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Intracellular bacterial infections are difficult to diagnose and treat because the host cells shelter the bacteria
from molecular recognition by imaging agents, antibiotics, and the immune system. This problem arises
when bladder epithelial cells are infected by uropathogenic Escherichia coli (UPEC)—one of the
causative agents of urinary tract infection (UTI). UTls are among the most common bacterial infections
and a worldwide health concern. It is challenging to design molecular probes for intracellular UPEC
imaging or targeted antibiotic treatment because the probe must possess multiple capabilities—it must
permeate the host cell plasma membrane and selectively associate with the intracellular UPEC. Here, we
report a “first-in-class” fluorescent probe called BactVue that is comprised of two structural
components: a modified zinc(i)-2,2'-dipicolylamine complex (Zn-Oxy-DPA) as the bacteria targeting unit
and an appended near-infrared cyanine fluorophore that is hydrophilic but with a near-neutral
electrostatic charge. The unique capacity of BactVue to penetrate infected bladder cells and stain
intracellular UPEC was demonstrated by a series of in vitro and in vivo fluorescence imaging studies,
including a mouse model of UTI. The results support the feasibility of incorporating BactVue into
diagnostic near-infrared fluorescence imaging methods that visualize the location of infected bladder

rsc.li/chemical-science cells during active UTI.

Introduction

Urinary tract infection (UTI) is a common bacterial infection
worldwide that can lead to hospitalization in severe cases.'”
Women have a 50-60% lifetime occurrence rate of UTI, with
27% of those patients experiencing recurrent episodes.
Research has identified uropathogenic E. coli (UPEC) as the
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primary cause of UTIs.*” The ability of UPEC to invade luminal
epithelial cells of the bladder (urothelial cells) and avoid inac-
tivation by antibiotics or the host immune system is a critical
factor in establishing a persistent infection.*'° Recent work has
shown that the bacteria invade deep bladder tissues and form
intracellular bacterial communities (IBCs) in mice and
humans.**** These IBCs act as reservoirs that may contribute
to frequent recurrence following antibiotic treatment and
remission of symptoms.*'* Detection of latent intracellular
bacteria in a living subject is difficult; consequently, many
persistent infections go undiagnosed."* Urine -culture is
commonly used to confirm a UTI; however, this method is
relatively slow and resource-intensive, limiting clinical effec-
tiveness as it cannot detect tissue-resident bacteria.'>™® Faster
diagnostic methods, such as urinary dipstick and urine
microscopy, have limited diagnostic accuracy and cannot detect
intracellular bacteria either.?* Although IBCs are well
described, unambiguous identification within living tissue is
challenging and remains a major hurdle to clinical translation
as—to our knowledge—there are no molecular imaging agents
capable of staining bacteria within living cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The host cell plasma membrane of a living cell is a formi-
dable barrier that protects intracellular bacterial infections
such as UTIs, and there is a need for new molecular targeting
strategies that enable UTI imaging and treatment.>**?* In
principle, the ideal molecule for selective targeting of intracel-
lular UPEC should possess two distinct capabilities—reversibly
permeate the cell plasma membrane and selectively associate
with the intracellular UPEC. Literature reports of molecules that
target intracellular bacteria are rare and focus primarily on
antibiotic drug conjugates.?®>* While large molecules such as
antibodies may have attractive molecular recognition proper-
ties, their use is likely to be limited by poor membrane
permeability. On the other hand, small targeting molecules
might exhibit better membrane permeability, but it is chal-
lenging to design them with the appropriate cell recognition
properties. In this regard, a differentiating feature between
healthy mammalian cells and bacteria is the cell surface charge.
The surrounding envelope of virtually all bacteria, including
UPEC, has an Anionic electrostatic surface, whereas the exterior
electrostatic surface of healthy mammalian cell membranes is
closer to neutral.>*~*! This difference in surface charge has been
exploited by designing cationic molecular probes that have
selective affinity for Anionic bacteria membranes. The struc-
tural scope includes peptides, synthetic organic molecules, and
metal coordination complexes.>*** Particularly effective are
zinc() 2,2’-dipicolylamine (ZnDPA) coordination complexes,
which are known to target Gram-negative and Gram-positive
bacteria in complex environments, including living
subjects.>**>% The very strong affinity for bacteria is attributed
to a synergistic combination of electrostatic attraction and zinc
coordination with the abundant Anionic phosphate and
carboxylate groups on the polar amphiphiles in the bacterial
envelope. In addition to bacteria, ZnDPA complexes are known
to target other types of cells with Anionic surfaces, including
dead and dying mammalian cells, though this cell surface tar-
geting process does not involve membrane permeation.*”** In
contrast, a modified version of the ZnDPA scaffold with
a bridging oxygen atom between the two zinc(u1) atoms (Zn-Oxy-
DPA) is known to readily diffuse through mammalian cell
membranes because it can form transient lipophilic ion-pair
complexes with the endogenous polar lipids in the plasma
membrane.***® We reasoned that a fluorescent Zn-Oxy-DPA
probe molecule would become trapped inside an infected
bladder cell due to a very strong association with the intracel-
lular bacteria and thus become the basis for fluorescence
imaging of UTI (for additional discussion, see ESIt and the
computer modeling below).

