benzoyl 2 and N-naphthoyl 3 were dissolved in 5 and 8 equivalents of NaOD, respectively, followed
by addition of respective amount of D,0O to make up final solutions of 0.01%, 0.03%, 0.05%, and 0.10% (w/v).
'H NMR spectra were recorded using a Bruker Avance III 400 MHz NMR spectrometer. The NMR spectra were
processed using the Bruker TOPSPIN 3.0 software.

CD Spectroscopy. The anthranilamide-based hydrogels were prepared at 0.8% (w/v) and were diluted 10
times before being transferred into a 0.5mm path length cuvette. Meanwhile, for the concentration depend-
ence, the hydrogel made from N-benzoyl 2 at 0.8% (w/v) was diluted to make up concentrations ranging from
0.058 mM - 0.470 mM before being transferred into a 0.5 mm path length cuvette.

CD spectrum were obtained using a ChirascanPlus CD spectrometer (Applied Photophysics, UK) scanning
wavelengths of 180-500 nm with a bandwidth of 1 nm, 0.6 s per point, and step of 1 nm??. The outcome of three
experiments were then averaged and plotted into a single plot value. The high tension (HT) value of each experi-
ment was maintained to be below 600 mV (Fig. S17).

UV-Vis Spectroscopy. The UV-Vis spectra of N-acetyl 1, N-benzoyl 2, N-naphthoyl 3 were measured using
Agilent Cary 60 UV-Vis with concentrations ranging from 0.003 mgmL~ to 0.050 mgmL~".

Attenuated total reflectance fourier-transform infrared spectroscopy (ATR-FTIR). D,O gels of
anthranilamide-based short peptides 1-10 were pre-formed in a glass vial at 3%w/v. Heat was applied to these
D,O gels to trigger the transformation to their solution-phase. Subsequently, two drops of each D,0 gels was
placed on the ATR crystal and allowed to stand for 5 minutes. On the other hand, xerogels were formed in-situ by
applying nitrogen to two droplets of hydrogel made from anthranilamide-based short peptides 1-10 at 3% (w/v).
The spectrum was recorded using a Spectrum 100 FTIR spectrometer (PerkinElmer, USA) fitted with a I mm
diamond-ZnSe crystal from 4000-650 cm ™! with 4 cm ™! resolutions and 32 scans.

Rheology measurements. The viscoelastic properties of hydrogels made from anthranilamide-based short
peptides were determined using Anton Paar MCR 302 rheometer with a 25 mm stainless steel parallel plate con-
figuration, as previously described?*?*. Pre-formed hydrogel was warmed, using a heat gun, and the resulting
solution (560 uL of 1% (w/v)) was transferred onto the rheometer plate. The other plate was lowered to its meas-
uring position, 1 mm gap, and the solution was allowed to stand for 2-24 h for the gel to completely form. To
prevent solvent evaporation, a solvent trap using Mili-Q water and a Peltier temperature controller hood was
employed. The frequency sweep test (FST) was performed at constant strain of 0.1% using frequency of 10 Hz
to 0.01 Hz. Meanwhile, strain sweep test (SST) was conducted at constant frequency of 1 Hz using 0.1% to 100%
strain. In addition, a temperature sweep test was examined to determine Tg values using constant frequency of
1 Hz and constant strain of 0.1% with temperature ramping from 25°C to 90 °C. The rheology data presented are
an average of three repeats.

Atomic force microscopy. A drop of these pre-gel solution was casted onto a mica substrate and the droplet
was gently spread using a glass slide. Pre-gel solution of anthranilamide-based short peptides were obtained by
either heating the thermo-reversible hydrogels 1-3 and 5-6, or quickly transferring solutions of 8-10 after GAL
addition but prior to gelation. The samples were left to dry overnight before being imaged. Imaging was under-
taken on a Bruker Multimode 8 Atomic Force Microscope in Scanasyst Air (PeakForce Tappings) mode, which
is based on tapping mode AFM, but whereby the imaging parameters are constantly optimized through the force
curves that are collected, preventing damage of soft samples?’. Bruker Scanasyst-Air probes with a spring constant
0f 0.4-0.8 Nm ™! and a tip radius of 2 nm were used in this experiment.

