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Abstract

Herein, we present the synthesis of two novel adamantane appended
supramolecular self-associating amphiphiles. The antimicrobial efficacy of these
compounds is determined against both clinically relevant Gram-positive
methicillin resistant Staphylococcus aureus and Gram-negative Escherichia coli.
We also explore the self-associative properties of these amphiphiles in both polar
organic DMSO-ds 0.5% H,O and H,O (D,O)/EtOH 19:1 solutions, confirming
aggregate stability through the determination of zeta potential values, aggregate
size through a combination of tH NMR DOSY and dynamic light scattering studies
as appropriate, and critical aggregate concentration through the derivation of
concentration dependent surface tension values. We also perform a variety of H
NMR dilution studies and in-silico modelling to further explore the roles of
intermolecular hydrogen bonding and lipophilicity within aggregate formation and
antimicrobial efficacy. Finally, we perform haemolysis and Galleria mellonella
toxicity assays to establish the potential of these compounds to undergo further
development as antibiotic agents.

Keywords: hydrogen bond; antimicrobial; self-association; amphiphile

Introduction

One of the greatest threats to the global economy and public health is the rise of
antimicrobial resistant (AMR) bacterial infections. In 2019 the primary effects of
AMR were found to be responsible for ~ 3.57 million deaths worldwide, making it
the third leading cause of global mortality.! A report commissioned by the UK
government has predicted that this number will rise significantly by the year 2050,
where an estimated 10 million deaths per year will be attributed to AMR alone,?
resulting in an annual one trillion dollar decrease in the global gross domestic
product.® The cause of this continued rise in AMR related deaths is considered to

be due to multiple factors, which include the misuse of antibiotics/antimicrobials



and antiseptics in both the veterinarian* and clinical®® sectors, as well as failure to
complete prescribed medicinal courses as advised by physicians.” In addition, the
SARS-CoV-2 (Covid-19) pandemic has also contributed to the rise of AMR,81°
even though the spread of infection was limited due to restricted mobility,® there
has been a substantial increase in use of antibiotic agents worldwide.'® Most
commonly administered amongst those who already have a compromised immune
system,*! or are hospitalized, where =72% of patients were treated with antibiotics
even though only 8% showed evidence of infection.'? Thus, there is a crucial need
for the development of new antimicrobial agents in order to help combat the rise
of AMR, the ‘silent’ global pandemic. *°

To date the field of supramolecular chemistry has provided a variety of small
molecular approaches to the development of novel antimicrobial agents. Examples
of which include work by Cai and co-workers who investigated the therapeutic
potential of a series of small-molecular-weight host-defence peptide mimicking
antibiotic agents. These agents showed antimicrobial activity against clinically
relevant multi-drug resistant bacterial pathogens which included Gram-positive
methicillin-resistant S. aureus (MRSA) and Gram-negative Escherichia coli. (E.
Coli), with minimum inhibition concentration (MIC) values of between 0.16-1.56
pg/mL and 0.75-3.12 pg/mL respectively.'® In addition, Haldar and co-workers
reported a new class of small antimicrobial molecule (SAM), incorporating aliphatic
chains, quaternary ammonium, and ethanol functionalities with a design principle
focussing on a hydrophobic and hydrophilic balance. These SAMs displayed low toxicity
with a haemolytic concentration of 577 pg/mL required to lyse 50% of human
erythrocytes. Furthermore, SAMs also demonstrated antimicrobial activity (MIC = 1-4

pMg/mL) against clinical isolates of MRSA and vancomycin-resistant S. aureus



(VRSA).' Finally, Al-Tel and co-workers investigated the antimicrobial efficacy
and selectivity of 29 cationic polyheterocyclic compounds, with 17 displaying
activity against Gram-positive MRSA, Bacillus subtilis and Enterococcus faecalis
with MIC values ranging from 3.1-12.5 pg/mL.*

Our own efforts in this area have focused on the development of a novel class of >70
supramolecular self-associating amphiphilic salts (SSAs),6-22 the anionic component of
which contains two principle hydrogen bond acceptor (HBA) sites and a single hydrogen
bond donating (HBD) site, meaning these units self-associate in a ‘frustrated’ manor, as
not all of the possible hydrogen bonding modes can be fulfilled simultaneously.?® To date
SSAs have been shown to: selectively co-ordinate to phospholipid membranes of
differing headgroup composition;?42 act as cisplatin enhancement agents against ovarian
cancer cells;?® enhance the activity of antimicrobial agents against clinically relevant
microbes and ESKAPE pathogens;?®-28 have potential to act as drug delivery vehicles?*2
and finally; to act as antimicrobial agents against clinically relevant Gram-positive
MRSA and Gram-negative E. coli.?%2%%

