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Fluorogenic squaraine dimers for the flow
cytometry detection of bacterial urinary tract
infections
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Rapid diagnosis of bacterial infections is essential for guiding antibiotic treatment and mitigating the global
spread of antibiotic resistance. Here, we report the development of fluorogenic bacteria-specific probes
for rapid flow cytometry detection of urinary tract infections. These probes, composed of a covalently
linked pair of squaraine dyes conjugated to a bacteria-specific peptidic vector, exploit the phenomenon
known as aggregation-caused quenching. The chemical structure of the squaraine dyes was finely tuned
to ensure selectivity for bacteria over eukaryotic cells and human serum albumin. The most effective probe
enabled semi-quantitative detection of bacteria in patient urine samples, with a total time-to-result of less

rsc.li/sensors than one hour.

Introduction

Due to the planetary spread of antibiotic resistance, bacterial
infections have become one of the most critical dangers
facing modern society."® The number of deaths from
multidrug-resistant bacteria is rising and, without new
antimicrobial therapeutics, could reach 10 million deaths
annually by 2050.* Although the development of new
antibacterial therapeutics and vaccines is of high priority,”
additional measures should be taken to develop rapid
methods for the early diagnosis of bacterial infections to
reduce the misuse and the overuse of antibiotics.

The standard clinical laboratory methods for diagnosing
urinary tract infections (UTI) rely on culturing bacteria from
patient samples on semi-solid growth media to confirm a
UTI, followed by identification of the pathogen and its
susceptibility by MALDI-TOF, PCR, and other analytical
methods.® Although urine culture is still considered the “gold
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standard” in UTI diagnosis, it is typically time-consuming
(24-48 hours), labor-intensive, and prone to false-positive
results. Moreover, the majority of urine samples analyzed in
the microbiology laboratories are negative for pathogens.” An
ideal next-generation diagnostic approach should begin with
a rapid screening method to exclude UTI-negative urine
samples, followed by a molecular technique for pathogen
identification in UTI-positive samples, and, ultimately,
determination of its antibiotic susceptibility. Such a
diagnostic approach would not only shorten the diagnosis
delay but also reduce the burden on biomedical laboratories
by cutting back on the number of plates to analyze to those
with defined UTI.

Significant efforts have been made to develop rapid and
direct screening methods for the detection of UTIs without
the need for urine culture, using techniques such as lateral
flow immunoassays, flow cytometry, PCR, FISH, and
diagnostics platforms based on biosensors or microfluidics.”®
Among these methods, urine flow cytometry appears promising,
as it enables direct, rapid, and inexpensive prediction of
pathogen-positive urine samples for further analysis.”"
However, its diagnostic accuracy requires improvements before
the method can be widely adopted in clinical practice. One area
where such improvement could be achieved through chemical
approaches is the development of specific fluorescent bacteria-
targeting probes compatible with urine flow cytometry.

Fluorescence holds great potential as a diagnostic
modality due to its fast response, high sensitivity, and the
broad range of available instrumentation, including
inexpensive portable fluorescence readers."”™'® However, the
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design of bacteria-specific fluorescent probes that could
operate in body fluids containing a wide range of
biomolecules, metabolites, and human cells is a formidable
challenge."” Current flow cytometry-based screening for the
presence of bacteria in urine either relies solely on light
scattering or employs non-specific DNA-binding dyes, such as
SYBR Green, which are not selective for bacterial cells and
also stain human cells and cellular debris."""*

An ideal bacteria-targeting probe for urine analysis should
absorb and emit fluorescence in the red or far-red spectral
region to avoid interference with the sample's
autofluorescence, should be fluorogenic (become fluorescent
only in the presence of bacteria and remain dark in their
absence), and possess high selectivity for bacteria against
human cells and other constituents of urine (e.g. proteins,
peptides, nucleic acids, metabolites, etc.). Several approaches
have been explored to achieve fluorogenicity (or fluorescence
turn-on) in the presence of bacteria. Fluorogenic bacteria-
targeting probes have been conceived using environmentally
sensitive organic fluorophores, such as push-pull dyes,'*>*
molecular rotors,”*** or rhodamine derivatives that undergo
a spirolactone/lactam isomerization.>®> In such a case,
binding of the probe to bacteria produces changes in the
microenvironment of the fluorophore, which leads to a
fluorescence enhancement. Fluorescence turn-on has also
been achieved upon aggregation of the probes operating by
aggregation-induced emission (AIE)*® on the bacterial
envelope, and upon activation of a pro-fluorescent probe by a
bacterial enzyme.>”

