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Controlling the structure of supramolecular fibre formation for
benzothiazole based hydrogels with antimicrobial activity against
methicillin resistant Staphylococcus aureust

Kira L. F. Hilton,? Antonis A. Karamalegkos,® Nyasha Allen,? Lauren Gwynne, Bree Streather,” Lisa J.
White,? Karen B. Baker,’ Samantha A. Henry,® George T. Williams,? Helena J. Shepherd,® Mark
Shepherd,® Charlotte K. Hind,® Mark J. Sutton,® Toby A. Jenkins,*¢ Daniel P. Mulvihill,*® Jennifer M.
A. Tullet,*® Marina Ezcurra*® and Jennifer R. Hiscock*?

Antimicrobial resistance is one of the greatest threats to human health. Gram-positive methicillin resistant Staphylococcus
aureus (MRSA), in both its planktonic and biofilm form, is of particular concern. Herein we identify the hydrogelation
properties for a series of intrinsically fluorescent, structurally related supramolecular self-associating amphiphiles and
determine their efficacy against both planktonic and biofilm forms of MRSA. To further explore the potential translation of
this hydrogel technology for real-world applications, the toxicity of the amphiphiles was determined against the eukaryotic
multicellular model organism, Caenorhabditis elegans. Due to the intrinsic fluorescent nature of these supramolecular
amphiphiles, material characterisation of their molecular self-associating properties included; comparative optical density
plate reader assays, rheometry and widefield fluorescence microscopy. This enabled determination of amphiphile structure

and hydrogel sol dependence on resultant fibre formation.

Introduction

Antimicrobial resistance (AMR) is one of the world’s most
underestimated global health threats and as such is increasingly
referred to as the ‘silent pandemic’.! Data collected as part of a
2022 study by Naghavi and co-workers, over 204 countries,
confirmed ~5 million people died as a result of AMR in 2019
alone, a greater number than those who died from malaria or
HIV/AIDS over that same time period.2 In addition, there has
been a global increase in the use of antimicrobials as a result of
the COVID-19 pandemic, due to factors which include
misdiagnosis and co-infection treatment, further exacerbating
the prevalence of AMR.34

As part of the same 2022 study, methicillin resistant
Staphylococcus aureus (MRSA) infections were found to be
directly responsible for over 3.5 million disability adjusted life
years and > 100,000 deaths in 2019 within high-income
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countries.2 One of the main reasons for this is that MRSA can
remain viable on dry and inanimate objects/surfaces for
months.>®

With AMR strains now presenting resistance to all
antimicrobials currently marketed,” including colistin, the
antibiotic of last resort,® the innovation of new antimicrobial
agents displaying efficacy towards these strains is vital. Here the
field of supramolecular chemistry has provided a number of
unique systems, demonstrating the potential for development
as antimicrobial agents into the clinic. ®-1%

This includes the production of novel compounds that can
selectively disrupt the bacterial membrane due to inherent
differences between bacterial and eukaryotic cell structures.?
This mode of antimicrobial action has been successfully
targeted by researchers such as Vale and co-workers, who have
developed a series of gemini serine-based surfactants that have
demonstrated antimicrobial activity against several different
MRSA strains.13 Bala and co-workers also targeted membrane
disruption as a mode of antimicrobial action when developing a
series of imino-functionalised 1,3-diazolium salts,
demonstrating similar levels of antimicrobial activity to that of
antibiotics gentamicin and kanamycin against both methicillin
sensitive Staphylococcus aureus (S. aureus) and MRSA.14-16
Naturally derived antimicrobial peptides (AMPs) self-assemble
to form larger structures that have intrinsic antimicrobial
properties.’”-1° The AMPs overall positive charge created due to
the presence of cationic amino acid residues, causes these
compounds to interact with negatively charged bacterial
membranes.1220 For example, melittin is an AMP found in bee
venom and has been shown to act as a broad spectrum
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antimicrobial,?! firstly accumulating on the membrane, before
forming pores or fissures.18 Additionally, Koksch and co-workers
produced synthetic AMPs based on a 3,5-diaminobenzoic acid
scaffold that achieved antimicrobial efficacy against S. aureus
and other Gram-positive bacteria including Micrococcus
luteus.??