Antibacterial activity. Antibacterial activity of the anthranilamide-based hydrogels were performed using
modification of a known method”. Initially, a single colony of S. aureus 38 was grown overnight in Luria-Bertani
(LB) broth medium (Sigma-Aldrich) at 37 °C. The resulting bacteria culture was centrifuged and harvested. The
bacteria pellet was re-suspended in the same volume of LB, twice. Optical density (OD) of the resulting culture
was adjusted to 0.1 at 600 nm in LB (10® cfu mL ') and the bacterial solution was further adjusted to 3 x 10* cfu
mL™1. The bacteria solution (1 mL) was carefully casted on top of the pre-formed hydrogels (1% w/v; 1 mL) in
glass vials. As a negative control, bacteria solution without a hydrogel was used in the experiment. These vials
were incubated at 37 °C for 18 h. Serial dilution was performed to the 100 uL of the bacteria solution (on top of the
hydrogels) using phosphate-buffered saline (PBS). 20 uL of each dilution, were carefully transferred into nutrient
agar plates and incubated at 37 °C for another 18 h. The following day, bacterial growth inhibitions were recorded
using viable count methods. This experiment was performed twice in triplicate. Multiple sample comparison was
performed using one-way ANOVA at p < 0.05.
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Cytotoxicity assays. Similar to previously reported method??, cytotoxicity measurement was performed
using an Alamar Blue colorimetric assay on HEK293T cells. HEK293T cells were passaged using standard cell
culture procedures. Cells were detached with trypsin and centrifuged (1000 rpm for 3 min). After supernatant
was removed, the cells were re-suspended in Dulbecco’s Modified Eagle Medium (DMEM) at a concentration of
60,000 cells/mL. Cells were seeded onto hydrogels at a concentration of 6,000 cells/well. Hydrogels were prepared
as described above and 100 uL cast into the wells of a 96 well plate in triplicate. After incubating overnight, 100 uL
media was added to the set hydrogels and incubated overnight. The following day, excess media was aspirated and
cells seeded atop the hydrogels as above. After incubation for 24 hours, 10 uL Alamar Blue was added to each well,
followed by further incubation for another 4 hours. Wells containing cell-free hydrogels, no hydrogel substrate,
and a negative control of 20% (v/v) DMSO were prepared as controls. BioRad Benchmark plate reader was used
to measure the absorbance at 570 nm and 596 nm. Each experiment was repeated at least three times.

Received: 11 October 2019; Accepted: 23 December 2019;
Published online: 21 January 2020

