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Antiadhesive glycoconjugate metal complexes
targeting pathogens Pseudomonas aeruginosa and
Candida albicans+
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Glycoconjugates are known to interact with carbohydrate-binding proteins involved in adhesion by
pathogens, and offer opportunities to design antimicrobial agents. Metal complexes with Eu(m), Ni(i1) and
Zn(1) were prepared from glycoconjugate ligand 1Gal, which binds to P. aeruginosa’s lectin LecA (Kq 9.6 +
0.7 pM). In vitro anti-adhesive activity of these compounds was evaluated for both P. aeruginosa and
C. albicans. Choice of metal ion played a crucial role in modulating anti-adhesive activity, with Eu(i) com-
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plexes most effective: [Eu-(1Gal)(H,0)el(CF3SO3)s inhibits 60% biofilm formation by P. aeruginosa and
[Eu-(1Gal):](CF3SO3)3 inhibits 62% of C. albicans adhesion to buccal epithelial cells (both at 0.1 mM). The
results presented demonstrate the potential for metal coordination to significantly enhance biological
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Introduction

The traditional approach to tackling infectious diseases has
been the discovery of molecules that can kill pathogenic bac-
teria or fungi, by leveraging the chemical weapons evolved for
the natural warfare between microbial organisms, and using
them (and derivatives) in treatment of infections on living
tissues be it human, animal or plant. However, many patho-
gens developed resistance to clinically-approved antibiotics
(AMR), creating critical risks to healthcare," and new antimi-
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activity of glycoconjugates, surpassing the effect of the ligand’'s modest lectin-binding affinity alone.

crobials are not being developed at an adequate rate.> The
WHO has identified Critical Priority pathogens, for which new
treatments are urgently required. These pathogens of high
concern include bacteria such as Pseudomonas aeruginosa and
the yeast Candida albicans.>* AMR can be considered a glacial
pandemic: slow moving, but vast, destructive and inexorable in
its path, since multidrug-resistant strains have emerged in
clinical settings, as pathogens continually evolve strategies to
survive therapies. Progress in microbiology has made non-fatal
strategies that instead target virulence factors, such as anti-
adhesion, very attractive for development,”™ to prevent or
reverse infection without killing the pathogen. Targeting viru-
lence factors, rather than pathogens as a whole, is only poss-
ible with a deeper understanding of a pathogen’s biology and
mechanism of infection. Targeting carbohydrate-binding pro-
teins such as adhesins and lectins may disrupt pathogen
binding to cell glycans or inhibit biofilm formation. This novel
anti-virulence strategy has been reported for uropathogens
Escherichia coli,"° for yeast C. albicans (CA)'' and also for
P. aeruginosa (PA),>">7'® and the fungus Aspergillus fumigatus,"”
which are implicated in lung infections.>’

The core concept of antiadhesion strategies is that compe-
tition by soluble glycomimetics blocks pathogen adhesion to
the tissue and therefore prevents the process of infection.
Since the goal is to “unstick” a pathogen rather than eliminate
it, as well as being non-toxic to the host, anti-adhesives
should also be non-toxic to the pathogen and should not

This journal is © The Royal Society of Chemistry 2025
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create selective pressure which would lead to the evolution of
resistance; instead, mechanical expulsion is favoured through
natural responses (coughing, urination etc.). Another advan-
tage of this strategy is that it is effective against already resist-
ant strains. Mathematical models predict anti-adhesion com-
bined with antibiotic treatment is effective at removing resist-
ant bacterial infections in synergy with each other;'® this has
been shown in vitro with dendrimers targeting bacterial lectin
LecB." Practical trials exist in hospital settings where com-
bined administration of carbohydrate inhalations and anti-
biotics to people with Cystic Fibrosis accelerated the clearance
of chronic PA infections in the airways when compared to anti-
biotic-only treatment.>®*" Often, the antiadhesive glycoconju-
gates can also prevent the formation of bacterial biofilms
which are key to pathogenic behaviour and are known to
decrease the susceptibility of bacteria to treatments.>”

Progress has been made in the last two decades to develop
glycoconjugates as high-affinity inhibitors for bacterium PA’s
two soluble lectins LecA and LecB,® which are selective for
galactosides and  fucosides/mannosides,  respectively.
Nanomolar affinities are achieved by multivalent presentation
of carbohydrates on scaffolds as diverse as peptide dendri-
mers, calixarenes and nanoparticles,"*'*'® as well as simpler
carefully-designed lower valency druglike molecules.'®?%*
Affinity is not directly predictive for antiadhesive activity, but a
range of successful antiadhesive compounds were recently
reviewed by Titz and co-workers,® while Vidal and co-workers
reported glycoconjugate treatment providing protection
against PA lung infection in an in vivo mouse model."*

While only 27 treatments are in the clinical pipeline for
WHO priority bacterial pathogens,” in the case of antimycotic
agents the situation is also limited:* three new antifungals are
currently in the pipeline, two of them first-in-class.>®> Much
innovation in the field is centred on novel formulations of
Amphotericin-B such as its incorporation into nanoparticles®®
or on monoclonal antibody therapies.>*®” Fungi represent a
smaller proportion of infections however they continue to
accumulate resistance to current treatments; an anti-adhesive
strategy presents an attractive opportunity for development as
anti-mycotics if suitable targets are identified. Velasco-Torrijos
and co-workers reported a library of molecules, including 3
and 4 (Fig. 1), showing that suitably presented divalent galac-
tosides have anti-adhesive effects against CA.""***° Bis-triazole
3 was the first glycoconjugate known to inhibit CA’s adhesion
to human Buccal Epithelial Cells (BECs) (45% vs. controls).
Structure-activity relationships indicate a mechanism that is
driven by the identity of the carbohydrate motif, and while the
precise molecular target is not yet identified, it is likely a cell
wall adhesin.'" A follow-up study varied the central scaffold to
lock a “closed” conformation of the sugars, and norbornene-
based derivative 4 had comparable activity albeit requiring
much higher concentrations.”® A multivalent peptide-based
dendrimer presenting four copies of motif 3 was constructed,
leveraging the glycoside cluster effect, and resulted in an
increase in activity at a much lower concentration than its
predecessors.”

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

N
0 o
This work: 7N NN M

—>» [M-(1Gal),]™*

N-N N-N
HO O OH
OH O,
HO HO
OH 1Ga  HO— OH
Previous work: [e]
N .
o7
HN
H H
N N 07 ’NH
N
A © NN 7NN
N-N N

Fig. 1 Structure of ligand 1Gal and its metal complexes, compared with
other previously-reported digalactoside compounds 3 and 4.

Metallodrugs such as Salvarsan and Pepto-Bismol were
among the very first antimicrobial agents used to consciously
treat infections in modern medicine.*® After the discovery of
penicillin and the advent of small-molecule antibiotics, metal-
lodrugs were relegated to a secondary league, and only viewed
as viable candidates for development after the success of
Cisplatin in the treatment of cancer since the 1970s.*’
Metallodrugs continue to be an underexplored and underdeve-
loped class of molecules with immense potential; a recent
assessment of the proportion of inorganic complexes sub-
mitted to the CO-ADD initiative showed 27% of complexes had
antimicrobial activity, while only 2% of the purely organic

molecules submitted demonstrated antimicrobial
32,33

any
However, no metallodrugs are currently in clinical
trials as antimicrobials, despite approval of silver sulfadiazine
and bismuth tribromophenate.?®?**3*3> gchiff base transition
metal complexes are reported to kill CA, with a Ni(u) complex
particularly effective.’® Ruthenium complexes are best rep-
resented in the antibacterial metallodrug research, generally
being more active against Gram-positive bacteria (e.g
MRSA)*’° than Gram-negative species like PA.>7*0™*?
Machine learning is also being used to predict antimicrobial
metal complexes, as a potential method of metallodrug
discovery.*?

