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ABSTRACT: A fluorescence turn-on probe, an azide-masked and trehalose-
derivatized carbazole (Tre-Cz), was developed to image mycobacteria. The
fluorescence turn-on is achieved by photoactivation of the azide, which generates a
fluorescent product through an efficient intramolecular C−H insertion reaction. The
probe is highly specific for mycobacteria and could image mycobacteria in the
presence of other Gram-positive and Gram-negative bacteria. Both the photo-
activation and detection can be accomplished using a handheld UV lamp, giving a
limit of detection of 103 CFU/mL, which can be visualized by the naked eye. The
probe was also able to image mycobacteria spiked in sputum samples, although the
detection sensitivity was lower. Studies using heat-killed, stationary-phase, and
isoniazid-treated mycobacteria showed that metabolically active bacteria are required
for the uptake of Tre-Cz. The uptake decreased in the presence of trehalose in a
concentration-dependent manner, indicating that Tre-Cz hijacked the trehalose
uptake pathway. Mechanistic studies demonstrated that the trehalose transporter LpqY-SugABC was the primary pathway for the
uptake of Tre-Cz. The uptake decreased in the LpqY-SugABC deletion mutants ΔlpqY, ΔsugA, ΔsugB, and ΔsugC and fully
recovered in the complemented strain of ΔsugC. For the mycolyl transferase antigen 85 complex (Ag85), however, only a slight
reduction of uptake was observed in the Ag85 deletion mutant ΔAg85C, and no incorporation of Tre-Cz into the outer membrane
was observed. The unique intracellular incorporation mechanism of Tre-Cz through the LpqY-SugABC transporter, which differs
from other trehalose-based fluorescence probes, unlocks potential opportunities to bring molecular cargoes to mycobacteria for both
fundamental studies and theranostic applications.
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1. INTRODUCTION
Tuberculosis (TB), caused by the bacterial pathogen
Mycobacterium tuberculosis, is a top infectious disease.
According to the World Health Organization Global Tuber-
culosis Report, approximately 10.6 million people developed
TB and more than 1.6 million died in 2021 due to the reduced
access to TB diagnosis and treatment.1 It is well known that
early diagnosis is critical for disease prognosis and reducing
death.2−4 Among the methods to detect mycobacteria in vitro
and in vivo, the most accurate is culturing the bacteria in
growth medium. However, this method is time-consuming as it
can take weeks to grow M. tuberculosis.5−8 More than a century
ago, microscopic observation of bacilli that uses Ziehl−Neelsen
staining was invented.9,10 The method, so-called acid-fast
staining, involves applying a primary dye (carbol fuchsin), a
decolorizer (acid alcohol), and a counterstain (methylene
blue) to the smear sample on a glass slide and viewing under a
microscope.11 For resource-limited countries, this has become
a cost-effective way to detect M. tuberculosis in sputum. The
drawbacks of this method include the time-consuming
procedure, relatively low sensitivity (50−60%), and even

lower sensitivity in HIV co-infected patient samples.12,13

Nucleic acid-based diagnostic tools such as GeneXpert provide
high sensitivity and reliability when combined with a DNA
amplification system.14 The high cost and the requirement of
skilled technical personnel make it difficult to adopt this tool in
resource-limited settings. Also, this method cannot assess the
viability of bacteria, an important factor that may affect
treatment decisions.12,15

Fluorescent probes have become a prevalent tool for cell
imaging. Organic fluorophores are among the most popular
fluorescent probes due to the availability of a wide selection of
structures having different excitation and emission character-
istics. A major drawback of organic fluorophores is photo-
bleaching, where the fluorophore loses its ability to fluoresce,
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especially under continuous light irradiation. Photobleaching
causes permanent alteration to the fluorophore structure, and
hence, the fluorescence cannot be recovered once the molecule
is photobleached. One strategy to minimize photobleaching is
fluorescence turn-on, where the precursor molecule either
shows low fluorescence or is non-fluorescent, and the
fluorescence increases drastically when an external stimulus is
applied. As the fluorescence is turned on only at the time of
analysis, it drastically reduces the unnecessary light exposure of
the fluorophore, thus minimizing photobleaching. The
fluorophore can be masked, for example, by using solvato-
chromic dyes16 or photosensitive functional groups17 or
through self-assembly of molecules,18 fluorescence resonance
energy transfer (FRET),19,20 or enzymatic reactions.15,21−26

