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ABSTRACT: Bacterial resistance, primarily stemming from
misdiagnosis, misuse, and overuse of antibacterial medications in
humans and animals, is a pressing issue. To address this, we
focused on developing a fluorescent probe for the detection of
bacteria, with a unique feature—an exceptionally long fluorescence
lifetime, to overcome autofluorescence limitations in biological
samples. The polymyxin-based probe (ADOTA-PMX) selectively
targets Gram-negative bacteria and used the red-emitting
fluorophore azadioxatriangulenium (with a reported fluorescence
lifetime of 19.5 ns). Evaluation of ADOTA-PMX’s bacterial
labeling efficacy revealed strong specificity for Gram-negative
bacteria, and full spectral fluorescence lifetime imaging microscopy
demonstrated the potential of ADOTA-PMX for bacterial imaging
applications. The probe exhibited a lifetime of 4.5 ns when bound to bacteria, possibly indicating interactions with the bacterial outer
membrane. Furthermore, the fluorescence lifetime measurements of ADOTA-PMX labeled bacteria could be performed using a
benchtop fluorimeter without the need of sophisticated microscopes. This study represents the first targeted probe for fluorescence
lifetime imaging, offering sensitivity for detecting Gram-negative bacteria and enabling multiplexing via fluorescence lifetime imaging.
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he primary causes of bacterial resistance are the misuse, Other classes of bacterial probes based on other antibacterial
and excessive administration, of antibiotics in humans agents have been widely reported. This includes the
and animals."”” Developing new diagnostic techniques that antimicrobial peptide ubiquicidin 29—41 (UB129—41); initially

applied as a *™Tc-labeled peptide for the imaging of
infection.” A modified variant of this peptide was subsequently
synthesized as a fluorogenic tribranched nitrobenzoxadiazole
(NBD) labeled (4., = 488 nm) probe that was used to image
bacteria.'”"" Attachment of a near-infrared fluorophore to this
peptide has also used to detect in vivo bacterial infection in
mice models."” Dual radioactive/ fluorogenic tracers, such as
9mTc-UBLyg_4-CyS, allowed multimodal in vivo imaging of
bacteria via single photon emission computerized tomography,

could quickly and accurately identify infections caused by
specific microorganisms would be highly beneficial in focusing
on antibacterial use. Targeted imaging of the bacteria using
various probes has been reviewed and includes antibody-
fluorophore conjugates, aptamer-based probes, metabolically
incorporable probes, fluorescent proteins, and a variety of small
molecule-based probes. These diverse approaches give a broad
toolkit for imaging bacterial infections in different models.””

This includes fluorescent probes that label bacteria, or are SPECT and fluorescence.'®

activated by specific bacterial enzymatic with many created by A variety of other probes have been reported for selective
the attachment of fluorophores to specific antimicrobial labeling of bacteria, such as those based on the glycopeptide
agents.” These include f-lactam based probes with penicillins Vancomycin that is an inhibitor of peptidoglycan cross-

labeled with BODIPY-based fluorophores,” cephalosporins linking."" For example, BODIPY-labeled Vancomycin (4., =
labeled with a Forster resonance energy transfer (FRET)

pair”® designed to switch-on in the presence of f-lactam Received: September 18, 2024 Sl
cleaving proteins by turnover, or covalent labeling of penicillin- Revised: ~ November 26, 2024
binding proteins. Such probes can be used to assess the Accepted: November 27, 2024
resistance profile of bacterial species to f-lactam antibiotics, Published: December S, 2024

although the spectrum of resistance profiles against f-lactam-
containing antibiotics is huge.

© 2024 The Authors. Co-published b
© Agroors. ~o-pupisnec oy https://doi.org/10.1021/cbmi.4c00066

H H Nanjing University and American
W ACS PUb| IcatIOﬂS Chemical Society 45 Chem. Biomed. Imaging 2025, 3, 45—50


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Assel+Baibek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuzanna+Konieczna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammed+U%CC%88c%CC%A7u%CC%88ncu%CC%88"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zainab+S.+Alghamdi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richa+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathew+H.+Horrocks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathew+H.+Horrocks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Bradley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/cbmi.4c00066&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cbihbp/3/1?ref=pdf
https://pubs.acs.org/toc/cbihbp/3/1?ref=pdf
https://pubs.acs.org/toc/cbihbp/3/1?ref=pdf
https://pubs.acs.org/toc/cbihbp/3/1?ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/cbmi.4c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