Glycoconjugate metallodrugs have been considered as tar-
geted anti-cancer agents,** however targeted antiadhesive strat-
egies with metal complexes based on glycoconjugates has not
be widely explored. Au(i)-based drug Auranofin has shown
activity against S. aureus,” and glucose-containing Ir(m) com-
plexes have been reported to inhibit PA biofilm at 16 pg mL™"
with a MIC of 4 ug mL™",*® however it is unclear in either case
if the mechanism of action of these involves carbohydrate
recognition by lectins/adhesins. Previous work published by
the Byrne Group reported the first example of a metal ion used
to template glycoconjugate ligands, which inhibited biofilm
formation by targeting the galactophilic lectin LecA expressed
by PA;"7 it was found that templating the glycoconjugate

effects.
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ligands into a multivalent topology was required for activity
not seen for ligands alone, while the Ru(u) played only a struc-
tural role. The work presented here investigates activity of
related glycoconjugate derivatives 1 (Fig. 1), based on the dpa
(dipicolinic acid) motif, a class of ligand widely used to coordi-
nate metals with diverse properties and geometries including
lanthanide and transition metals.**** The combination of gly-
coconjugate ligands with targeting epitopes curated to inter-
fere with lectins or adhesins, and the presentation topologies
metal complexes presents a family of new potential antiadhe-
sive agents.

Results and discussion
Affinity of 1Gal for LecA

The synthesis of digalactoside 1Gal was previously described
in a study of luminescent lectin-sensing by Tb(u)-glycoconju-
gate complexes.’® The complex of 1Gal was not an effective
sensor for LecA, but analogues with flexible spacers between
the carbohydrate motif and the triazole function as ‘switch-on’
sensors for unlabelled bacterial lectin LecA.”® We have since
further investigated affinity of 1Gal by isothermal calorimetry
(ITC) and surface plasmon resonance (SPR) to establish that
this compound has surprisingly high affinity for PA’s galacto-
philic lectin, considering the short spacing between galactose
epitopes, precluding chelate binding.>* In ITC experiments
(Fig. 2), binding data for 1Gal indicated this digalactoside
binds to LecA in a 1:1 stoichiometry, only availing of one
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galactose epitope at a time, which is unsurprising, due to the
relatively wide spacing of neighbouring receptor sites in the
LecA tetramer (ca. 29 A).”' An average Kq of 9.6 + 0.7 uM for
LecA was determined. The interaction had a typical enthalpy
for a single carbohydrate recognition event with LecA of about
—30 kJ mol™'. Moreover, SPR data, determined by immobilis-
ing LecA on a chip to investigate kinetic interactions also gave
a low micromolar affinity of 6.6 + 0.5 uM, using a steady-state
fitting model and 5.9 + 0.1 pM by kinetics fitting model. A
more flexible related ligand 5 (Fig. S21, ESIT), with a triethyl-
eneglycol linker’® had marginally better affinity by ITC (6.5 +
0.1 pM) and comparable K4 by SPR (6.0 + 1 pM) indicating that
for this motif, the added length and flexibility conferred by the
linker does not affect affinity to the lectin to a major extent,
while lanthanide-coordination by either ligand has minimal
impact on K4.>>

These experiments establish that 1Gal has lectin-targeting
motifs that bind to LecA (and likely other galactose-binding
proteins), thus opening possibilities to test this ligand as part
of inorganic complexes for bacteriostatic or antimicrobial
effects. Its low micromolar affinities, achieved through single-
site binding, are modest compared to several -carefully
designed mono- and di-valent examples, of varying degrees of
synthetic complexity, but review of the field has established
that affinity is not directly predictive of antiadhesive or other
biological effects.®'*?® Moreover, this high-yielding and
straightforward preparation allows efficient modular ligand
synthesis without sacrificing much affinity, encouraging us to
develop derivatives with other carbohydrate moieties by lever-

(c) SPR kinetic fitting
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Fig. 2 Biophysical analysis of interactions between 1Gal and LecA. (a and b) Isothermal calorimetry titration and fitting in 10 mM Tris/HCLl buffer
(pH 7.2, 100 mM NaCl, 10 uM CaCl,), [LecA] = 300 pM; (c and d) surface plasmon resonance kinetic and affinity fitting, carried out in PBS buffer
(10 mM phosphate buffer pH 7.4, 2.7 mM KCl, 137 mM NaCl, 100 uM CaCl,, 0.05% Tween 20) with [1Gal] = 0—100 pM.
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aging the efficiency of click reactions, and complex these to a
variety of metals as potential anti-biofilm agents targeting PA’s
lectins.

Synthesis of glycoconjugate ligands

The dipicolinic amide motif (dpa) is well known tridentate
coordinating motif for lanthanides and transition metals.*®*°
Ligand 1Gal was prepared as described previously,”® while for
this study glucose and lactose analogues (1Gle, 1Lac) were also
synthesised (Scheme 1). In brief, fully acetylated saccharide
azide derivatives were prepared conveniently from acetylated
a-bromoacetylglycopyranosides and NaN;. From these azides,
protected triazoles 1°*¢ were prepared through Cu(i)-catalysed
azide-alkyne ‘click’ reactions (CuAAC) with alkyne 2.
Acetylated triazoles were quite polar and could be easily puri-
fied by flash chromatography in ethyl acetate, with good yields
(60-70%).

The triazoles were then deprotected under Zemplén con-
ditions to obtain pure ligands 1 as white solids in high yields
(>95%) at a scale of hundreds of milligrams; facile isolation
makes them convenient synthetic targets. Disappearance of a
characteristic ester C=0 band in IR spectrum of 1Gal com-
pared to 1Gal®* confirmed deprotection (see ESIf), alongside
absence of acetyl CH; resonances in "H NMR. Each glycoconju-
gate ligand’s "H NMR spectrum shows a single set of peaks,
corresponding to formation of single anomers without epimer-
isation, evidenced by coupling constants of the anomeric
proton resonances at of 9.2 Hz for 1Gal and 1Glc, and 9.2 Hz
(lactoside glucose) and 7.8 Hz (lactoside terminal galactose)
for 1Lac respectively. The lactoside is linked to the triazole via
the glucoside anomeric position thus making it more de-
shielded than the galactoside moiety. High resolution mass
spectrometry (ESI+, Q-TOF) was used to further characterise
the ligands and in all cases the mass found agreed with the
calculated m/z of the ion. For instance, for 1Gle, calculated for
C,5H33N,01," [M + H]' m/z = 652.2326; found m/z = 652.2320.

Preparation of metal complexes of 1

Complexes with transition metals were assembled by reflux in
MeOH solution of 1Gal with NiCl, or Zn(OAc),, in a 2: 1 molar
ratio. Complexes formed readily and could be isolated by
simple evaporation of the solvent or centrifugation followed by
drying, with no evidence of unreacted ligand. All complexes
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Scheme 1 Synthesis of dpa glycoconjugate ligands 1Gal, 1Glc and
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had distinct "H NMR spectra featuring characteristic broaden-
ing of peaks, particularly those corresponding to the dpa motif
and anomeric protons. IR spectra showed slight shifts in
characteristic peaks corresponding to the amide C=O stretch,
and the fingerprint region to varying degrees (Fig. S20, ESIT).
UV-Vis spectra for both complexes, Fig. 3, show a structured
absorbance feature with Amn.x = 274 nm, with stronger absor-
bance than the ligand at the same concentration, and a band
at Amax = 224 nm, features which are typical for dpa derivatives.

