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Abstract: Uropathogenic Escherichia coli (UPECs) is a leading cause for urinary tract infections (UTI), accounting for
70–90% of community or hospital-acquired bacterial infections owing to high recurrence, imprecision in diagnosis and
management, and increasing prevalence of antibiotic resistance. Current methods for clinical UPECs detection still rely
on labor-intensive urine cultures that impede rapid and accurate diagnosis for timely UTI therapeutic management.
Herein, we developed a first-in-class near-infrared (NIR) UPECs fluorescent probe (NO� AH) capable of specifically
targeting UPECs through its collaborative response to bacterial enzymes, enabling locoregional imaging of UTIs both in
vitro and in vivo. Our NO� AH probe incorporates a dual protease activatable moiety, which first reacts with OmpT, an
endopeptidase abundantly present on the outer membrane of UPECs, releasing an intermediate amino acid residue
conjugated with a NIR hemicyanine fluorophore. Such liberated fragment would be subsequently recognized by
aminopeptidase (APN) within the periplasm of UPECs, activating localized fluorescence for precise imaging of UTIs in
complex living environments. The peculiar specificity and selectivity of NO� AH, facilitated by the collaborative action
of bacterial enzymes, features a timely and accurate identification of UPECs-infected UTIs, which could overcome
misdiagnosis in conventional urine tests, thus opening new avenues towards reliable UTI diagnosis and personalized
antimicrobial therapy management.

Introduction

Urinary tract infections (UTI) remain as the most prevalent
infectious diseases encountered in clinical practice world-
wide. Nearly half of our population may experience at least
one symptomatic UTI during their lifetime, with a severe
concern for recurrence within six months from the point of
original infection, affecting 150 million individuals annually
with considerable morbidity and high medical costs.[1]

Among various uropathogens associated to UTI
development,[2] about 70–90% of community-acquired UTIs
are predominantly infected by uropathogenic Escherichia
coli (UPECs), with their virulence actively involved in
pathogenic adhesion, invasion and resistance to host im-
mune defense and metabolic pathways.[3] Moreover, UPECs
could implement their protective niches against host surveil-

lance, antibiotic perturbation, and importantly, clearance by
micturition.[4] Conventional strategies for diagnosing UTIs
involve standard urine cultures and bacterial isolation, which
are both time-consuming and labour intensive.[4,5] Within
such long turnaround time for analysis, patients are often
prescribed empirical antibiotics instead without a proper
diagnosis of their UTI, thus aggravating high risk of
extensive spread of antibiotic-resistance.[5] Furthermore,
urine cultures are not always routinely performed as
discouraged by guidelines worldwide, mostly due to the
concerns of imprecise diagnosis, delayed therapy and anti-
biotic resistance.[6] Although molecular and immunological
diagnosis methods including engineered phage, genetic
editing and amplification, as well as antibody-mediated
strain enrichment etc[7] enabled quantitative uropathogen
sensing, these operations are usually costly and complex to
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implement in limited healthcare settings.[8] As such, a simple,
rapid, and accurate strategy that can directly identify UTI
caused by UPECs to establish an effective therapeutic
management with minimal prescription of broad-spectrum
antibiotics, is of high necessity in clinics.[4,9]

Outer membrane protease T (OmpT), a family of
bacterial endopeptidase tightly embedded in the outer
membrane of UPECs, has been recognized as critical
virulence factors implicated for UTI pathogenesis.[10]

Throughout uropathogenic adhesion and invasion of UP-
ECs, OmpT functions as a defence mechanism by cleaving
cationic antimicrobial peptides (AMPs) secreted by host
epithelial cells, making UPECs more resistant to defensive
AMPs than commensal E. coli strains.[10b] OmpT specifically
cleaves at consecutive basic residues in the sequence:
� Pn� R#(R/K)� Pn’- (whereby, n=1, 2, or n, and P or P’
represents amino acid, respectively).[10,11] To date, the unique
proteolytic hydrolysis of OmpT has been utilized for MS
identification of post-translation modifications, mutational
screening of enzyme variants on cell surface and bio-sensing
of food- and water-borne pathogen contamination.[11] How-
ever, the exact roles of OmpT in the innate defence and
pathogenesis of UTI remains elusive. Such peculiar defence
and virulence mechanism inspired us to exploit its character-
istics enzymatic activity to develop a unique and reliable
strategy for specific identification of UPECs in intricate
living conditions, thus greatly facilitating prompt and
accurate diagnosis of UPECs pathogenesis at the region of
UTI and enabling effective and proper treatment.
Herein, we designed a novel near-infrared OmpT-APN