References
1. Zhang, Y., Kuang, Y., Gao, Y. & Xu, B. Versatile small-molecule motifs for self-assembly in water and the formation of biofunctional
supramolecular hydrogels. Langmuir 27, 529-537 (2010).
2. Teixeira, L. S. M., Feijen, J., van Blitterswijk, C. A., Dijkstra, P. ]. & Karperien, M. Enzyme-catalyzed crosslinkable hydrogels:
emerging strategies for tissue engineering. Biomaterials 33, 1281-1290 (2012).
. Lee, K. Y. & Mooney, D. J. Hydrogels for tissue engineering. Chem. Rev. 101, 1869-1880 (2001).
4. Drury, J. L. & Mooney, D. J. Hydrogels for tissue engineering: scaffold design variables and applications. Biomaterials 24, 4337-4351
(2003).
5. Rodriguez-Llansola, E, Miravet, J. E. & Escuder, B. A supramolecular hydrogel as a reusable heterogeneous catalyst for the direct
aldol reaction. Chem. Commun., 7303-7305 (2009).
6. Escuder, B., Rodriguez-Llansola, F. & Miravet, J. F. Supramolecular gels as active media for organic reactions and catalysis. New J.
Chem. 34, 1044-1054 (2010).
7. SunnydAbbah, A. & WilliamdLu, W. D-glucosamine-based supramolecular hydrogels to improve wound healing. Chem. Commun.,
843-845 (2007).
8. Tibbitt, M. W. & Anseth, K. S. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol. Bioeng 103, 655-663 (2009).
9. Seow, W. Y. & Hauser, C. A. Short to ultrashort peptide hydrogels for biomedical uses. Mater. Today 17, 381-388 (2014).
10. Adler-Abramovich, L. et al. Thermal and chemical stability of diphenylalanine peptide nanotubes: implications for
nanotechnological applications. Langmuir 22, 1313-1320 (2006).
11. Marchesan, S., Vargiu, A. & Styan, K. The Phe-Phe motif for peptide self-assembly in nanomedicine. Molecules 20, 19775-19788
(2015).
12. Orbach, R. et al. The rheological and structural properties of Fmoc-peptide-based hydrogels: the effect of aromatic molecular
architecture on self-assembly and physical characteristics. Langmuir 28, 2015-2022 (2012).
13. Tang, C., Smith, A. M,, Collins, R. E, Ulijn, R. V. & Saiani, A. Fmoc-diphenylalanine self-assembly mechanism induces apparent p
K a shifts. Langmuir 25, 9447-9453 (2009).
14. Smith, A. M. et al. Fmoc-diphenylalanine self assembles to a hydrogel via a novel architecture based on w—m interlocked 3-sheets.
Adv. Mater. 20, 37-41 (2008).
15. Chen, L. et al. Self-assembly mechanism for a naphthalene— dipeptide leading to hydrogelation. Langmuir 26, 5232-5242 (2009).
16. Laverty, G. et al. Ultrashort cationic naphthalene-derived self-assembled peptides as antimicrobial nanomaterials. Biomacromolecules
15, 3429-3439 (2014).
17. Martin, A. D., Robinson, A. B., Mason, A. E, Wojciechowski, J. P. & Thordarson, P. Exceptionally strong hydrogels through self-
assembly of an indole-capped dipeptide. Chem. Commun. 50, 15541-15544 (2014).
18. Martin, A. D., Wojciechowski, J. P., Warren, H. & Thordarson, P. Effect of heterocyclic capping groups on the self-assembly of a
dipeptide hydrogel. Soft matter 12, 2700-2707 (2016).
19. Martin, A. D., Robinson, A. B. & Thordarson, P. Biocompatible small peptide super-hydrogelators bearing carbazole functionalities.
J. Mater. Chem. B 3,2277-2280 (2015).
20. Kubiak, P. S. et al. Polymerization of low molecular weight hydrogelators to form electrochromic polymers. Chem. Commun. 51,
10427-10430 (2015).
21. Wojciechowski, J. P. et al. Choice of Capping Group in Tripeptide Hydrogels Influences Viability in the Three-Dimensional Cell
Culture of Tumor Spheroids. chempluschem 82, 383-389 (2017).
22. Aldilla, V. R. et al. Glyoxylamide-based self-assembly hydrogels for sustained ciprofloxacin delivery. J. Mater. Chem. B 6, 6089-6098
(2018).
23. Aldilla, V. R. et al. Design, synthesis, and characterisation of glyoxylamide-based short peptides as self-assembled gels. New J. Chem.
41, 13462-13471 (2017).
24. Heindel, N. D,, Fives, W. P,, Lemke, T. E & Carrano, R. A. Synthesis and selected pharmacology of anthranilamides. J. Pharm. Sci. 60,
703-707 (1971).
25. Kuppusamy, R. et al. Guanidine functionalized anthranilamides as effective antibacterials with biofilm disruption activity. Organic
& Biomolecular Chemistry 16, 5871-5888 (2018).
26. Li, D., Shi, Y. & Wang, L. Mechanical Reinforcement of Molecular Hydrogel by Co-assembly of Short Peptide-based Gelators with
Different Aromatic Capping Groups. Chinese Journal of Chemistry 32, 123-127 (2014).
27. Liu, Y., Wang, T. & Liu, M. Supramolecular Polymer Hydrogels from Bolaamphiphilic L-Histidine and Benzene Dicarboxylic Acids:
Thixotropy and Significant Enhancement of Eulll Fluorescence. Chem. Eur. . 18, 14650-14659 (2012).
28. Wang, T,, Jiang, J., Liu, Y., Li, Z. & Liu, M. Hierarchical self-assembly of bolaamphiphiles with a hybrid spacer and L-glutamic acid
headgroup: pH-and surface-triggered hydrogels, vesicles, nanofibers, and nanotubes. Langmuir 26, 18694-18700 (2010).
29. van Gorp, J. J., Vekemans, J. A. & Meijer, E. C 3-symmetrical supramolecular architectures: Fibers and organic gels from discotic
trisamides and trisureas. J. Am. Chem. Soc. 124, 14759-14769 (2002).
30. van den Hout, K. P, Martin-Rapun, R., Vekemans, J. A. & Meijer, E. E. W. Tuning the Stacking Properties of C3-Symmetrical
Molecules by Modifying a Dipeptide Motif. Chem. Eur. J. 13, 8111-8123 (2007).
31. Moulin, E. et al. Self-assembly of benzene-tris (bis (p-benzyloxy) triphenylamine) carboxamide. Comptes Rendus Chimie 19,
117-122 (2016).
32. Iwaura, R. & Shimizu, T. Reversible Photochemical Conversion of Helicity in Self-Assembled Nanofibers from a 1, w-Thymidylic
Acid Appended Bolaamphiphile. Angewandte Chemie 118, 4717-4720 (2006).
33. Fuhrhop, J.-H. & Wang, T. Bolaamphiphiles. Chem. Rev. 104, 2901-2938 (2004).