To establish the self-assembly behaviour of 1Gal with
lanthanide Eu(m) and its ability to form complexes, a self-
assembly titration was performed by adding aliquots of Eu
(CF3580;); to a 2 x 107> M aqueous solution of 1Gal and moni-
toring changes in the UV-Vis absorbance and Eu(ui)-centred
emission spectra (Fig. S24, ESIf). Changes in absorbance
spectra were modest, with hyperchromic shift in the spectrum
around the maximum at 223 nm and higher energies, and
only slight increase in absorbance in the peak with Anax =
274 nm. Upon addition of Eu(m), the non-phosphorescent
ligand sensitised metal-centred emission with characteristic
line-like bands at 591, 614, 625 and 695 nm which correspond
to °D, — 'Fy_, transitions, which increased in intensity with
lanthanide ion concentration. Global stability constants were
estimated by fitting spectroscopic data by non-linear
regression (ReactLab Equilibria, Jplus Consulting Pty Ltd) to a
model including the formation of Eu: 1Gal, (n = 1,3) self-
assemblies in solution. When 1:2 assembly was included in
the model, the fit did not converge. The ground state data indi-
cated log 81,1 = 6.4 and log ;.3 = 16.1 + 0.2, while fitting data
from the emission of the excited state broadly agreed, with
log f1.1 = 5.5 and log f;.; = 14.9 + 0.2. These stability constants
with Eu(m) agree closely with those obtained with Tb(u) for
related ligand structures by us and others.?%>%%*

Based on these self-assembly studies, complexes with Eu(m)
were prepared with 1:1 and 1:3 stoichiometries by reflux of
Eu(CF3S03); and 1Gal in the appropriate ratios, followed by
evaporation to give white solids which luminesce red-orange
under UV irradiation (Fig. S26, ESIT), namely [Eu-(1Gal)(H,0)s]

1.0

— [Zn(1Gal),](OAc),
[Ni(1Gal),]Cl,
—1Gal

0.0
200

250 300 350

Wavelength (nm)

Fig. 3 UV-Vis absorbance spectra of transition metal complexes of
1Gal.
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(CF;3S03); and [Eu-(1Gal);](CF3S0;);, each demonstrating lumi-
nescent signals whose decay curves fit to a single exponential
curve.>® Attempts to prepare 1:2 complexes failed, giving
instead a mixture of the 1:1 and 1:3 complexes. Analogous
complexes with 1Gle and 1Lac were also prepared. Due to the
paramagnetic nature of the lanthanide ion, 'H NMR spectra
(500 MHz, D,O) of these complexes were broadened and
shifted compared to those of the corresponding ligands
(Fig. S11 and S12, ESIT). Emission spectra of the isolated com-
plexes demonstrate characteristic Eu(ur)-centred emission as
seen for the self-assembly studies. Quantum yields (®) of these
complexes were determined by a relative method, using
Cs;[Eu-(dpa);] as a secondary standard,’® and it was found
that the 1:1 complexes were more emissive than trileptic com-
plexes with @ = 4% for the 1: 1 complex of 1Gal, approximately
double that for the 1:3 complex (Table 1).

Biological activity against Pseudomonas aeruginosa

Based on the affinity of ligand 1Gal for LecA, it was anticipated
that this series of glycoconjugate complexes with varying topol-
ogies and stoichiometries might interact with PA with anti-
microbial or anti-virulence effects. Initially, bactericidal behav-
iour was assessed by testing the ability of galactosides incu-
bated with bacteria at a range of concentrations from 1 pM to
10 mM to inhibit growth of PAO1 strain of the bacterium, as
compared with bacteria-only control and a positive control
(where 1 pg mL™" of commercial antibiotic ciprofloxacin was
added). No biologically-significant toxicity was seen for 1Gal,
or any of its complexes, even at concentrations as high as
10 mM, see Fig. 4a. The zinc and nickel complexes of 1Gal
were both found to be completely innocuous to the bacteria,
even at high concentrations (Fig. S27, ESIf). Interestingly,
while each metal salt precursor (Eu(CF;S0;);, NiCl, and Zn
(OAc),) showed toxicity at 10 mM, this was not replicated by
their complexes or by salts at lower concentrations for Eu(i)
and Zn(u), illustrating that coordination chemistry modulates
the biological effects of the metal ion, and complexes are
sufficiently stable to dissociation to demonstrate their own bio-
logical activity profile.

Since these complexes have negligible toxicity, potential
anti-virulence activity was also probed by in vitro assay. Biofilm
inhibition was investigated for all galactoside compounds by
crystal violet assay,”” and percentage inhibition of biofilm
measured as optical density (OD) at 590 nm, normalised to the
mean of a bacteria only control (all concentrations shown
Fig. 28, ESIt). Ligand 1Gal did not show any biofilm inhi-

Table 1 Quantum yields of Eu(i) complexes of 1

Complex @ (%)
[Eu-(1Gal)(H,0)6](CF3S03)3 3.8
[Eu-(1Glc) (H,0)6](CF5505); 6.2
[Eu-(1Lac) (H,0)6](CF3S03)3 4.4
[Eu-(1Gal);](CF3803)3 1.8
[Eu-(1Gle)3](CF3503); 3.2
[Eu-(1Lac);](CF350;); 0.4

9954 | Org. Biomol. Chem., 2025, 23, 9950-9964
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(a) Inhibition of bacterial growth (at 10 and 1 mM)
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Fig. 4 (a) Bactericidal activity to PA for ligand 1Gal, its Eu(i) complexes

and the precursor metal salts (at 10 mM and 1 mM) compared to positive
and negative control; (b) effect of Eu(i) complexes on biofilm formation
(+SD, compared to control experiments with PA alone), with percentage
inhibition indicated in text and statistical significance indicated by aster-
isks (One-way ANOVA). Biofilm formation measured by crystal violet
assay (N = 5, 3 replicates per experiment).

bition, even at higher concentrations, nor did the Ni(u)
complex, while alternative ligands with glucosyl or lactosyl epi-
topes were also ineffective at biofilm inhibition. Non-toxic
complex [Zn-(1Gal),](OAc), only showed significant inhibition
at 1 mM (45%, p < 0.01) and not at 10 mM, this counterintui-
tive and non-linear drop in inhibitory effect may be explained
by zinc being an endogenous metal for organisms, which
upon higher concentration could be abstracted from the
complex by the bacteria and used as a micronutrient.>®

The biofilm inhibition activity of monoleptic complex
[Eu-(1Gal)(H,0)6](CF3S03); was of most note, as it persisted
with significance to lower concentrations: it showed a remark-
able 60% biofilm inhibition at 0.1 mM, and 48% even as
dilute as 0.01 mM (p < 0.0001), Fig. 4b. Control compounds of
the same complex structure with 1Glc or 1Lac did not demon-
strate decrease in biofilm formation (Fig. S28, ESI}),
suggesting that this activity is facilitated by the micromolar
interactions of this galactoside with LecA established by ITC
above, since LecA is known to play a role in biofilm
formation.®*® While the complexes with 1:1 stoichiometry
demonstrate strong effects, the Eu(u) complex with 1:3 stoi-
chiometry also had more modest effects with 39% biofilm
inhibition when bacteria were incubated with 0.1 mM of the
complex, despite presenting additional galactoside epitopes.
This suggests that Eu(m) plays an important role in the mecha-
nism of inhibition but it is unlikely that the biofilm inhibition

This journal is © The Royal Society of Chemistry 2025
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is caused simply by chelation between carbohydrate-binding
active sites by the ligands, as the 1:3 complex does not benefit
from the ‘glycocluster effect’. It is worth highlighting that even
though the affinity of the ligand for LecA is moderate com-
pared to some other known examples, not all potent LecA
ligands disrupt biofilm behaviour, and this complex’s biofilm
inhibition effect emerged upon complexation to a particular
metal ion, and so is not reliant solely on the potency of lectin
inhibition.

These results point to an interaction with PAO1 bacteria
in vitro for this range of complexes that demonstrate low tox-
icity, but nonetheless in the case of Eu(m) complexes in par-
ticular, metal coordination gives rise to a carbohydrate-tar-
geted biofilm inhibition effect that is noteworthy, particularly
in the case of complexes with a 1:1 stoichiometry. The largest
effect measured at subinhibitory concentration, at approxi-
mately 50% decrease in biofilm formation vs. control com-
pares favourably with Ru(u) and Ag(i) complexes reported
previously.*"*7:%°

Given that antiadhesive activity here relies on the identity
of the carbohydrate epitope as well as the metal ion, it is likely
that some of these complexes might also be effective for anti-
adhesive therapeutic effects against other pathogens with rele-
vant receptors for galactosides.