Fluorescence turn-on probes have been developed to detect
mycobacteria.15 Cirillo and co-workers designed a fluorescence
turn-on probe by conjugating the fluorescent dye Cy5 with a
fluorescence quencher linked through a β-lactam ring.19 The
probe was not fluorescent, but the fluorescence was turned on
after the β-lactam was hydrolyzed by β-lactamase in
mycobacteria. In another example, Rao and co-workers
designed a series of fluorogenic substrate probes of
cephalosporin lactams that are specific for BlaC, an enzyme
that belongs to the class A lactamase family expressed by
mycobacteria.15,27 When the probe is hydrolyzed by BlaC, it
releases hydrolyzed β-lactam and the fluorescent umbellifer-
one.

Fluorescence turn-on probes based on the action of
trehalose have been developed to image mycobacteria.28,29

Trehalose, a disaccharide consisting of two D-glucose units
linked by an α-1,1-glycosidic bond, is essential for the survival
and pathogenicity of M. tuberculosis.30 On the other hand,
trehalose is completely absent in the mammalian biology, and
for these reasons, hijacking the trehalose transport and
utilization pathways has become an attractive strategy in the
development of therapeutics and imaging tools.31 Scheme 1
shows the major pathways for the transport and utilization of
trehalose in mycobacteria.31 Exogenous trehalose is trans-
ported into the periplasm by the transmembrane porin in the

mycomembrane, i.e., the outer membrane of the mycobacte-
rium. In Mycobacterium smegmatis, the general porin MspA has
an inner diameter of 4.9 nm and is 9.6 nm long.32,33 Trehalose
is also produced during the cell wall synthesis when the
mycolyl transferase, antigen 85 complex (Ag85), transfers the
mycolyl group in trehalose monomycolate (TMM) to
arabinogalactan (AG) or another TMM to produce AG
mycolate and trehalose dimycolate (TDM).34,35 The peri-
plasmic trehalose is then translocated into the cytoplasm by
the ATP-binding cassette transporter LpqY-SugABC, where
trehalose is either metabolized or converted to TMM.36 LpqY
has a distinct substrate preference for trehalose, and LpqY-
SugABC does not utilize monosaccharides or other dis-
accharides such as maltose, a disaccharide of two D-glucose
units linked by a β-1,1-glycosidic bond.36,37 The mycolyl
transferase Ag85 has been shown to tolerate structure
modifications, such as trehalose derivatized with groups from
small (azide) to large (fluorescein).38,39 LpqY-SugABC,
however, is less tolerant. Very few trehalose derivatives, all
bearing modification by small groups like azido or deoxyfluoro,
can be transported through the LpqY-SugABC pathway.40−43

Several fluorescence turn-on probes based on the action of
trehalose have been reported, including solvatochromic
dyes,44−46 quencher-fluorophore,47 molecular rotor turn-on
fluorophore,48 FRET,49 or through enzyme action.50 The
solvatochromic dye-derivatized trehalose probe developed by
Bertozzi and co-workers was incorporated into the mycomem-
brane through the action of Ag85.44 The solvatochromic dye
was non-fluorescent in the polar environment but became
fluorescent in the lipophilic mycomembrane. The authors also
found that the trehalose probe did not inhibit bacterial growth
or perturb the functions of mycobacteria. The probe developed
by Kiessling and co-workers has a quencher−trehalose−
fluorophore construct and is also a substrate of Ag85.47

Hydrolysis of the probe by Ag85 released the fluorophore, thus
the fluorescence turn-on.

In this work, we report a fluorescence turn-on probe, a
trehalose-derivatized carbazole (Tre-Cz), for the imaging of
mycobacteria. The azido carbazole itself is minimally

Scheme 1. Transport and Utilization of Trehalose in Mycobacteriaa

aThe scheme was created with BioRender.com
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fluorescent. Photoactivation of the aryl azide generates the
singlet nitrene, which reacts with the neighboring aryl ring
through a C−H insertion reaction to form a fluorescent
product P (Scheme 2).17,51,52 We show that Tre-Cz was taken
up by metabolically active mycobacteria, and the uptake was
dependent on LpqY-SugABC. Tre-Cz is highly specific to
mycobacteria and was able to image mycobacteria in the
presence of other Gram-positive and Gram-negative bacteria,
as well as mycobacteria in sputum.

