Open Access Article. Published on 17 December 2024. Downloaded on 1/20/2026 4:33:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of _
Materials Chemistry B

W) Check for updates ‘

Cite this: J. Mater. Chem. B, 2025,

13, 882 .
Richa Sharma,

Received 9th August 2024,

Accepted 17th December 2024 Mark Bradley *d

DOI: 10.1039/d4tb01786b

rsc.li/materials-b

A multi-branched fluorogenic probe for the rapid and specific detection of
Gram-negative bacteria is reported. Three Gram-negative-targeting azido-
modified polymyxins were clicked onto a trivalent scaffold functionalised
with the environmental green-emitting fluorophore 7-nitrobenz-2-oxa-
1,3-diazole. The probe allowed wash-free detection of target bacteria with
increased sensitivity and lower limits of detection compared to mono-
valent probes.

Introduction

Bacterial infections (from both antibiotic-resistant and susceptible
species) remain a major cause of death globally, with an estimated
13.7 million infection-related deaths in 2019 (of which approx.
10 million were from sepsis)." The most predominant organisms
(in order of deaths caused, excluding TB) are Staphylococcus aureus,
Escherichia coli, Streptococcus pneumoniae, Klebsiella pneumoniae,
Pseudomonas aeruginosa and Acinetobacter baumannii, four of which
are Gram-negative and are responsible for many life-threatening
infections, such as sepsis, wound infections, urinary tract infec-
tions and pneumonia.*™*
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Unfortunately, the accurate and rapid identification of infec-
tions remains a challenge as current diagnostic techniques
often rely on invasive biopsies and microbial culture, which
causes a delay between patient sampling and diagnoses.’
Consequently, pre-emptive treatments are commonly employed,
which typically leads to overuse of broad-spectrum antibiotics with
serious adverse side-effects (e.g. deafness with aminoglycosides,’
nephrotoxicity with glycopeptides,” etc.). This approach also pro-
motes the utilisation of “last resort” highly potent antibiotics
thereby driving the antimicrobial resistance problem.®®

The development of tools and methodologies for the rapid
and accurate identification of pathogenic agents is crucial to
prevent this “butterfly effect””, and therefore allow early bedside
decision of tailored treatments. One approach to achieve this
goal is to create targeted reporters that can label pathogens and
be visualised in real time, for example by the attachment of a
fluorophore to a targeting ligand with specific affinity for a
class of pathogens,'®™? generating highly pathogen-specific
imaging probes with high potential for clinical diagnosis.'*™”

Antibiotics specific to classes of pathogens (i.e. targeted to a
specific Gram status) have become popular targeting ligands
for the design of fluorescent probes to detect bacterial
infections,'®*" with broad applications in disease diagnostics, resis-
tance mechanisms studies and drug susceptibility assessment.**>°
Probes targeting Gram-negative bacteria®>° specifically can be
designed using polymyxins, a class of naturally occurring cationic
cyclic lipopeptides. These compounds selectively bind to the outer
membrane of Gram-negative bacteria via interactions with lipid A, a
key component of the lipopolysaccharide (LPS)."*?"*> The long
aliphatic chain of unmodified polymyxins is able to insert into the
membrane giving enhanced (entropically driven) binding. This chain
can be removed to develop non-cytotoxic imaging probes while
keeping the cyclic peptide structure, essential for specific membrane
recognition, thus enabling the development of targeted imaging
probes for Gram-negative bacteria. In previous work, “switch-on”
fluorescent probes, designed by derivatization of the antibiotic
polymyxin B (PMB) with green- or red-emitting solvato-fluorogenic
dyes, were used to detect Gram-negative pathogens with good
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specificity.>*** The use of solvato-fluorogenic dyes, whose
fluorescence is switched-on specifically in lipophilic environ-
ments (such as bacterial cell membranes), allowed wash-free
labelling of pathogens with minimal background signal. This
property brings key advantages to optical in vivo diagnostics, for
example, the wash-free detection of Gram-negative infections in
the distal airways of human lungs.*?