Molecular modelling of ligand 1Gal and its complexes

Carbohydrate-presentation plays an important role in glyco-
conjugate-protein interactions, so to gain insight into the
structure of these compounds, and how complexation might
influence galactoside presentation, DFT calculations were
carried out to predict the lowest energy conformations in water
(SMD method). Noting structural similarity of ligand 1Gal to
previously published compounds possessing a bis-galactoside
motif, such as 3 (Fig. 1), we hypothesised that 1Gal and its
complexes, in addition to the PA biofilm inhibition already
described, also have potential for antiadhesive activity against
fungus CA."*®?° The most stable conformation of 1Gal was
found to be a closed ‘basket’ configuration (Fig. 5), which is
analogous to that of the previously-reported molecules 3 and 4
with known CA antivirulence activity.”® Calculated energies of

Ligand 1Gal [Eu(1Gal)(H,0)6]3*

[Ni(1Gal),]%*
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the conformers and the inter-anomeric carbon distances in
each correspond closely, being 5.90 A for the most stable con-
former (Fig. S30, ESI}). This suggested that the dpa derivative
and its metal complexes have potential for anti-adhesive
activity against CA. Complexation to metals gives access to
topological presentation patterns inaccessible or difficult to
access with purely organic molecules.’®'**® The most stable
conformer of the Eu(ur) complex shows similar overall con-
figuration and inter-anomeric carbon distances (6.14 A) to the
ligand, whereas in calculated Ni(u) and Zn(u) complex confor-
mers, this distance (within the same ligand) is extended by ca.
1 A. This variation, along with the change in multivalency may
interplay with the varying biological activity observed for these
systems.

Adhesins belonging to yeasts of the Candida genus are
known and lectin-like interactions are recognised as one of the
three types of adhesive interactions along with integrin
mediated protein-protein interactions and as of yet undefined
interactions.™®* Lectin-like interactions CA’s surface are often
attributed to mannoprotein and fucoside recognition, with
some examples also citing GIcNAc as epithelial cell
receptors,®®* but to date the exact protein responsible for galac-
toside recognition in CA is not known, therefore the characteris-
ation of interactions at a molecular level (e.g. ITC) is not yet
possible. Nevertheless, several studies, including the data pre-
sented below, demonstrate adhesion to human buccal epithelial
cells (BECs) can be significantly inhibited by glycoconjugates
with galactose epitopes (particularly divalent galactosides), pro-
viding potential medicinal value at early stages of infection.

Biological activity against Candida albicans

To probe the interactions of 1Gal with CA, two types of assays
were carried out: a pre-treatment assay, and a competition
assay. These experiments allowed insight into the effects of
digalactosides on protecting human BECs from adhesion and
for competing with adherent fungi, respectively. These data are
directly comparable to existing the
literature."">%>°

The pre-treatment exclusion assay, Fig. 6a and b, 0.1 mM
1Gal, was incubated with CA before exposing BECs to the

examples in

[Zn(1Gal),]?*

Fig. 5 Most stable conformer structures calculated by DFT for 1Gal and its complexes. Details of parameters given in the experimental section;

additional illustrations in ESI.}

This journal is © The Royal Society of Chemistry 2025
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(a) 1Gal Antiadhesive Effects (b) Pre-treatment assay (0.1 mM) (c) Competitive Inhibition Assay (0.1 mM)
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§ © 20 " .
o [Eu(1Gal)(H,0)¢]° weex o 44% [Eu(1Gal)(H,0)¢] w530
& & &
& & [Zn(1Gal),]?* vive 449 Ligand 1Gal 41 H v 47%
& & &
IR T S BT
CA Toxicity of [Ni(1Gal)z]**
125 [Ni(1GaI)2]2+ wxx D20 [Ni(1GaI)2]2+ « 35%

Control CA

Control CA
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0 1

Absorbance at 600 nm

Average number of yeast cells per BEC + SEM;
% inhibition of CA adhesion indicated in text

T
2 0 1 2 3

Average number of yeast cells per BEC + SEM;
% inhibition of CA adhesion indicated in text

Fig. 6 Biological assays of 1Gal and its complexes against C. albicans (CA). (a) Inhibition of adhesion of CA to BECs by 1Gal measured by three
different assay types; (b) inhibition of CA in a pre-treatment exclusion assay; (c) inhibition of adhesion of CA in a competition assay, compared to
control experiments. (d) Toxicity of Ni(i) complex towards CA at low concentrations.

yeast; this assay showed decrease in CA cells attached to the
human cells: 35% less than the control. While in a competitive
assay, where BECs were co-incubated with yeast cells and the
glycoconjugate, 1Gal achieved a 47% decrease in adhesion
versus control (p < 0.0001), Fig. 6c. This ligand compared very
well with previously reported activity of 3."* Compound 3 gave
ca. 35% reduction in both assays, while displacement assays
with both 1Gal and 3 also showed comparable results (ESIT).
Having confirmed the effectiveness of the dpa-based ligand
scaffold, we examined the impact complexation with a variety
of metals had on CA yeast cells and their antiadhesive activity.
Since toxicity is a concern in medicinal chemistry when pro-
posing metallodrug candidates,*® particularly as antiadhesives,
toxicity assays were first performed to identify any fungicidal
potential for this series of complexes (Fig. $33, ESI{). Upon
incubating CA culture with various concentrations of 1Gal and

BEC and CA in absence of inhibitor

Treated with [Ni(1Gal),]Cl,

its complexes, the nickel(u) complex was the only one to
inhibit growth with any statistical significance, doing so even
at concentrations as low as 63 pM (Fig. 6d). One-way ANOVA
analysis was performed at each concentration to determine
statistical significance of results (p < 0.1). Europium(m)
complex [Eu-(1Gal);](CF;SO3); exhibited no toxicity, a very
encouraging result given its effectiveness against PA above,
and likely impact on CA adhesion.

In the pre-treatment exclusion assay, Fig. 6b, where each
complex was tested at 0.1 mM, the Ni(u) complex was less
effective than the ligand alone (22% inhibition), and it was
observed that the yeast cells were particularly small compared
to other experiments, a result that may be explained by this
complex’s toxicity, Fig. 7a and b. Indeed, under the same assay
conditions, NiCl, alone also gave rise to 18% inhibition (ESI{),
suggesting that biological activity here is likely metal-driven.

o

Treated with [Eu(1Gal),;](OTf),

Fig. 7 Optical microscope images (100x) of human buccal epithelial cells (BECs) in the presence of C. albicans (a) without any inhibitor (control

sample); (b) in competition assay with the Ni(1) complex, demonstrating

smaller fungal cells; (c) in competition assay with 1:3 Eu(i) complex,

demonstrating of clumping of C. albicans cells (indicated with arrow) and human BECs with minimal fungal adhesion.
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On the other hand, non-toxic complexes [Eu-(1Gal)(H,0)s]
(CF;3S03); and [Zn-(1Gal),]Cl, both outperformed the ligand
(44%), without any unusual morphology of the fungal cells.
The most effective antiadhesive was trileptic complex
[Eu-(1Gal);](CF3S03)3, which inhibited 63% of adherence of CA
cells to the BECs. This result at 0.1 mM was comparable with a
tetravalent peptide-based dendrimer derivative of 3 which inhi-
bits 64% of adhesion at 0.212 mM, but with much simplified
synthetic procedure in the case of this work, merely requiring
the assembly of lower-valency ligands in the presence of a
metal ion, and slightly lower concentration.”® Importantly,
control experiments with the metal salt precursors showed
negligible antiadhesive properties with Eu(CF3;S0;); alone
(ESIY), indicating that increased activity arises from enhancing
the capacity of the glycoconjugate to interact with CA.

Competition assays with the same metal complexes, Fig. 6c,
demonstrated very similar trends to those seen above. As in
the pre-treatment assay, the Eu(u) complexes, when added to
BECs at the same time as the yeast compete most effectively to
prevent adherence of CA. The 1:3 complex inhibits 62% of
adhesion and the 1:1 complex 53%. The Zn(u) complex also
had an inhibitory effect of ca. 40%. In the presence of the 1:3
Eu(umr) complex, clumping of fungal cells was observed under
microscope, Fig. 7c. This had also been observed in the pre-
treatment assay. It may point towards a multivalent-glyco-
cluster mechanism of action for this compound relying on
presentation of multivalent digalactoside epitopes in three-
dimensions, bringing together several pathogen cells, thereby
preventing their adhesion to the human cells. This clumping,
not observed for the slightly less antiadhesive 1:1 complexes,
might present challenges in vivo, and thus must be considered
carefully in further exploration of these systems. We are cur-
rently developing analogues of these ligands to include more
conjugated chromophores which might allow for excitation of
probes with blue light for potential fungal imaging appli-
cations; this may give further insight into the precise protein
target of this class of anti-adhesive.