hemicyanine (NO� AH) fluorescence probe for specific and
regionally targeted imaging of urinary tract infection both in
vitro and in vivo (Scheme 1). Our NO� AH probe composed
of a peptide sequence containing positive charges, along
with two unnatural D-Phe residues with main aims to
enhance the structure stability, and importantly, a proteo-
lytic site of Arg-Arg, (Ac� Arg-D-Phe-D-Phe� Arg� Arg� ),
flanked by a NIR hemicyanine fluorophore[12] conjugated at
the C-terminus via a self-immolative para-aminobenzylalco-
hol (PABA) group as a spacer.[13] Upon initial peptide

affinity to the surface of UPECs, and selective proteolytic
cleavage by the outer membrane OmpT protease, the Arg-
conjugated hemicyanine fragment (R� CyOH) can be first
released. The liberated R� CyOH species will be then
recognized by periplasmic exopeptidase, aminopeptidase
(APN),[14] which efficiently cleaved off the Arg residue and
trapped the activated NIR hemicyanine (CyOH)
fluorescence within the UPECs periplasm, enabling local-
ized and real-time UTI imaging caused by UPECs in vitro
and in vivo. Such unique responsiveness of bacterial
enzymes to the probe localization provides valuable insights
for rapid and precise UTI diagnosis in real-life conditions,
therefore greatly facilitating their timely and effective anti-
biotic therapeutic management in clinical practice.

Results and Discussion

Rational Design and Characterization of NO� AH

We first prepared our fluorescent peptide probe (NO� AH)
by coupling the NIR hemicyanine moiety with OmpT-APN
peptide substrates (Scheme 1 and Figure S2, Supporting
Information). Briefly, the OmpT-APN peptide was pro-
duced by solid phase peptide synthesis. Then, a self-
immolative PABA linker was used to integrate the NIR
hemicyanine, (CyOH), with the peptide sequence. The final
product NO� AH probe was purified by high performance
liquid chromatography (HPLC) and further characterized
by mass spectrometry and nuclear magnetic resonance (see
the Supporting Information for details).
Next, we evaluated the stability of NO� AH in a buffer

solution (Figure S3). The measurement revealed a relatively
consistent absorbance and fluorescence intensity after
24 hours, indicating no obvious degradation of NO� AH. We
further examined the optical properties of NO� AH and its
reactivity towards the synergistic proteolysis of OmpT and
APN. As illustrated in Figure 1, NO� AH (10 μM) itself
exhibited two characteristic absorption peaks at 604 and
654 nm respectively (Figure 1b), while a simultaneous
incubation of NO� AH with OmpT and APN led to a red
shift in absorbance (Figure 1b). Moreover, there was a
significant fluorescence enhancement observed (~3 folds) at
720 nm when incubated with both enzymes (Figure 1c). As
controls, minimal absorbance shift was observed for
NO� AH upon individual treatments by OmpT or APN
(Figure S4a). Similarly, less fluorescence enhancement was
found upon NO� AH incubation with individual enzyme
(Figure S4b). These optical responses clearly ascertained the
need for simultaneous cleavage of OmpT and APN to give a
full fluorescence enhancement of NO� AH.
Additionally, similar bacterial enzyme reactions towards

NO� AH were monitored with high-performance liquid
chromatography (HPLC). As shown in Figure 1d, we first
incubated NO� AH (10 μM) with both OmpT and APN, two
peaks appeared at 9.2 mins, corresponding to the R� CyOH
substrate itself, and 12.8 mins, attributing to the CyOH
molecule. Moreover, we also validated the sequential
cleavage effect by both enzymes through HPLC analysis. In