488 nm) was used for bacteria quantification in flow
cytometry,”> Vanco-Cy3 (4., = 555 nm) was used for labeling
the gut microbiotas in mice, ¢ and Vanco-800CW (4., = 745
nm) was used for real-time in vivo imaging of bacteria in a
mouse myositis model.'” Two “no-wash” probes were
developed using solvato-fluorogenicity. Thus, Merocy-Van
(Aex = 590 nm) was used for the detection of bacteria in a
human lung18 and an NBD-Vancomycin gprobe (Aey = 488 nm)
was used for analysis of human eye' infections. Another
antibiotic linezolid, was applied in the optical imaging of
bacteria via conjugation of the fluorophore DMACA (4,, = 350
nm) or NBD through “click” cycloaddition chemistry.”

Despite the wide array of fluorescent probes that have been
developed, autofluorescence in biological samples can limit the
signal-to-background ratio, making probes poorly visible*" and
restricting their ability to quantify biomarkers. Another
property of fluorophores that can be measured is their
fluorescence lifetime, which is typically independent of their
concentration. Fluorescence lifetime can be used in tandem
with fluorescence intensity allowing multiple fluorophores
within the same spectral region to be distinguished, thus
facilitating multiplexed imaging.”’ Some dyes also display
altered fluorescence lifetimes, depending on their local
environment, which can be advantageous for cell or
organelle-specific probes.”””’ Traditionally, analysis of fluo-
rescent lifetime has been limited by the speed of detectors and
rates of data transfer; however, recently reported CMOS
SPAD-based detectors with on-chip “histogram” generation
have overcome many of these challenges.”* Most of the state-
of-the-art probes described above use fluorophores with quite
commonly observed fluorescent lifetimes (e.g,, for Cy3, 7 =
0.18—1.8 ns;25 for NBD, 7 = 0.9 ns (in water environment);2
for 800CW, 7 = 0.74 ns).”” These are hard to extinguish from
those of common endogenous fluorophores (e.g., for NAD(P)
H protein bound, 7 = 2.0—2.3 ns; for FAD free, 7 = 2.91 ns; for
tryptophan, 7 = 3.09 ns).”*

Herein, we developed a fluorescent probe that was selective
for Gram-negative bacteria but with the specific feature of the
fluorophore exhibiting an exceptionally long lifetime. To
achieve this, polymyxin (PMX) was chosen as the targeting
ligand, since it has been widely utilized in the development of
probes for both imaging and photodynamic killing of a range of
Gram-negative bacteria (e.g,, E. coli as free-flouting planktonic
cells and in biofilms) with the use of variety of fluorophores
(Cy3, NBD, Merocyanine, Methylene Blue).””~** To fulfill the
requirement of a long fluorescence lifetime azadioxatriangule-
nium (ADOTA (2)) was chosen as a signaling moiety, due to
its reported lifetime of 19.5 ns (in phosphate buffered saline
(PBS)).”

B RESULTS AND DISCUSSION

The synthesis of trioxatriangulenium cations was first reported
in 1963 and laid the groundwork for the development of a
variety of triangulenium ijons that have long fluorescence
lifetimes.** > The red-emitting (4, = 540 nm and A, = 556
nm) fluorophore azadioxatriangulenium (ADOTA 2) can be
synthesized with a carboxylic acid group, that can be utilized
for coupling to an amine group of a bacteria tar7geting moiety
and was synthesized as reported by Bora et al.’”**

The first step in the mechanism of action of PMX is the
electrostatic interaction between the positively charged cyclic
peptide of PMX and lipid A of bacteria. Therefore, it was
important to preserve the structure of PMX when conjugating
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the fluorophore to it. Thus, H-(EG),-PMX(Boc), 3** was
synthesized (Scheme S8) to leave a single unprotected amine
group for amide coupling to the dye. The activating agent
HSPyU was used to allow conjugation of ADOTA 2 to
compound 3. The Boc-groups were removed using TFA:DCM
to give probe 1 (ADOTA-PMX) (Scheme 1). After