Conclusions

We have demonstrated that metal coordination chemistry is
able to assemble glycoconjugate ligands in such a way as to
enhance antiadhesive effects from binding to pathogens’
carbohydrate-binding proteins, in the case of P. aeruginosa and
C. albicans (both WHO Critical Priority pathogens).
Galactoside 1Gal has moderate micromolar binding affinity for
PA’s lectin LecA, but while the ligand alone doesn’t demon-
strate biofilm inhibition for this bacterium in vitro, the Eu(u)
complexes do so at subinhibitory concentrations (up to 60%
for the 1:1 complex). DFT modelling of these compounds
suggested that the ligand and complexes shared structural pro-
perties with previously-reported anti-CA agents, and indeed
1Gal and its complexes with Ni(u), Zn(u) and Eu(m) also
display antiadhesive effects on the fungus’ interactions with
human BECs in vitro, with the most effective agent again being

This journal is © The Royal Society of Chemistry 2025
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the 1: 3 Eu(mr) complex. This lead complex inhibits or outcom-
petes >60% of yeast adhesion, and demonstrates clumping of
the yeast cells. These results indicate that while carbohydrate
epitopes target pathogens’ carbohydrate-binding proteins, this
alone may not directly translate into antiadhesive effects - this
is pathogen specific, and antiadhesive activity may be
unlocked or modulated through choice of coordinated metal
ions. Eu(m) complexes, in particular, show promise from this
study and we are seeking to optimise these structures’ photo-
physical profile and lectin-affinity to allow for future use of
these luminescent compounds for imaging in more detailed
models of lectin-mediated pathogenesis (e.g. biofilm flow cell
confocal microscopy, study of epithelial cell adhesion/toxicity),
and to probe whether this activity is shared across the range of
lanthanide(ur) complexes, or if Eu(ui) plays a unique role in the
mode of action of these complexes. Moreover, optimised com-
plexes may sensitise these and other pathogens to adjunct
therapy approaches with traditional antibiotics. These promis-
ing results for glycoconjugate coordination compounds open
up opportunities to develop further antiadhesive metal com-
plexes, with variation in topology, ligand design and metal-
centred activity, such as redox activity.

Experimental

General experimental details

NMR spectra were obtained on a Varian VNMRS 500 MHz
54 mm AR Spectrometer (UoG) operating under Vnmr] soft-
ware, JEOL 400 MHz NMR ECX-400 Spectrometer (UoG), and
Varian VnmrS 400 MHz spectrometer (UCD). Chemical shifts
(6 in ppm, J in Hz) were referenced to residual solvent reso-
nances and are reported downfield from SiMe,. Deuterated sol-
vents CDCl;, D,O, DMSO-ds were obtained commercially and
used without further purification. Spectra were visualised and
analysed using MestReNova software. Infrared spectra were
obtained on a PerkinElmer Spectrum 400 FTIR/FT-FIR spectro-
meter equipped with a universal ATR accessory. High resolu-
tion mass spectroscopy was performed on an Agilent 6530
Accurate Mass Q-TOF LC/MS coupled to an Agilent 1290
Infinity UPLC system (UoG), Agilent 6546 Quadrupole Time-Of-
Flight MS System coupled with an Agilent 1260 Infinity Prime
II LC system (UCD) and on a Bruker ‘autoflex maX’ MALDI
TOF/TOF system equipped with a HTX Technologies
TM-Sprayer (using Super-DHB matrix). TLC experiments were
performed using aluminium sheets pre-coated with silica gel
60 (HF254, E. Merck, Darmstadt, Germany). Chromatography
was performed with silica gel 60 mesh (Sigma Aldrich,
Wicklow, Ireland). Reactions performed under microwave
irradiation were carried out in a CEM Discover-SP Microwave
Reactor, 2012 model, in the appropriate bespoke vessels (UoG).
All starting materials were obtained from commercial sources
and used without further purification, unless otherwise stated.
Dialkyne 2,%° glycopyranose azides,’® and dpa-based com-
pounds (1Gal®*¢, 1Gal and 5)°° were prepared as previously
reported.
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Expression and purification of recombinant LecA were per-
formed as previously described®” and the protein was lyophy-
lized. ITC experiments were performed on an MicroCal ITC200
instrument by Malvern Panalytical and all data analysis was
performed using MicroCal PEAQ-ITC analysis software
(Malvern Instruments). SPR measurements were performed on
a Biacore™ X100 instrument using Biacore CM5 gold chips
and data analysed with the analysis software (Biacore). All
stock solutions were made from lyophilised material prior to
use.

Synthetic procedures

General procedure for the synthesis of ligand precursors
194 via CuAAC click chemistry. Scaffold 2 (1 equiv.) and the
corresponding sugar azide (2 equiv.) were dissolved in 5 mL of
THF. To this solution was added 2.5 mL of an aqueous solu-
tion containing CuSO,4-5H,0 (0.015 g, 0.06 mmol), sodium
ascorbate (0.024 g, 0.12 mmol) and THPTA (0.049 g,
0.12 mmol). The resulting reaction mixture was irradiated in a
microwave reactor at 80 °C for 45 min and then stirred over-
night at rt. Reaction mixture was diluted with EtOAc and 1 M
EDTA/NH,OH was added. The aqueous phase was extracted
twice more with EtOAc, organic layers combine and dried over
MgSO,. Specific purification and characterisation for each
ligand are given below.

1Glc®*“. Synthesised following the general procedure from
scaffold 2 (0.106 g 0.44 mmol) and B-acetylazidoglucose
(0.330 g, 0.88 mmol). Solvent removed in vacuo and crude
recrystallised from THF:H,O (2:1) and filtered to obtain
white crystals. Yield 0.516 g, 0.52 mmol (59%). HRMS (QTOF
ESI+) caled for [M + H]" C4HyoNoO,o" m/z = 988.3167, found
mlz = 988.3171 and [M + Na]' C;H;oNgOyNa" mjz =
1010.2986, found m/z = 1010.2993; "H NMR (500 MHz, DMSO-
de): 6 = 9.94 (t, J = 6.3 Hz, 2H, NH), 8.29 (s, 2H, triazole),
8.24-8.18 (m, 3H, pyr-CH), 6.30 (d, J = 9.2 Hz, 2H, Glc H-1),
5.66 (t,J = 9.4 Hz, 2H, Glc H-2), 5.51 (t, ] = 9.5, 9.5 Hz, 2H, Glc
H-3), 5.15 (t, J = 9.8 Hz, 2H, Glc H-4), 4.62 (m, 4H, Glc H-6,6),
4.32 (m, 2H, Glc H-5), 4.07 (m, 4H, CH,), 2.01 (s, 6H, OCH,),
1.97 (s, 6H, OCH3), 1.94 (s, 6H, OCHj3), 1.77 (s, 6H, OCH,); °C
NMR (126 MHz. DMSO-dg): § = 170.5, 170.0, 169.8, 168.9 (4 x
OAc C=0), 163.7 (amide C=0), 148.9 (qt), 146.1 (qt), 140.0
(Pyr CH), 125.0 (Pyr CH), 122.5 (Tz CH), 84.3 (Glc C-1), 73.7
(Gle C-5), 72.7 (Gle C-3), 70.5 (Gle C-2), 68.0 (Gl C-4), 62.3 (Glc
C-6), 34.9 (CH,), 20.9, 20.8, 20.7, 20.4 (4 x OAc CH;). IR (ATR,
em™): 1741, 1673, 1535, 1432, 1367, 1211, 1136, 1039, 953,
899, 842, 753.