Scheme 1. Schematic illustration of the collaborative activation of
NO� AH by intrinsic OmpT and APN enzymes in the presence of
urinary tract infection (UTI) caused by uropathogenic E. coli (UPECs).
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Figure 1d, we first incubated NO� AH with OmpT for
30 mins, a new peak with a retention time of 9.2 mins was
observed which was the same as the R� CyOH substrate
itself, corroborating the formation of R� CyOH upon OmpT
cleavage. Subsequently, we added APN into the same
mixture and incubated for another 90 minutes, and a new
peak was observed with a retention time of 12.8 mins,
attributed to the CyOH molecule, signifying the release of
CyOH from R� CyOH after APN proteolysis. As controls,
we separately incubated the individual enzymes with
NO� AH probe. In Figure S5, incubation of OmpT with
NO� AH gave a peak at 9.2 mins, indicating the enzyme
cleavage and R� CyOH formation. However, direct incuba-
tion of APN with NO� AH could not hydrolyze probe
molecule structure to CyOH and a HPLC peak with a

retention time of 9.4 mins could be observed, closed to that
of the NO� AH probe itself. These results clearly demon-
strated the collaborative activation of dual enzymes towards
NO� AH recognition. Further analysis of the enzyme
kinetics of OmpT to NO� AH, and APN with R� CyOH
were also monitored with HPLC, respectively. Within
5 minutes, the NO� AH molecules were facilely cleaved to
form R� CyOH when incubated with OmpT. The kinetic
constants were calculated with the results showing KM=

1.54 μM and Kcat=12.33 min
� 1 (Figure 1e and Figure S6a).

Meanwhile, within 2 hours, R� CyOH substrates could be
cleaved by APN to release CyOH, yielding reasonable
kinetic constants of KM=0.382 μM and Kcat=10.24 min

� 1

(Figure 1f and Figure S6b). These results suggested the
promising capability for each enzyme, OmpT and APN, to
selectively recognize its respective substrates, NO� AH and
R� CyOH, in buffer solution.
Lastly, we analyzed the enzymatic selectivity of NO� AH

by individually screening OmpT and APN together with
several commonly used biomolecules and components[15]

such as lysozyme (Lz), beta-galactosidase (β-Gal), nitro-
reductase (NTR), caspase 3 (Casp3), cathepsin B (CtsB) and
gluthathione (GSH) etc. As shown in Figure 1g, incubation
with these common biomolecules showed negligible
fluorescence enhancement. Although some non-specific
signals observed after individual interactions with OmpT or
APN, our NO� AH probe still exhibited promising selectiv-
ity towards the sequential activation of bacterial enzymes of
OmpT and APN.

Specific and Selective Fluorescence Bacterial Imaging towards
Uropathogenic E. coli

Encouraged by the dual enzyme-responsive properties of
NO� AH, we investigated the imaging feasibility of NO� AH
for potential performance in various live bacterial cultures.
In this study, E. coli CFT073, E. coli UTI89 and E. coli J96,
three types of uropathogenic E. coli strains, with high
expression of OmpT, were chosen as our targeted
pathogens.[16] In contrast, methicillin-resistant Staphylococ-
cus Aureus (MRSA), Enterococcus Faecalis (E. faecalis) and
Proteus Mirabilis (P. mirabilis) were selected as controls,
whereby they are typically reported pathogenic bacteria
species that do not contain OmpT. Upon incubation with
NO� AH (10 μM), the live bacteria cultures were subjected
to confocal microscopy for fluorescent imaging analysis.[17]

As shown in Figure 2a and 2b, strong fluorescence
signals were clearly observed in CFT073, UTI89 and J96
strains as compared to others that were deficient in OmpT.
As a negative control, NO� AH probe was also incubated
with E. coli strains such as BL21, a commonly used E. coli
strain lacking OmpT expression on its outer membrane. As
expected, minimal fluorescence was observed in E. coli
BL21 (Figure S7a and S7b, Supporting Information). These
optical images clearly demonstrated impressive imaging
capability of NO� AH, with an exceptional selectivity
towards UPECs expressing OmpT.