A key design element is the appended fluorescent dye.
Near-infrared (NIR) fluorescent dyes are logical choices for in
vivo imaging owing to the relatively deep tissue penetration of
long wavelength light, with minimal background auto-
fluorescence and reduced light scattering by tissue
components.**> Heptamethine cyanine (Cy7) dyes possess
exceptional NIR fluorescent characteristics; however, because
they are naturally hydrophobic, their structures must be
modified with charged functional groups to make them water-
soluble. This modification is necessary to prevent undesired

41-44

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Scheme 1 Structure of BactVue. The Zn-Oxy-DPA targeting unit
(orange) is attached to a NIR fluorescent Cy7 dye that has a charge-
balanced structure with two shielding arms.

processes, such as self-aggregation and non-specific binding to
biological surfaces that are not the intended targets.*>**~>* Since
our design goal was a molecular probe that permeated
mammalian cells and reached the cytosol, there needed to be
a judicious balance of molecular charge and hydrophobicity.>*
This led us to design an NIR fluorescent probe called BactVue
(Scheme 1). The molecular structure comprises a Zn-Oxy-DPA
targeting unit appended to Cy7 dye with a charge-balanced
structure and two short shielding arms.***” We have assessed
the capacity of BactVue to target UPEC by conducting a series of
in vitro and in vivo fluorescence imaging studies. We find that
BactVue can penetrate infected human bladder cells and stain
intracellular UPEC and can be used to visualize UPEC infection
within the bladder of a living mouse model of UTIL.

Results and discussion
In vitro staining of UTI89 bacteria

BactVue was prepared using a straightforward procedure that
covalently connected the Oxy-DPA ligand to the appropriate Cy7
fluorophore (F), followed by treatment with two molar equiva-
lents of Zn(NOj3), (Fig. 1A). To demonstrate the importance of
the charge-neutral characteristic of BactVue, we also prepared
an Anionic control dye (Fig. 1B). Both molecular probes were
soluble in water. As expected for Cy7 dyes, BactVue exhibited an
intense absorption peak at 775 nm with fluorescence emission
at 810 nm (Fig. 1C), and the Anionic control dye exhibited very
similar spectral properties (Fig. S17).

Chem. Sci., 2025, 16, 7902-7911 | 7903
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Fig. 1 (A) General synthesis of fluorescent probes. (B) Structure of
Anionic control dye. (C) The absorption and emission spectra of
BactVue in water (Aex = 775 nm, Ay = 810 nm). (D) Cy7 fluorescence
image of UTI89 bacteria stained with BactVue overlayed with the
bright-field image. (E) Images of pelleted liposomes in eppendorf
tubes showing BactVue can reversibly associate with cell membranes.
The leftmost image shows the pellet before treatment with BactVue,
followed by (i) treatment with BactVue, which causes staining, but (ii)
after washing, the dye is removed, causing the liposomes to return to
their original color. (F) Emission spectrum of before addition of Bact-
Vue (orange line) liposomes after incubation with BactVue (red line)
and liposomes after washing (black line) showing that BactVue
reversibly stains the liposomes.