1Lac®*. Synthesised following the general procedure from
scaffold 2 (0.080 g, 0.33 mmol) and p-acetylazidolactose
(0.436 g, 0.66 mmol). Solvent removed in vacuo and crude
mixture precipitated from THF by dropwise addition of cold
H,0 and filtered to obtain a white solid. Purified by column
chromatography in 100% EtOAc (R¢ = 0.16, 3rd spot) to yield a
white solid. Yield: 0.589 g, 0.38 mmol (57%). HRMS (QTOF
ESI+): caled for [M + H]" C5Hg1NoOs6' m/z = 1564.4857, found
miz = 1564.4868 and [M + Na]' CgHgNoOssNa™ m/jz =
1586.4676, found m/z = 1586.4678; 'H NMR (500 MHz, DMSO-
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de): 6 =9.90 (t, J = 6.3 Hz, 2H, NH), 8.24-8.14 (m, 5H, Pyr and
Tz), 6.21 (d, J = 9.2 Hz, 2H, Glc H-1), 5.51 (t, J = 9.4 Hz, 2H,
CH), 5.24-5.20 (m, 2H, CH), 5.17 (dd, J = 10.1, 3.7 Hz, 2H, CH),
4.84 (dd, J = 10.1, 8.0 Hz, 2H, CH), 4.79 (d, J = 8.0 Hz, 2H, Gal
H-1), 4.59 (t,] = 6.4 Hz, 4H, CH,), 4.33 (d, J = 11.8 Hz, 2H, CH),
4.22 (t, J = 6.7 Hz, 2H, CH), 4.16 (t, J = 8.7 Hz, 2H, CH),
4.02-3.91 (m, 8H, Lac CH,), 2.08 (s, 6H, OCHj;), 1.99 (s, 6H,
OCHj,), 1.99 (s, 6H, OCH,), 1.97 (s, 6H, OCH,), 1.96 (s, 6H,
OCHj,), 1.88 (s, 6H, OCH3), 1.73 (s, 6H, OCH;); *C NMR
(126 MHz. DMSO-de): § = 170.7, 170.34, 170.34, 167.0, 169.8,
169.5, 169.0 (4 x OAc C=0), 163.7 (amide C=0), 148.9 (Tz-
C-1), 146.0(Pyr C-2,6), 140.0 (Pyr C-4), 124.9 (Pyr C-3,5), 122.6
(Tz C-2), 100.5 (Gal C-1), 84.1 (Glc C-1), 76.2, 74.8, 72.9, 70.8,
70.2, 69.3, 67.5 (all Lac CH), 62.7 (Lac C-6), 61.3 (Lac C-6"), 34.9
(CHy), 21.0, 20.9, 20.8, 20.8, 20.7, 20.4 (4 x OAc CH;); FT-IR
(ATR, ecm™): 1741, 1673, 1535, 1432, 1367, 1211, 1136, 1039,
953, 899, 842, 753.

General procedure for Zemplén deacetylation. Ligand 1°¢
was dissolved, or suspended, in methanol and to this was
added 1 M NaOMe solution in MeOH (1 mL). The reaction was
stirred at room temperature until TLC indicates full de-
protection (ca. 1-2 h). Mixture was neutralised with Dowex H"
resin, filtered and solvent removed in vacuo. Co-evaporation of
the solvent with ethanol yielded ligands 1 as white solids.

1Gal. Deprotected 1Gal®*® (1.03 g, 1.00 mmol) according to
the general procedure above, giving 1Gal as a white solid
(0.645 g, 0.99 mmol, quantitative). HRMS (QTOF ESI+) calcd
for [M + H]" CysH33Ne0y," m/z = 652.2326, found m/z =
652.2320. 'H NMR (500 MHz, D,0): § = 8.23 (s, 2H, Tz),
8.16-8.11 (d, 2H, Pyr H-2,6), 8.10-8.03 (m, 1H, Pyr H-1), 5.69
(d,J = 9.2 Hz, 2H, Gal H-1), 4.75-4.65 (m, 4H, CH2), 4.22 (t, ] =
9.5 Hz, 2H, Gal H-2), 4.10 (d, J = 3.1 Hz, 2H, Gal H-4), 4.02 (t,
J = 6.0 Hz, 2H, Gal H-5), 3.89 (dd, J = 9.8, 3.3 Hz, 2H, Gal H-3),
3.80 (app d, / = 6.1 Hz, 4H, Gal H6,6') ppm. *C NMR
(126 MHz, D,0): & = 165.6 (amide C), 147.6 (triazole C-1), 144.8
(Pyr C-5,3), 139.8 (Pyr C-1), 125.0 (Pyr C-2,6), 122.9 (triazole
C-2), 88.0 (Gal C-1), 78.2 (Gal C-5), 72.9 (Gal C-3), 69.7 (Gal
C-2), 68.5 (Gal C-4), 60.8 (Gal C-6), 34.4 (CH,) ppm. IR (ATR,
em™): 3301, 2926, 1658, 1536, 1447, 1237, 1091, 1049, 884,
819, 747, 700, 643, 606.

1Gle. Deprotected 1Glc®*€ (0.301 g, 0.30 mmol) according to
the general procedure above, giving 1Gle as a white solid
(0.195 g, 0.30 mmol, 98%). HRMS (QTOF ESI+): (QTOF ESI+)
caled for [M + H]" Cy5H33Nq04," m/z = 652.2326, found [M +
Na]" m/z = 652.2331; "H NMR (400 MHz, D,0): § = 8.15 (s, 2H,
Tz) 7.99-7.86 (m, 3H, Tz Pyr), 5.72 (d, J = 9.2 Hz, 2H, Glc H-1),
4.58 (s, 4H, CH,), 3.99 (t, J = 9.2 Hz, 2H, Glc H-2), 3.91 (dd, J =
12.3, 1.9 Hz, 2H, Glc CH,-6), 3.82-3.68 (m, 6H, Glc CH,-6/,
H-3, H-5), 3.65-3.58 (m, 2H, Glc H-4); *C NMR (101 MHz,
D,0): § = 165.1 (amide C=0), 147.3 (qt), 144.6 (qt), 139.7 (Pyr
CH), 124.8 (Pyr CH), 123.2 (Tz CH), 87.4 (Glc C-1), 78.8 (Glc
CH), 75.8 (Glc CH), 72.2 (Glc C-2), 68.9 (Glc C-4), 60.4 (Glc
CH,-6), 34.2 (CH,); FT-IR (ATR, cm™): 3303, 2922, 2459, 1655,
1425, 1341, 1237, 1093, 1042, 898, 842, 751, 696.

1Lac. Deprotected 1Lac®*® (0.455 g, 0.29 mmol) according to
the general procedure above, giving 1Lac as a white solid
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(0.230 g, 0.24 mmol, 81%). HRMS (QTOF ESI+): caled for
C3,H53NgO,,Na" [M + Na]' mfz = 998.3209, found mjz =
998.3206; 'H NMR (400 MHz, D,0): § = 8.16 (s, 2H, Tz),
8.07-7.96 (m, 3H, Pyr), 5.61 (d, J = 9.0 Hz, 2H, Glc H-1), 4.51
(d, J = 2.5 Hz, 4H, CH,,), 4.37 (d, J = 7.7 Hz, 2H, Gal H-1), 4.04
(t,J = 9.0 Hz, 2H, Lac CH), 4.00-3.90 (m, 4H, Lac CH and CH,),
3.91-3.72 (m, 12H, Lac CH and CH,), 3.70 (dd, J = 3.5, 9.9 Hz,
2H, Lac CH), 3.59 (dd, J = 7.7, 9.9 Hz, Hz, 2H); *C NMR
(101 MHz, D,0): § = 165.3 (amide C=0), 147.4 (Tz C), 144.7
(Pyr C), 139.8 (Pyr CH), 124.9 (Pyr CH), 123.2 (Tz CH), 102.9
(Gal C-1), 87.2 (Gle C-1), 77.6, 77.3, 75.3, 74.5, 72.5, 71.9, 70.9,
68.5 (all Lac CH), 61.0 (Lac CH,), 59.7 (Lac CH,), 34.2 (CH,);
FT-IR (ATR, cm™"): 3317, 2886, 1661, 1538, 1447, 1404, 1239,
1040, 1000, 895, 843, 783, 750, 697, 670.

General method for synthesis of metal complexes of ligands
1. Ligand and metal salts were dissolved in MeOH-H,O (7:3)
and heated, in the ratios indicated below. Eu(ur) complexes were
heated in microwave reactor at 90 °C for 30 minutes, while Ni(i)
and Zn(u) complexes were formed by reflux overnight. Solvent
was removed in vacuo and solids dried in oven at 60 °C.

