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ABSTRACT

Antimicrobial resistance is regarded as one of the foremost public health risks of the 21st century, highlighting the need for new
antimicrobial agents and chemical tools to interrogate their biological activity. Artificial transmembrane anion transporters have
emerged as promising supramolecular scaffolds in this context, having demonstrated membrane activity in mammalian systems
and showing growing potential in antimicrobial research. Here, we report a series of heterocycle-fused squaramide anionophores
capable of binding and transporting chloride. Several members of this series display measurable antimicrobial activity, alongside
evidence of intracellular chloride modulation in bacterial cells. Taken together, these findings indicate that membrane localisa-
tion and anion transport are important contributing factors to the observed antimicrobial effects, and support further investigation
of squaramide-based anionophores as membrane-active chemical biology tools.

1 | Introduction of anionophores that exhibit interesting biological activity
[14,17, 18]. This focus on the medicinal chemistry of transporters
has given rise to examples of active compounds such as squara-
mides that disrupt autophagy through alteration of lysosomal pH
[19], to 1,8-naphthalimide-urea conjugates with potent cytotox-
icity [20], and numerous tambjamine-like alkaloids that exhibit
anticancer activity [21]. Despite the utility of supramolecular
chemistry in the development of novel therapeutics, there has
been little focus on the use of synthetic anion transporters in

the development of novel antimicrobials—[22-25] a surprising

Antimicrobial resistance (AMR) is often referred to as a silent
pandemic, and is one of the most serious threats to medicine
in the modern age [1]. Indeed, AMR is expected to cause upward
of 10 million deaths annually, by 2050 [2]. With constantly
emerging mechanisms of resistance, and the paucity of novel
drugs, there is an urgent need for antimicrobial drugs that exhibit
a distinct mechanism of action (MOA) than those currently in
circulation [1, 3-8].

Since the advent of host-guest chemistry in the 1960s [9-11],
there has been increased interest in the medicinal chemistry
of supramolecular systems, most notably in the use of anion
transport to develop novel therapeutics [12-14]. Anionophores
have seen applications in the medicinal chemistry space, from
their use in the development of therapeutics for cystic fibrosis
[14, 15], to disruptors of anion homeostasis in-cellulo [16].
Considerable effort has been made towards the development

fact considering the antimicrobial activity of cationophores such
as monensin, salinomycin, valinomycin, and lasalocid is well
established [26]. However, while recent reports of compounds
demonstrating antimicrobial activity have also displayed anion
transport behaviour, the link between anionophorism and anti-
microbial effect was not directly correlated. Recently, Busschaert
and co-workers reported a urea-based anion transporter, that
exhibits high levels of antimicrobial activity. In an effort to
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elucidate the MOA, bacterial cytological profiling was employed
as a high throughput method and concluded that the antimicro-
bial activity was most likely as a result of anion transport—a
major step towards rational design of antimicrobial aniono-
phores [27]. Following this, our group reported the synthesis
of a series of four non-toxic ‘Squindoles’ that demonstrated
potent anion transport through CH—NH bonding and high levels
of antimicrobial activity against Staphylococcus aureus (SA) and
methicillin-resistant Staphylococcus aureus (MRSA), even evad-
ing resistance over multiple generations. Furthermore, using a
combination of chemical biology tools, this work verified the link
between anion transport and antimicrobial activity [28]. Most
recently, we have deduced through a combination of spectro-
scopic techniques, and cellular assays that a series of adamantyl-
squaramide derivatives display potent antimicrobial activity
through both anion transport and membrane disruption [29].
In the present study, heterocyclic-fused squaramides were
selected as a modular platform to systematically vary heterocycle
identity, z-surface extension, and electronic character while
retaining a conserved squaramide anion-binding motif, enabling
exploration of how these parameters influence membrane local-
isation, anion transport behaviour, and antimicrobial activity.

Herein, we build upon our recent results and explore an expanded
chemical space of heterocyclic-fused squaramides through the
design and synthesis of compounds 1-8 (Figure 1). Selected com-
pounds exhibit antimicrobial activity against MRSA and show the
capacity to modulate intracellular chloride concentrations in bac-
terial cells. Furthermore, using super-resolution nanoscopy, we
confirm membrane localisation of these compounds, supporting
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FIGURE1 |

H,0) in aqueous THF mixtures containing 3 (20 pM), and spectroscopic study of AIE under the same conditions. (B) UV visualisation of the impact of

98%
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the view that membrane interaction and anion transport are impor-
tant contributing factors to their observed antimicrobial activity.