Scheme 1. Synthesis of the ADOTA-PMX (1) Probe”
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“The carboxylic acid group of the fluorophore 2 was pre-activated
using HSPyU and the active ester conjugated to 3. After the coupling,
Boc-deprotection was performed using TFA:DCM (1:4) for 3 h. The
final product was obtained after RP-HPLC purification in 23% overall
yield.

purification, 1 was characterized using HPLC (Figure S9)
and HRMS (Figure S10). Despite the high polarity of the
peptide, the probe 1 was poorly soluble in water or saline (due
to the flat, planar nature of the dye). Therefore, for biological
and photophysical analyses, 1 mM stock solutions were
prepared in DMSO and diluted into PBS for application.
Probe 1 had a fluorescence quantum yield of 0.68 (Table S11)
and identical absorption/emission spectra to ADOTA 2 itself
(Figure S1) with absorption and emission bands centered at
540 and 558 nm, respectively.”

To determine the selectivity of the synthesized probe, a
number of different bacterial strains were incubated with
ADOTA-PMX 1 at a range of concentrations (Figure S2). The
minimum inhibitory concentration (MIC) of ADOTA-PMX 1
was determined and compared to that of compound 3 (Figure
S3). It was found that the MIC of ADOTA-PMX 1 is 2 uM,
while compound 3 does not exhibit killing of the bacteria, even
at a concentration of 32 yM. Based on this data, imaging was
performed using a 1 yM concentration of the probe 1. As
expected, much stronger labeling of E. coli (Gram-negative
bacteria) was observed, compared to Gram-positive organisms
(Figure 1).

Initially, the lifetime of ADOTA-PMX 1 in PBS was
measured (560 nm emission) on a spectrofluorometer with a
pulsed diode laser (A = 451.2 nm, pulse width = 76.0 ps) as an
excitation source and was determined to be 21.1 + 0.1 ns
(mean + S.D., n = 3) (Figure S4), with the long lifetime in
agreement with the lifetime values observed for ADOTA
derivatives in the literature.”® The potential of ADOTA-PMX 1
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Figure 1. Labeling of Gram-negative bacteria with ADOTA-PMX 1.
(A) Confocal microscopy images (4, = 561 nm) of Gram-negative
and Gram- positive bacteria (E. coli, B. subtilis, M. luteus) incubated
using the probe 1 (1 yM) in PBS in darkness at 37 °C for 20 min,
before a single wash with PBS prior to imaging. Scale bar = § ym. (B)
Comparison of the fluorescence intensity of labeled (1 uM ADOTA-
PMX and unlabeled bacteria with target and nontarget bacterial
species (calculated using by Image] software, Fiji (n = 25).

for lifetime imaging applications was subsequently evaluated
using a full-spectrum fluorescence lifetime imaging microscope

(FS-FLIM)** (for a full description of the system, see the
Supporting Information (SI)), using a custom line sensor for
single photon counting/detection (Figure 2).*" This sensor
had 512 spectral channels with time-gating for photon arrival
from the sample, thus allowing acquisition of fluorescence
intensity and lifetime images. E. coli stained with ADOTA-
PMX 1 were first imaged on the FS-FLIM, with the
fluorescence emission spectrum of the bacteria matching that
of ADOTA-PMX 1 (Figure 2A), while fluorescence decay
curves were generated for each of the 512 wavelengths for each
pixel (Figure 2B). Photons arriving at the sensor were time-
stamped and segregated into 1.6 ns wide bins, with the number
of photons decreasing exponentially over time. These were fit
to exponential decay curves to allow the generation of lifetime
values (see Figures 2C and SS), and a fluorescence lifetime
image across the emission spectrum (500—630 nm) was
generated. The characteristic bacterial rodlike shape could be
observed in both the intensity (Figure 2D) and lifetime
imaging modes (Figure 2E). Interestingly, the probe showed a
shorter lifetime when bound to bacteria than in solution (see
the histogram of lifetime values for the bacteria in Figure 2C),
with most bacteria displaying lifetimes of ~4.5 ns. This could
be due to the interaction with the bacterial membrane, as well
as the quenching mechanisms when the probe conformations
are “locked” and the dye molecules were in close proximity.
When looking at fields of view that contained clusters of
bacteria (denoted by the yellow arrow in Figures S6A and
S6B), a second population of brighter, longer lifetime (~7 ns)
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Figure 2. Lifetime imaging of E. coli stained with lifetime probe ADOTA-PMX 1 (1 4M) at 37 °C for 20 min. (A) An intensity spectrum of the
ADOTA-PMX probe on stained bacteria showed an emission peak at ~600 nm. (B) Graph showing how the detector response was recorded for
one image pixel. The different wavelengths correspond to singular positions on the 512 SPAD line array. For each of these positions, the incoming
photons are time-gated into 1.6 ns wide bins allowing observation/calculation of the fluorescence intensity decays. (C) Histogram of bacterial
lifetimes showing the lifetime distribution. (D) Fluorescence intensity image of E. coli stained with ADOTA-PMX 1 and imaged on a full spectrum
fluorescence lifetime imaging microscope. The intensity was summed across all the detector wavelengths to generate the image. Scale bar = 1 um.
The white boxes represent ROIs that are magnified by a factor of 3, scale bar = 200 nm. (E) Fluorescence lifetime image (false-coloring) showing E.