An alternative strategy involves using aggregation-caused
quenching (ACQ) of aromatic dyes as an approach to reduce
off-target fluorescence and increase the fluorogenicity of the
probe.”® An ACQ-based probe is typically conceived in the
form of a covalent dimer of lipophilic organic dyes linked by
a flexible linker. In an aqueous environment, the
hydrophobic interaction between two dyes leads to the
formation of a non-fluorescent intramolecular H-aggregate.
The H-aggregate is disturbed in a less polar environment,
resulting in the fluorescence turn-on. This strategy has
recently regained attention for the design of fluorogenic
probes targeting biomolecules. We and others have applied
the ACQ approach to develop fluorogenic probes for nucleic
acids,?**® membrane receptors,>* membrane lipids,*®
enzymes,”” and cancer biomarkers,*® among others. It has
been shown that a wide variety of organic dyes are prone to
the formation of intramolecular H-aggregates in aqueous
solutions. Examples are carbocyanine,®® squaraine,®
BODIPY,* and rhodamine®® derivatives. The versatility of the
ACQ approach enables the rational design of fluorogenic
probes having a desired combination of properties, such as
excitation and emission wavelengths, magnitude of
fluorogenic response, photostability, and brightness.

In this work, we applied the ACQ strategy to design
fluorogenic dimeric probes for bacteria, with the ultimate
goal being the development of a highly specific probe for the
rapid detection of bacteria in clinical urine samples.
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Results and discussion

Design of fluorogenic dimeric probes targeting bacteria

We have previously reported fluorogenic ACQ-based probes
for G protein-coupled receptors.>'* Composed of covalent
dimers of far-red aromatic dyes linked to a GPCR peptide
ligand, the probes adopted a closed non-fluorescent
conformation in an aqueous medium. Upon binding to the
target, the dimer dissociated due to the interactions with the
lipids in the vicinity of the receptor, leading to the
fluorescence turn-on. We speculated that a similar principle
could be used to design fluorogenic dimeric probes targeting
bacterial cells. Such probes should include a bacteria-
targeting vector to ensure strong binding to bacteria and
selectivity against eukaryotic cells, conjugated by a flexible
linker to a dye dimer (Fig. 1A). The interaction of the vector
with the bacterial membranes should bring the dye dimer
closer to the membrane. If the dyes themselves are prone to
interact with the bacterial membranes, the dimer will open,
leading to a fluorescence turn-on response.

In such a design, the bacteria-targeting vector plays a
crucial role in ensuring strong interactions with bacterial
membranes and selectivity versus the membranes of
eukaryotic cells. The vector should be easily synthesized on a
semi-preparative scale, allowing a divergent synthesis of
multiple dye dimers. The covalent conjugation of the vector
to the dye dimer should not perturb the interactions of the
former with the bacterial cell. Finally, the vector should
enhance the aqueous solubility of the conjugate to
counterbalance the hydrophobic nature of the fluorophores,
since we have recently demonstrated that the best
fluorescence turn-ons are achieved using the dimers of
hydrophobic water-insoluble dyes.*® Taking into account the
criteria mentioned above, we decided to wuse the
antimicrobial peptide Ubi29-41 as the vector. Ubi29-41 is a
linear positively charged thirteen amino acid-long peptide
that non-covalently binds to a wide range of Gram-positive
and Gram-negative bacteria.***° This binding presumably
relies on electrostatic interactions between the positively
charged residues of Ubi29-41 and the negatively charged
bacterial membranes. Due to its versatility, straightforward
chemical synthesis, and amenability to modifications with
fluorophores, Ubi29-41 has been used for constructing
bacteria-targeting molecular imaging probes for in vitro
detection and in vivo imaging.>*>"*1~44

We designed our bacteria-targeting fluorogenic probes
based on Ubi29-41 with the methionine to norleucine
substitution at position 36 to increase their stability toward
oxidation.>® An additional amino acid, azidolysine Lys(N3),
was added to the N-terminus of the peptide to enable
conjugation of dye dimers using CuAAC (copper-catalyzed
azide-alkyne cycloaddition) click chemistry (Fig. 1B). As for
the dye dimers, their design relied on a branched PEG linker
between the dyes and the vector. An 1-lysine residue was used
to create the branching point in the linker. A short spacer of
two PEG units was introduced between the fluorophores and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Functioning principle (A) and general structure (B) of the fluorogenic dimeric probes for bacteria described in this work.

the branching point to ensure the conformational flexibility
of the fluorophore pair, and a PEG4 unit was inserted to
distance the vector from the branching point. Squaraine
fluorophores were chosen as a reporter unit of the probe due
to their high brightness, far-red excitation and emission,
high chemical and photostabilityy, and a rather
straightforward modular synthesis allowing for tuning their
physico-chemical and biochemical properties.**> The
general structure of the fluorogenic bacteria-targeting dimeric
probes developed in this work is shown in Fig. 1B.