2 | Results and Discussion

2.1 | Receptor Synthesis

1-8 were accessed through the synthetic approach outlined in
Scheme 1, whereby, the synthesis diverges in steps toward an
N-Phenyl derivative of the respective subclass. Initially, diethyl
squarate, S1, the relevant cyclobutene ortho-ethoxy ester utilised
in the synthesis of squaramides was synthesised as outlined
previously [30]. The three relevant heterocyclic squarate esters,
S2-S4 were accessed through conjugate addition of previously N-
alkylated heterocycles (A1-A3), under basic conditions to afford
the desired squarates in 35%-53% yield, following flash column
chromatography.

S1-S3 were subsequently reacted with either 3,5-bis(trifluoro-
methyl)aniline, or 4-trifluoromethylaniline under Lewis acidic
conditions, to afford the desired squaramides in 6%-69% yield,
depending on the electronic contributions of the aniline, and the
squarate used. The successful synthesis of each compound was
confirmed by 'H, *C NMR spectroscopy, and high-resolution
mass spectrometry (HRMS), and all experimental details can
be found in the ESI. In the case of compound 1 we were also
able to successfully obtain an X-ray crystal structure as a
DMSO solvate (See ESI). Through recrystallisation from a super-
saturated solution of 1 in DMSO, we confirmed the desired cis-
conformation around the double bond as had been previously
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SCHEME1 | The synthesis of heterocyclic squaramides 1-8. Reagents and conditions: (i) Ethyl iodide, MeCN, reflux, 18 h, 54%-70%; (ii) TEA, EtOH,
N, reflux, 3-18 h, 35%-53%; (iii) aromatic amine, Zn(OTf),, EtOH, reflux, 6%-69%. Inset: X-ray crystal structure of Compound 1 as the DMSO solvate.

observed for 7 and 8—an important factor in their anion recog-
nition ability.

Analysis of the yellow block crystals of 1 by single crystal X-ray
diffraction provided a structural model in the monoclinic space
group P21/c, where the asymmetric unit contains one molecule
of the title compound as the DMSO solvate (Scheme 1;Inset). The
molecule adopts a relatively planar conformation with the ben-
zothiazole ring oriented in a syn coplanar orientation relative to
the squaramide core, evidenced by the torsion angle S1-C9-C10-
C11 of 3.7(6)°. In this conformation, the S---O distance between
the benzothiazole sulphur atom and the nearby ketone oxygen
atom O1 of 3.039(3) A is similar to those seen in weak intramo-
lecular chalcogen bonds [31], although the C=O---S angle of
94.3(2)° most likely limits any potential stabilisation from this
close contact. Conversely, a slight rotation is observed for the
bis-trifluoromethylphenyl substituent, which adopts a C16-C15-
N2-C14 torsion angle of —20.3(6)°. The benzothiazoline group
itself forms a non-symmetric hydrogen bonding chelate with
the lattice DMSO molecule; the N—H group forms the stronger
of the two contacts at an N1--O3 distance of 2.864(4) A, com-
pared to the much longer C10--O3 distance of 3.363(4)A.
Beyond these interactions, the remaining intermolecular con-
tacts in the structure of 1 are mostly accounted by a parallel
head-to-tail z---x interaction across the aromatic surface of the
molecule. The two molecules are separated by a mean interpla-
nar distance of 3.42 A, and this contact is buttressed by a weak
C—H:--O contact from the lattice DMSO molecule to the ketone
oxygen atom O1 at a C--O distance of 3.289(5) A.

2.2 | Physiochemical and Photophysical
Properties

With the knowledge that compounds 7 and 8 exhibit bright green
fluorescence, we sought to determine how the incorporation of
varying heterocycles influenced the absorption and emission
properties of each compound. Spectrophotometric determination
of the A,,,x (abs/em) was performed in DMSO at a concentration
of 10 pM. Values for 1., (abs/em), and stokes shift are tabulated
below (Table 1), and represented visually as normalised excita-
tion/emission spectra for each compound (see ESI).

TABLE 1 | Summary of the A, (abs/em), and stokes shift (A1) for
compounds 1-8, determined from a 10 pM solution of each in DMSO (or
H,0:DMSO (70:30) for 3 and 4.

Compound A,,, (abs), nm Aimax (em), nm Al, nm

1 465 489 24
2 466 489 23
3 495 602 107
4 494 605 111
5 455 498 43
6 458 503 45
7* 450 490 40
8 450 490 40

%Data taken from Ref. [16].