It is hypothesized that the mode of action for this class of compounds is related to
their inherent ability to selectively interact with, and permeate phospholipid
membranes of differing composition.?® To enable us to explore how simple
structural modifications to our generic SSA structure,! increasing lipophilicity,
affects the physicochemical properties and resultant antimicrobial activity?® of our
systems, we introduce compounds 1 and 3 (Figure 1). These molecules were
designed to allow us to explore the effects of the adamantane functionality within
the SSA structure, as this functionality is known to increase molecular biological
membrane permeation properties, through increased lipophilicity. In addition, this

functionality is also used to ensure molecular stability, improving molecular



pharmacokinetic properties, which is an important consideration for novel

therapeutic agents.3233

Figure 1 Chemical structures of SSAs 1 and 3, and intermediate 2.

Pioneering early work saw the adamantane moiety incorporated into effective anti-
influenza drugs against Influenza A in particular.3*3" In addition, therapeutics
incorporating the adamantane moiety have been used to combat immunodeficient
viral infections such as HIV®4! and Hepatitis C,*? as well as in the development
of anti-malarials,**** anti-inflammatories*®#’ and antimicrobials.*®>° Specific
examples relating to the use of this functionality within the structure of
antimicrobial agents includes work be Kadi and co-workers, who developed a
novel series of 2-(1-adamantyl)-5-substituted-1,3,4-oxadiazoles and 2-(1-
adamantylamino)-5-substituted-1,3,4-thiadiazoles. The results of antimicrobial
efficacy studies showed selectivity towards Gram-positive Bacillus subtilis IFO
3007 over S. aureus IFO 3060 and Gram-negative E. coli 3301.¢ In addition,
Orzeszko and co-workers established the antimicrobial efficacy for a series of 14
adamantane derivatives against a range of clinically relevant bacteria. Of these 14
compounds, 12 displayed activity towards Gram-positive cocci strains with MICsg

values ranging from 0.02-10 pg/mL.%!



Synthesis

SSA 1 was obtained through the addition of tetrabutylammonium (TBA)
aminomethane sulfonate (AMS) to 1-adamantyl isocyanate and isolated as a yellow oil in
a yield of 84%. SSA 3 was obtained through the reduction of intermediate 2, to produce
the corresponding amine, which was then reacted with triphosgene, to give the
corresponding isocyanate. This isocyanate was then reacted with TBA AMS, to give 3,

which was obtained as a white solid in a yield of 62%.

Results and discussion

To enable the effective characterisation of SSA self-association events, an effective

multi-component experimental approach has been developed (Figure 2).52

Full molecular characterisation
Mass Spectrometry, FTIR ﬂ[ Quantitative '"H NMR ]
MP, NMR (1H, 13C) (DMSO-dy) 1

[ Apparent loss of molecular components ]

No / \Yes

! !

Diffusion-ordered 'H NMR spectroscopy
(DOSY)

Zeta potential studies

l

Critical aggregate concentration (CAC)
determination

Figure 2 A schematic representation of the multi-component experimental approach to
enable the characterisation of SSA self-association events.

In the solution state the self-associative properties of SSAs 1 and 3 were explored
in DMSO-de/0.5% H>O and H>O(D.O)/EtOH 19:1, to enable comparison with
previously published SSA data.’®®® Quantitative *H NMR (QNMR) studies allow,

though comparative signal integration with an internal standard, for the percentage



of a molecular component apparently ‘lost’ from solution to be calculated. Here,
the presence of higher order self-association events causes those molecules
involved in these processes to adopt solid-like properties, as larger aggregated
species are produced, no longer detectable through traditional solution state *H
NMR techniques.