Addition of lipidic or positively charged substituents
increased the capacity of squaraines to label bacteria

To ensure the correct transition of the fluorogenic dimer
from the closed quenched to the opened fluorescent
conformation upon binding to the bacterial cell, squaraine
dyes constituting the dimer should have an intrinsic affinity
for the bacterial cell. Therefore, we designed and synthesized

a small set of asymmetric squaraines to determine how the
presence of apolar, polar, and charged substituents
influenced the photophysical properties of the fluorophores
and their interaction with bacteria (Fig. 2A). The fluorophores
were synthesized using a condensation reaction between
squaric acid and 2,3,3-trimethylindolenines N-alkylated with
different substituents: ethyl (SQEt), octyl (SQC8), PEG4
(SQpeg4), PEGS (SQpeg8), trimethylpropylammonium (SQ"),
and butylsulfonate (SQ7). SQEt and SQpeg4 were synthesized
following the previously published protocols.*’ The details of
the synthesis of squaraines SQC8, SQpeg8, SQ, and SQ are
presented in the SI.

All the squaraines absorbed light in the red spectral
region, displaying molar absorption coefficients in methanol
in the range 221000-278000 M™' cm™ (Table 1). When
excited at 600 nm, the squaraines displayed a sharp
fluorescence emission band with a Stokes shift of about 10 nm
(Fig. 2B and Table 1). A negative solvatochromism could
be deduced from the analysis of absorption and emission
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Fig. 2 Photophysical properties and bacterial labeling properties of squaraine dyes. (A) The structures of squaraines used in this work. (B)
Absorption and fluorescence emission spectra of 400 nM solutions of SQEt in organic solvents and in water; /o = 600 nm. (C) Fluorescence
quantum yields (QY) of the squaraines in DMSO and PBS; /., = 600 nm. Data is presented as mean t SD (n = 3). (D) Representative flow cytometry
profiles of Escherichia coli and Staphylococcus epidermidis (ODgoo 0.5-1.0) stained with 1 uM solutions of squaraines in LB for 10 min, then fixed
with 4% PFA; excitation was performed with a 640 nm laser, fluorescence was detected using a 670/30 filter. AF - autofluorescence.
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Table 1 Photophysical properties of substituted squaraines
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QY*
Fluorophore Jabs,” M 2,2 nm &M em™? DMSO EtOH MeOH Water PBS® LB/ Turn-on®
SQEt 630 636 267 000 0.25 0.19 0.08 0.02 0.02 0.03 13
SQC8 630 637 221000 0.31 0.22 0.11 0.01 0.03 0.03 10
SQpeg4 630 638 278 000 0.30 0.26 0.11 0.06 0.04 0.05 8
SQpeg8 630 639 264 000 0.26 0.21 0.11 0.05 0.05 0.06 5
SQ+ 630 639 229000 0.25 0.18 0.09 0.03 0.03 0.04 8
SQ 629 638 241 000 0.29 0.25 0.11 0.03 0.03 0.04 10

“ Position of the absorption maximum in MeOH. ? Position of the emission maximum in MeOH. ° Molar absorption coefficient determined at
the absorption maximum in MeOH. ¢ Fluorescence quantum yields expressed as means from three independent experiments. ¢ Phosphate-
buffered saline.’ Luria-Bertani broth. ¢ Calculated as the ratio between the fluorescence quantum yields in DMSO and PBS.

spectra, especially when analyzing polar protic solvents. It
manifests as a blue shift of the absorption and emission
spectra upon increased solvent polarity. Thus, the
absorption maxima for SQEt in EtOH, MeOH, and water
were 632 nm, 630 nm, and 623 nm, respectively. The
fluorescence  emission maxima followed the same
tendency: for EtOH, MeOH, and water, they were 639 nm,
636 nm, and 633 nm, respectively.

It is worth mentioning that squaraines could be
considered fluorogenic dyes, although in our view, this
property is largely underexplored.”® The quantum yields of
fluorescence, being quite low in aqueous media (<10%), rose
to above 25% in less polar solvents such as DMSO (Fig. 2C).
In this work, we compared the fluorogenicity of the dyes by
calculating their fluorescence turn-on as the ratio between
the fluorescence quantum yields in DMSO and phosphate-
buffered saline (PBS) (Table 1). The previously reported
squaraine dyes SQEt and SQpeg4 displayed a modest
magnitude of the fluorescence turn-on response (13- and
8-fold, respectively). The calculated fluorescence turn-on ratio
for newly synthesized squaraines SQC8, SQpeg8, SQ', and
SQ fell between 5- and 10-fold.