Supramolecular self-associating amphiphiles (SSAs), such as
those shown in Figure 1, represent a novel class of antimicrobial
agent with activity against MRSA. The hypothesised mode of
action for these SSAs include selective membrane coordination
and disruption.23
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Figure 1 Chemical structures of SSAs 1 — 7. TBA = tetrabutylammonium.
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Results and discussion

Synthesis

SSAs 1-7 were prepared in line with previously published
syntheses.23,29,32

Solid state single crystal X-ray diffraction studies

Single crystals of 1 and 3-7 were obtained through slow
evaporation of an EtOH:H,O 1:19 solution containing the
relevant SSA. The resultant crystal structures obtained (Figure
2) all show the anionic component of these SSAs to form urea-
anion dimers, in line with previous results obtained for 2.29
However, unlike the majority of SSAs,30 including those within
Figure 2, the urea-anion dimer produced with 1 is stabilised
through the formation of two urea-anion intermolecular
hydrogen bonds only, one from each of the two urea NH’s. The
remaining urea NH’s form intermolecular hydrogen bonds with
additional water molecules (Figure 2a). This produces a planar
dimer with a 180.00° internal angle of dimerisation.

Furthermore, SSAs have been shown to: i) act as (potential)
drug delivery systems;2425 ii) enhance the activity of commonly
used antimicrobials including; novobiocin and rifampicin
against a variety of bacteria such as the ESKAPE pathogen,
Pseudomonas aeruginosa;?5?7 iv) enhance the activity of
cisplatin against ovarian cancer cells;2®2 and v) exhibit a
druggable profile when administered intravenously to mice.?3

In general, the anionic portion of an SSA is known to self-
associate, through the formation of (thio)urea-anion
intermolecular hydrogen bonds, to form anionic dimers in the
solid state (Figure 2), gas phase and in polar organic solutions,
such as DMSO0.2230 |In aqueous ethanol solutions these same
SSAs spherical aggregates with
hydrodynamic diameters (ds) ~100-550 nm. However, in
previous work, we also showed SSA 2 (Figure 1) to form a
hydrogel upon the addition of aqueous salts such as NaCl,
followed by an annealing process in which the aqueous sample
was heated to ~313 K before being allowed to cool to room
temperature. As both the spherical aggregate and the hydrogel,
this SSA was shown to retain antimicrobial activity against
planktonic MRSA.?5 Herein, we investigate how structural
alterations of 2 (1, 3-7) affect SSA self-association events and
resultant material formation. In addition, we quantify the
antimicrobial efficacy of those hydrogels formed against MRSA
in both a planktonic form and when contained within a
homogenous biofilm for the first time. Finally, the toxicity of
selected SSAs was established against nematode worms
(Caenorhabditis elegans) as model multicellular eukaryotic
organisms.3!

self-associate to form
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Figure 2 Single crystal X-ray structure of SSAs 1 (a), 3 (b), 4 (c), 6 (d) and 7. The TBA
counter cations and any molecular disorder have been omitted for clarity. Grey = carbon,
blue = nitrogen, red = oxygen, yellow = sulfur, white = hydrogen, red dashed lines =
hydrogen bonds.

The addition of a phenyl ring and elongation of the urea-
anion alkyl linking group from methyl (2) to ethyl (3), resulted in
the formation of an SSA dimer exhibiting an internal angle of
dimerisation 135.40(40)°, stabilised through the formation of
four hydrogen bonds, one from each of urea NH’s to the
sulfonate ion. Further elongation of the urea-anion alkyl linker
from ethyl (3) to propyl (4) produced an anion dimer exhibiting
the same hydrogen bonding mode as 3 however, this dimer is
planar due to crystal packing forces.

Replacing the sulfonate ion (2) with a carboxylate functional
group (6) produced a hydrogen bonded dimer very similar to
that produced with 4. However, removal of the methyl group
appended from the benzothiazole functionality (7) resulted in
the formation of an SSA hydrogen bonded dimer with an
internal angle of dimerisation 95.12(13)°, making this structure
comparable to that previously obtained for 2.2° Although not
directly comparable to the solution state, understanding the
self-associative properties determined via single crystal X-ray
diffraction methods enables insight into the self-associative
properties of this class of compounds that we hypothesise to
drive nanostructure and material formation events within the
solution state.

Solution state self-association studies

In line with our previous work and standard characterisation
procedures for this class of compound,24 we initially studied the
self-association properties of 1 and 3-7 in polar organic solvents
(DMSO/DMSO-ds) to establish the low level self-association
properties of these SSAs. Analogous studies for 2 have been
previously published.?® These data are summarised within the
ESI, Sections 7 and 8t. Quantitative 'H NMR studies were used
to confirm the presence of larger self-associated species in
solution through comparative integration with an internal
standard, in this instance DCM. Here any apparent ‘loss’ of SSA
1H NMR signal is attributed to the formation of higher order self-
associated aggregates which exhibit solid-like properties and
thus become invisible in the solution state NMR experiment. As
communicated within our previous work,2* we first use
quantitative 'H NMR spectroscopy to ascertain whether the
self-associated species present can be observed using
traditional solution state NMR techniques. Should all of the
species present in solution be visible via NMR spectroscopy
then we perform 'H NMR DOSY experiments, if this is not the
case then we perform DLS experiments to estimate the size of
those species present. Here, only 7 showed any evidence of
higher order aggregation events (Figure S14t), dynamic light
scattering (DLS) estimated a du for those species present to be
196->1000 nm (obtained from peak maxima of an intensity
weighted distribution). However, these data should be treated
with caution due to high levels of polydispersity and the
amorphous nature of those aggregated species produced, as
indicated by the quality of the data collected (Figures S58 and