Initial experiments focused on in vitro staining of bacteria and
involved the addition of BactVue (final concentration of 10 uM) to
a culture of UTI89—a well-characterized laboratory strain of uro-
pathogenic E. coli.*** After incubation, the stained bacterial cells
were washed three times by repeating a sequence of centrifuga-
tion, removal of the aqueous solution, and pellet dispersion in
fresh solution. The NIR fluorescence micrograph in Fig. 1D
reveals obvious and irreversible BactVue staining of the UTI89
bacteria. An identical staining procedure using Anionic control
dye also produced staining of UTI89, as depicted in Fig. S2.f
Additional fluorescence imaging evidence was gained by incu-
bating separate UTI89(GFP) samples, a strain of UTI89 that
expresses a stable form of green fluorescent protein, with BactVue
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or Anionic control dye. In both cases, there was high colocaliza-
tion of the probe's Cy7 fluorescence with the green emission of the
UTI89(GFP) bacteria (Fig. S31t).

High-magnitude microscopy showed that BactVue binds to
the outer membrane of E. coli (Scheme S4+). Isothermal titration
calorimetry was used to evaluate BactVue binding to lipopoly-
saccharide (LPS), the predominant Anionic lipid in the outer
membrane of Gram-negative bacteria. The results (Fig. S4t)
demonstrated saturable binding with a biphasic profile, indi-
cating two distinct BactVue binding sites on a single LPS mole-
cule. Analysis revealed Kp, at 300 nM and Kp, at 1.1 pM. Although
further study is needed to clarify the origin of this binding stoi-
chiometry, the nanomolar affinity highlights strong interactions
between BactVue and Anionic lipids in bacteria. Given that nearly
all bacteria have surface-exposed Anionic phospholipids, we
conducted additional experiments and found that BactVue stains
other strains of E. coli, including E. coli CFT703, and other uro-
pathogenic bacterial species, including Klebsiella pneumoniae and
Enterococcus faecalis (Fig. S51).

The next round of experiments compared the capacity of
BactVue and Anionic control dye to permeate liposome bilayers
that mimic the plasma membranes of mammalian cells. Uni-
lamellar liposomes (~250 nm diameter) were prepared with
phospholipids that mimic the composition of mammalian
plasma membranes (i.e., 98% w/w zwitterionic POPC and 2% w/w
Anionic DSPE-PEG2000). Separate samples of liposomes were
incubated for 2 h with BactVue and Anionic control dye. After
centrifugation and washing, the liposome pellets were examined,
and clear differences in their capacity to interact with a lipid
bilayer were observed. The liposomes treated with BactVue
exhibited a green hue (Fig. S61), and when the liposomes were
resuspended in fresh buffer, fluorescence spectroscopy confirmed
the presence of the BactVue (Fig. 1F). In contrast, the pellet of
liposomes treated with Anionic control dye was not colored
(Fig. S6t) and did not exhibit Cy7 fluorescence when resus-
pended. These results show that BactVue with charge-neutral
fluorophore can favorably interact with a lipid bilayer while the
Anionic control dye does not. However, it is equally critical that
the probe not become irreversibly trapped in the membrane, as
this would prevent its ingress into the cytosol. To that end, we
showed that the green color of BactVue-treated liposomes fades
significantly after washing with pure buffer and leaves the
membrane, returning to the supernatant with each wash
(Fig. S6t). This contrasts with the bacterial staining described
above, where extensive washing did not dislodge the BactVue
probe from the bacterial surface. To unambiguously demonstrate
bilayer membrane permeability we prepared Giant Unilamellar
Vesicles (GUVs) of the same liposomes using an electroformation
technique with a Pt electrode. BactVue was added to the GUVs,
incubated, washed, and imaged. Confocal laser scanning
microscopy (CLSM) clearly showed that BactVue entered the GUVs
and filled the aqueous interior (Fig. S7 and Movies 1-107).