[Eu-(1Gal)(H,0)6](CF3S0;);. Ligand 1Gal (0.0652 g,
0.10 mmol) and Eu(CFs;SO3); (0.0600 g, 0.10 mmol) were
reacted in a 1:1 molar ratio, according to the general method
described above, yielding a white solid (luminescing red under
UV irradiation). Yield 0.1160 g (93%). HRMS (MALDI+) caled
for [Eu(1Gal-)(CF5S03), + Na]' C,,H33N¢0;3EuCFS,Na" m/z =
1125.0396, found m/z = 1125.0325. "H NMR (500 MHz, D,0): §
= 8.24 (br s, Tz), 8.15 (br app. s, Pyr), 7.91 (br app s, Pyr),
5.62-5.56 (br d, Gal H-1), 5.35, 4.25 (br s, CH2), 4.13-4.09 (br
m, Gal CH), 3.97-3.95 (br m, Gal CH), 3.89-3.88 (br m, Gal
CH), 3.78-3.74, 3.67-3.66 (br d, Gal Gal CH,-6,6'); IR (ATR,
em™): 3317, 1635, 1566, 1462, 1436, 1399, 1223, 1171, 1089,
1025, 892, 811, 762, 697.

[Eu-(1Gal);](CF3S03);. Ligand 1Gal (0.0652 g, 0.10 mmol)
and Eu(CF;SO3); (0.0198 g, 0.03 mmol) were reacted in a
3:1 molar ratio, according to the general method described
above, yielding a hygroscopic white solid (luminescing red
under UV irradiation). Yield 0.0827 g (97%). 'H NMR
(500 MHz, D,0): § = 8.25 (br s, Tz), 8.11-7.96 (br m, Pyr),
5.62-5.54 (split d, Gal H-1), 4.60 (br s, CH,), 4.26 (br s),
4.14-4.09 (br m, Gal CH), 3.98-3.95 (br m, Gal CH), 3.91-3.86
(br m, Gal CH), 3.78-3.74 (br m, Gal CH), 3.67-3.65 (br m, Gal
CH,-6,6"); "*C NMR (126 MHz, D,0): § = 144.97, 122.90, 87.99,
78.24, 72.86, 69.69, 68.51, 60.82, 34.43, 16.71. IR (ATR, cm™):
3317, 2906, 1635, 1596, 1565, 1459, 1432, 1355, 1241, 1225,
1167, 1125, 1088, 1051, 1026, 890, 822, 757, 723, 699.

[Ni:(1Gal),]CL,. Ligand 1Gal (0.0652 g, 0.10 mmol) and NiCl,
(0.0065 g, 0.05 mmol) were reacted in a 2:1 molar ratio,
according to the general method described above, yielding a
lime green solid, fine powder. Yield 0.0682 g (95%). HRMS
(QTOF ESI+) caled for [M — 2CI* NiCsoHesN150,," miz =
679.1842, found m/z = 679.1915; "H NMR (500 MHz, D,0): § =
8.07 (br s, 4H, Tz), 7.97-7.90 (br m, 6H, Pyr), 5.54-5.52 (br d,
4H, Gal H-1), 4.54 (br s, 8H, CH,), 4.08-4.04 (br t, 4H, Gal CH),
3.95-3.94 (br d, 4H, Gal CH), 3.87-3.84 (br t, 4H, Gal CH),
3.75-3.72 (br dd, 4H, Gal CH), 3.65-3.64 (br app. d, 8H, Gal
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CH,-6,6"), residual EtOH. "*C NMR (126 MHz, D,0): § = 165.6,
147.6, 144.8, 139.8, 125.0, 122.9, 88.0, 78.2, 72.9, 69.7, 68.5,
60.8, 57.4, 34.3, 16.7. IR (ATR, cm™"): 3262, 2892, 1635, 1542,
1447, 1346, 1237, 1049, 881, 820, 746, 698.

[Zn-(1Gal),](OAc),. Ligand 1Gal (0.0521 g, 0.08 mmol) and
Zn(OAc), (0.007 g, 0.04 mmol) were reacted in a 2 : 1 molar ratio,
according to the general method described above, yielding a fine
white hygroscopic solid (weakly fluorescent under UV irradiation).
Yield 0.0569 g (92%). 'H NMR (500 MHz, D,0): § = 8.07 (s, 4H,
Tz), 7.99 (d, J = 7.0 Hz, 4H, Pyr), 7.94 (dd, J = 8.9, 6.5 Hz, 2H, Pyr),
5.53 (d,J = 9.2 Hz, 4H, Gal H-1), 4.55 (d,J = 2.0 Hz, 8H, CH,), 4.07
(t,J = 9.5 Hz, 4H, Gal H-2), 3.95 (dd, J = 3.4, 1.1 Hz, 4H, Gal H-4),
3.86 (td,J = 6.1, 1.1 Hz, 4H, Gal H-5), 3.74 (dd, J = 9.8, 3.3 Hz, 4H,
Gal H-3), 3.65 (d, J = 6.0 Hz, 8H, Gal CH,-6,6), 1.78 (d, J = 1.0 Hz,
3H). ®C NMR (126 MHz, D,0): § = 165.6, 147.6, 144.8, 139.8,
125.0, 122.9, 88.0, 78.2, 72.9, 69.7, 68.5, 60.8, 34.4, 23.1. IR (ATR,
em™): 3304, 2925, 1657, 1653, 1539, 1447, 1398, 1339, 1237,
1090, 1051, 1017, 889, 843, 819, 747.

[Eu-(1Glc)(H,0)6](CF3S0;);.  Ligand 1Gle  (0.020 g,
0.03 mmol) and Eu(CF;S0;); (0.009 g, 0.03 mmol) were
reacted in a 1:1 molar ratio, according to the general method
described above, yielding a hygroscopic white solid (lumines-
cing red under UV irradiation). Yield 0.0287 g (98%). 'H NMR
(500 MHz, D,0): 6 = 8.35 (br s, Tz), 8.23 (br s, Pyr), 5.79 (m,
Gal H-1), 4.36 (br s, CH,), 4.04-3.60 (br m, Gal CH and CH,).
IR (ATR, cm™%): 3316, 2919, 2852, 1635, 1567, 1433, 1383, 1243,
1226, 1168, 1094, 1046, 1025, 897, 802, 761, 726, 696.

[Eu-(1Glc);](CF3S03);. Ligand 1Gle (0.020 g, 0.03 mmol) and
Eu(CF3S03); (0.060 g, 0.10 mmol) were reacted in a 3:1 molar
ratio, according to the general method described above, yielding
a hygroscopic white solid (luminescing red under UV
irradiation). Yield 0.0260 g (quantitative). "H NMR (500 MHz,
D,0): § = 8.20 (br, s, Tz), 8.10-8.07 (br, d, pyr), 5.67-5.60 (m, Gal
H-1), 4.20 (br, s, CH,), 3.89-3.48 (br, m’s, Gal CH and CH,).

[Eu-(1Lac)(H,0)6](CF5S03);. Ligand 1Lac (0.0350 g,
0.035 mmol) and Eu(CF;SO3); (0.0214 g, 0.035 mmol) were
reacted in a 1:1 molar ratio, according to the general method
described above, yielding a white solid (luminescing red under
UV irradiation). Yield 0.0439 g (78%). 'H NMR (400 MHz,
D,0): 6 = 8.36-7.69 (br m, 5H, Tz Pyr), 5.85-5.56 (br split m,
2H, Glc H-1), 4.40 (d, J = 7.5 Hz, 2H, Gal H-1), 4.27 (s, 1H),
4.09-3.37 (m, 29H, Lac CH and CH,), 2.45 (s).

[Eu-(1Lac);](CF3S0;);. Ligand 1Lac (0.0350 g, 0.035 mmol)
and Eu(CF;S03); (0.0072 g, 0.012 mmol) were reacted in a
3:1 molar ratio, according to the general method described
above, yielding a white solid (luminescing orange under UV
irradiation). Yield 0.0290 g (69%). 'H NMR (400 MHz, D,0): § =
8.16-7.78 (br m, 15H, Tz and Pyr), 5.63 (br d, J = 9.1 Hz, 6H, Glc
H-1), 4.56 (s, 12H, CH,), 4.37 (d, J = 7.7 Hz, 6H, Gal H-1), 4.07-
3.32 (m, 75H, Lac CH and CH,), 0.57 (s).