Proton gNMR studies conducted in D.O/EtOH 19:1, where EtOH acts as the
internal standard, confirmed the presence of aggregated species of SSA 3 at 5.56
mM. Under these conditions 50% of the SSA cationic and anionic components
were found to be involved in the construction of these higher-order self-association
events. Interestingly these aggregated species also prevail in an organic solvent
system; however, the percentage SSA 3 ‘loss’ is shown to decrease by
approximately half. At a concentration of 112 mM in DMSO-de standardised with
1% DCM, a =~ 25% °‘loss’ of both SSA cationic and anionic components is
observed. SSA 1 displayed no loss of either component in any of those same
solvent systems, therefore we find no evidence of higher-order SSA self-
association events for this SSA at the concentrations tested, within detectable
limits. We hypothesise that self-association events of SSA 1 are hindered due to
the positioning of the lipophilic adamantane moiety limiting access to the principal
HBD urea group within the SSA molecular structure.

Table 1 Summary of quantitative *H NMR studies. Values given in % represent the
observed proportion of compound that has become NMR silent, thus is apparently ‘lost’

from solution for 1 and 3. Studies performed at concentrations of = 112 mM in DMSO-
ds standadised with 1% DCM and 5.56 mM in D,O standardised with 5% EtOH.

Quantitative 'H NMR
SSA DMSO-ds (%0) D20 (%)
anion cation anion cation
1 0 0 0 0
3 26 27 48 49




After undergoing an annealing process, the hydrodynamic diameter (dn) of those
self-associated aggregates produced by SSA 3 in a H>O/EtOH 19:1 solution at 5.56
mM and DMSO at 112 mM were obtained via dynamic light scattering (DLS)
studies, Table 2. In a H2O/EtOH 19:1 solution, the dn of aggregates formed from
SSA 3, obtained from intensity distribution peak maxima were found to be 127 nm,
a value in line with results from previous studies.!6*93 Switching to a DMSO
solvent system the dn was found to be seven times greater. Here a value of 897 nm
was obtained, likely to be due to the amalgamation of smaller aggregated units

instead of that of singular units as observed in an H,O/EtOH 19:1 solvent system.

Table 2 Summary of physicochemical data produced to characterise SSA self-
association events. DLS intensity particle size distribution peak maxima of 3 obtained at
5.56 mM in a solution of H,O/EtOH 19:1 and at 111.2 mM in DMSO. Critical
aggregate concentration (CAC) was derived at approximately 291 K from surface
tension measurements.>

du (nm)
Surface tension at
SSA CAC (mM) | ""CAC (mN/m)
DMSO H2O/EtOH 19:1
1 a a 85.4 34.86
3 897 127 b b

a- No ‘loss’ observed in *H gNMR studies b- CAC above the limit of solubility.

Surface tension data derived from tensiometry measurements were used to
calculate critical aggregate concentration (CAC) at 298 K. The CAC value for an
SSA was determined as the point at which the surface tension of a solution no
longer decreases with increasing compound concentration.>* However, at
concentrations below CAC aggregates can still exist in solution,® thus allowing

for the observation of those larger self-associated aggregates at concentrations



lower than the CAC. The CAC value for 1 in a H2O/EtOH 19:1 solution was
calculated to be 85.4 mM. At this concentration, the aggregates present were found
to be relatively stable, exhibiting a zeta potential of -36 mV. Due to the limit of
solubility the CAC value for SSA 3 was recorded at 6 mM, at which the aggregates
formed were shown to be comparatively unstable, exhibiting a zeta potential value
of -8 mV.

To verify the presence of any low-level hydrogen-bonded self-association events
involving 1 or 3, 'H NMR dilution and *H NMR DOSY (diffusion-ordered
spectroscopy) studies were performed in a DMSO-de/0.5% H20 solvent system, in
line with previous studies.'®73! Calculated molecular length values for the anionic
component of both SSA 1 and 3 were obtained using ChemBio3D after application
of MM2 energy minimisation methods. The results showed the anionic component
of SSAs 1 and 3 have a molecular length of 9.87 A (0.99 nm) and 12.30 A (1.23
nm) respectively. Comparatively a *H NMR DOSY study performed with 1,
confirmed the formation of only these lower order self-associated or monomeric
species present in solution at 112 mM, with the anionic component of the SSA
exhibiting a dn of 1.41 nm. This is supported by the results obtained from our MM2
energy minimised computational modelling methods. The change in up field
chemical shift of the urea HBD groups observed through *H NMR dilution studies
was used to confirm the presence of hydrogen bonding self-association events,
while fitting these data to self-associative binding isotherms (where possible) using
BindFit v0.5% enables the quantification of the strength of these same interactions.
The data obtained from *H NMR dilution studies conducted with SSA 1 (Figure
3a) could not be fitted to either the Cooperative Equal K or Equal K/Dimerization