Computational modeling

To better understand why the Zn-Oxy-DPA targeting unit
enables membrane permeation, we conducted steered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular dynamics (SMD) simulations of molecular diffusion
through a mammalian plasma membrane model. These studies
compared two molecules, Zn-Oxy-DPA (BactVue) and ZnDPA,
a hypothetical homologous probe that lacks bridging oxygen
(see ESIT for the chemical structures). The simulations
demonstrated that both molecules interact similarly with the
membrane; however, the structure of Zn-Oxy-DPA is more
compact and causes less distortion in the bilayer. While both
molecules permeate the membrane, Zn-Oxy-DPA does so more
efficiently. The bridging oxygen maintains the two Zn cations in
a favorable orientation, allowing efficient interaction with the
Anionic lipids and facilitating molecular passage through the
membrane. In contrast, ZnDPA requires a larger membrane
pore to accommodate its more open structure as it maintains
a larger distance between its Zn ions during permeation
(Fig. S87). This is corroborated by the change in lipid area per
lipid (APL) during simulations, where ZnDPA causes a signifi-
cant increase in the APL of POPA lipids (Fig. S91), suggesting it
needs more space to permeate.

Further analysis revealed that both molecules undergo
conformational changes during membrane permeation.
Initially, the molecules were placed in random orientations in
the extracellular water at the start of the SMD simulations
(Fig. 2A). ZnDPA and Zn-Oxy-DPA approached and interacted

B Memb. surface c Interface(UL)
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° 8 5 ";i‘ ;::
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SRR Tsad. e Aot

D Memb. core
PN §

Zn-Oxy-DPA

ZnDPA

Fig. 2 Representative SMD simulation snapshots of ZnDPA and Zn-
Oxy-DPA during their permeation of a model mammalian plasma
membrane. Inline images represent the position of the molecules in
the membrane bilayer. Conformations of Zn-Oxy-DPA and ZnDPA
located at: (A) external membrane water layer, (B) membrane surface,
(C) upper leaflet (UL) interface, (D) membrane core, (E) lower leaflet
(LL) interface, and (F) internal membrane water layer. ZnOxyDPA and
ZnDPA are represented in green and grey colors, respectively. Zn
atoms are represented in purple spheres. Lipid headgroup nitrogen
and oxygen atoms are represented as blue and red spheres,
respectively.
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with the membrane similarly, with the primary difference being
their orientation at the membrane core and interface regions.
The molecules first lay on the membrane surface and interact
with the lipid polar head groups (Fig. 2B). Both molecules
interacted with lipids such as PLPC and the ceramide lipids
NSM and SSM to facilitate membrane entry. For Zn-Oxy-DPA,
the molecule penetrated the upper leaflet headgroups and
oriented towards the membrane core as a relatively compact
structure, whereas the structure of ZnDPA was more disordered
and it remained longer at the upper leaflet interface (Fig. 2C and
D and Movie S117).

Additionally, the molecules differed in how they exited the
membrane. Zn-Oxy-DPA inverted its orientation to form polar
interactions with the membrane headgroups, aiding probe exit
from the membrane (Fig. 2F). In contrast, ZnDPA exited directly
into the water without significant orientational changes or
further membrane interactions. Taken together, the passage of
ZnDPA perturbates the membrane significantly more than Zn-
Oxy-DPA. In contrast, the compact structure of Zn-Oxy-DPA,
stabilized by oxygen-Zn bridging, enables more efficient
membrane permeation. Movie S11 in the ESIf compares the
entire simulated membrane permeation process for both
molecules.

Collectively, the experimental and computational findings
indicated that BactVue is a membrane-permeable molecular
probe and is likely to enter mammalian cell membranes and
bind very strongly to intracellular bacteria; thus, we moved to in
vitro studies using cell culture.