From our initial spectroscopic study, we determined that the
innate emissive properties of each compound are greatly influ-
enced by the heterocyclic framework employed. In the case of
1, 2, 5, and 6 we observed bright emission centred ca. 490 nm
for each. Interestingly, 3 and 4 appeared to display little to no
observable fluorescence, which we suspected may be a result
of the non-restricted rotation around the olefinic C—C bond
observed in each. When compared to both benzo[e]indoline-
and benzothiazoline-derivatives, there is lower steric and elec-
tronic bulk, which would lower the rotational barrier around this
bond, promoting non-radiative decay mechanisms, and thus no
fluorescence (or extremely short-lived). Thus, we rationalised
that environmentally induced aggregation may lead to a ‘turn-
on’ in fluorescence, and thus sought to probe this behaviour
through analysis of aggregation-induced-emission (AIE).

To investigate the potential AIEgen nature of 3 and 4, we first
sought to analyse the effect of water content in solutions (0%-98%
H,0: THF) of 3 and 4 on AIE behaviours under 440 nm irradiation.
As an example, when solutions of aqueous THF (‘good
solvent’) containing 3 (20 pM) were prepared, modifying the water
(‘poor solvent’) fraction (f;,) (0%-98% H,0) gave a clear increase in
fw (critical fi, of 50%), which is ‘switched-off’ at higher H,O con-
centrations. To probe this phenomenon further we utilised

ChemBioChem, 2026

3 of 10

85UB0 17 SUOWWOD aA 1D 3|qeal|dde ay) Aq pausenob aJe sejoie VO ‘@SN JO s8Nl 10} ARig1T8UIUO AB|IM UO (SUOIIPUOD-PUR-SWSIA0Y" A3 | 1M Ale.q 1jpuluo//Sdny) suonipuoD pue swie | 8y 8es *[920z/y0/cT] uo Ariqiauliuo A(1m ‘yloouke y puepl| JO A1IsieAlun uoeN Aq 089005202 2109/200T OT/I0p/0d A8 m Aeid i jputuoadoine-Ansiweyo;/sdny wo.j pspeojumoq ‘G ‘920z ‘€E9.6EYT



spectroscopic means, again looking at the effect of f, on AIE.
Compounds 3 and 4 were dissolved to a concentration of 20 uM
in aqueous solutions of THF, altering the f,, from 0% to 98%
H,0, and emission spectra were obtained upon each 10% f,,
increase. The data was plotted to illustrate the effect of f, on
AIE (Figure 1). In the case of 3, there is a dramatic increase in
observable fluorescence upon an increase of f, in aqueous THF,
where past 60% H,O there is an appreciable emission maximum
observed at 602 nm, with an emission shoulder centred around
650nm. This emission increased further as f;, increased before
quenching can be observed above 90% H,O0. 4 also exhibited similar
AIE behaviour when f,, was increased in 20 pM aqueous THF mix-
tures. There was an observable ‘switch-on’ of fluorescence from 4
when f;, was increased to 50%, with maximal emission observed at
a fy, of 60%, centred around 605 nm, with a secondary emission
shoulder at 665 nm. Past a f;, of 60% emission decreased until com-
plete quenching occurred past 80% H,O in THF. Each of these
results are highly indicative of AIE behaviours, as this increase
of poor solvent promotes aggregation in these highly conjugated
systems, and causes a ‘switch-on’ in fluorescence. This phenome-
non is observable to the naked eye and shows high congruency
with spectroscopic analysis. Furthermore, we believe this observa-
tion constitutes the first example of an anionophore, with an ‘in-
built’ AIEgen property within the central binding unit.

2.3 | Anion Binding and Transport Studies

To ascertain the strength of association complexes with C1™ for
1-6 we carried out '"H NMR titrations, in the presence of increas-
ing equivalents of C1™. To do this, each compound was dissolved
to a concentration of 2.5 mM and “H NMR spectra were obtained
with each addition of 1 molar equivalent of TBACI. Changes in
chemical shift were plotted against anion concentration, and fit
to a 1:1 binding mode using Bindfit [32], to resolve the association
constant for each against Cl™. These results are summarised
below in Table 2.

TABLE 2 | Summary of the lipophilicity, Hammett constants [33] of
the aniline substituents and association constants for each compound
under study towards Cl~, as determined through 'H NMR titrations
(DMSO-ds¢ (99.5%)/H,0 (0.5%). Binding constants are derived from
representative, reproducible titrations; all experiments were repeated to
ensure consistency.