Screening methods for infections often require high sensi-
tivity, with low limits of detection (LoD). In addition, the
synthesis of the probe should be straightforward, and scalable,
to promote clinical translation and application. To address
these challenges, we hereby developed a tri-branched Gram-
negative specific imaging agent based on a scaffold bearing three
PMB-derived targeting units and conjugated to one small, green-
emitting, solvato-fluorogenic 7-nitrobenz-2-oxa-1,3-diazole (NBD)
dye.* Tri-branched fluorogenic probes have previously been used
to enhance signal amplification in the detection of proteases and
promote in vivo probe stability.***® Tripling the number of PMB
ligands per fluorescent unit was expected to improve targeting
efficiency and lower the LoD thanks to the greater number of
binding domains. The ligand used was the polymyxin B cyclohep-
tapeptide (PMB?7) scaffold which proved to be readily synthetically
accessible, and available en masse compared to the polymyxin B
nonapeptide (PMB9) used in previous work.** The properties of the
resulting tri-branched probe NBD-Tris (PMB7) were then compared
with the truncated linear (mono-branched) analogue NBD-PMB7 to
study the effect of the branching/amplification strategy, and with
the reported NBD-PMB9 probe (Fig. S1, ESIT) to study the influence
of the dipeptide truncation on the bacterial detection assays. A
synergistic enhancement of the fluorescent labelling was observed
using the tri-branched scaffold compared to the mono-branched
analogues, leading to more sensitive detection of Gram-negative
bacteria.

Results and discussion

The design of the probe was based on conjugation of the cyclic
polymyxin lipid A binding domain (PMB7) to the fluorophore
NBD, as both mono- and tri-branched entities, preserving the
three diaminobutyric acid (Dab) residues within the cyclic
peptide for bacterial binding. Thus, polymyxin B sulphate was
fully Boc-protected with Boc-anhydride, followed by enzymatic
cleavage with Savinase, a protease that removed both the fatty
acyl tail and the exocyclic tripeptide (Scheme 1). This afforded
the truncated (Boc);PMB7 moiety (compound 2) on gram scale,
in excellent yield with minimal purification needed, with
Savinase cleavage providing a unique attachment point for
subsequent chemistry (Scheme 1). This strategy essentially
reversed the protection and cleavage steps®® that have pre-
viously been reported for the generation of (Boc),,PMB building
blocks, avoiding the time-consuming and tedious purification
needed for the separation of mixtures of Boc-protected
(Boc);,4,sPMB9 and the various positional isomers.

In order to verify that the absence of the three terminal
amino-acid residues and the fatty acid tail in the PMB

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthetic pathway to NBD-PMB7 and the key azide inter-
mediate 5. Reagents and conditions. (i) Boc,O, dioxane/H,O (2/1, v/v),
EtsN, 48 h. (ii) Savinase, MeCN/H,O (2/1, v/v), adjusted to pH = 9 with
NaOH, 16 h. (iii) DIPEA, DMF, 2 h. (iv) TFA/CH,Cl, (1/5, v/v), 1 h. Su =
N-hydroxysuccinimide.

cycloheptapeptide did not unduly affect its binding to bacteria or
selectivity, the mono-branched analogue NBD-PMB7 was prepared
and compared to the established probe NBD-PMB9.** The probe
NBD-PMB7? was synthesized by amide coupling of the tris-Boc-
protected cyclopeptide 2 with the NBD derivative 4, pre-
functionalised with a diethylene glycol (EG), spacer, to give inter-
mediate 6. Boc deprotection with trifluoroacetic acid (TFA) afforded
the heptapeptide probe NBD-PMB?.

The synthesis of the tri-branched probe from the PMB
cycloheptapeptide intermediate 2 was performed using a
click-based strategy,*® utilising the (EG), spacer 3, containing
an azide on one end, and an NHS ester on the other. This was
synthesized from Cl-(EG),-OH by oxidation to the carboxylic
acid and nucleophilic substitution with sodium azide, followed
by conversion to the active ester with EDC-HCl and NHS
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(see ESIT). The active ester was reacted with 2 in presence of
DIPEA to yield the azide module 5 (Scheme 1). The tri-branched
scaffold was based on a tris(hydroxymethyl)aminomethane
(TRIS) scaffold that was modified with three propargyl groups
to enable CuAAC. Thus, the amine group of TRIS was functio-
nalised with the commercially available ethylene glycol linker
BocNH-(EG),-CO,H, with amide bond formation on this hin-
dered amine position efficiently promoted by the coupling
agent EEDQ under microwave irradiation, cleanly affording 7
(Scheme 2). The hydroxyl groups were alkylated with propargyl
bromide under microwave heating to yield the corresponding
tris-alkyne, which was then deprotected using TFA (see ESIT).
The resulting crude amine was used in an SNAr reaction with
NBD-CI to give the NBD-functionalised fluorescent tri-branched
scaffold 8 in a 4-step sequence with only a single final purifica-
tion needed (34% yield over 4 steps). Finally, CuAAC between
the tris-alkyne platform and three equivalents of 5 was per-
formed using the Cul/THPTA catalytic system under microwave
irradiation. Completion of the reaction was monitored using
LC-MS to maximise the formation of the tri-functionalised
compound over the partially (mono- or bi-) functionalised
scaffold. The final bacterial-targeting probe NBD-Tris(PMB7)
was then purified by preparative RP-HPLC (see ESIf). The
copper-catalysed azide-alkyne cycloaddition (CuAAC) provided
a clean, efficient, and high yielding reaction, even when con-
structing multi-branched scaffolds with biologically complex
ligands.