This journal is © The Royal Society of Chemistry 20xx

S59t). The DLS experiment also confirmed the presence of
lower order species in solution, comparable in size to those
previously obtained for the formation of the SSA anion
hydrogen bonded dimer (dy = 1.15 nm).

For 1 and 3-6, where no apparent ‘loss’ in 'H NMR SSA signal
could be identified through comparative quantitative 'H NMR
integration, the size of the SSA species present in solution was
determined through 'H NMR DOSY experiments. The data
obtained confirmed that the SSA anion and cation were not
strongly coordinated, while the dy of the SSA anion (Table S9t)
suggested the formation of hydrogen bonded anionic dimers in
solution. The strength of SSA anion dimerisation for 1 and 3-6
(Table S1t), under these same DMSO-ds (0.5 % H,0) solvent
conditions, was calculated using data obtained from H NMR
dilution studies and subsequent fitting to the equal K model
using Bindfit v0.5.33

SSAs 1 and 3 exhibit dimerisation constants <0.01 M
whereas 2 and 4 exhibit dimerisation constants of 2.7 M-* and
6.26 M respectively. SSA 6 was shown to form the strongest
hydrogen bonded dimers with a dimerisation constant of 92.72
M-1. We believe that the lack of hydrogen bonded self-
association events observed for 1 and 3 is due to the decreased
acidity of the hydrogen bond donating groups (Section 1913435)
and intramolecular hydrogen bond formation between the
sulfonate and urea NH as hypothesised previously for SSAs
containing a urea-anion ethyl linking group respectively.3° The
increase in alkyl chain length (2 and 4) was also shown to
increase the dimerisation constant which we hypothesise may
be due to the preferential packing of the longer alkyl chains (see
Figure 2c). The substitution of the sulfonate for the carboxylate
ion (6) resulted in an order of magnitude increase in
dimerisation constant (Section 7t) due to enhanced anion
basicity and preferential spatial arrangement (Section 19t).

Moving into biologically relevant aqueous conditions, the
self-association properties of the 1-7 were established through
a combination of quantitative TH NMR, DLS, zeta potential and
tensiometry (to derive critical aggregation concentration —
CAC), the results of which are summarised in Table 1.

J. Name., 2013, 00, 1-3 | 3



Table 1 Physicochemical data produced to characterise SSA self-association events in a
H,O/EtOH 95:5 or D,0/EtOH 95:5 (NMR only) solution. Aggregate stability and dy were
obtained via zeta potential and DLS measurements respectively, at a concentration of
5.56 mM and a temperature of 298 K, following an annealing process unless otherwise
stated. The dy of the aggregates listed were obtained from intensity distribution peak
maxima. CAC was derived at approximately 291 K from surface tension measurements.
All quantitative *H NMR experiments were conducted with a delay time (d,) of 60 s at
298 K and a concentration of 5.56 mM unless stated. The values given in % represent the
observed proportion of compound to become NMR silent.

Quantitative
SSA 'H NMR (%) du (nm) CAC |Surface tension at] Zeta potential
SSA SSA (mM) CAC (mN m?) (mV)
anion | cation
1 627 be 181¢ | >0.56¢ N/A -42.71°
229 10 8 300 0.50 46.50 -101.00
3 48 45 851 1.92% 56.24%3 -88.29
4 19 b 115 |14.77% 45.16% -74.80
5 c c c 4,563 44.92% c
6 53¢ 47 127 3.03% 49.90% -84.22°
7 55 51 255 5.16% 66.973 --67.13

a —Study conducted at 0.56 mM (1) or 2.79 mM (6) due to compound solubility. b
— Could not be calculated due to signal overlap. ¢ — Solubility prevented data
acquisition.

Quantitative 'H NMR experiments, using 5 % EtOH as the
internal standard in D,0, confirmed the presence of higher-
order aggregated species for all SSAs at the concentrations
tested. The presence of the carboxylate functionality was found
to increase the proportion of SSA to become incorporated into
the higher-order self-associated species, as does removal of the
methyl group from the benzothiazole functionality and the
presence of the ethyl sulfonate-urea linker.