Hammett
K,, M', Error of constant,
Compound cn) fit, % s [21] cLogP
1 53 +3.1 +0.86 543
2 65 *+1.3 +0.54 4.45
3 75 *+1.3 +0.86 5.39
4 29 +2.3 +0.54 4.36
5 85 +0.6 +0.86 6.63
6 58 +1.5 +0.54 5.61
7¢ 201 — +0.86 5.80
8" 63 — +0.54 4.74

“Data taken from Ref. [16]. cLogP values were calculated using SwissADME [34].

Taking compound 5 as an example, upon each addition of 1 eq. of
CI™ there is a considerable downfield shift of NH and olefinic CH
protons, with minor contributions from ortho-aryl and N-ethyl
CH, protons. Fitting this change gave rise to a K, =85 M, with
an error =0.6% indicating a high accuracy of fit. Compared to
that of 7 (201 M~ vs. 85 M™') we see a decrease in the association
constant towards Cl™. Indeed, when surveying the association
constants of each compound under study, we see a markedly
low association towards Cl™ across the series under the condi-
tions studied. This is likely due to the electronic density of each
heterocycle, which effects the acidity of both squaramide NH,
and olefinic CH’s, decreasing the binding affinity when com-
pared to 7. However, it is of note that each receptor displays affin-
ity reminiscent of 8, which still acts as a potent anionophore in
model systems.

Thus, we sought to ascertain the anionophoric ability of receptors
1-6 using methods established by Gale and co-workers [35]. We
have also seen previously that diminished anion transport in
LUV’s is not the sole arbitrator of antimicrobial activity for similar
agents. We assume that each compound transports via mechanisms
similar to 7 and 8, and as such sought to verify anionophorism in a
similar manner as previously demonstrated [28].

Unilamellar vesicles were synthesised using a 7:3 molar ratio of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and
cholesterol, containing an internal solution of NaCl (487 mM),
which was buffered to pH 7.2, using sodium phosphate buffer
(5 mM). Dialysis was utilised to exchange excess external NaCl
from vesicles with an isotonic external solution of NaNOs.
Using said external solution, the vesicles were brought to a con-
centration of 0.5 mM before each experiment. The facilitated
efflux of CI~ was monitored through the use of a chloride ion
selective electrode (ISE). The anionophoric ability of each com-
pound was monitored at pH 7.2, at a concentration of 5mol%
respective to that of POPC, and were each repeated in triplicate.
Receptors were added at 0's, and addition signified experimental
start point. Experimental end point was affected by addition of a
Triton X-100 solution (11% w/w in H,O:DMSO, 7:1 v:v) at 300s,
which allowed for calibration to the respective 100% efflux value.
The results obtained from these assays are represented graphi-
cally in Figure 2.

Anion transport assays indicated that there are key structural fac-
ets influencing anion transport in these heterocyclic systems.
Much like previously reported indoline counterparts (7 and 8),
5 and 6 show high levels of transport efficacy at 5 mol% reaching
approximately 95% efflux at the experimental endpoint (300 s).
Interestingly, 1-4 showed very little transport efficacy regardless
of functionalisation, likely due to lower lipophilicity. Among the
compounds studied, compound 5 displayed the highest calcu-
lated logP value (6.63), which may go some way towards explain-
ing its enhanced transport activity relative to the less lipophilic
analogues. Nevertheless, while there have been studies regarding
the guided design of anionophores [24], there are several facets
which make this hard to predict in a rational manner. These
initial experiments indicate that benzo[elindolyl derivatives
may indeed be as effective, as 7 and 8, however, detailed mec-
hanistic anion transport studies (e.g., transport mode and trans-
porter coupling behaviour) are currently underway in our lab to
fully ascertain their anionophoric behaviour. With the knowl-
edge that each compound shows anion transport in LUV’s, we
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FIGURE2 | Resultsof anion transport assay carried out at 5 mol% with respect to lipid, showing transport behaviour for each compound tested. Each

compound was added to the solution at T =0 with each receptor being added as a stock solution in DMSO, where addition of DMSO (12 pL) alone was

used as control. Experimental end point was determined by the addition of a 11% w/v solution of Triton X-100 in DMSO/H,0 and the obtained 100%

efflux was used to determine efflux efficiency of the compounds tested. Data presented is the mean = SEM of three independent replicates.

next wished to ascertain whether this anion transporting effect
manifests in biological activity.