w

SCIENTIFIC REPORTS |

(2020) 10:770 | https://doi.org/10.1038/s41598-019-57342-6


https://doi.org/10.1038/s41598-019-57342-6

www.nature.com/scientificreports/

34.

35.

36.

37.

38.

39.

40.

41.
42,

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

Frkanec, L., Joki¢, M., Makarevi¢, J., Wolsperger, K. & Zini¢, M. Bis (PheOH) Maleic Acid Amide— Fumaric Acid Amide
Photoizomerization Induces Microsphere-to-Gel Fiber Morphological Transition: The Photoinduced Gelation System. J. Am. Chem.
Soc. 124, 9716-9717 (2002).

Howe, R. C. et al. A family of simple benzene 1, 3, 5-tricarboxamide (BTA) aromatic carboxylic acid hydrogels. Chem. Commun. 49,
4268-4270 (2013).

Venuti, M. C. Isatoic anhydride/4-dimethylaminopyridine as a reagent for ortho-aminobenzoylation. Synthesis 1982, 266-268
(1982).

Whitesides, G. M., Mathias, J. P. & Seto, C. T. Molecular self-assembly and nanochemistry: a chemical strategy for the synthesis of
nanostructures. Science 254, 1312-1319 (1991).

Chen, L., Revel, S., Morris, K., C. Serpell, L. & Adams, D. J. Effect of molecular structure on the properties of naphthalene— dipeptide
hydrogelators. Langmuir 26, 13466-13471 (2010).

Pocker, Y. & Green, E. Hydrolysis of D-glucono-. delta.-lactone. I. General acid-base catalysis, solvent deuterium isotope effects, and
transition state characterization. . Am. Chem. Soc. 95, 113-119 (1973).

Adams, D. J. et al. A new method for maintaining homogeneity during liquid-hydrogel transitions using low molecular weight
hydrogelators. Soft Matter 5, 1856-1862 (2009).