Figure 1. In vitro characterization of NO� AH. (a) Schematic visual-
ization of the enzymatic cleavage of OmpT and APN with NO� AH. (b–
c) Absorbance and fluorescence spectra of NO� AH (10 μM) in the
presence and absence of both OmpT and APN for 2 h at 37 °C in PBS
(pH 7.4). (λex: 660 nm) (d) HPLC analysis of OmpT and APN with
NO� AH incubated for 2 h at 37 °C in PBS (pH 7.4). (e) Enzyme kinetics
of OmpT with NO� AH (10 μM). (f) Enzyme kinetics of APN with
R� CyOH (10 μM). (g) The selectivity analysis towards enzymatic
NO� AH reaction (10 μM) after incubation with indicated biomolecules
for 2 h at 37 °C in PBS. (λex: 660 nm; λem: 720 nm). (F represents the
Fluorescence emission of indicated biomolecules at λem: 720 nm; F0
represents the baseline fluorescence of NO� AH at λem: 720 nm) Data
presented as means�SD (n=3)
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Moreover, we further selected CFT073 and UTI89,
which are typical uropathogenic E. coli strains known to
cause UTI,[18] to validate the enzyme activity upon treatment
with an OmpT inhibitor (e.g. Ac-RffRr).[19] As shown in
Figure 2c and 2d, the confocal imaging showed an obvious
fluorescence in CFT073 and UTI89 strains upon NO� AH
incubation, however, there was significant fluorescence
decrease in the presence of an OmpT inhibitor, Ac-RffRr, in
the bacterial imaging after treated with NO� AH probe. This
further confirms the promising specificity of the NO� AH
probe towards bacteria strains expressing OmpT. Likewise,
we also validated the specific enzymatic activity of APN by
inhibiting APN in CFT073 and UTI89. In Figure 2c and 2e,
the fluorescence signal was found to decrease significantly in
the presence of APN inhibitor (e.g. Bestatin). Unequivo-
cally, these results demonstrated the necessity of the both
proteases working in synergy to specifically activate the
molecular probe of NO� AH, for enhanced fluorescence

imaging in uropathogenic E. coli strains. Such enzyme-
specific bacterial imaging can be further quantified with the
fluorescence readout for the CFT073 recognition, with the
results observed as low as ~104 CFU/mL (Figure S8,
Supporting Information), comparable to most of the analysis
reported previously.[2a,7,20]

Synergistic Enzyme Activation of NO� AH for Localized Imaging
in Bacterial Periplasm

In our rational design of NO� AH, one unique section was
the bacterial enzymes working in synergy to specifically
localize activated fluorescence probe within bacterial bodies.
As shown in Figure 2a–d, incubation of NO� AH with
OmpT-positive CFT073 strain would lead to a specific
bacterial imaging at ~700 nm. Intriguingly, the amplified
fluorescence imaging revealed a distinct silhouette formed
on the surface of CFT073 (Figure 2f), implying the possibil-
ity of well-localized fluorescence in the periplasmic region.
Furthermore, we investigated the specific and localized
imaging ability of NO� AH in a mixture of live bacterial
cultures. Typically, CFT073 was first co-cultured with
varying ratios of Proteus Mirabilis, a controlled strain with
similar morphology but no OmpT, while maintaining a total
bacteria count ~108 CFU/mL. As shown in Figure 3a, upon
incubation with NO� AH (10 μM) with bacterial co-cultures,
an increasing trend in fluorescence signal could be clearly
observed along with the bacterial co-cultures containing
more proportions of CFT073. Similarly, cell cytometry
(FCM) analysis was utilized to quantify the increasing
fluorescence signals,[21] and more fluorescence corresponding
to increasing ratios of CFT073 in bacterial mixtures could be
observed. These fluorescence responses further ascertained
the imaging selectivity and regional targeting of NO� AH
towards CFT073 over Proteus Mirabilis in a mixed bacterial
environment.
Motivated by these promising discoveries, we then

validated if localized bacterial imaging was achievable
through the sequential enzymes activity and their distribu-
tion within the bacterial cell wall of UPECs to activate
NO� AH. To this end, Proteus Mirabilis (PM) was first
labeled with hoechst (10 μM), followed by co-culturing with
OmpT-expressed CFT073, and then incubated with NO� AH
(10 μM) for imaging analysis (Figure 3c). The confocal
microscopy images in Figure 3d showed a clear bacteria
distinction between Proteus Mirabilis (PM) and CFT073,
whereby the blue signal (hoechst) represents Proteus
Mirabilis, and the red signals (NO� AH) belong to CFT073,
with minimal red signal staining found in Proteus Mirabilis
(PM). Such responses further confirmed the selectivity and
periplasmic-localization of NO� AH towards CFT073 only.
Interestingly, a red fluorescence signal surrounding the
perimeter of CFT073 was observed (Figure 3d), highlighting
the significance of the spatial distribution of both enzymes
in trapping the fluorescence signal via the sequential
activation of OmpT and APN, so as to contribute the
localized bacterial imaging in the periplasm of CFT073.