2.4 | Determination of Antimicrobial Effect

To understand the effect of heterocycle upon the biological activ-
ity of compounds 1-6, we determined the growth inhibitory abil-
ity of each compound against MRSA (clinical isolate, St. James’
Hospital, Dublin), and compared it to that of 7. Growth inhibi-
tion assays were carried out using a broth microdilution app-
roach with each compound (200-0.78 pM) against MRSA to
determine minimum inhibitory concentration (MIC) (uM) values
for each. MICs, values are intended to provide a comparative
assessment of antibacterial effects within this new compound
series and are defined as the lowest concentration of receptor
that resulted in at least 50% inhibition of bacterial growth com-
pared to the untreated control (DMSO). Following treatment and
incubation for a 24 h period, each compound was observed to
appreciably inhibit MRSA growth, however, when compared to
7—these compounds perform to a similar degree (5 and 6), or less
effectively (1-4) than our previous lead compound.

When comparing MICs, values for each (Table 3), 1 and 2 are less
effective than 7, where the incorporation of a sulphur atom into
the heterocycle in place of C(CHs),, appears to almost entirely
attenuate activity. With MICs, values>200pM, these com-
pounds can be deemed therapeutically irrelevant when com-
pared to 7, as they exhibit a 79- to 59-fold decrease in activity
against MRSA. Despite showing lower transport capacity, and
lower binding affinity towards C1~, 3 and 4 exhibit greater anti-
microbial capacity than 1 and 2. Compounds 3 and 4 have cal-
culated MICs, values ranging from 9.4 (3) to 7.5 uM (4), which
constitute a marked increase in activity as there is only a 2.76- to
2-fold decrease in activity when compared to 7. However, these
results do not exhibit the expected ‘dose-response’ for antimicro-
bial agents and as a result we also do not consider these com-
pounds to be analogues worthy of pursuit as antimicrobials.
The final two compounds tested, 5 and 6, showed an increased
level of activity against MRSA when compared to 7, with MICs,

TABLE 3 | Results of growth inhibition assays, and the respective
MICs, concentration for each compound tested against MRSA.
Increase in cytosolic CI™ concentration induced by treatment of MRSA
with Compounds 1-6, at 200 pM for 5min, quantified by fitting the
change in MQAE fluorescence to the Stern-Volmer equation (K,
Cl™=200M™1).

MRSA Quenching Increase in
Compound MICsy, pM  efficiency, % [CT"], mM
1 200 68% 10.4 (£2.4)
2 >200 80% 19.8 (£2.8)
3 9.4 67% 10.1 (£0.5)
4 7.5 75% 14.7 (£0.7)
5 1.2 85% 27.8 (£0.4)
6 24 81% 21.2 (+0.6)
7¢ 2.35 — —

“Data taken from Ref. [16].

concentrations of 1.2 and 2.4 pM, respectively. These MICs, con-
centrations represent a 0.52- (5) and 0.04-fold (6) increase in
activity, which is an encouraging result that we hypothesise is
due to the added planarity bolstering the lipid partitioning ability
of these compounds, when compared to 7. As 5 exhibited both
the most potent anion transport (at 5 mol%) and the most potent
growth inhibition, we sought to ascertain if there was a link
between the two. To verify if this transport behaviour translates
to a biological system, we utilised MQAE assays to monitor the
in-cellulo CI™ transport capacity of each compound under study,
as previously described by Ko and co-workers [16]. Briefly,
cultures brought to early stationary phase were pre-treated
with N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide
(MQAE), which acts as a fluorescent probe for intracellular C1™
concentration. Subsequently, bacteria were treated with a con-
centration range (25-200pM) of each compound, whereafter
5 min fluorescence intensity was recorded. The results were plot-
ted as a percentage fluorescence relative to control, and fit to the

ChemBioChem, 2026

5 of 10

95UD17 SUOWILIOD A1) 3dedl|dde ay) Aq peusenob afe sajoile WO ‘9Sn JO'Sa|Nni 10} Akeid 178Ul UO 431 UO (SUONIPLOI-PUR-SWIBIW0D A8 1M Alelq 1 BuUO//SANY) SUONIPUOD pue swid 1 8Y) 885 *[9202/¥0/ET ] Uo Afeiqi auljuo A1 ‘Uioouke |\ puepi| JO A1ISIBAIUN feuo N AQ 089005202 2100/200T OT/I0p/wod" A3 1M Aeudipuljuoadoune-Ais Iueyoy/:sdny Wwouy papeojumoq ' ‘920z ‘SE9L65YT



Stern-Volmer equation to quantify the change in cytosolic C1™
concentration (Figure 3). The results obtained following fitting
are tabulated below in Table 3.