Zeta potential measurements of 1-7 confirm the presence of
stable self-associated aggregates (where £30 mV is considered
stable),3637 which have a dy = 94-300 nm, except 3 which
exhibits a dy > 800 nm. SSA 2 demonstrated the lowest CAC,
with increasing urea-anion alkyl linker length shown to produce
the most detrimental effects towards decreasing CAC.

SSA hydrogel characterisation

The addition of an aqueous salt solution to 2, followed by an
annealing process, induce hydrogel
formation.?538 Following these same gel formation processes
(Section 2t1), 1 and 3-7 were tested for their propensity to act as
hydrogelators. The aqueous salts solutions (0.505 M) used
within the scope of this study include NaCl — the lead
hydrogelator solution as identified from previous studies,?* KCl
—to investigate change in cation and NaNOs, NaH;PO,4, NaOBz,
Na,SO4 — to investigate change in anion basicity/geometry. In
initial screening experiments, each SSA (5 mg/mL) was added to
the relevant aqueous salt solution (0.505 M, 1 mL), heated to
~323 K and allowed to cool to room temperature. The sample
was then inverted, and should the mixtures flow be impeded,
the sample was taken forward for further analysis.

Following this, the minimum gelation concentration (MGC)
was determined. The results of these studies are summarised in

has been shown to

Table 2. In comparison to lead hydrogelator 2, removal of the
benzothiazole methyl group (7) was found to have the least

4| J. Name., 2012, 00, 1-3

detrimental effect on hydrogelator efficacy, followed by
elongation of the urea-anion alkyl linking group (3 and 4). These
data also show that the benzene ring between the
benzothiazole and urea functionality (1) is essential for

hydrogelation as it is responsible for increasing hydrophobicity,

activating the hydrogen bond donating NH’s, enabling
intermolecular hydrogen bond formation, and increasing
propensity for preferential intermolecular m-m stacking

interactions. The replacement of the urea (2) for the thiourea
(5) was also found to prevent gelation. Although the thiourea is
known to increase hydrogen bond donor acidity, this
functionality also decreases molecular planarity which we
hypothesise is a driving factor for material formation in this
instance. Changing the SSA anion from a sulfonate (2) to a
carboxylate (6), also has a detrimental effect on hydrogelation,
which we hypothesise is due to anion geometry/resultant
hydrogen bonding mode and increased anion hydrophilicity.

Table 2 Overview of MGC values for SSAs 1-7 in agueous salt solutions (0.505 M) at ~298
K.

Aqueous Concentration (mg/mL)
salt
solution 1 2 3 4 5 6 7
Nacl a 1.5 b b a a 1.5
KCl a 2.5 b b a a b
NaNOs a 1.5 b b a b 2.0
NaH2PO4 a 1.5 b b a a b
NaOBz a 15 a b a b 2.0
Na,SO4 a 3.5 b b a b b

a — Precipitation occurred at 5 mg/mL. No evidence of gel formation. b —
Heterogenous gel-sol mixture observed at 5 mg/mL.

Although removal of the benzothiazole methyl group (7) had
the least effect on hydrogelation, the change in hydrogel
properties indicates that the methyl functionality is important
for material formation. We hypothesise this is due to a
reduction in hydrophobicity and steric effects, phenomena
often exhibited in proteins.39-41

Following this, the formation of a hydrogel and the physical
properties of that material were confirmed through completion
of a series of rheology experiments. Here, the formation of a
solid material is confirmed where; the storage modulus (G’) the
elastic component of the material, is greater than the loss
modulus (G”), the liquid component of the material (Section
13t). In these amplitude experiments, a linear viscoelastic
region is identified where G’ and G”’ are parallel to one another
(G’ > G”). Where an increase in shear strain (y) results in G’
becoming less than G”, this cross-over point is identified as the
gel/sol phase transition.*? These data have been summarise in
Table 3.

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Average gel/sol transition points (n = 3) obtained from shear strain (y) amplitude
sweeps (%) for homogenous SSA hydrogels (5 mg/mL), formed from the appropriate
aqueous salt solution (0.505 M), at 298 K.

Gel/sol transition point (%)
Salt
2 7
NaCl 46.6 31.6
NaNOs 215 31.6
NaOBz 215 6.8

Next, the material melting temperature (T,) of the SSA
hydrogels were determined. The results of these studies are
summarised in Table S4t. Hydrogels of 2 exhibited a T,,, of 324-
327 K, whereas hydrogels of 7 exhibited 7, of 308-310 K.
Again, this shows that the methyl functionality appended to the
benzothiazole group increases hydrogel stability with respect to
increasing temperature. Hydrogels containing 7 and NaOBz
were found to produce the least stable materials with a T,,,=308
K. The formation of these materials was further characterised in
line with our novel plate reader technique.3® Here, hydrogel
samples are formed in a 96-well plate through heating a
solution past the T,, and allowing the solution to cool back to
298 K within the plate reader. Optical density measurements at
450 nm (ODg4sp) were taken for 177 individual sections of each
well at set temperatures. As the gel fibres were formed the
optical density of these sections increased, thus enabling the
mapping of fibre formation. The results of these studies are
detailed within Section 18t of the supplementary information.