In vitro studies

The first set of in vitro imaging cell microscopy experiments
examined human 5637 bladder carcinoma cells infected with
UTI89(GFP), which enabled unambiguous visualization of the
bacteria. The infected bladder cells were treated with genta-
micin, an antibiotic that cannot penetrate the bladder cell
plasma membrane and thus only kills the extracellular bacteria.
Subsequently, the cells were washed repeatedly to ensure the
complete removal of any extracellular bacteria and bacterial
debris, and the collected supernatant fractions were cultured on
CHROMagar plates, which showed no bacterial growth, thereby
confirming the effectiveness of gentamicin to kill all extracel-
lular bacteria. The infected bladder cells were sequentially
incubated with BactVue for 2 h, washed, fixed, stained with the
nuclear stain Hoechst, the cell plasma membrane stain, wheat
germ agglutinin (WGA) rhodamine, and imaged using confocal
laser scanning microscopy (CLSM). The representative micro-
graphs in Fig. 3B reflect the outcomes of three comparative
experiments. In the first row, the human bladder cells were
infected with UTI89(GFP), treated with gentamicin to kill
extracellular bacteria, and then BactVue was added. In this case,
intracellular staining of UTI89(GFP) by BactVue was indicated
by a high Pearson colocalization coefficient of 0.72 for the GFP
and Cy7 fluorescence. In the second row, bladder cells were
infected with UTI89(GFP) and treated with the membrane-
impermeable antibiotic gentamicin, but BactVue was not
added, and there was no intracellular Cy7 fluorescence. Note

Chem. Sci., 2025, 16, 7902-7911 | 7905
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(A) Schematic illustration of the experiment workflow for staining human 5637 bladder carcinoma cells infected with UTI89(GFP) bacteria.

The 5637 bladder cells were infected with UTI89(GFP) (10 bacterial cells per human cell), treated with membrane-impermeable antibiotic
gentamicin (100 ug mL™Y), washed, treated with BactVue (10 pM), washed, and fixed, treated with Hoechst/WGA rhodamine, washed, and then
imaged on a confocal microscope. (B) Confocal imaging: in the first row, cells were infected with UTI89(GFP), treated with gentamicin, and then
BactVue was added. In the second row, cells were infected with UTI89(GFP) and treated with gentamicin, and BactVue was not added. In the third
row, cells were not infected but treated with gentamicin and BactVue. Hoechst (Aex = 350 nm, Ay = 461 NM), GFP (Aex = 395 Nm, ey = 509 nm),
WGA rhodamine (Aex = 570 nm, Aem = 590 nm) and Cy7 (Aex = 730 NnM, Aemn = 779 nm). Scale bar = 10 pm. Video in ESI (Movie 12-167).

that some bacteria appear extracellular, though they are envel-
oped in a cellular membrane—Ilikely a phagocytic cup; thus,
these bacteria are ‘intracellular’. In the third row, cells were not
infected with bacteria but treated with gentamicin and BactVue,
and no intracellular Cy7 fluorescence was observed.

To rule out the possibility that our infection was somehow
permeabilizing or destabilizing the membrane or that we were
staining bacteria on the surface of cells that were then entering
the cell, we conducted a control experiment using our Anionic
control dye. A sample of human 5637 bladder cells infected with
UTI89(GFP) was treated with gentamicin, followed by washing
to eliminate all extracellular bacteria. The sample was split into
two identical batches, and each batch was separately incubated
with BactVue or membrane-impermeable Anionic control dye
under the same conditions for 2 h. Following incubation, any
extracellular fluorescent probe was removed through washing,
and the bladder cells were lysed with 0.1% Triton X-100. The
released intracellular bacteria were collected as a pellet after
centrifugation, and fluorescence microscopy of the dispersed
pellet revealed bacterial staining by BactVue but no bacterial
staining by the Anionic control dye (Fig. S10%). These results
show that BactVue penetrates the bladder cell membranes and

7906 | Chem. Sci., 2025, 16, 7902-7911

stains the intracellular bacteria, while the Anionic control dye
lacks this capability. In other words, the plasma membrane of
the infected bladder cells is sufficiently intact that it prevents
permeation of Anionic control dye, which has a polyanionic
fluorophore; however, BactVue permeates the plasma
membrane, which has the same Zn-Oxy-DPA targeting unit but
a charge-neutral fluorophore. Since the anionic control dye
stains bacteria just as well as BactVue, it also shows that
membrane-bound or “free” bacteria are not being stained and
are subsequently taken in by the cells. Taken together, these
results show that BactVue uniquely and selectively targets
eukaryotic cells harboring intracellular bacteria.