Figure 2. In vitro fluorescence bacteria (~108 CFU/mL) confocal micro-
scopy analysis of various bacteria strains after incubation with NO� AH
(10 μM) with and without OmpT or APN inhibitors. (a-b) Confocal
images of various bacteria strains including CFT073, UTI89, J96,
MRSA, E. faecalis and P. mirabilis incubated individually with NO� AH
(10 μM) in PBS at 37 °C for 2 h, with their fluorescence intensities
indicated. (λex: 640 nm, λem: 700/30 nm) Scale bar: 2.5 μm. (c–e)
Confocal images of uropathogenic E. coli bacteria incubated with
NO� AH (10 μM) in the presence and absence of an OmpT inhibitor
(Ac-RffRr), and in the presence and absence of an APN inhibitor
(Bestatin); CFT073 and UTI89 were incubated with and without the
OmpT inhibitor (3.2 mM) for 1 h or APN inhibitor (1.0 mM) for
30 mins first, and then incubate for another 2 h with NO� AH (10 μM)
in PBS at 37 °C. (λex: 640 nm, λem: 700/30 nm) Scale bar: 2.5 μm. (f)
Confocal images of CFT073 with NO� AH (10 μM) at scale bar of
10 μm and 5 μm. Data presented as means�SD (n=3).
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Importantly, to further evaluate the necessity of the
spatial location of both enzymes and their impact on
localized imaging, we conducted interference experiments to
disrupt the spatial distribution of the bacterial enzymes by
introducing APN into co-cultured bacterial mixture. Upon
the addition of APN (abcam; EC 3.4.11.2) into the bacterial
co-cultures, there was an increase in red fluorescence
staining across the overall number of bacteria. Unlike the
co-culture study without APN addition in Figure 3d, we
found that more bacteria, which have been already stained
with blue fluorescence, were labelled with red fluorescence
(Figure 3e). In this scenario, we believed that OmpT on the
outer membrane of CFT073 would first interact with
NO� AH to produce R� CyOH. Since the added APN was
present in the culture medium, these APN would have
cleaved off the arginine residue from R� CyOH to afford the
free CyOH leaking into the co-cultured bacterial environ-
ment. This resulted in more red fluorescence staining,
especially for OmpT-negative Proteus Mirabilis (PM), in

which significant red bacterial labelling can be observed. As
such, the red fluorescence signal could no longer be
effectively localized in CFT073 only (Figure 3d and 3e), and
there were more fluorescence signals overlap between the
red and blue channels, as quantified by the Pearson
correlation coefficient value increasing from 0.485 to 0.614
(Figure S9) along with addition of APN into the mixed
bacterial environment. This phenomenon further proved
that the added APN could induce the diffusion of the free
CyOH in mixed bacterial envrionment that eventually
stained into Proteus Mirabilis (PM), interfering the initial
localized imaging of UPECs. These results clearly indicated
the rationale that the specific and localization imaging
capability of NO� AH is largely influenced by the incorpo-
ration of both OmpT and APN located in the different
spaces of the UPECs bacterial cell wall.
Furthermore, we also considered the potential interfer-

ence caused by the presence of abundant metabolic enzymes
from the complex cellular environment in a living system. In
particular, a commonly used proteolytic enzyme, trypsin,
was added into live cultures of CFT073 (OmpT (+)) and P.
Mirabilis (OmpT (� )) separately, followed by their individ-
ual incubation with NO� AH (10 μM). Noteworthily, the
addition of trypsin into CFT073 showed a negligible
fluorescence change as compared to the NO� AH incubation
with CFT073 without trypsin (Figure S10). Moreover, the
fluorescence signal of NO� AH demonstrated a consistent
response in the presence of both trypsin and its inhibitor
(BBI), further validating the minimal influence of metabolic
enzymes on UPECs staining. As expected, P. Mirabilis with
trypsin addition was comparable to the faint fluorescent
emission in P. Mirabilis without trypsin. These responses
indicated the minimal interference of such metabolic
enzymes on the specificity of NO� AH towards OmpT-
expressing UPECs imaging (Figure S10; Supporting Infor-
mation). Moreover, throughout the entire imaging studies,
the live/dead staining and cellular analysis demonstrated
promising biocompatibility of NO� AH, (Figure S11 and
S12; Supporting Information), suggesting the potential of
our NO� AH probe for selective labelling of OmpT-ex-
pressed CFT073 and precise imaging of UTI in vivo.