SSA hydrogel formation

The presence of the intrinsically fluorescent benzothiazole
unit within the structure of 2-7 enables the direct observation
of hydrogel fibre formation using widefield fluorescent
microscopy. SSAs 2-7 were visualised using a 457/50 nm (blue
channel) emission filter, the results of these studies are
exemplified in Figure 3 and can be found in full in Section 14%.
Here, a chamber was created on a microscope slide using a
coverslip which was secured on three of its four sides (Section
2t). The relevant SSA (5 mg/mL) in the appropriate aqueous salt
solution (0.505 M) was heated to ~323 K, pipetted into the
microscopy slide chamber and allowed to cool on the
microscope stage to enable the observation of fibre formation
in real time. No fibre formation was observed for aqueous salt
solutions containing 5, showing the urea moiety to drive fibre
formation.

This journal is © The Royal Society of Chemistry 20xx

Figure 3 Fluorescent microscopy images of SSA (5 mg/mL) fibres formed in various
aqueous salt solutions (0.505 M): a) 2 in NaH,POy; b) 3 in NaOBz; c) 4 in KCl; d) 4 in NaCl;
e) 7 in Na,SOy; f) 7 in NaNOs. SSA fibres visualised using a 457/50 nm (blue channel)
emission filter. Scale bar = 120 um for a) 20 um for b), c), d), e) and f).

To enable the comparison of those data contained within
the microscopy images (Section 14t) the gel fibres were sorted
by fibre characteristic. A minimum of 4 microscopy images for
each SSA sample were analysed, and when characterising the
individual hydrogel fibre, a minimum of 15 fibres were analysed
for each image. These fibre characteristics included whether the
structures were curled (Figure 3d) or straight (Figure 3c), linked
(Figure 3c) or independent (Figure 3a/f), short (< 20 nm, Figure
3c) or long (> 20 nm, Figure 3d/f), packing density (densely
packed — minimum solvent visible, Figure 3d/e, medium packing
—solvent visible and crosslinking clearly discernible, Figure 3a/c,
low packing density — mostly solvent visible and little evidence
of crosslinking, Figure 3b), uniform (Figure 3c) or stochastic
(Figure 3d/e/f), unidirectional (Figure 3a) or multidirectional
(Figure 3e).

The results of the gel fibre characterisation are summarised
in Table 4. The majority of fibres observed were curled rather
than straight, however, some samples showed a combination of
both curled and straight fibres, for example, 3 in aqueous
NaOBz and Na,SO4 and 7 in NaH,PO4. In addition, most fibres
were stochastic rather than uniform, with fibre uniformity

J. Name., 2013, 00, 1-3 | 5



Please do not adjust margins

ARTICLE

increasing when the SSA alkyl linker length is increased from
methyl (2) to ethyl (3) and to a lesser extent when extended
from methyl (2) to propyl (4). This increase in alkyl linker length
also saw a switch from mostly unidirectional fibres to
multidirectional fibres when the alkyl linker was extended from
methyl (2) to propyl (4). This switch from unidirectional to
multidirectional fibre characteristic was also observed upon the
removal of the methyl group from the benzothiazole
functionality (7).

Table 4 Characteristics of SSA hydrogel fibres formed in various aqueous salt solutions
(0.505 M) as observed through fluorescence microscopy using a 457/50 nm (blue
channel) emission filter. ST = straight, CL = curled, LK = crosslinked, IN = independent, SH
=short, LG = long, DP = densely packed, MP = medium packing density, LP = low packing
density, UF = uniform arrangement, SC = stochastic arrangement, UD = unidirectional
strands, MD = multidirectional strands. See Section 2.1

No gel present
Structure not present
Structure present

a —Strands larger than field of view. b — Unable to discern individual fibres.