Next, we examined whether some of the synthesized
squaraines could label bacteria per se, without conjugation
to a bacteria-targeting vector. We used Escherichia coli and
Staphylococcus epidermidis as model Gram-negative and
Gram-positive bacteria, respectively. Bacteria in the early
logarithmic growth phase (ODgoo ~ 0.5) were directly
labeled in LB (Luria-Bertani broth, a nutrient-rich growth
medium) with 1 pM squaraines for 10 min, then fixed
with paraformaldehyde (4% w/v) and analyzed by flow
cytometry. The results are presented in Fig. 2D and S1.
For the Gram-negative bacterium E. coli, the brightest
labeling was achieved using SQC8 and SQY, followed by
SQEt. In the case of the Gram-positive bacterium 8.
epidermidis, SQC8 was found to be much more efficient
compared to the other dyes. Moreover, SQC8 labeled
Gram-positive bacteria with intensities almost ten times
higher than Gram-negative bacteria. On the other hand,
SQ*, SQEt, and SQ were also capable of labeling S.
epidermidis with intensities comparable to those obtained
for the Gram-negative bacteria. To summarize, SQC8 was

Sens. Diagn.

found to be the most efficient squaraine to label both
Gram-negative and Gram-positive bacteria, presumably due
to hydrophobic interactions of the C8 substituent with
lipidic constituents of the bacterial membranes. SQC8 was
closely followed by SQ', bearing a positively charged
substituent, which should electrostatically interact with the
negatively charged components of bacterial cell envelopes
(e.g. lipopolysaccharides in Gram-negative bacteria or
teichoic acids in Gram-positive bacteria). Next, SQEt,
deprived of lipophilic or positively charged substituents,
demonstrated modest bacterial labeling. Finally, the less
lipophilic dyes SQpeg4, SQpeg8, and the negatively
charged SQ  were the least efficient in labeling both
Gram-negative and Gram-positive bacteria.

Based on these results, we decided to synthesize dimeric
probes targeting bacteria from the three most efficient
squaraines: SQC8, SQ*, and SQEt.

Synthesis of dimeric conjugates targeting bacteria

The key step of the synthesis of dimeric probes for bacteria
is the CuAAC click reaction between the antimicrobial
peptide Ubi29-41 modified with an azide group (LysN3-Ubi),
and the squaraine dimer bearing a terminal alkyne group
(Scheme 1).

We synthesized LysN3-Ubi on the solid phase following
the classical Fmoc/tBu approach. Lys(N3) was added at the
N-terminus of the peptide to enable the CuAAC conjugation.
The peptide was obtained by automatic microwave-assisted
synthesis with a 36% isolation yield and an LC-HRMS purity
of >95%.

Diamino-alkyne PEG linker 1 was synthesized in solution,
starting from commercially available Boc-protected amino-
PEG-acids and Boc-L-Lys(Boc)-OH. The details of the synthesis
are presented in the SI.

SQEt, SQC8, and SQ" were coupled to 1 under PyBOP in
situ activation in the presence of DIEA in DMF, to give
dimers 2, 3, and 4 (Scheme 1). The CuAAC conjugation of
dimers 2 and 4 to LysN3-Ubi was performed in the presence
of copper(u) sulfate and sodium ascorbate in a mixture of
DMSO and water to obtain dSQEt-Ubi and dSQ'-Ubi in
satisfactory yields. As for dimer 3, its low water solubility

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the bacteria-targeting dimeric probes dSQEt-
Ubi, dSQC8-Ubi and dSQ*-Ubi.

did not allow us to use even a low percentage of water in
the reaction mixture, required to solubilize the salts. We
thus used a DMSO-soluble catalyst, [(CH;CN),Cu]PFs, which
afforded the desired conjugate dSQC8-Ubi in 22% yield after
purification.

In parallel, the monomeric conjugate mSQC8-Ubi, bearing
only one fluorophore, was prepared by grafting the most
efficient squaraine SQC8 to the peptide vector LysN3-Ubi via
a linear PEG8 chain. The synthesis of this monomeric
conjugate, which is essential for assessing the impact of
dimerization on photophysical properties and bacterial
specificity, is provided in the SI.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Dimerization of squaraines increased the fluorescence turn-
on between organic and aqueous solvents

First, the impact of the dimerization of squaraines on the
spectroscopic properties was evaluated. The absorption spectra
of all the dimeric conjugates in aqueous solutions possessed a
short-wavelength maximum with a long-wavelength shoulder,
which is characteristic of the formation of non-fluorescent
intramolecular H-aggregates (Fig. 3A and S2).*" These
aggregates were distorted in organic solvents, giving
absorption spectra similar to those of the non-dimerized
squaraine dyes. Conversely, the monomeric conjugate mSQC8-
Ubi was characterized by the absorption spectra similar to
those of the non-conjugated squaraine dyes without any visible
sign of aggregation (Fig. S2).