2. RESULTS AND DISCUSSION

2.1. Synthesis of Tre-Cz and Mal-Cz

Mal-Cz, the maltose (Mal) analogue of Tre-Cz, was used as a
negative control. Mal is a disaccharide consisting of two
glucose units just like trehalose but has an α-1,4-glycosidic
linkage instead of an α-1,1-glycosidic linkage in trehalose.
Unlike trehalose, maltose is not a substrate for Ag85 and is not
utilized by LpqY-SugABC.36,37

Scheme 2. Synthesis of Tre-Cz and Mal-Cz and the Photochemical Conversion of Tre-Cz to the Fluorescent Product Pa

aSee the Supporting Information for the syntheses of IV, V, and VI. DMF: N,N-dimethylformamide.

Figure 1. (A) Absorption spectra of Tre-Cz before and after irradiating a solution of Tre-Cz in methanol (50 μM) with a handheld UV lamp
(intensity: 0.5 mW/cm2 at 365 nm) every 10 s for a total of 120 s. Direction of arrows indicates increasing irradiation time. Inset is the expanded
region showing decreases of absorbance at 329 nm with increasing irradiation time. (B) Change of absorbance at 329 and 378 nm vs irradiation
time. The red and black curves are the first-order exponential decay fits of the experimental data. (C) Fluorescence spectra of Tre-Cz in methanol
(50 μM) before (red) and after irradiation with a handheld UV lamp for 180 s (black). Excitation: 378 nm.
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Tre-Cz was prepared by coupling the amine-derivatized
trehalose V (Scheme S1)53−55 with the N-hydroxysuccinimide
(NHS)-functionalized carbazole IV (Scheme S3).17,56 The
reaction was carried out at room temperature, giving Tre-Cz in
60% yield (Scheme 2). The corresponding Mal-Cz was
synthesized in the same manner as Tre-Cz by coupling IV
with an amine-derivatized Mal (VI, Scheme S2)57−59 in 73%
yield (Scheme 2). The structure of Tre-Cz was confirmed by
1H NMR (Figures S50 and S51), IR (Figure S52), 19F NMR
(Figure S53), 13C NMR (Figure S54), 2D COSY NMR
(Figure S55), and high-resolution mass spectrometry (Figure
S56). The 1H NMR spectrum of Tre-Cz contains the
characteristic anomeric protons in trehalose at 4.72 and 4.76
ppm and the aromatic protons of the carbazole at 7.00−8.10
ppm. The IR spectrum contains the characteristic azide peak at
2121 cm−1.
2.2. Photophysical Properties of Tre-Cz
The photoconversion reaction of Tre-Cz was carried out by
irradiating a solution of Tre-Cz in methanol using a medium-
pressure Hg lamp (Scheme 2). The azide peak in Tre-Cz at
2121 cm−1 disappeared after conversion to the fluorescent
photoproduct P (Figure S57). The 1H NMR spectrum of P
(Figure S58) showed the appearance of the amine proton at
9.06 ppm resulting from the insertion reaction of the aryl
nitrene into the neighboring C−H bond.

The absorption maximum of Tre-Cz at 329 nm red-shifted
to 378 nm after photoconversion to P (Figure S1). The
kinetics of the photochemical reaction was monitored by UV−
vis spectroscopy by irradiating a solution of Tre-Cz with a
handheld UV lamp at 365 nm every 10 s for a total of 120 s.
With increasing irradiation time, the λmax value of Tre-Cz at
329 nm decreased, while the λmax value of the photoproduct P
at 378 nm increased (Figure 1A,B).

Tre-Cz was minimally fluorescent, whereas the photo-
product P was highly fluorescent with an emission maximum at
545 nm at 378 nm excitation (Figure 1C). The fluorescence
intensity of the photoproduct was ∼90 times higher than that
of Tre-Cz after 180 s of irradiation (Figure 1C).