The gel fibres of 2, 3 and 7 were relatively unaffected by the
change of added aqueous salt cation from NaCl to KCI, with the
characteristics of the fibres exhibiting similar properties.
However, the fibres of 4 and 6 were affected by the change of
added salt cation to a greater extent. The fibres that were
formed in aqueous KCl tended to be linked rather than
independent. In changing the inorganic anion from NaCl to
NaH;,P0Q4, only samples containing 2 and 7 were found to exhibit
fibre formation. Hydrogel fibres of 2 in NaH,PO4 were curled,
independent and uniform, whereas fibres of 7 are almost the
exact opposite; straight and curled, linked, and multidirectional.
Extending the SSA alkyl linker from methyl (2) to ethyl (3) or

6 | J. Name., 2012, 00, 1-3
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propyl (4) and swapping the sulfonate SSA anion to a
carboxylate (6) saw no fibre formation in aqueous solutions of
NaH,PO4, supporting the results of the original MGC
experiments (Table 2). Gel fibres formed in aqueous NaOBz
produced stochastic fibres, which we hypothesise may be due
to the increased hydrophobicity of the added salt anionic
component or the enhanced basicity of the carboxylate anion,
affecting how the SSAs self-associate. Increasing the anionic
strength of the salt solution (Na;SO,4) caused the gel fibres
produced to be curled and crosslinked in all instances where an
SSA hydrogel was formed. These studies show that fibre
formation can be controlled through step-wise alteration of the
SSA anion structure and the presence of additional salts.

When comparing the results obtained from these
microscopy studies with the results from rheological
measurements obtained from analogous systems, the following
structure-material property relationships were determined,
confirming that the characteristic of an SSA hydrogel fibre or
resulting network to influence resultant material properties. For
example, the gel/sol transition point is highest for the NaCl
hydrogels of 2 (46.6 %). We believe this is due to the following
hydrogel fibre characteristics — fibres formed from 2 in NaCl are
curled, short and multidirectional, compared to fibres formed
from 2 in NaNOs; and NaOBz which are straight, long and
unidirectional.

When comparing hydrogels formed from 7, all gel fibre
characteristics are the same with the exception of fibre packing
density. The hydrogels formed from NaCl and NaNO3 exhibit
medium packed and densely packed fibres respectively
however, hydrogels formed in the presence of NaOBz exhibit a
low packing density. This transition from medium to low packing
density was found to correspond to decreasing gel/sol
transition points from 31.6 % to 6.8 %.

SSA hydrogel antimicrobial efficacy

To determine the antimicrobial efficacy of the materials
within this study, a series of gel plate assays, as described by
White et al., were performed.2> Here, the NaCl hydrogel of 7
was chosen as the lead material from those novel materials
identified based on the following: (i) biological compatibility of
the additional salt solution; (ii) presence of a hydrogel material.
In addition, the potential for this material to act as a delivery
vehicle for the antibiotic oxacillin was also explored.

Within the scope of these initial studies, a ~50 mg aliquot of
the appropriate SSA hydrogel mixture was transferred to the
surface of an agar plate inoculated with MRSA USA300, Figure
4. In addition, control experiments were performed, where the
SSA material was replaced with a 1 % agarose gel containing
either H,O (Figure 4a), NaCl (0.505 M, Figure 4b) or oxacillin (8
mM) and NaCl (0.505 M — Figure 4c). These control experiments
showed MRSA growth in the presence of the agarose gel
containing H,0O or NaCl (0.505 M) only. However, the oxacillin
impregnated agarose gel did exhibit a zone of inhibition (ZOl),
demonstrating antimicrobial activity, as the oxacillin diffused
out of the material. The hydrogel of 7 in NaCl (0.505 M) also

This journal is © The Royal Society of Chemistry 20xx
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exhibited antimicrobial properties (Figure 4d). The resultant
hydrogel produced through co-formulation of 7 in NaCl (0.505
M) and oxacillin (8 mM, Figure 4e) resulted in a ZOl comparable
to the 1 % agarose gel impregnated with oxacillin (Figure 4c).
Due to the difference in material characteristics between the
agarose and the SSA material, direct comparison of additive
antimicrobial activity cannot be inferred from this experiment.
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c)

a.)
d)‘E)
Figure 4 MRSA USA300 grown in LB agar with: a) agarose gel (1 %) only; b) agarose gel (1
%) with NaCl (0.505 M); c) agarose gel (1 %) with NaCl (0.505 M) and oxacillin (8 mM); d)
7 (5 mg/mL) in NaCl (0.505 M); and e) 7 (5 mg/mL) in NaCl (0.505 M) co-formulated with

a 1:1 molecular equivalent of oxacillin (8 mM) placed on top of the agar gel and incubated
for 18 hours at 310 K. Magnified sections confirm colony growth or lack thereof.
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Figure 5 NaCl hydrogel of 2 on the surface of porcine skin inoculated with MRSA USA300
biofilms, placed on top of agar plates and incubated at 305 K for 18 hours. Bacterial
concentration (log CFU/mL) of MRSA USA300 after incubation with the absence (control)
or presence of hydrogel/heterogenous gel/sol mixture of SSAs 2 — 4 and 7 at 305 K for
18 hours on porcine skin, sonication in PBS and subsequent dilution and plating on agar
plates. Error = standard deviation of the mean.