model binding isotherms, which is unsurprising as the overall change in chemical



shift observed for these HBD urea NH’s is small, which, coupled with the linear
nature of these trends, suggests the absence of significant SSA anion hydrogen
bonding self-association events present under these experimental conditions.
Again, this furthers supports our earlier hypothesis that this is due to the limited
accessibility to the principle HBD site present within this SSA anion because of
the steric hinderance provided by the adamantane functionality. Although the
chemical shift data for SSA 3 could not be fitted to either the Cooperative Equal K
or Equal K/Dimerization model binding isotherms due to the presence of higher-
order aggregates species within the solution (Table 1), it was possible to verify that
the phenyl amide NH was not involved in any low-level self-association events as
depicted in Figure 3b. However, we do see evidence of the SSA anion association
through the formation of urea mediated hydrogen bonds, through the downfield
change in chemical shift for these NH resonances with increasing compound

concentration.
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Figure 3 Graph summarizing the *H NMR down-field change in chemical shift of urea
and amide NH resonances with increasing concentration of a) SSA 1 and b) SSA 3 in
DMSO-ds 0.5% H20 (298 K).

We have previously shown that simple low-level computational modelling

techniques can be utilised in the prediction of physicochemical properties of our
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library of SSAs.162%% Derived from low level computational modelling using
geometry optimized, semi-empirical PM6 molecular models, electrostatic surface
potential maps were used to identify the location and quantify theoretical
electrostatic potential surface maxima (Emax) and minima (Emin) values, in line with
previous work from both Hunter and Stewart.>’*® Using this combined
methodology, the Emax and Emin values were calculated for optimized linear
versions of the anionic component of SSAs 1 and 3. The Emax and Emin values were
found to correlate with the primary HBD and HBA functionalities within the

molecular structure, supporting the findings oh Hunters original work (Figure 4).%’

22.9555

-725.012

Figure 4 Electrostatic potential maps calculated for the anionic component of a) SSA 1
and b) SSA 3. Emax and Emin values depicted in the figure legends are given in KJ/mol.
Dots indicate inaccessible areas on the molecular surface.

These data support our earlier hypothesis that for SSA 1, inaccessibility of the urea

NH’s was a contributing factor towards a decreased prevalence of solution state



SSA self-association events in comparison to SSA 3. In addition, the Emax values
obtained from these electrostatic potential maps, that are hypothesised to correlate
with principle HBD activity suggest the urea NH’s of SSA 3 to be better optimised
towards the formation of stronger self-associative hydrogen bonds then SSA 1,

exhibiting values of +23 KJ/mol and -101 KJ/mol respectively.

Antimicrobial Activity and Toxicity Studies

We have previously shown that SSAs exhibit antimicrobial activity against
clinically relevant strains of Gram-positive MRSA USA300 and Gram-negative E.
coli DH10B.182%30 Here, we add to those previously published data sets elucidating
the activity of both SSA 1 and SSA 3 against these same model bacterial strains. To
establish whether these SSA’s are bactericidal or bacteriostatic, complete death
must occur, which is beyond the limit of solubility for SSAs 1 and 3.The results
from these MICsp microbial efficacy studies are presented in Figure 5. At 5 mM
SSA 1 exhibited activity against both strains of bacteria resulting in a 46%
inhibition of bacterial growth against MRSA and a 56% against E. coli (Figure 5a
and c). Unlike SSA 1, SSA 3 exhibits Gram-positive bacterial selectivity, resulting
in an 86% inhibition of MRSA (Figure 5b) versus no inhibition of E. coli bacterial

growth (Figure 5d).
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Figure 5 Average (n =3) bacterial growth profiles of: MRSA USA300 incubated with O
mM — 10 mM of a) SSA 1 and b) SSA 3; E. coli DH10B incubated with 0 mM — 10 mM
of ¢) SSA 1 and d) SSA 3. Here the SSAs were supplied to the bacterial culture as a
EtOH/H20 1:19 solution, therefore these experimental results are standardised against a
control EtOH/H,0 1:19 solution. ODgoo measurements were taken at 900 mins.