The fluorescence quantum yields of the dimeric conjugates
in aqueous solutions decreased compared to squaraine dyes,
which confirmed that these conjugates exist preferentially in the
closed, non-fluorescent form in aqueous media (Table S1). In
organic solvents such as DMSO, the fluorescence quantum yields
were similar to those of the non-dimerized squaraines,
suggesting the efficient opening of the dimers when the
fluorophores are solvated. The ability of the dimers to open and
close, depending on the solvent, led to a strong fluorescence
turn-on between the organic and aqueous media, expressed as a
ratio between the quantum yields in DMSO and PBS. For the
dimeric conjugates, the fluorescence turn-on ratios ranged
between 31 and 42, while for the corresponding non-dimerized
dyes these values fell between 8 and 13 (Table 1). The
monomeric  conjugate mSQC8-Ubi  exhibited significant
fluorescence in aqueous media with fluorescence quantum
yields of 10%, resulting in a modest turn-on ratio of 3 (Table S1).

Dimeric conjugates efficiently labeled model Gram-positive
and Gram-negative bacteria

Next, we examined the capacity of the fluorescent conjugates
dSQEt-Ubi, dSQC8-Ubi, dSQ*-Ubi, and mSQCS8-Ubi to label
model Gram-negative and Gram-positive bacteria using the
same protocol as for the evaluation of squaraine dyes. In
brief, E. coli and S. epidermidis in the early logarithmic
growth phase were directly stained in LB with 1 pM
conjugates for 10 min, then fixed with 4% PFA and analyzed
by flow cytometry.

All the conjugates efficiently labeled model bacteria,
regardless of their dimeric or monomeric nature (Fig. 3B and
S1). Moreover, comparison of the fluorescence intensities
obtained for non-conjugated squaraines and the Ubi29-41
conjugates revealed that all the conjugates were more
efficient in bacterial labeling than the non-conjugated
squaraine dyes, except for SQC8 derivatives. This finding
underscores the critical role of the bacteria-targeting vector
(Ubi29-41), which enhanced bacterial labeling even with the
dyes having the lowest affinity to the bacterial envelope.
Among the dimeric conjugates, the positively charged
squaraine derivative dSQ'-Ubi provided the most effective
labeling of both E. coli and S. epidermidis.
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Fig. 3 Photophysical properties, bacterial staining, and non-specific interactions of fluorescent Ubi29-41 conjugates. (A) Absorption and
fluorescence emission spectra of 200 nM solutions of dSQEt-Ubi in EtOH and water; /o, = 600 nm. (B) Representative flow cytometry profiles of E.
coli and S. epidermidis (ODggo 0.5-1.0) incubated with 1 uM of dimeric conjugates in LB for 10 min, then fixed with 4% PFA; excitation was
performed with a 640 nm laser, fluorescence was detected using a 670/30 filter. (C) Fluorescence quantum yields of the squaraine dyes and the
conjugates in PBS with 0.1% HSA; lex = 600 nm. Data is presented as mean + SD (n = 3). (D) Representative flow cytometry profiles of HEK293T
cells (10° cells per mL) incubated with 1 uM squaraines and the derived conjugates in DMEM/F-12 for 10 min; excitation was performed with a 640
nm laser, fluorescence was detected using a 670/30 filter. (E) Confocal fluorescence microscopy images of live HEK293T cells stained with 1 uM of
squaraines or the derived conjugates in DMEM/F-12 for 15 min and imaged under no-wash conditions (lex = 638 nm, Jey = 645-800 nm). The
cellular DNA was stained with Hoechst 33342 (lex = 405 nm, lem = 430-480 nm). The images in each channel were recorded using identical
instrumental settings. Scale bars, 20 um. (F) Confocal fluorescence microscopy images of live E. coli and S. epidermidis stained with 1 uM of dSQ*-
Ubi in LB and imaged under no-wash conditions (lex = 638 Nnm, /¢y = 645-800 nm). Scale bars, 5 um. AF - autofluorescence.