Chen, L. et al. Salt-induced hydrogelation of functionalised-dipeptides at high pH. Chem. Commun. 47, 12071-12073 (2011).
Mahler, A., Reches, M., Rechter, M., Cohen, S. & Gazit, E. Rigid, self-assembled hydrogel composed of a modified aromatic
dipeptide. Adv. Mater. 18, 1365-1370 (2006).

Liebmann, T., Rydholm, S., Akpe, V. & Brismar, H. Self-assembling Fmoc dipeptide hydrogel for in situ 3D cell culturing. BMC
biotechnology 7, 88 (2007).

Amdursky, N., Orbach, R., Gazit, E. & Huppert, D. Probing the inner cavities of hydrogels by proton diffusion. The Journal of
Physical Chemistry C 113, 19500-19505 (2009).

Kim, J. H. et al. Self-assembled, photoluminescent peptide hydrogel as a versatile platform for enzyme-based optical biosensors.
Biosensors and Bioelectronics 26, 1860-1865 (2011).

Huang, R, Qi, W,, Feng, L., Su, R. & He, Z. Self-assembling peptide-polysaccharide hybrid hydrogel as a potential carrier for drug
delivery. Soft Matter 7, 6222-6230 (2011).

Raeburn, J. et al. Fmoc-diphenylalanine hydrogels: understanding the variability in reported mechanical properties. Soft Matter 8,
1168-1174 (2012).

Niehoff, A. et al. Elucidation of the structure of poly (v-benzyl-L-glutamate) nanofibers and gel networks in a helicogenic solvent.
Colloid and polymer science 291, 1353-1363 (2013).

Leenders, C. M. et al. From supramolecular polymers to hydrogel materials. Materials Horizons 1, 116-120 (2014).

Lozano, V. et al. An asparagine/tryptophan organogel showing a selective response towards fluoride anions. Journal of Materials
Chemistry 21, 8862-8870 (2011).

Moon, K. S., Kim, H. ], Lee, E. & Lee, M. Self-Assembly of T-Shaped Aromatic Amphiphiles into Stimulus-Responsive Nanofibers.
Angew. Chem. Int. 46, 6807-6810 (2007).

Yan, X., Zhu, P. & Li, J. Self-assembly and application of diphenylalanine-based nanostructures. Chem Soc Rev. 39, 1877-1890
(2010).

Singh, V,, Rai, R. K., Arora, A., Sinha, N. & Thakur, A. K. Therapeutic implication of L-phenylalanine aggregation mechanism and
its modulation by D-phenylalanine in phenylketonuria. Sci Rep. 4, 3875 (2014).

Maity, I., Mukherjee, T. K. & Das, A. K. Photophysical study of a w-stacked (3-sheet nanofibril forming peptide bolaamphiphile
hydrogel. New J. Chem. 38, 376-385 (2014).

Ryan, D. M., Doran, T. M., Anderson, S. B. & Nilsson, B. L. Effect of C-terminal modification on the self-assembly and hydrogelation
of fluorinated Fmoc-Phe derivatives. Langmuir 27, 4029-4039 (2011).

Venyaminov, S. Y., Baikalov, I., Shen, Z. M., Wu, C.-S. C. & Yang, J. Circular dichroic analysis of denatured proteins: inclusion of
denatured proteins in the reference set. Anal Biochem. 214, 17-24 (1993).

Greenfield, N. J. Using circular dichroism collected as a function of temperature to determine the thermodynamics of protein
unfolding and binding interactions. Nat. Protoc. 1, 2527 (2006).

Gupta, M. et al. Self-assembly of a dipeptide-containing conformationally restricted dehydrophenylalanine residue to form ordered
nanotubes. Adv. Mater. 19, 858-861 (2007).

Bhattacharya, A. et al. UV Resonance Raman Characterization of Diphenylalanine--Graphene Nanotubes. Spectroscopy 27, 40-47
(2012).