Locoregional Imaging of UTI in vivo

Driven by effective labeling performance in UTI bacteria
and unique merits of fluorescence imaging at NIR
window,[22] we further explored the feasibility of enzyme
responsive NO� AH to image uropathogenic bacteria caused
UTI in living animals. Generally, we first established a
mouse model of urinary tract bacterial infection, whereby E.
coli CFT073 were directly injected into the bladder of
female BALB/c mice via the urethra, infecting over prolong
time duration.[23] After infection, the number of E. coli
CFT073 in the mice was measured in the urine, bladder,
urethra and kidneys. As shown in Figure S13a, the highest
amount of E. coli CFT073 was observed at 6 h post-
infection, and gradually decreasing over time by expulsion
from the body. Meanwhile, the immune response in the

Figure 3. In vitro fluorescence confocal microscopy analysis of the
differentiation between live cultures of CFT073 (~108 CFU/mL) and P.
mirabilis (~108 CFU/mL). (a) Confocal images of varying ratios co-
culture of P. mirabilis and CFT073 after incubation with NO� AH
(10 μM) for 2 h in PBS at 37 °C; Scale bar: 2.5 μm. (b) FCM analysis of
varying ratios of co-culture of P. Mirabilis and CFT073 after incubation
with NO� AH (10 μM) for 2 h in PBS at 37 °C. (c) Schematic illustration
for the investigation of the spatial distribution of dual enzymes in a
mixed bacteria. (d) Confocal images of co-culture of hoechst-stained P.
Mirabilis and CFT073 after incubation with NO� AH (10 μM) for
30 minutes in PBS at 37 °C. (e) Confocal images of co-culture of
hoechst- stained P. Mirabilis and CFT073, with addition of APN into
mixed bacterial envrionment, and then incubation with NO� AH
(10 μM) for 30 minutes in PBS at 37 °C (Hoechst: λex: 405 nm, λem:
460/30 nm; NO� AH: λex: 640 nm, λem: 700/30 nm) Scale bar: 10 μm
and 5 μm. (n=3)
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relevant organs were tested and the significantly elevated
interleukin-6 levels were observed at 6 h post-infection,
signalling an obvious inflammation response induced by
bacterial infection in living mice (Figure S13b, Supporting
Information). Furthermore, H&E staining (Figure S14, Sup-
porting Information) also showed swelling and shedding of
the epithelial cells at the bladder and urethra region, with a
large number of bacteria spotted at 6 h post-infection in the
bladder (Figure S14; orange circle, Supporting Information),
suggesting the successful UTI mouse model established in
vivo within a 6 h bacterial infection period for real-time
imaging by using NO� AH (Figure 4a to 4c). To monitor the
performance and potential fluorescence changes of NO� AH
probe in vivo, NO� AH (50 μM) was directly injected into
the bladder of the living mice bearing the 6 h infection
model, and the mice were imaged immediately under a IVIS
Lumina II imaging system at various time points post-
NO� AH treatment. Upon in-bladder injection of NO� AH
(50 μM) in UTI infected mice, a significant fluorescence
increase could be observed which could maintain over a
period of 3 hours, compared to the same probe injection
into healthy mice (Figure 4d and 4e). Such remarkable
observation indicated the feasibility of selective response of
NO� AH towards a urinary tract infection. As controls, the
fluorophore CyOH (50 μM) alone was also injected directly
into the bladder of living mice with or without infection, and
the in vivo fluorescent imaging signals were observed to
remain relatively consistent for both healthy and infected
mice. No apparent fluorescence difference was observed in
both the healthy and UTI infected mice (Figure 4d and 4e),
featuring the non-selective fluorescence staining from
CyOH molecule itself, whereas our dual enzyme responsive
NIR NO� AH probe could specifically respond to the UTI
environment and realize regional imaging of urinary tract
infection in real-time.
Inspired by such promising in vivo imaging studies, we

further examined the possibility of NO� AH probe for in
vivo UTI imaging upon its intravenous (i. v.) injection over a
range of time points (Figure 4f). As shown in Figure 4g and
4h, the bladder region of the mice showed an obvious
fluorescence enhancement, with the fluorescence signal
increasing over 3 hours. As controls, healthy mice were
given the same i. v. injection of NO� AH and there was no
fluorescence enhancement observed across a period of
3 hours. Furthermore, after 4 hours, with the same i. v.
NO� AH injection, the mice were then sacrificed to visualize
the fluorescence in organs. Figure 4g clearly indicated signal
confined in the bladder of the infected mice. These results
demonstrated that NO� AH can perform real-time imaging
for localized monitoring of urinary tract infection in living
animals.
Notably, throughout UTI treatment in hospitals, impre-