In vivo fluorescence imaging of UTI89 infection in the mouse
bladder

The favorable in vitro microscopy results motivated us to pursue
NIR fluorescence imaging of an in vivo model of UTIL The
experimental goal was to determine if BactVue could differen-
tiate between infected and non-infected cohorts. Our experi-
mental approach is summarized in Fig. 4A. Nine female BALB/c
mice were divided into three groups; groups A and C received
intravesical (directly into the bladder) administration of UTI89

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic illustration of the experiment workflow. (B) In
vivo and ex vivo fluorescence images of a mouse bladder infected with
UTI89 (50 pL of 1 x 107 CFU). (C) Bacterial colonies grown from
bladder homogenates (n = 3) with different dilution factors. (D) Ex vivo
fluorescence images of three groups of mouse bladders (n = 3 for
each group) that had been dosed with UTI89 (50 ulL of 1 x 107 CFU) or
BactVue (50 pL of 50 uM). (E) Quantification of fluorescence and
bacteria burden in the three groups of mouse bladders in panel D as
fluorescence mean pixel intensity (MPI) or CFU mL™, respectively (n =
3 for each group). A one-way ANOVA determined statistical signifi-
cance, and the p-value was determined by Dunnett's multiple
comparison test.

bacteria (50 uL of 1 x 107 CFU) via a catheter and were allowed
to incubate for 24 h, while group B remained uninfected.
Subsequently, groups A and B received intravesical doses of
BactVue and live mice were imaged periodically over 3 h. It is
worth mentioning that BactVue is sufficiently bright to visualize
the infected bladder inside the intact animal and the ex vivo
bladder (Fig. 4B). In vivo fluorescence imaging of the mice in
group B (the non-infected group injected with BactVue) revealed
a large time-dependent decrease in bladder signal over the 3 h
period, reflecting BactVue clearance from the bladder owing to
urination (Fig. S121). In contrast, in vivo fluorescence imaging
of the mice in group A (infected mice injected with BactVue)
exhibited a strong bladder signal that hardly changed over the
3 h period, indicating strong binding and retention of BactVue
to the UTI8Y bacteria in the bladder (Fig. S127). After mouse
sacrifice, the bladders were extracted for ex vivo fluorescence
imaging. The bacterial count within each bladder was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determined by homogenizing the bladder tissue, then by
plating serially diluted aliquots of homogenate onto CHRO-
Magar culture plates and quantifying the CFU mL™'. The
bacterial colony data in Fig. S111 confirms that each mouse
bladder in group A contained essentially equal counts of UTI89
bacteria. Fluorescent images of the bladders extracted ex vivo
confirmed the in vivo imaging trend, that is, strong retention of
the Cy7 fluorescence signal in the bladders of group A mice
(infected and treated with BactVue) and decreased fluorescence
signal in the group B and C mice (Fig. 4D). Quantification of the
ex vivo images indicated 2.4 fold higher fluorescence intensity
between the infected (group A) and non-infected (group B) mice
(Fig. 4E). Statistical analysis confirmed that the difference was
highly significant. Though intravesical administration of Bact-
Vue would be a clinically useful way to identify and visualize
intracellular bacteria, we further demonstrated that BactVue
could target infected bladder tissue following tail vein injection.
Mice injected with BactVue clearly excreted the dye via the
urinary tract, where we observed significant fluorescence in the
bladders of the infected mice. In contrast, the non-infected
mice showed minimal fluorescence (Fig. S13t). Collectively,
the in vivo and ex vivo imaging results show that BactVue can
identify infected bladders in a living mouse model of UTI.