Isothermal calorimetry measurements with LecA

ITC measurements were carried out on a MicroCal ITC200
(Malvern Panalytical) and the data was analyzed using the
MicroCal PEAQ-ITC analysis software. The experiments were
carried out at 25 °C. Ligands, i.e. 1Gal and 5, and LecA were
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dissolved in the same buffer, i.e., 10 mM Tris/HCI buffer (pH
7.2, 100 mM NacCl, 10 pM CaCl,). The lectin concentration in
the microcalorimeter cell (0.2 mL) was 300 pM. A total of 20
injections of 2 pL of 3 mM ligand solutions were added at
intervals of 120 s while stirring at 750 rpm. Titrations were
carried out in duplicate and Ky reported as an average.

Surface plasmon resonance measurements with LecA

Surface plasmon resonance experiments were performed on a
BIACORE X100 instrument (GE Healthcare) at 25 °C. For
LecA immobilization, the system was pre-equilibrated with
PBS buffer (10 mM phosphate buffer pH 7.4, 2.7 mM
KCl, 137 mM NaCl, 100 pM CaCl,, 0.05% Tween 20),
followed by an activation of the CM5 chip surface by 3 injec-
tions of 1:1 N-hydroxysuccinimide (NHS)/1-ethyl-3(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC) mixture on
channel 1 and 2 (contact time of 540 s, flow rate 10 pL min™?)
until the binding response was above 800 RU. LecA was dis-
solved in 10 mM sodium acetate pH 4.5 (100 pg mL™") and
injected over the activated chip surface on channel 2 (contact
time of 540 s, flow rate 10 pL min~") until the response of 1625
RU was reached. Excess free NHS-ester groups were capped
with an injection of 1 M ethanolamine (contact time 540 s,
flow rate 10 pL min™"). 2.5 pM ligand stocks (i.e. 1Gal and 5)
were diluted to required concentrations in a running buffer
(10 mM phosphate buffer pH 7.4, 2.7 mM KCl, 137 mM Nacl,
100 pM CacCl,, 0.05% Tween 20) then subjected to single-cycle
kinetics analyses (contact time of 120 s and dissociation time
of 120 s, flow rate 30 pL. min™") consisting of injections of the
analytes at 0, 3.7, 11.1, 33.3, and 100 pM over the immobi-
lized-LecA. The chip surface was regenerated by 5x injections
of 5 mM galactose followed by 5x injections of the running
buffer (contact time of 120 s, flow rate 30 pL min™"). K4 deter-
mination was performed using BIACORE X100 evaluation soft-
ware (version 2.0) by applying the 1:1 binding model to fit the
experimental data.

Antimicrobial assays with P. aeruginosa

Ligand 1Gal and complexes were tested for their ability to
inhibit growth of P. aeruginosa (PAO1) at various concen-
trations. In brief: PAO1 was seeded into wells at 10° CFU mL ™"
in Mueller Hinton broth. Serial dilutions of each of the com-
pounds was then added to the wells and a set of control wells
with no compound was also set up. Each biological replicate
experiment was performed in three technical replicates. Plates
were incubated for 24 h at 37 °C before absorption readings at
590 nm were taken to determine the extent of inhibition of
in vitro growth of the microorganism versus control.

Anti-biofilm assays with P. aeruginosa

Biofilm formation assays were based on methodology from
previously published work.>” In brief, starting from an over-
night liquid culture in Tryptone Soya Broth, a dilution contain-
ing approximately 10° CFU mL™" was made of PAO1 strain
(kind donation from Prof. Seamas Donnelly, School of
Medicine, Trinity College Dublin). For each biofilm experiment
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(each biological replicate), 3 wells of a round-bottomed poly-
propylene 96-well micro plate (Corning Costar, Sigma) were
inoculated with 100 pL of this dilution, 3 wells were inoculated
with the dilution and treated with the test compounds (in con-
centrations from 0 to 10 mM) and 3 control wells were filled
with sterile medium (bacteria alone). Following 4 hours of
adhesion, the supernatant, containing non-adhered cells, was
removed from each well and plates rinsed using PBS solution.
Following this 100 pL of fresh media was added to the control
wells and fresh media with each concentration of ligand 1 or
its complexes was added to the appropriate wells, the plate was
then incubated for a further 24 h. After 24 h biofilm formation,
the supernatants were again removed, and the wells rinsed
with PBS again. Once the wells were washed, 100 pL of a 0.5%
crystal violet (CV) solution was added to all wells. After 20 min,
the excess CV was removed by washing the plates under
running tap water. Finally, bound CV was released by adding
150 pL of 33% acetic acid (Sigma). Absorbance was measured
at 590 nm.

DFT calculations for ligand and complexes

Five different conformer orientations were designed as the
starting structures for the conformational analysis of the 1Gal
compound. Once the conformers were generated, they were
optimised by DFT methodology using the Gaussiani6
program.®® Geometry optimisations and vibrational frequency
calculation of the 1Gal conformers were carried out at the
B3LYP-D3/6-31+g(d) computational level.®*”® The Europium
complex geometry optimisations and frequency calculations
were performed using B3LYP with the Stuttgart-Dresden (SDD)
effective core potential (ECP) on Eu and 6-31G(d,p) for light
atoms (C, H, N, 0), with GD3B]J dispersion correction.”*”> For
the Nickel and Zinc complexes, geometry optimisations were
conducted at the B3LYP/6-31+G(d) level with GD3BJ dispersion
correction. The Eu(ur) complex was modelled as a septet,”® the
Ni(i) complex as a doublet,”” and the Zn(u) complex as a
singlet.”® All the calculations were performed in water as the
solvent (SMD method) and at a temperature of 298.15 K.”° The
vibrational frequencies were used to ensure that the structures
were fully optimised and represented a minimum on the
potential energy surface.

Adherence assays with C. albicans

Adherence assays were based on methodology from previously
published work and will be reiterated in brief.'* Buccal epi-
thelial cells (BECs): cells were harvested from healthy volun-
teers by gently scraping the inside of the cheek with a sterile
tongue depressor. Cells were washed with PBS and resus-
pended at a density of 1.5 x 10°> mL ™",

General methodology for adherence assays. For all types of
assay performed, yeast cells were mixed with BECs in a ratio of
50:1 in a final volume of 2 mL and incubated at 37 °C for
100 minutes. The BEC/yeast cell mixture was harvested by
passing through a polycarbonate membrane containing 30 pm
pores which trapped the BECs but allowed unattached yeast
cells to pass through. This was washed x 2 with 10 mL PBS

This journal is © The Royal Society of Chemistry 2025
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and cells remaining on the membrane were collected and
spread on glass microscope slides which were left to slowly air
dry overnight. Cells were heat fixed and stained with 0.1%
(w/v) crystal violet solution, and left to air dry for 30 minutes.
For each slide, the CA cells attached to 100 BECs were counted
and the average number of adhered yeast cells averaged and
expressed as a percentage inhibition compared to untreated
controls.

Pre-treatment exclusion adherence assay. In this assay,
C. albicans cells were treated with the glycoconjugate com-
pounds or metal salt (ie. 1Gal and its complexes, Eu
(CF;3S03);, NiCl,, or Zn(OAc),, with a working concentration
of 0.1 mM), incubated and subsequently exposed to exfo-
liated BECs. In brief, starting from a liquid overnight
culture, 2.1 x 10® CA cells were added to Eppendorf tubes
(one per compound, plus control) and the growth medium
was fully removed by centrifugation followed by fresh PBS
buffer washes. The clean CA cells were suspended in 900 pL
PBS buffer and to them was added 100 pL of 1 mM aqueous
solution of each compound tested, giving a working concen-
tration of 0.1 mM in each sample. The Eppendorf tubes were
incubated for 60 min at room temperature with occasional
shaking. Then the steps described in the general method-
ology above were completed.

Competition adherence assay. In this assay, C. albicans cells,
BECs and the glycoconjugate compounds or metal salts (i.e.
1Gal and its complexes, Eu(CF3S0;);, NiCl,, or Zn(OAc),, with
a working concentration of 0.1 mM) were co-incubated in a
shaker at 37 °C for 90 minutes before completing the steps
described in the general methodology above.
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