cise urine tests can easily lead to the misdiagnosis of UTI
that would raise the risk of recurrence and prolong the time
for treatment,[6] potentially impacting people in terms of
health complications and financial burden caused by medical
costs incurred. As such, we investigated the feasibility of our
NIR NO� AH probe to sensitively read out the status of
UTI caused by UPECs strains. As shown in Figure 4i, after

2 days CFT073 UPECs infection in living mice, there was no
bacteria detectable in the urine sample of the mice, whereas
ex vivo tissue infection analysis showed that a significant
amount of CFT073 (~105 CFU/g) was found remaining in
the bladder and urethra regions. Meanwhile, the IL-6 levels
clearly indicated an immune response after 2 days of
CFT073 infection (Figure 4j). These observations implied
that a bacterial infection was still occurring in the mice,
suggesting the possibility of UTI misdiagnosis caused by the
imprecision in routine urine test. While, in vivo imaging by
administration of NO� AH into living mice with the 2 days

Figure 4. In vivo NIRF imaging of living mice. (a) Schematic illustration
of the NIRF imaging of UTI infected mice with in-bladder injection of
NO� AH (50 μM) and imaged over different time points. (b–c) H&E
staining and IL-6 levels of the bladder and urethra in the healthy and
UTI infected mouse after 6 hours of infection. (d–e) NIRF images for
UTI infected mice and healthy mice after in-bladder injection of
NO� AH (50 μM) and CyOH (50 μM) separately, and their correspond-
ing fluorescence signals. λex: 660 nm, λem: 710 nm. (f) Illustration of the
NIRF imaging of UTI infected mice with i. v. injection of NO� AH
(50 μM) and imaged over different time points. (g–h) NIRF images for
UTI infected mice and healthy mice with i. v. injection of NO� AH
(50 μM); and their corresponding fluorescence signals. λex: 660 nm,
λem: 710 nm (i) Bacterial count of CFT073 present in the urine, bladder
and urethra after 2 days of bacterial infection. (j) IL-6 levels of healthy
and recurrent UTI mice after 2 days bacterial infection (k) NIRF
imaging for 6 h and 2 days UTI infected mice with NO� AH injection
(50 μM). λex: 660 nm, λem: 710 nm (l) Scheme of detecting UTI in vivo.
Data presented as means�SD (n=3).
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CFT073 infection demonstrated an obvious fluorescence
signal in the bladder and urethra, which was similar to that
of the fluorescence observed in the bladder and urethra of
the 6 h CFT073 infected mice (Figure 4k). These findings
proved that NO� AH could directly visualize the status of
UTI in vivo whereby such readout may not be possible in
normal urine samples (Figure 4l).

Conclusion

In conclusion, we have developed a first-in-class near-
infrared fluorescence probe (NO� AH) for real-time and
localized bacterial imaging of a urinary tract infection in
vitro and in vivo. The NIR probe specifically triggered by a
collaborative activation of two membrane enzymes of
OmpT and APN at different intracellular spaces could trap
the activated fluorescence of NO� AH within periplasmic
region, thereby establishing the feasibility of localized
bacterial imaging in UPECs strains and in a mixed bacterial
environment. Such unique probe design demonstrated the
exceptional feature of bacterial surface proteases in synergy
for rapid and locoregional identification of UPECs strains
responsible for UTI infection that could minimize the
possibility of misdiagnosis deriving from urine sample
analysis, providing new insights on unprecedented develop-
ments of timely and precise UTI diagnosis for effective
antimicrobial therapeutics management in future.
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Enzymes in Synergy: Bacteria Specific Mo-
lecular Probe for Locoregional Imaging of
Urinary Tract Infection in vivo

We developed a first-in-class near-infra-
red uropathogenic E. coli (UPECs) pep-
tide fluorescent probe (NO� AH) capable
of specifically targeting UPECs via the
collaborative response of bacterial en-
zymes (OmpT and APN), enabling lo-
coregional imaging of urinary tract in-
fections both in vitro and in vivo,
opening new avenues for timely and
precise UTI diagnosis.
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