Dimerization of squaraines decreased off-target fluorescence rotation. This restriction suppresses non-radiative decay
in the presence of human serum albumin and eukaryotic cells ~ pathway consequently increases the fluorescence quantum
yields, which is a characteristic behavior of molecular rotors.
Next, we aimed to evaluate if the dimeric conjugates were  This observation is consistent with recent reports that have
prone to fluoresce in the presence of serum proteins and  proposed the use of squaraine dyes as fluorogenic viscosity
eukaryotic cells. Such off-target fluorescence could  probes based on their molecular rotor properties.*®*® Similar
dramatically decrease the signal-to-noise ratio of the bacterial ~ fluorescence turn-on in the presence of HSA was observed for
turn-on detection. UTIs are often associated with pyuria, the monomeric conjugate dSQC8-Ubi. Despite its conjugation
which refers to the presence of high levels of leukocytes in  to the water-soluble Ubi29-41 vector via a PEG8 linker, the
the urine.*” To be used directly in urine samples, the  squaraine dye retained a high affinity for HSA, resulting in a
fluorescent probe for UTI should be characterized by a high  fluorescence quantum yield of 61% in the presence of 0.1%
selectivity for bacteria against eukaryotes. On the other hand, = HSA.
urine contains small amounts of albumin, and its level In contrast, dimerization of squaraines largely diminished
increases during albuminuria. Although the association of  their fluorescence in the presence of HSA (Fig. 3C). We
UTI with albuminuria is not very common, one should not  hypothesized that the decreased fluorescence of the dimers
exclude such a possibility. in the presence of HSA could be attributed to the formation
We used a solution of 0.1% HSA (human serum albumin)  of strong intramolecular aggregates, which were not distorted
in PBS to estimate the undesired fluorescence turn-on in the  upon interaction with the hydrophobic pocket of HSA.
presence of urine albumins (Fig. 3C). The non-conjugated  Among all the squaraine derivatives, SQ" and its dimer
squaraine dyes SQEt, SQC8, and SQ" were characterized by a ~ demonstrated the lowest fluorescence in the presence of HSA
strong fluorescence in the presence of HSA, with quantum  (quantum yields of 11% and 3%, respectively). To determine
yields reaching 75% in case of SQC8. One possible whether the positive charge on the squaraine dye plays a role
explanation for the strong fluorescence turn-on in the  in reducing its binding to HSA, we measured the fluorescence
presence of HSA could be the binding of the non-conjugated = quantum yield of the negatively charged dye SQ  in the
dyes to one of the hydrophobic binding pockets of the  presence of HSA. In contrast to SQC8 and SQEt, both SQ°
protein, which leads to a restriction of their intramolecular = and SQ™ are more water-soluble, have similar molecular size,

Sens. Diagn. © 2025 The Author(s). Published by the Royal Society of Chemistry
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and differ only by the opposite charge of the substituent on
the squaraine core. In the presence of 0.1% of HSA SQ~
demonstrated a strong fluorescence with the quantum yield
of 68%, compared to the modest quantum yield of 11% for
SQ". This data revealed that the positive charge on the
squaraine core played a more important role in decreasing
the non-specific interactions with HSA than the overall water
solubility of the dye.

Next, the potential off-target fluorescence caused by
binding to eukaryotic cells was evaluated. Freshly detached
HEK293T cells were incubated with 1 pM of squaraines and
their conjugates in DMEM/F-12 culture medium without
phenol red for 10 min and directly analyzed by flow
cytometry (Fig. 3D). The experiment revealed that all non-
conjugated squaraines displayed higher labeling of HEK293T
cells than the conjugates. This reduction of non-specific
fluorescence could be attributed to the decreased interactions
of the conjugates with the eukaryotic membranes due to the
presence of the positively charged hydrophilic Ubi29-41
peptide vector. The labeling of the eukaryotic cells was the
strongest in the case of SQC8, probably due to interactions of
its octyl chain with the lipid membranes. Its monomeric and
dimeric conjugates presented slightly lower, but still
significant HEK293T cell staining. Among the squaraine
dimers, dSQ"-Ubi presented the lowest staining of HEK293T
cells, followed by dSQEt-Ubi.

A confocal microscopy experiment was then performed to
take a closer look at the interaction of the dyes and their
dimers with HEK293T cells. Live adherent HEK293T cells
were incubated with 1 uM solutions of squaraine dyes or
their conjugates in DMEM/F-12 culture medium without
phenol red for 10 min, then imaged under the microscope.
The results confirmed the strong binding of SQC8 to
eukaryotic cells (Fig. 3E). However, the staining was not
limited to the cell membrane. The dye also labeled
intracellular  structures,  presumably internal lipid
membranes. Analyzed by microscopy, staining of cells with
the Ubi29-41 conjugates seemed negligible compared to
SQC8. However, a closer analysis of images by adjusting the
brightness and contrast parameters revealed that cellular
staining could also be observed in the case of dSQC8-Ubi,
dSQEt-Ubi, and mSQC8-Ubi (Fig. S3). Only dSQ*-Ubi was fully
deprived of the ability to stain HEK293T cells, even using a
stronger laser power, which was consistent with the flow
cytometry results. Fluorescence microscopy also confirmed
the ability of dSQ'-Ubi to stain bacteria at the cellular level
(Fig. 3F).