Interestingly, through a simple structural modification — removal of the phenyl
amide functionality present in SSA 3, to produce SSA 1 —we find SSA 1 maintains
activity against Gram-negative E. coli, while SSA 3 becomes inactive towards this
same bacteria. This is hypothesised to be due to the increase in lipophilicity of the
anionic component of the SSA (as a result of amide and phenyl substituent
removal), and perhaps deactivation of the urea NH functionality. These data
provide evidence towards the hypothesis that it is possible to further develop SSA
technology, tailoring the activity of an SSA towards specific target bacteria.

To explore the potential for this SSA technology to be developed towards the
clinic, a preliminary toxicity profile was established for SSAs 1 and 3 against
human erythrocytes (Table 3). Here the SSA was added to the erythrocytes in a

H>O/EtOH 19:1 solution, to ensure that the SSA haemolysis effects can be related



to those SSA aggregates discussed previously, and present within the antimicrobial
activity studies.

Table 3 Summary of % haemolysis results obtained for 1 and 3 at 1.39 mM and a
H,O/EtOH 19:1 control solution, obtained in PBS buffer.® Error = standard deviation to
2 dp. The haemolysis results were obtained at this concentration due to limited SSA
solubility in PBS buffer.

% Haemolysis
SSA
repeat 1 repeat 2 repeat 3 AVG SD
1 0.5 0.5 1.0 0.7 0.29
3 1.0 0.8 1.0 0.9 0.11
5% EtOH 0.5 0.6 0.5 0.5 0.05

The average percentage haemolysis of human erythrocytes in the presence of SSAs
1 and 3 (1.39 mM) was found to be < 1.0 %. Furthermore, the concentration of
SSAs 1 and 3 required to lyse 10% of those erythrocytes present was found to be
>5 mM in both instances, showing that these SSAs demonstrate a greater activity
towards bacterial cells (specifically MRSA) over human erythrocytes at this
concentration.

To establish the toxicity of SSAs 1 and 3 towards multicellular organisms, Galleria
mellonella larvae were injected with 10 pL of SSA (5mM) in a dH-O/EtOH 19:1
solution and then incubated at 37 °C for a maximum of five days. Each day, the
number of surviving larvae were counted (Table 4). The results of these studies
showed SSA 3 to be far more toxic then SSA 1. This demonstrates a clear structure
activity relationship, the presence of the amide appended phenyl ring system within
the anionic component of SSA 3 dramatically increases the toxicity of this
compound towards this multicellular organism. In addition, the maintenance of
larvae survival rates (days 2-5) provides some evidence that SSA 3 maybe acutely
toxic, as after an initial 60 % death rate over 24 hours, the rest of the larvae survived

the five-day experiment.



Table 4 Results from the Galleria mellonella toxicity studies for 1 and 3 (5 mM, 10
uL), phosphate-buffered saline (PBS) and 5% EtOH, over a 5-day period.

SSA Quantity of Galleria mellonella larvae alive days 0-5
0 1 2 3 4 5
1 10 9 9 9 9 9
3 10 4 4 4 4 4
PBS 10 10 10 10 10 10
5% EtOH 10 10 10 10 10 10

Conclusion

We have synthesised two novel, next-generation adamantane incorporated SSAs,
1 and 3 (Figure 1). The self-associative properties of these SSAs in both a DMSO-
de/0.5% H>0 and H20(D20O)/EtOH 19:1 were explored. The presence of the amide
substituted phenyl ring system within the structure of SSA 3 results in the
production of higher-order aggregated species within both solvent systems at lower
concentrations then was observed with SSA 1. This is thought to be due to a
combination of decreased accessibility to the principle HBD group of 1, and
comparative deactivation of this same functionality toward the formation of self-
associative hydrogen bonds. This hypothesis is supported by the results of
complimentary low-level computational modelling and *H NMR dilution studies.

Furthermore, we report the antimicrobial efficacy of 1 and 3 against clinically
relevant Gram-positive MRSA and Gram-negative E. coli, and show that SSA 1
demonstrates limited activity against both model bacteria, which we hypothesise is
due to the removal of the amide appended phenyl ring system, increasing the
general lipophilic properties of the SSA anionic component. Finally, we confirm
both 1 and 3 to demonstrate limited toxicity towards erythrocytes, however when
injected into G. mellonella larvae, SSA 3 was found to demonstrate considerably

higher levels of toxicity towards this multicellular organism over SSA 1.
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