Despite the limited Cl™ transport behaviour in model lipid
experiments, each compound under study shows the capacity
to increase C1~ concentration in-cellulo. This result is interesting,
as we have previously seen that there is a limited link between
model lipid systems, and transport behaviours in-cellulo, and this
is further exemplified by this experiment. Despite the observed
10%-15% C1~ efflux observed for 3 and 4, in model lipids, we
see here a clear concentration dependent decrease in MQAE fluo-
rescence, indicating CI™ influx. Furthermore, compounds 2, 5
and 6 generated similar intracellular MQAE quenching signals,
yet only 5 and 6 exhibited measurable antimicrobial activity. This
result suggests that while the ability to mediate chloride influx is
important for antimicrobial activity, it is not on its own sufficient
to elicit a biological effect. The disparity between these com-
pounds likely reflects differences in cellular uptake and mem-
brane retention. For example, compound 6, being more planar
and lipophilic, is likely to partition more effectively into and
remain associated with the bacterial membrane and potentially
sustaining ion transport over the timescale of the growth inhibi-
tion assay. In contrast, compound 2 may aggregate or adsorb at
the cell surface, producing a transient chloride flux detectable by
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MQAE but failing to maintain the prolonged ionic imbalance
required to inhibit growth. It is important to note that the chlo-
ride influx observed in the MQAE assay is interpreted as quali-
tative evidence of ion transport activity rather than a quantitative
reflection of transport efficiency. Furthermore, factors such as
compound aggregation, differential membrane localisation, and
the electrochemical potential across the bacterial membrane all
influence the apparent rate and extent of chloride influx. For
these reasons, we interpret the observed fluorescence quenching
simply as evidence that these compounds can mediate chloride
movement across bacterial membranes.

With the inherent fluorescent characteristics of each compound,
we also sought to analyse the cellular uptake of each compound
and observe if any appreciable compartmentalisation could be
seen upon treatment of MRSA. To do this, MRSA treated with
Compounds 1, 3 and 5 at a concentration of 3 pM for 30 min were
subsequently imaged by both super resolution, stimulated emission
depletion nanoscopy (STED), and diffraction limited confocal scan-
ning microscopy (d-LSCM). Utilising both LSCM white light (WL)
laser (EL A4s5/465/495nm) and STED depletion laser (DL) (EL
Aa55/465/495 nm> DL 4775 n1m, 30% power) we analysed the alterations
to the fluorescence lifetime of Compounds 1, 3 and 5, when excited
by WL, and also when emission is depleted (DL), using fluores-
cence lifetime imaging microscopy (FLIM).Obtaining both
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FIGURE3 | Compounds 1-6 exhibit variable degrees of antimicrobial activity and anion transport capacity in-cellulo. (A) Microbroth dilution assays

to determine the bacteriostatic activity of 1-6 against MRSA, represented graphically per heterocyclic substituent. Top = 1-2, Middle = 3-4, Bottom = 5-
6. (B) Results of MQAE assays to determine in-cellulo anion transport capacity exhibited by 1-6. Top = 1-2, Middle = 3-4, Bottom = 5-6. (C) Fitted data
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fluorescence lifetime phasor plots and lifetime histograms from
both d-LSCM and STED depleted images, we were able to demon-
strate the STED-ability of each compound (Figure 4).

With this information in hand, that each compound is STED-
compatible, we sought to analyse the cellular distribution of each
compound using this method. Cells were imaged using CLSM
(EL A4ss/a65/495nm) and STED (EL A4ss/a65/495nms DL 4775 nms
30% power, time gating; 0.5-6 ns).

When MRSA was stained with Compound 1, there is clearly visi-
ble, bright green fluorescence centred from cells, that upon ana-
lysing the cellular distribution, appears to be largely distributed
at the cellular periphery, and not uniformly distributed. Through
measurement of fluorescence intensity (Grey values), at both the
membrane and within the cytosol of single cells, there is a sig-
nificantly higher fluorescence localisation (p > 0.001) for 1 at the
membrane. Furthermore, utilising FLIM, we were able to verify
the STEDability of this compound, which is indicated by a shift of
the phasor plot towards the right where this shift demonstrates a
shortening of the fluorescence lifetime.