Biofilms are aggregations of bacterial cells that are
surrounded by an extracellular polymeric substance (EPS).%3
These aggregations of bacteria can form on almost any surface
and can be classed as pseudo-multicellular organisms, which
can offer bacteria increased fitness and resistance to
antimicrobials and antibiotics.**~6 The EPS, which is secreted by
the bacterial cells, acts as a barrier to the environment,
including a hosts immune system,4” making penetrating the EPS
one of the biggest challenges for antimicrobials and antibiofilm
agents.*®4? For example, vancomycin, a common antibiotic, has
an MIC that is 10 times greater against MRSA biofilms,
compared to the planktonic bacteria.>¢

To test the antibiofilm efficacy of the SSA
hydrogels/heterogenous gel-sol mixtures for which efficacy had
previously been determined against planktonic MRSA
USA300,23 a porcine skin biofilm model was adapted, see Figure
5.51-54 Here, blank agar, absent of nutrients, was poured into a
petri dish, onto which the porcine skin was placed. The skin was
then inoculated with MRSA USA300 and the relevant NaCl
material was placed on top of the skin. After 18 hours
incubation at 305 K, the skin was placed in phosphate-buffered
saline (PBS) and sonicated. The PBS was then diluted and plated
to determine the colony forming units (CFU) per mL (Figure 5).
A lower CFU observed is indicative of increased anti-biofilm
efficacy. The hydrogels of 2 and 7 showed potential antibiofilm
activity, as did the heterogeneous gel/sol mixture of 3 when
compared to the control sample. However, the heterogenous
gel/sol mixture of 4 showed no antibiofilm activity compared to
that control sample.

This journal is © The Royal Society of Chemistry 20xx

When comparing the antibiofilm properties of these
hydrogels and heterogeneous gel/sol mixtures (Figure 5) with
the structure of the fibres formed within these materials (Table
4) we find that the heterogenous material formed from 4 was
the only sample to contain fibres that were both ‘long’ and
‘densely packed’ in addition to being ‘curled’, ‘stochastic’ and
‘multidirectional’ in nature. The mode of action for
antimicrobial hydrogels such as those detailed herein, normal
includes a mechanical action by which the material fibres are
found to mechanically disrupt the microbial membrane.® The
combination of fibre characteristics details for the NaCl
heterogenous hydrogel of 4, leads us to hypothesise that in
comparison with those other SSA materials tested, these fibres
would lack the physical properties necessary permeate the cell,
hence leading to decreased antimicrobial activity.

SSA toxicity

Finally, the model organism Caenorhabditis elegans (C.
elegans) was used to assess the toxicity of 1-7. Fluorescent
microscopy was used in combination with developmental and
brood size assays to establish the deleterious effects of 1-7 on
this model eukaryotic multicellular organism.3l The adult
hermaphrodite genome of C. elegans has 60-80 % conservation
to humans, and ~20,000 protein coding genes.>>58 Recent
reviews on C. elegans have shown that this model organism is
becoming an increasingly useful tool in toxicology.31.56.59,60 This
is due to a relatively short life cycle (Figure 6) of 3 days, their
hermaphroditic nature and their ability to produce large
numbers of offspring, making this organism easy to work with
in the lab. C. elegans are also transparent, enabling internal
visualisation through accessible microscopy techniques
however, the wild type (WT) N2 C. elegans are intrinsically auto-
fluorescent, exhibiting an excitation wavelength of 340 nm, and
an emission range of 360-600 nm.%1 In this instance, 2-7 exhibit
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overlapping fluorescence properties with the WT N2 C. elegans,
thus, the fluorescence of the SSAs could not be distinguished
from the natural fluorescence of the WT N2 C. elegans.
Therefore, the GLO-1 mutant, which exhibits a reduced degree
of autofluorescence, was employed in these studies.®?

Figure 6 Life cycle of Caenorhabditis elegans (C. elegans). Worm development includes
four larval developmental stages L1 — L4, separated by moults and distinguishable by
size. The dauer (enduring) stage occurs when the organism is under stress, eg. starvation.
Egg to adult = 72 hours.