The photophysical properties of Tre-Cz and Mal-Cz are
summarized in Table 1. The photoconversion quantum yield

(ϕP) was calculated from the kinetic curves of the reaction
(Figures 1B and S2B) (see the Supporting Information for
calculations). The results, 0.14 and 0.13, respectively, are
comparable to those of the reported photoactivable azides.60,61

The half-life of the photoconversion reaction was calculated to
be 12 s (Tre-Cz) and 13 s (Mal-Cz) by fitting the kinetic
curves to the first-order kinetic model (details in the
Supporting Information).

2.3. Uptake of Tre-Cz and Optimization of Conditions

M. smegmatis mc2155 was selected for this study as it is a
widely used model bacterium for M. tuberculosis and other
mycobacterium species.62 M. smegmatis mc2155 has the same
broad cell envelope architecture as M. tuberculosis and encodes
thousands of conserved mycobacterial gene orthologs.34,63−66

In both M. tuberculosis and M. smegmatis, TMM is synthesized
in the cytoplasm from trehalose produced by three redundant
trehalose biosynthesis pathways.35,67 Free trehalose is also
imported into the cytoplasm by LpqY-SugABC that is
conserved in M. tuberculosis and M. smegmatis.36 Given these
similarities in cell envelope composition and usage of trehalose,
we therefore considered M. smegmatis to be an appropriate
model for the initial development and optimization of our
probe.

A series of experiments were carried out to optimize the
uptake conditions, including the incubation time (0.5−24 h),
irradiation time (0.5−7 min), and probe concentration (50−
600 μM). Briefly, M. smegmatis mc2155 (108 CFU/mL) was
incubated with Tre-Cz. The cell pellet was collected by
centrifugation, washed with pH 7.4 phosphate-buffered saline
(PBS) twice to remove excess Tre-Cz, re-dispersed in PBS,
and irradiated with a UV lamp at 365 nm. The fluorescence
intensity of the cell pellet increased with the incubation time
and plateaued after 6 h (Figure S3A). Even after 1 h of
incubation, the fluorescence intensity was sufficiently strong, at
>50% of the maximum. We then used the 1 h incubation time
and monitored the fluorescence intensity vs the irradiation
time. The fluorescence turn-on was rapid, reaching over 90% of
the maximal intensity after only 30 s of irradiation (Figure
S3B). Irradiation times longer than 1 min resulted in a
decrease in fluorescence, likely due to photobleaching of the
fluorescent product. The concentration study showed that
∼95% of the maximal fluorescence intensity was reached at
100 μM Tre-Cz and plateaued at 150 μM Tre-Cz and higher
(Figure S3C). For the subsequent studies, the conditions of 1
h incubation time, 1 min irradiation, and 100 μM Tre-Cz
concentration were used unless otherwise noted.
2.4. Uptake of Tre-Cz Is Specific for Mycobacteria

In addition to M. smegmatis mc2155, M. tuberculosis H37Ra, an
attenuated strain of M. tuberculosis,68 was also tested. Similar to
M. smegmatis mc2155, the fluorescence increased with the
concentration of Tre-Cz (Figure 2A). Unlike M. smegmatis
mc2155 where the fluorescence intensities plateaued at 150 μM
(Figure S3C), the fluorescence intensities continued to
increase in the case of M. tuberculosis H37Ra up to 500 μM.
The reason for this slow uptake was that M. tuberculosis H37Ra
is a considerably slow-growing strain, taking 16 days to reach
an OD600 of 0.5 compared to 2 days for M. smegmatis mc2155.
This was also reflected in the lower fluorescence intensities of
M. tuberculosis H37Ra than that of M. smegmatis mc2155 at the
same concentration of Tre-Cz.

Several experiments were conducted to confirm that the
uptake of Tre-Cz is specific for mycobacteria. In the first
experiment, other bacteria were tested, including the Gram-
negative Escherichia coli and Pseudomonas aeruginosa and the
Gram-positive Staphylococcus epidermidis. Compared to
mycobacteria, these bacteria showed minimal fluorescence
(Figure 2B). Second, Tre-Cz was added to mixed cultures of
M. smegmatis, E. coli, S. epidermidis, and P. aeruginosa at
different concentrations of M. smegmatis while keeping the
concentration of the other three bacteria constant at 108 CFU/

Table 1. Absorption and Emission Parameters of Tre-Cz,
Mal-Cz, and Their Photoproductsa