Supporting fluorescence microscopy evidence that BactVue
selectively targets cells harboring intracellular UTI89 bacteria
within infected bladder tissue was gathered by ex vivo analysis
of the excised bladders using CLSM. An experiment compared
two cohorts of female BALB/c mice—the non-infected group
versus the UTI89-infected group, each n = 3. The infected
group received an intravesical dose of UTI89 (50 pL of 1 x 107
CFU), whereas the non-infected group received an injection of
0.9% saline. After 24 h, both groups received intravesical
injections of BactVue. The mice rested for 3 h and were allowed
to drink water and urinate. The mice were sacrificed at that
time, and the bladders were extracted. The bladders were
longitudinally sectioned (Fig. 5A), stretched with the luminal
side facing upwards, fixed, and stained with the nuclear dye
Hoechst. The sectioned bladders were imaged using CLSM
with multiple fluorescence images stitched together to recon-
struct a full-sized image. There was no Cy7 fluorescence signal
in the bladders from the non-infected group (Fig. 5C bottom),
indicating no retention of BactVue in the bladder tissue. In
contrast, there was strong Cy7 fluorescence in localized areas
of the bladders from the infected group (Fig. 5C top), indi-
cating retention of BactVue. This interesting result aligns with
clinical reports that the bladder infections causing active
cystitis are not diffuse dispersions of bacteria, but seem to
occur as localized sites of infection distributed around the
bladder.®>** At higher magnification (Fig. 5D), the BactVue
fluorescence appeared as distinctive rod-like and punctate
spots, and a stacked 3D reconstruction of the CLSM images
revealed the stained bacteria were located within the bladder
tissue (see Movie 17 in ESIT). We conclude that BactVue stains
intracellular UTI89 bacteria within the mouse bladder
epithelium. Thus, BactVue is unique to previously published
dyes in its ability to label both extracellular and intracellular
bacteria in living bladder tissue.*®
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Fig. 5 Images of extracted mouse bladders. Infected mice were given intravesical injections of UTI89 bacteria (50 uL of 1 x 10”7 CFU) and 24
hours later BactVue (50 plL of a 50 uM solution) was delivered via intravesical injection. (A) Stretched mouse bladder lumen on agar bed. (B) Mouse
bladder stretched over a microscope slide (C) stitched CLSM images showing fluorescence reconstruction of an entire bladder section from an
infected mouse and non-infected mouse, BactVue fluorescence colored red, and Hoechst nuclear fluorescence colored cyan. (D) Magnified
CLSM images of the infected mouse bladder in panel (C). Video in ESI (Movies 17 and 18%).

Conclusions

BactVue is the first example of a new class of molecular probes
that can target intracellular UPEC within infected bladder cells in
cell culture and within a living mouse model of UTI. There is an
opportunity to develop new imaging methods that use near-
infrared fluorescent BactVue to visualize the location of infec-
ted bladder cells within an active UTI. A key molecular design
element is the Zn-Oxy-DPA targeting unit, which can diffuse
through mammalian cell membranes and strongly bind to
intracellular bacteria.*®*° While this study has focused on one
clinical strain of UPEC (i.e., UTI89), it is very likely that BactVue
will broadly stain both Gram-negative and Gram-positive bacte-
rial species since the bacterial envelope recognition mechanism
is universal. Indeed, we find that BactVue also labels K. pneu-
moniae and E. faecalis, the second and third most common
bacterial species associated with UTI. Looking to the future, we
envision next-generation versions of BactVue that are multi-
functional fluorescent probes containing a Zn-Oxy-DPA targeting
unit for intracellular UPEC, and an appended peptide motif that
is cleaved by bacteria-specific enzymes to produce “turn-on”
fluorescence.®* Another way to exploit the capacity of Zn-Oxy-DPA

7908 | Chem. Sci., 2025, 16, 7902-79T

to target intracellular UPEC is to synthetically switch the reporter
group and create molecular probes for imaging UTI using other
modalities such as MRI or PET/SPECT.*>* There is also potential
to develop therapeutic approaches that exploit the unique tar-
geting capacity of BactVue for image-guided ablation of infected
bladder tissue. Light-based therapies using appropriately modi-
fied versions of BactVue are particularly attractive since there are
already effective clinical methods to illuminate the bladder with
light.** Moreover, light-based therapies such as photodynamic
therapy have the potential to eradicate drug-resistant UPEC,
which is often a major factor in the etiology of recurring UTIs.*>*
We also envision new classes of antibiotic drug conjugates that
exploit the selective targeting of intracellular UPEC by the Zn-
Oxy-DPA unit. In this regard, it is worth noting that ZnDPA
conjugates of antibiotics and anticancer drugs have been re-
ported and found to produce promising therapeutic effects.®”*

Data availability

Raw data for the experiments performed can be downloaded
from the Open Science Foundation at https://doi.org/10.17605/
OSF.I0O/G97A5. Structure inputs, parameter files, and
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representative trajectory of the simulation can be found in
a Zenodo repository. Zenodo URL: https://zenodo.org/records/
15097014 DOI: 10.5281/zenodo0.15097013.
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