The optical properties of the tri-branched probe NBD-Tris(PMB?7)
were initially investigated to evidence their emissive character
in lipophilic media. The compound showed a similar behaviour
to other known NBD derivatives (ESL, Fig. S1) and to the
monomeric probe NBD-PMB9,** with an intense absorption
band at 464 nm, and broad green emission (Ana.x = 545 nm)
(Fig. 1, top). The large band tailing beyond 600 nm and its large
Stokes’ shift are characteristic of the NBD fluorophore.

OH OH
A
HoN —  BocHN o]
OH ~No N\ oy
OH
TRIS 7
H2

Scheme 2 Synthesis of the tri-branched polymyxin probe NBD-Tris(PMB7). Reagents and conditions: (i) BocNH-(EG),-
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Fig.1 Top: Normalised absorption (continuous line) and emission
(dashed line) spectra of NBD-Tris(PMB7) in DMSO. Bottom: Evolution of
the fluorescence intensity of solutions of NBD-Tris(PMB7) (5 uM) with
increasing percentages of DMSO in PBS upon excitation at 475 nm.

We explored the sensitivity of the probe to the solvation
environment by increasing the DMSO content of aqueous
solutions of the probe. DMSO was selected to generate different
lipophilic environments, whilst maintaining good probe solu-
bility. The absorption and emission wavelengths were practi-
cally unaffected by the polarity and proticity changes (Fig. S2,
ESIT), however, in accordance with the well-known solvato-
fluorogenic character of NBD (i.e. known sensitivity to the

1. (i) O-N

2. (i) NS \ N\/\O/\/OQJ\N OO\

. % H

3 oN =
8

COzH, EEDQ, EtOH, 100 °C

(MW), 2 h. (i) Propargyl bromide, KOH, DMF, 120 °C (MW), 4 h. (i) TFA, CH,Cl,, r.t,, 1 h. (iv) NBD-Cl, EtsN, MeOH, r.t,, 16 h. (v) 5, Cul, THPTA, DMF, 70 °C

(MW), 1 h.
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polarity, viscosity, and hydrogen bonding capacity of their
environment), higher DMSO contents led to a significant increase
in fluorescence (Fig. 1, bottom). Indeed, a progressive 11-fold
brighter fluorescence signal was observed for NBD-Tris(PMB7) in
DMSO compared to in PBS. This strong sensitivity of the probe to
its microenvironment is ideal to allow labelling of pathogen
membranes without the need to wash excess probe from the
sample. Interestingly, this 11-fold switch-on effect was much
superior to that for the mono-branched NBD-PMB9 conjugate
(~3.5-fold),*® which could be instrumental in lowering the LoD.
Interestingly, the probe was less fluorogenic than the model
compound NBD-(EG),-CO,H for which a 17-fold emission
increase was observed in 90% DMSO (Fig. S4, ESIf). This
indicates that the micro-environment generated on one hand
by the solvent molecules and on the other by the spacer and
binding ligands, has a strong influence on the relaxation path-
ways of the NBD dye. Hydrogen bonding with the nitro-group of
the dye has been suggested as a predominant phenomenon
affecting the properties of NBD and is likely to play a role in this
brightness difference. The bulky and slightly hydrophobic tri-
branched scaffold of the probe may also protect from direct
interaction with water, leading to improved brightness compared
to the monovalent analogue.

The labelling ability of NBD-PMB7 was evaluated on E. coli
and compared with NBD-PMB9 to investigate the effect of the two
amino acid truncations on probe binding. Labelling with the
NBD probes (0.1-100 uM, without washing) was performed, and
samples were imaged on a Leica SP5 confocal spinning disk
microscope (lex = 480 nm, GFP filter settings, ey, = 540 nm)
(Fig. 2 and Fig. S5, ESIt). The truncated heptapeptide probe
NBD-PMB7 showed slightly improved labelling compared to the
nonapeptide NBD-PMB9 at all concentrations, this is consistent
with the original reports on NBD-PMB9 in which the use of
longer linkers led to a loss of affinity.>® The removal of the
exocyclic dipeptide in NBD-PMB9 did not have a detrimental
effect on the fluorescent labelling efficiency of Gram-negative

View Article Online
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bacteria when comparing the monomeric nonapeptide and
heptapeptide (NBD-PMB7) probes.