λabs (nm) (εmax
(M−1cm−1))

λabs
p

(nm)
λem

(nm)
t1/2
(s)

ϕP
(λp)

Tre-Cz 329 (12,800) 378 545 12 0.14
Mal-Cz 330 (11,400) 372 541 13 0.13
aAll measurements were done in methanol. λabs: absorption maximum
of Tre-Cz or Mal-Cz. The molar absorption coefficient, ε, was
calculated using the concentration series of each reactant. λabs

p:
absorption maximum of photoproduct. λem: fluorescence emission of
photoproduct. t1/2: photoconversion half-life.
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mL. In this case, the fluorescence intensity increased with the
concentration of M. smegmatis (Figure 2C). This is consistent
with the result on M. smegmatis mc2155 only that the
fluorescence intensity increased with the concentration of M.
smegmatis (Figure 2D), indicating that other bacteria did not
interfere with the uptake of Tre-Cz by M. smegmatis. In the
third experiment, the concentration of M. smegmatis was kept
constant, while the concentrations of the other three bacteria
varied. No change in the fluorescence intensity was observed in
this case (Figure 2E). This result demonstrates that the uptake
of Tre-Cz by M. smegmatis was not affected by the presence of
other bacteria, again supporting the conclusion that the uptake
of Tre-Cz is specific for mycobacteria.

The fourth experiment tested the substrate specificity by
treating M. smegmatis mc2155 with Mal-Cz. Compared to Tre-
Cz, the fluorescence of Mal-Cz-treated M. smegmatis was
minimal (Figure 2F). Even at high concentrations of Mal-Cz

up to 5 mM, the fluorescence was still low, and unlike Tre-Cz,
no concentration-dependent uptake was observed (Figure S4).
2.5. Fluorescence Turn-On Imaging of Mycobacteria
M. smegmatis mc2155 treated with Tre-Cz was imaged under a
confocal fluorescence microscope. Minimal fluorescence was
observed prior to photoactivation (Figure 3A). After

irradiating the bacteria for 1 min, intense green fluorescence
was observed, and the fluorescence was seen over the entire
bacterium (Figure 3B). This implies an intracellular uptake
route rather than an extracellular one, as in the latter case, the
fluorescence would be seen in the mycomembrane.

When the bacteria were treated with the photoactivated
product P at the same concentration of 100 μM, fluorescence
was still observed (Figure 3C), but the intensity was 26 times
lower than in the case of the fluorescence turn-on shown in
Figure 3B. In the case of Tre-Cz, the fluorescence is masked
until it is activated prior to imaging. The clear and high-
contrast images demonstrate the superiority of the fluorescence
turn-on probe compared to the conventional organic
fluorophore.

The fast fluorescent turn-on allows the detection of
mycobacteria using a handheld UV lamp for both photo-
activation and visualization. To test the feasibility, M.

Figure 2. Uptake of Tre-Cz is specific for mycobacteria. (A)
Fluorescence intensity of M. tuberculosis H37Ra (108 CFU/mL) after
treating with different concentrations of Tre-Cz (0−500 μM). (B)
Fluorescence intensity of M. smegmatis mc2155, S. epidermidis ATCC
35984, P. aeruginosa PAO1, and E. coli ATCC 25922 after treating
with Tre-Cz. The concentration of all bacteria strains was 108 CFU/
mL. (C) Fluorescence intensity of mixed bacteria of M. smegmatis, S.
epidermidis, P. aeruginosa, and E. coli after incubating with Tre-Cz at
different concentrations of M. smegmatis (102−108 CFU/mL) and
fixed concentrations of the other three strains (each at 108 CFU/mL).
(D) Fluorescence intensity of different concentrations ofM. smegmatis
mc2155 incubated with Tre-Cz. (E) Fluorescence intensity of mixed
bacteria incubated with Tre-Cz at different concentrations of E. coli, S.
epidermidis, and P. aeruginosa (each at 102−108 CFU/mL) and a fixed
concentration of M. smegmatis (108 CFU/mL). (F) Uptake of Tre-Cz
or Mal-Cz (100 μM) by M. smegmatis mc2155 (108 CFU/mL). The
fluorescence intensity of the bacteria only was subtracted from each
data point. Results are presented as means ± standard error of the
mean (SEM) of three independent experiments. Data were analyzed
by one-way analysis of variance (ANOVA) (*P < 0.1, **P < 0.01,
***P < 0.001, ****P < 0.0001, n.s.: not significant, and P > 0.05).
Groups were compared to (A) [Tre-Cz] = 0, (B) M. smegmatis, and
(F) Tre-Cz.