In the case of 3, this lifetime shortening is far more visually appar-
ent from Phasor plots, with a dramatic rightward shift of the major
photon incidences again indicating a shortening of the fluorescence
lifetime, 7. When analysing the z histograms, for both LSCM and
STED images we see a clear decrease in the lifetime from t=7.3ns
(AIE), to t = 7.05 ns. This result is encouraging as not only could we
image bacterial cells using STED for this probe, which is now fur-
ther red-shifted when compared to other compounds tested, we
could selectively elucidate the cellular fate of aggregated forms
of 3, using the highly powerful z-STED mode, through exclusion
of photons with shorter lifetimes. Through selective observation
of 7=1.5-11 ns (excimer == 0.35ns), we were able to image cell-
ularly localised AIEgens in MRSA, and able to analyse their cellular

d-LSCM d-LSCM

STED L-STED 80000

60000+

40000+

20000

Fluorescence intensity (a.u)

FIGURE 4 | d-LSCM and STED nanoscopy analysis of the cellular uptake of 1, 3 and 5 in MRSA. (A) d-LSCM, and z-STED nanoscopy images of

compartmentalisation. In this case, AIE forms of 3 appear to be in
their majority at the cellular periphery, or membrane localised,
through plotting fluorescence intensity from single cells at both
the membrane and within the cytosol (P < 0.0001). We hypothesise
that this membrane localisation permits aggregation of these com-
pounds at the lipid:aqueous interface, as a result of the increased
localised concentration in this region. As a result, fluorescence
intensity from this region is far in excess of the cytosol, and indeed
the extracellular region.

When MRSA was treated with 5 there was a clearly appreciable
fluorescent signal localised to cells, that could again be investi-
gated at the single cell level using STED nanoscopy. To first verify
the STEDability of 5, FLIM measurements of ¢ were carried out
using both LSCM, and STED modes, and the resultant phasor
plots could be compared. Comparing phasor plots from LSCM
to t-STED there is again, a clearly appreciable rightward move-
ment of photon incidences when depleted. This shortening was
quantified, where undepleted lifetimes (LSCM) are = = 2.4 ns, but
upon depletion, lifetime decreases to z=1.6 ns. Using STED, we
were able to analyse the cellular distribution of 5 across MRSA
cells, where through plotting of cytosolic and membrane local-
ised fluorescence it is clear that a less distinct than previous,
but still quantifiably greater fluorescence intensity within the
membrane (p < 0.001), again providing evidence to support this
membrane localised activity.

When S. aureus was previously treated with elevated concentra-
tions of 7, we observed a concentration dependent increase in
cellular aggregation, brought about by a stress response in the
bacteria [28]. This was also observed from LFQ proteomic analy-
sis, that self-aggregation was a result of treatment with 7, and
thus we sought to determine if 5 could exert a similar behaviour
on MRSA at increased concentrations.

80000

60000

40000

20000

Fluorescence intensity (a.u)
Fluorescence intensity (a.u)

MRSA stained with 3 pM 1 (left) and the respective phasor plots for fluorescence lifetime obtained through FLIM (right). (B) Single cell STED nanoscopy
analysis of the cellular distribution of 1, 3 and 5 (3 pM) in MRSA. Data shown is represented as the Mean + SEM of three biological replicates comprising

representative measurements from each replicate, and images presented are representative examples obtained during microscopy experiments. Scale

bar =10 pM.
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MRSA was treated with 5 as previously discussed, but this time ata
concentration of 50 pM, and samples were prepared for imaging.
When samples were imaged, and directly compared to treatment
with lower concentrations, there was a visual increase in the level
of cellular aggregation, brought about by treatment, which was not
observed at the lower treatment dose (3 pM; see ESI). Indeed, this
degree of aggregation was so pronounced, that we were able to
successfully carry out 3D-STED analysis of these aggregates,
resulting in the 3D reconstitution of one representative aggregate
(see ESI). Showing uniform fluorescence throughout the aggre-
gate, we believe the formation of these aggregates is brought about
by a stress response induced by 5. If aggregation was occurring
prior to treatment, we would likely see limited fluorescence from
the centre of these aggregates. These observations suggest that
these compounds have a high spatial preference for bacterial
membranes, and may exert their activity through some membrane
active anion transport mechanisms, as previously observed for
compound 7. However, while our data collectively supports a link
between anion transport and antimicrobial activity, it should be
noted that these experiments do not definitively exclude a contri-
bution from cation transport or broader membrane-disruptive
effects. The current work therefore demonstrates correlation
rather than exclusivity, and further mechanistic studies such as
Na*-selective electrode assays or ion-pair transport analyses will
be required to fully deconvolute the MOA.