The tri-branched probe contains two additional binding
moieties compared to NBD-PMB7 and NBD-PMB9, but the
same number of dye moieties. When both monomeric probes
were compared with the tri-branched probe NBD-Tris(PMB?7), at
low concentrations (0.1 uM), no significant differences in
labelling between the three probes were observed. However,
at 1 uM NBD-Tris(PMB?7), a 3-fold higher intensity was observed
for the tri-branched probe over NBD-PMB9, and a 2-fold
enhancement over NBD-PMB7 (which is consistent with the
improved fluorogenicity of monomeric PMB7 vs. PMB9). Bind-
ing saturation was observed at 100 pM for all probes.

The monovalent probes required three times the concentration
to achieve fluorescence saturation, as 33 pM NBD-Tris(PMB7)
showed equal brightness to 100 uM NBD-PMB7 (Fig. S6, ESIT).
This proved that even with considerably reduced relative dye
content per peptide, strong labelling of bacteria could be achieved
thanks to the branching scaffold and click synthesis allowing an
increased number of binding ligands. The improved signal may
also be related to the improved solvato-fluorogenic character of
NBD-Tris(PMB?), allowing a stronger switch-on effect.

Conclusions

A tri-branched fluorogenic probe with three bacterial-binding
ligands was synthesized using a savinase-mediated cleavage of
the non-cyclic components off the antibiotic polymyxin B,
which provided access to the polymyxin core in high yields
and purities, followed by a CuAAC reaction with a tri-branched-
alkyne scaffold.

The tri-branched probe NBD-Tris(PMB7) proved to be an
efficient environmentally sensitive probe with significant
brightness increases in lipophilic media compared to the
original monovalent probe NBD-PMB9. One possible mecha-
nism for this relies on the sensitivity of NBD to excited state

E. coli B. subtilis

M. luteus

0.1um 1M 10 uMm 100 uM 0.1 uM

NBD-PMB9

NBD-Tris(PMB7) NBD-PMB7

0.1umM

E.col
Concentration of probes

@NBD-PMB9 @NBD-PMB7 @ NBD-Tris(PMB7)
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01pM  1pM
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Fig. 2 Left Panel: Fluorescent labelling of E. coli (Gram-negative, target) at increasing concentrations of probes (0.1 to 100 uM of NBD-PMB9, NBD-
PMB7 and NBD-Tris(PMB7)) and B. subtilis and M. luteus (both Gram-positive, non-target) at 0.1 and 1 uM of NBD-PMB9, NBD-PMB7 and NBD-
Tris(PMB7) (Jox = 480 nm, GFP filter settings, Aem = 540 nm). Scale bar is 100 um. Bacterial concentration: 5 x 108 cfu mL™%. Brightfield images are
presented in Fig. S5 (ESIf). Right panel: Quantification of the fluorescence of the imaged bacteria as obtained using Fiji (ImageJd, NIH). For each
concentration, columns in the chart represent from left to right NBD-PMB9, NBD-PMB7 and NBD-Tris(PMB7) respectively. Total bacterial fluorescence
was calculated by subtracting the mean of the background (10 background feature intensities of the same size as bacterial cells) from the mean of the fluorescent
bacteria (20 fluorescent labelled bacteria). Error bars represent the standard error calculated using the errors of fluorescent and background features.
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hydrogen bonding. As such, in NBD-PMB9, the fluorophore is
more likely to be exposed to unfavourable interactions with the
peptide and with water molecules, which may limit the fluores-
cence increase. In contrast, with two diethylene glycol
spacers attached via the TRIS platform, the NBD moiety in
NBD-Tris(PMB7) may be more sterically shielded from unfa-
vourable interactions, therefore leading to a stronger bright-
ness increase. This is a further benefit of the tri-branched
structure in our probe design, and allowed wash-free, selective
fluorescent labelling of Gram-negative bacteria with low levels
of cross-labelling. In bacterial assays, the tri-branched probe
also showed higher sensitivity compared to the monovalent
analogues based on PMB9 and the shorter PMB7 targeting
ligands. This allowed up to 4-times more sensitive detection
of Gram-negative bacteria, promoted synergistically by the
presence of three PMB binding units and the greater solvato-
fluorogenic properties of the NBD unit.

This new tri-branched tool could open the way to more
precise optical detection of Gram-negative infections. Future
iterations of the tri-branched probes could lead to the incor-
poration of three fluorophores to increase signal amplification,
and the synthesis of multi-modal probes with additional diag-
nostic or therapeutic functionality. This also warrants further
investigation of tri-branched fluorescent probes on in vivo
infection models and clinical samples.
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