Figure 3. Fluorescence turn-on imaging of mycobacteria treated with
Tre-Cz. Confocal fluorescence, differential interference contrast
(DIC), and overlay images of M. smegmatis mc2155 (108 CFU/mL)
incubated with Tre-Cz (100 μM) (A) before and (B) after irradiation.
Images were taken at the same locations in both (A,B). (C) M.
smegmatis mc2155 incubated with the photoproduct P (100 μM). (D)
M. smegmatis-spiked sputum processed and incubated with Tre-Cz
(Subject 1). Images of samples from subjects 2−5 are shown in Figure
S7. Fluorescence intensities of the cell pellets and cell washes of all the
five samples are shown in Figure S8. The scale bars are 20 μm.
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smegmatis in the concentration range of 102−108 CFU/mL
were incubated with Tre-Cz for 10−60 min. After washing off
the excess Tre-Cz, the samples were irradiated for 1 min. At 30
min of incubation, the fluorescence of bacteria at concen-
trations of 103 CFU/mL and higher was clearly visible under
the UV lamp (Figure S5). In the presence of E. coli, S.
epidermidis, and P. aeruginosa (108 CFU/mL each), visual
detection could be achieved for M. smegmatis at concentrations
of 105 CFU/mL or higher (Figure S6).
2.6. Imaging Mycobacteria in Spiked Sputum

The ability of Tre-Cz to image mycobacteria in sputum
samples was next investigated. When using sputum directly
without processing, the signals were low (Figures S11−S15),
likely due to the viscous matrix of unprocessed sputa, which
inhibits the diffusion of Tre-Cz into the bacterium. The
sputum was then processed using N-acetyl-L-cysteine/sodium
hydroxide (NalC/NaOH) to digest the sputa and to reduce
the growth of non-acid-fast bacilli.69−71 The processed sputa
were spiked with 108 CFU/mL M. smegmatis and then treated
with Tre-Cz. The confocal fluorescence microscopy images
were clear, showing intense green fluorescence on the bacteria
and minimal background noise (Figures 3D and S7). Under
the conditions of 100 μM Tre-Cz, 8 h of incubation and 1 min
of irradiation, the lowest bacterial counts in the processed
sputum that could be seen by the naked eye was 106 CFU/mL
(Figure S9). At 108 CFU/mL, the fluorescence intensity
continued to increase (Figure S10), whereas for bacteria in the
culture medium, the fluorescence intensity plateaued at 6 h of
incubation (Figure S3A). In the two control samples, M.
smegmatis-spiked sputum without treating with Tre-Cz and
sputum in the absence of M. smegmatis, the fluorescence was
significantly lower (Figure S9). Taken together, these results
demonstrate that both Tre-Cz and M. smegmatis are needed to
observe the fluorescence.
2.7. Uptake of Tre-Cz Requires Metabolically Active
Bacteria

Three experiments were carried out to test whether the uptake
of Tre-Cz by mycobacteria requires metabolically active
bacteria. Bacteria are metabolically active only when they are
alive. Therefore, in the first experiment, bacteria were heated at
95 °C for 30 min, which killed the bacteria as confirmed by
colony counting (Table S1). Treating the bacteria with 100
μM Tre-Cz did not affect the viability of the bacteria (Table
S1). Compared to the untreated bacteria, the fluorescence
intensity of the heat-killed bacteria decreased by 12-fold
(Figure 4A).

The second experiment tested the uptake of Tre-Cz by log-
phase vs stationary-phase bacteria. The stationary-phase
bacteria were collected at the point where the bacterial growth
plateaus (1.2 OD600, Figure S16) and the bacterial growth
slows down significantly. In this case, the fluorescence intensity
was reduced to about half of that of the log-phase (0.5 OD600,
Figure S16) bacteria (Figure 4B).