Correcirc, D. H. & Ramos, C. H. The use of circular dichroism spectroscopy to study protein folding, form and function. Afr. J.
Biochem. 3,164-173 (2009).

Yang, H., Yang, S., Kong, J., Dong, A. & Yu, S. Obtaining information about protein secondary structures in aqueous solution using
Fourier transform IR spectroscopy. Nat. Protoc. 10, 382 (2015).

Pelton, J. T. & McLean, L. R. Spectroscopic methods for analysis of protein secondary structure. Anal Biochem. 277, 167-176 (2000).
Clarke, D. E., Pashuck, E. T., Bertazzo, S., Weaver, J. V. & Stevens, M. M. Self-healing, self-assembled (3-sheet peptide-poly
(v-glutamic acid) hybrid hydrogels. J. Am. Chem. Soc. 139, 7250-7255 (2017).

Maskarinec, S. A., Franck, C,, Tirrell, D. A. & Ravichandran, G. Quantifying cellular traction forces in three dimensions. Proceedings
of the National Academy of Sciences 106, 22108-22113 (2009).

Farahani, A. D. et al. Gel-and Solid-State-Structure of Dialanine and Diphenylalanine Amphiphiles: Importance of C.-- H
Interactions in Gelation. Chemphyschem 20, 972-983 (2019).

Ma, M. et al. Aromatic— aromatic interactions induce the self-assembly of pentapeptidic derivatives in water to form nanofibers and
supramolecular hydrogels. J. Am. Chem. Soc. 132, 2719-2728 (2010).

Kouwer, P. H. et al. Responsive biomimetic networks from polyisocyanopeptide hydrogels. Nature 493, 651 (2013).

McCaig, L. E, McDonald, L. C., Mandal, S. & Jernigan, D. B. Staphylococcus aureus—associated skin and soft tissue infections in
ambulatory care. Emerging infectious diseases 12, 1715 (2006).

Jiang, L., Xu, D., Sellati, T. J. & Dong, H. Self-assembly of cationic multidomain peptide hydrogels: supramolecular nanostructure
and rheological properties dictate antimicrobial activity. Nanoscale 7, 19160-19169 (2015).

Vinod, N. et al. Generation of a novel Staphylococcus aureus ghost vaccine and examination of its immunogenicity against virulent
challenge in rats. Infection and immunity 83, 2957-2965 (2015).

McCloskey, A. P, Draper, E. R., Gilmore, B. F. & Laverty, G. Ultrashort self-assembling Fmoc-peptide gelators for anti-infective
biomaterial applications. Journal of Peptide Science 23, 131-140 (2017).

Gahane, A. Y. et al. Fmoc-phenylalanine displays antibacterial activity against Gram-positive bacteria in gel and solution phases. Soft
matter 14, 2234-2244 (2018).

Baral, A. et al. A peptide-based mechano-sensitive, proteolytically stable hydrogel with remarkable antibacterial properties.
Langmuir 32, 1836-1845 (2016).

Schnaider, L. et al. Self-assembling dipeptide antibacterial nanostructures with membrane disrupting activity. Nature
communications 8, 1365 (2017).

Truong, W. T, Su, Y., Gloria, D., Braet, E & Thordarson, P. Dissolution and degradation of Fmoc-diphenylalanine self-assembled gels
results in necrosis at high concentrations in vitro. Biomater. Sci. 3, 298-307 (2015).

SCIENTIFIC REPORTS |

(2020) 10:770 | https://doi.org/10.1038/s41598-019-57342-6


https://doi.org/10.1038/s41598-019-57342-6

www.nature.com/scientificreports/

76. Marchesan, S. et al. Unzipping the role of chirality in nanoscale self-assembly of tripeptide hydrogels. Nanoscale 4, 6752-6760
(2012).

77. Zohrabi, T., Habibi, N., Zarrabi, A., Fanaei, M. & Lee, L. Y. Diphenylalanine peptide nanotubes self-assembled on functionalized
metal surfaces for potential application in drug-eluting stent. J Biomed Mater Res A. 104, 2280-2290 (2016).