coli stained by ADOTA-PMX 1, with zoomed-in panels.

https://doi.org/10.1021/cbmi.4c00066
Chem. Biomed. Imaging 2025, 3, 45—-50


https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00066/suppl_file/im4c00066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00066/suppl_file/im4c00066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00066/suppl_file/im4c00066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00066/suppl_file/im4c00066_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00066?fig=fig2&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

9.00E+03 -

8.00E+03

7.00E+03
6.00E+03 -
5.00E+03
4.00E+03
3.00E+03

2.00E+03

Fluorescence counts

1.00E+03

— E.coli (ADOTA-PMX)

Condition (1) (2

E.coli (no label) 0.25 3.58

1 11.21

0.00E+00 T T T
10 20 30

40 50 60 70 80

Time (ns)

Figure 3. Lifetime measurements of ADOTA-PMX labeled Gram-negative bacteria using a spectrofluorometer with a pulsed diode laser (4 = 451.2
nm, pulse width 76.0 ps) as an excitation source, and emission set to 560 nm (bandwidth 10 nm). Bacteria were incubated with ADOTA-PMX (1
uM) in PBS for 20 min at 37 °C, with a single wash with PBS. The measurements were performed in PBS using four clear-sided disposable

cuvettes.

bacteria was revealed. The change in the ADOTA-PMX 1
lifetime observed in these could reflect a different metabolic
state of activity of the bacteria or extent of probe incorporation
into the membrane. In addition, the targeting moiety PMX is
an antimicrobial, although here its efficacy was hugely reduced
by removal of the lipophilic tail. Nevertheless, the positive
charges on PMX can exert an antimicrobial effect on some
bacteria; hence, there is a possibility that the lifetime
differences relate to clusters of live and dead/inactive bacteria
in the field of view. Additionally, we used a benchtop
fluorimeter and plastic disposable cuvettes to measure lifetime
of the ADOTA-PMX-labeled bacteria. This showed that
labeled bacteria had much longer lifetimes (11.2 ns), compared
to unlabeled bacteria that showed autofluorescence lifetimes of
3.6 ns (Figure 3). This demonstrates that bacteria detection
can be performed within minutes without the need for a
sophisticated microscope. Using the same protocol, the
lifetime of ADOTA-PMX labeling was compared between E.
coli and B. subtilis (Figure S7). Similar lifetimes (11 ns) were
observed for B. subtilis, although with much weaker photon
counts for the same number of bacteria (by optical density),
relating to the presence of some interaction between bacteria
and the probe aligning with the results of the selectivity test
using fluorescent microscopy (see Figure 1).

B CONCLUSIONS

In conclusion, ADOTA-PMX 1 is the first example of a
targeted probe for bacterial fluorescence lifetime imaging. This
probe showed good selectivity and sensitivity emphasizing its
applicability in screening of Gram-negative bacteria. Long
fluorescence lifetime allows the probe being distinguished from
other fluorophores and autofluorescence, enabling multi-
plexing, or simultaneous imaging of multiple molecular species.
The sensitivity of fluorescence lifetime advantages and
simplifies bacteria detection protocols with the use of simple
benchtop instruments. Future work may focus on improving
probe solubility, enhancing selectivity, and exploring the full
range of its applications in clinical and environmental
microbiology.
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