In conclusion, dimerization of the new squaraine dyes
and their conjugation to the Ubi29-41 peptide vector led to
the development of fluorogenic bacteria-targeting probes.
Dimerization reduced fluorescence in aqueous media,
thereby enabling a strong fluorescence turn-on in less polar
environments. Moreover, it was shown that dimerization is
crucial for minimizing off-target fluorescence in the presence
of serum albumin. On the other hand, conjugation to the
positively charged peptide vector Ubi29-41 enhanced both the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency of bacterial staining and its specificity over
eukaryotic cells.

The comparison of the dimeric conjugates derived from
three best bacteria-staining squaraine dyes revealed that
dsQ*-Ubi characterized by the lowest off-target
fluorescence both in the presence of HSA and eukaryotic
cells. As mentioned above, the specificity of the probe is
crucial for its direct application in urine patient samples
without pre-enrichment steps. It was thus decided to select
dsQ*-Ubi for further development as a fluorescent probe
for UTL

was

dSQ"-Ubi labeled Gram-positive and Gram-negative bacteria
isolated from clinical urine samples

An important step before evaluating the performance of
dSQ™-Ubi in patient urine samples was the assessment of the
capacity of the probe to label clinical bacterial isolates
responsible for UTI. Clinical isolates of Klebsiella oxytoca,
Enterobacter cloacae, E. coli (Gram-negative bacteria), and
Staphylococcus  aureus (Gram-positive bacterium) were
inoculated onto Columbia blood agar plates and incubated
overnight at 37 °C. Three colonies of each isolated strain
were resuspended in PBS to reach an ODggo of 0.5, labeled
with 1 uM of dSQ*-Ubi for 10 min at room temperature,
diluted 100 times, and analyzed by a commercial flow
cytometer. The results presented in Fig. 4A demonstrated
efficient labeling of all clinical isolates, with the highest
fluorescence signal obtained for S. aureus.

Towards the detection of UTI with fluorogenic dimers

Finally, the performance of dSQ*-Ubi in human urine
samples was evaluated. A total of 16 urine samples collected
into BD Vacutainer Urine Culture & Sensitivity tubes from
patients with suspected UTI at the Saint-Etienne University
Hospital Centre (France) were included in the study. After
measuring cytological parameters (such as hematuria and
leucocyturia), 10 pL of each sample were inoculated onto
chromogenic UTI Clarity™ agar plates and incubated at 37
°C for 24 hours. The rest of the samples were kept overnight
at +4 °C for further analysis using dSQ'-Ubi. Thirteen
bacterial cultures yielded visible colonies, whereas the three
remaining cultures showed no detectable growth after 24
hours of incubation. The identification of the bacterial
species was performed by MALDI-TOF. The identified strains
were Proteus mirabilis, E. coli, Klebsiella pneumoniae,
Citrobacter koseri, Enterococcus faecium, Enterococcus faecalis,
Streptococcus gallolyticus, and Staphylococcus saprophyticus.
Two urine samples were co-infected with two organisms: K.
pneumoniae and E. coli, E. coli and S. gallolyticus. The
complete characterization of the collected urine samples is
provided in Table S2.

Once the pathogens in the urine samples were identified,
we proceeded to a blinded analysis of the samples using
dsQ*-Ubi. 100 pL of each urine sample was stained with
dsQ*-Ubi at 1 uM concentration for 10 min at room

Sens. Diagn.
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Fig. 4 Labeling of clinical bacterial pathogens with dSQ*-Ubi. (A) Median fluorescence intensities of a set of bacterial strains isolated from patient
urine samples stained with 1 uM of the probe in PBS and analyzed by flow cytometry; excitation was performed with a 640 nm laser, fluorescence
was detected in the 670-688 nm channel; data are presented as a mean * SD for three colonies of each isolate. (B) A workflow for the analysis of
urine samples stained with dSQ*-Ubi by flow cytometry. (C) Results of the study of thirteen infected and three sterile clinical urine samples.
Statistical analysis was performed using a one-tailed Mann-Whitney U test; **p < 0.01.

temperature and fluorescence measurements were performed
using a commercial flow cytometer. Exactly 5 pL of liquid
were analyzed from each sample to allow for comparison of
bacterial load across the samples. In parallel, untreated
samples were analyzed in an identical The
instrumental settings of the cytometer were kept identical for
both series of measurements. Overall, the analysis of each
sample from labeling to the readout took less than 20
minutes.