3 | Conclusion

A series of novel squaramide constructs containing both a variety of
N-heterocycles, and poly fluorinated anilines have been synthes-
ised, through a modular approach. These novel motifs show mod-
est levels of anion binding in DMSO-ds. With varying degrees of
anion transport behaviour in model lipid vesicles, we sought to
ascertain the in-cellulo correlation of anion transport, where each
compound shows greater transport capacity when studied in bac-
terial cells. This in-cellulo anion transport manifests in variable
antimicrobial activity across the series. By comparing previous
observations of related compounds, we suggest that the antimicro-
bial activity is likely linked to both membrane localisation and
anion transport. To study this, we utilised STED nanoscopy as a
tool to profile the cellular distribution of 1-6. Each shows bright
fluorescence, within single MRSA cells, where it was observed a
high level of membrane localisation for each. This imaging con-
firms that the compounds localise to the bacterial membrane,
and, in the context of the transport assays and the MQAE assay
data, also supports the hypothesis that these compounds may func-
tion as membrane-active anion transporters. While the present
study does not establish anion transport as the sole determinant
of antimicrobial activity, the collective results indicate that mem-
brane localisation and chloride transport act in concert to perturb
bacterial ion homeostasis, thereby contributing to the observed bio-
logical effects. We believe that this work further advances knowl-
edge of supramolecular approaches to antimicrobial development
and work is currently ongoing in our lab to further investigate more
effective routes to optimise lead compounds, generate design rules
for the development of antimicrobial anionophores and evaluate
transport behaviour in membrane systems that more closely mimic
bacterial lipid compositions, with the aim of refining design prin-
ciples for antimicrobial anionophores.

4 | Statistical Analysis

All data presented was analysed using Graphpad Prism 9.0.1 and is
presented as the mean + SEM of each dataset, comprising three
independent replicates (n=3) for biological experiments. Where
necessary, data transformation and normalisation were carried
out to enhance clarity of the results utilising in-built tools in
Prism. Statistical tests utilised were either one- or two-way ANOVA
tests, and statistical significance was determined as p > 0.01.
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DMSO0-d¢/0.5% H,O. Supporting Fig. S2: Fitted binding isotherm
for the titration of 1 (2.5x107® M) in the presence of increasing con-
centrations of C1~ in DMSO-d¢/0.5% H,O. The data is fitted to a 1:1 bind-
ing model and shows the chemical shift of the NH signals throughout
the titration. Ka=53M"", Error =3.08%. http://app.supramolecular.
org/bindfit/view/466f78bd-4e6a-4al7-ac98-ee4785242dd5. Supporting
Fig. S3: Residuals plot of 1. Supporting Fig. S4: "H NMR stackplot,
3.8-12.5ppm, of receptor 2 with 0.0-22.0 equivalents of TBACI in
DMSO0-d¢/0.5% H,O. Supporting Fig. S5: Fitted binding isotherm
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DMSO-d¢/0.5% H,O. Supporting Fig. S8: Fitted binding isotherm
for the titration of 3 (2.5 x 10~° M) in the presence of increasing concen-
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Fig. S9: Residual plot of 3. Supporting Fig. $10: "H NMR stackplot,
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trations of C1~ in DMSO-ds/0.5% H,O. The data is fitted to a 1:1 binding
model and shows the chemical shift of the NH signals throughout the titra-
tion. Ka=29M™, Error =+2.3%. http://app.supramolecular.org/bindfit/
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Residual plot of 4. Supporting Fig. S13: 'H NMR stackplot, 4.0-
13.0 ppm, of receptor 5 with 0.0-22.0 equivalents of TBACI in DMSO-
de/0.5% H,0. Supporting Fig. S14: Fitted binding isotherm for the titra-
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in DMSO-de/0.5% H,O. The data is fitted to a 1:1 binding model and shows
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12.5 ppm, of receptor 6 with 0.0-22.0 equivalents of TBACI in DMSO-
de/0.5% H,0. Supporting Fig. S17: Fitted binding isotherm for the titra-
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Cl™ in DMSO-d4/0.5% H,O. The data is fitted to a 1:1 binding model and
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Supporting Fig. S23: 3D reconstitution of a representative MRSA

cellular aggregate, imaged using 3D-STED, from a series of Zstack
images. Images were deconvoluted, and stitched to comprise the 3D ren-
der using the Leica LasX software. Supporting Fig. S24: X-ray crystal
structure of Compound 1, obtained as a DMSO solvate. Left indicates
the molecular structure andDMSO binding mode through both CH
and NH motifs. Right indicates the z—z stacking behaviour of compound
1in the solid state. Supporting Table 1: Crystal and refinement param-
eters for all structures.
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