78. Hassan, M., Martin, A. D. & Thordarson, P. Engineering Biocompatible Scaffolds through the Design of Elastin-Based Short
Peptides. ChemPlusChem 83, 47-52 (2018).

79. Irwansyah, L. et al. Gram-Positive Antimicrobial Activity of Amino Acid-Based Hydrogels. Adv. Mater. 27, 648-654 (2015).

Acknowledgements

The authors would like to acknowledge the Indonesia Endowment Fund for Education (LPDP) for PhD
Scholarship given to VRA and the Mark Wainwright Analytical Centre facilities at UNSW Australia for
supporting the characterization of the synthesised compounds. We would like to thank the Australian Research
Council for funding of NK (DP180100845). A.D.M. thanks the National Health and Medical Research Council
for funding (1106751).

Author contributions

N.K. and D.B. planned and designed the research; V.R.A. synthesised the gelators, performed initial
characterisation, and rheology measurement. P. T. provided input into the gelation studies. V.R.A., A M.R. and
C.E.M. performed CD spectroscopy and FT-IR analysis. V.R.A. and A.D.M. performed AFM measurement and
analysis. V.R.A. and R.C. carried out the antibacterial assay. A.D.M. performed the cytotoxicity test. All of the
authors discussed the result, contributed to the writing, and reviewed the main manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-57342-6.

Correspondence and requests for materials should be addressed to A.D.M. or N.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:770 | https://doi.org/10.1038/s41598-019-57342-6


https://doi.org/10.1038/s41598-019-57342-6
https://doi.org/10.1038/s41598-019-57342-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anthranilamide-based Short Peptides Self-Assembled Hydrogels as Antibacterial Agents

	Results and Discussions

	Synthesis of anthranilamide-based short peptides. 
	Self-assembly of anthranilamide-based short peptides. 
	Characterisation of anthranilamide-based hydrogels. 
	Mechanical properties. 
	Network morphology of the self-assembled gels. 
	Antibacterial activity of the anthranilamide-based hydrogels. 
	Cytotoxicity of hydrogels 2, 3, and 9. 

	Conclusions

	Materials and Methods

	Synthesis. 
	Preparation of hydrogels. 
	1H NMR. 
	CD Spectroscopy. 
	UV-Vis Spectroscopy. 
	Attenuated total reflectance fourier-transform infrared spectroscopy (ATR-FTIR). 
	Rheology measurements. 
	Atomic force microscopy. 
	Antibacterial activity. 
	Cytotoxicity assays. 

	Acknowledgements

	Figure 1 General structure of anthranilamide-based compared to glyoxylamide-based short peptides.
	Figure 2 Structure of the modified anthranilamide-based hydrogelators 1–11.
	Scheme 1 General scheme for ring-opening reaction of isatoic anhydride to obtain anthranilamide-based hydrogelators 1–6.
	Scheme 2 General synthetic scheme for BA 7–10 and C3 symmetric 11.
	Figure 3 (a) 1H NMR and (b) UV-Vis spectra of N-benzoyl 2 at different concentrations.
	Figure 4 CD spectra of (a) compounds 1–3 (b) compounds 4 and 5 (c) BA 8–9 and (d) BA linked via an oxalyl linker 10.
	Figure 5 (a) Temperature dependent CD spectra of N-benzoyl 2.
	Figure 6 AFM image of fibre networks obtained from xerogel of anthranilamide-based hydrogelators 1–11 at four time below their CGC.
	Figure 7 (a) Antibacterial activity against S.
	﻿Table 1 Critical Gel Concentration (CGC) and hydrogelation time of anthranilamide-based hydrogels formed using pH switch method.
	﻿Table 2 Modulus storage (Gʹ), modulus loss (Gʹʹ), and linear viscoelastic region (LVER) of hydrogels 1–10 obtained from frequency sweep and strain sweep test.