The workflow of the data analysis is presented in Fig. 4B.
It is essential to point out that bacteria are naturally present
in urine of healthy individuals, but the bacterial burden is
increased during UTIs (typically >10° CFU mL™). Thus, the
qualitative detection of stained bacteria in patient samples
does not necessarily indicate a UTI Rather, it is the
difference in bacterial counts between sterile and infected
urine samples that suggests a UTIL.

The data analysis started with an initial gating by FSC/
SSC to separate bacteria from cellular debris. Importantly,
we used a large gate that should allow taking into
account different bacterial strains, which could vary in
size, shape and granularity. It is worth mentioning that
such gating allows separating bacteria from cellular debris
only partially, and for several samples, the bacterial
population was not clearly visible in an FSC/SSC density
plot due to an intense signal from debris. In such cases,
it is particularly important to use a highly specific
fluorescent probe, able to stain bacteria in a complex
mixture. Next, the second gate in an SQ channel (red
fluorescence 670-688 nm) versus SSC density plot was
performed to separate stained and unstained cells. Finally,
we calculated the number of stained cells per microliter

manner.

Sens. Diagn.

for each sample, which should be proportional to the
overall bacterial load of the sample.

The results of the analysis are presented in Fig. 4C. A
strong fluorescence signal distinguishable from cellular
autofluorescence was obtained in the gated population in all
analyzed samples. As expected, a difference was observed
between the number of detected stained cells in infected and
sterile samples, regardless of the quantities of red and white
blood cells (Table S2). As an example, the three sterile
samples were characterized by the number of fluorescent
events per microliter <2000. Among these samples, one was
characterized by leucocyturia (23 000 leucocytes per mL) and
another by hematuria (11 000 red blood cells per mL). In both
cases, the number of fluorescent events per microliter stayed
low. This confirmed the excellent specificity of the developed
probe dSQ*-Ubi for bacteria, its universal labeling of both
Gram-positive and Gram-negative bacteria, and high
potential for further development of flow cytometry with
dSQ*-Ubi for the rapid detection of UTIs.

Conclusion

This work aimed to develop a specific fluorogenic
bacteria-targeting probe for the flow cytometry detection of
urinary tract infections. Chemical modification of the
squaraine core led to the development of new far-red dyes
with increased affinity for both Gram-positive and Gram-
negative bacteria. The fluorogenic probes were synthesized
by dimerizing the squaraine dyes via a flexible branched
PEG linker and conjugating them to the peptidic bacteria-
targeting vector Ubi29-41. We demonstrated that

dimerization was essential for enhancing the probe's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluorogenicity and minimizing off-target fluorescence in
the presence of serum albumin, while conjugation to the
peptide vector ensured both efficient bacterial staining
and high specificity over eukaryotic cells. The best probe,
dSQ*-Ubi, exhibited an excellent fluorescence
response and efficiently labeled both laboratory and
clinically isolated bacterial strains with strong selectivity
over eukaryotic cells and HSA. This probe enabled rapid
and quantitative detection of bacteria in UTI samples by
flow cytometry within minutes.

Although our primary interest in dSQ'-Ubi lies in its
application for urine flow cytometry, the probe may also
find utility beyond the diagnostic domain. For example, it
could be particularly suitable for confocal microscopy
imaging of bacteria under no-wash conditions (Fig. 3F). Its
fluorogenic properties and the lack of off-target fluorescence
in the presence of albumins make it suitable for bacterial
labeling in co-culture with eukaryotic cells to study host-
bacteria interactions. While the targeting mechanism via
the Ubi29-41 peptide vector does not permit discrimination
between live, dead, and metabolically inactive bacteria, the
narrow emission profile of dSQ*-Ubi enables straightforward
co-staining with appropriate viability markers. Furthermore,
the farred excitation and emission make dSQ*-Ubi a
promising candidate for in wvivo studies of bacterial
infections. Moreover, its ability to label both Gram-positive
and Gram-negative bacteria may be valuable for visualizing
the entire host microbiota.

In addition, the clinical translation of dSQ*-Ubi should be
further pursued. Although assessing the diagnostic accuracy,
sensitivity, and specificity of urinary flow cytometry with
dsQ*-Ubi was not the objective of the present study, it
represents a logical next step in the development of dSQ*-Ubi
for clinical or laboratory applications.
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