To introduce the SSAs into the C. elegans, the SSAs were
added to the organism’s food source, which in this instance is
Escherichia coli (E. coli) OP50 (Section 17%). GLO-1 mutant C.
elegans worms were incubated on solid agar plates seeded with
E. coli OP50 supplemented with the relevant SSA (0.10 mM in 5
% EtOH, which was found to have a minimal effect on E. coli
OP50 S123-129t) for 24 hours at 293 K. At this point, the C.
elegans were placed onto a microscopy slide to enable analysis.
The microscopy slide was prepared by pipetting molten 2 %
agarose onto a slide and flattening to form a mounting pad, on
to which ~10 individual worms were placed. Levamisole (10 pL,
100 mM) was used to immobilise the worms for viewing, and a
glass cover slide was placed on top of the sample. We can
confirm that 2-7 were ingested by the worms as fluorescence
can be seen inside the gut lumen as exemplified in Figure 7 and
further detailed within Section 17t. No observable effect on
worm health was identified for 1-7, however, two further assays
were performed with 4 and 6 to substantiate this initial
observation. Here, the effect of 4 and 6 on the development of
C. elegans was evaluated through a development and a brood
size assay.

8| J. Name., 2012, 00, 1-3

Figure 7 Fluorescent microscopy of C. elegans GLO-1 mutant grown on solid plates of
OP50 E. coli supplemented with a) 0.05 % EtOH, 0.10 mM c) 4 and e) 6. Brightfield images
of C. elegans GLO-1 mutant grown on solid plates of OP50 E. coli supplemented with b)
0.05 % EtOH, 0.10 mM d) 4 and f) 6. Arrows indicate intrinsically fluorescent SSAs within
the gut lumen. SSAs and C. elegans visualised using a 457/50 nm (blue channel) emission
filter or brightfield. Scale bar = 20 pm.

The developmental assay was carried out by growing GLO-1
mutant C. elegans worms on E. coli OP50 seeded solid agar
plates supplemented with the relevant SSA (0.10 M). The results
of these experiments were compared to suitable controls,
where the development of these worms was observed in the
absence of SSA. A comparative measure of development was
achieved by ratioing the number of worms in L3 to the L4
developmental stage after 52 hours incubation (Figure 6). The
results of these experiments are shown in Figure 8a. Here, there
is no significant difference between the results of the
developmental assays conducted in the presence or absence of
SSA. This shows the C. elegans to develop normally with no
evidence of these organisms showing signs of stress and thus
entering the dauer developmental stage of growth.

This journal is © The Royal Society of Chemistry 20xx
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Figure 8 Effect of SSAs 4 and 6 on C. elegans GLO-1 mutant. a) Development stage after
52 hours. Purple = L3, orange = L4. b) Brood size. Error = standard deviation. Control =
0.05 % EtOH.
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The impact of SSAs 4 and 6 on the brood size of C. elegans
was then evaluated (Figure 8b). In brief, ten worms in the L4
developmental stage (Figure 6) were plated on individual E. coli
OP50 seeded solid agar plates in the presence or absence of the
relevant SSA (0.10 mM), allowed to produce eggs and moved to
a new plate each day. The number of eggs produced by each
worm was then counted after 3 days (Section 17t). No effect on
brood size was observed upon the addition of 4 and 6, further
demonstrating that at the concentrations tested, these SSAs
show limited toxicity against C. elegans.

Conclusions

Herein, we successfully determined several structure
activity relationships between fibre formation, hydrogelation,
antimicrobial activity, and anti-biofilm activity. The removal of
the benzene ring in the centre of the SSA structure (1) is
detrimental to: (i) SSA self-association; (ii) hydrogelation; (iii)
antimicrobial activity against planktonic MRSA USA300; and (iv)
antibiofilm activity against MRSA USA300 biofilms.

Increasing the alkyl linker length between the SSA anion and
urea groups from methyl (2) to ethyl (3) to propyl (4) was found
to dramatically alter the structure of fibres formed in aqueous
salt solutions, with the aqueous salt solutions themselves also
shown to impact the morphology of any resultant structures.
Substituting the urea (2) for the thiourea (5) functionality was
found to be detrimental to hydrogel formation, which we

This journal is © The Royal Society of Chemistry 20xx
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attribute to the decrease in planarity of the thiourea when
compared to the urea functionality. Changing the SSA anion
from a sulfonate (2) to a carboxylate (6) was also found to be
detrimental to hydrogel formation. These observations
combined with others from this family of compounds show the
structure of fibres formed within supramolecular self-
association processes can be controlled and tailored towards
specific applications. In addition, we show that fibre/network
structure confirmed through fluorescence microscopy
techniques, does impact on the physical characteristics of the
result hydrogel, specifically the gel/sol transition point
determined via rheological amplitude sweep measurements.

Finally, initial toxicology studies were undertaken against
the model eukaryotic multicellular organism, C. elegans. Here,
the results of microscopy studies conducted with 1-7 showed
no evidence of toxicity at those concentrations tested, with 4
and 6 also demonstrating no impact on C. elegans development
or brood size. Given these promising results, we are now
focusing our efforts on establishing mode of action to enable
the production of ever more effective antimicrobial SSA
hydrogels.
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