Third, M. smegmatis was treated with isoniazid (INH), a TB
drug that inhibits mycolic acid synthesis in mycobacteria,72

prior to treating with Tre-Cz. The number of viable bacteria
decreased with increasing concentrations of INH (Table S2),
which in turn led to a decrease in the fluorescence intensity on
the bacteria (Figure 4C).

Taken together, results in Figure 4 support that the uptake
of Tre-Cz requires metabolically active viable mycobacteria.

2.8. Tre-Cz Hijacks Trehalose Uptake Pathways
The results clearly show the selective and specific uptake of
Tre-Cz by mycobacteria. To test whether the uptake was
through the trehalose uptake pathways, trehalose was added
together with Tre-Cz, and the fluorescence intensity was
measured at the fixed concentration of Tre-Cz (100 μM) and
varying concentrations of trehalose. The fluorescence intensity
decreased with increasing concentration of trehalose (Figure
5), indicating that Tre-Cz competes with trehalose for uptake.

When maltose was added instead of trehalose, the fluorescence
intensity remained unchanged even at a high concentration of
10 mM maltose (Figure S17).
2.9. Uptake of Tre-Cz Is Independent of Ag85
The two main pathways involved in the utilization and
transport of trehalose by mycobacteria are Ag85 that catalyzes

Figure 4. Uptake of Tre-Cz requires metabolically active bacteria:
(A) heat-killed vs viable bacteria, (B) log-phase vs stationary-phase
bacteria, and (C) untreated vs bacteria treated with varying
concentrations of INH for 3 h. The viability of INH-treated bacteria
after incubating with Tre-Cz was determined by plating on 7H10 agar
and counting the colonies (CFU/mL). The data are shown on top of
each column. In all experiments, ∼108 CFU/mL M. smegmatis mc2155
was used. The fluorescence intensity of bacteria only was subtracted
from each data point. The data are presented as means ± SEM from
three independent experiments. Data were analyzed by one-way
ANOVA (*P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s.:
not significant, and P > 0.05). Groups were compared to [INH] = 0 in
(C).

Figure 5. Fluorescence intensity of M. smegmatis mc2155 (108 CFU/
mL) treated with Tre-Cz in the presence of varying concentrations of
trehalose. Data were analyzed by one-way ANOVA (****P <
0.0001). Groups were compared to [Trehalose] = 0.
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the transesterification of TMM to give TDM and trehalose in
the periplasm and the ABC transporter LpqY-SugABC that
brings trehalose from the periplasm into the cytoplasm
(Scheme 1).36,73 To test if the uptake of Tre-Cz is Ag85
dependent, two experiments were carried out: lipid extraction
and uptake by an Ag85 deletion mutant ΔAg85C.

The product of Ag85-catalyzed transesterification reaction,
TDM, is incorporated into the mycomembrane.38,74 Therefore,
if Tre-Cz is the substrate of Ag85, one location to find the
mycolate product would be the mycomembrane, and the
product should be fluorescent after photoactivation. To test
this, the insoluble lipids were extracted using 2:1 chloroform/
methanol.75,76 From thin-layer chromatography (TLC), none
of the extracted lipid spots were fluorescent (Figure S18). No
significant fluorescence was observed even at a high
concentration of 5 mM Tre-Cz, or when the extracted lipids
were further treated with 5% tetrabutylammonium hydroxide
to saponify the lipids (Figure S19). One possibility is that the
probe was incorporated into the glycolipids to a small degree,
but it was not detectable using the extraction and analysis
method tested.

We then investigated the uptake of Tre-Cz by an Ag85
deletion mutant ΔAg85C. The Ag85 complex consists of three
homologous transesterases, Ag85A, Ag85B, and Ag85C, and all
can catalyze the transesterification reactions of TMM.77 If Tre-
Cz is the substrate of Ag85, the fluorescence should be
noticeably reduced in ΔAg85C. For example, Bertozzi and co-
workers reported observable reduction in labeling using their
solvatochromic trehalose probe in ΔAg85C compared to the
wild type.44 In our case, however, strong fluorescence was still
observed on ΔAg85C (Figure 6A). At the concentration range
of 25−150 μM, the fluorescence on ΔAg85C labeled by Tre-
Cz was reduced by 8−18% of the wild type (Table S3).
Further analysis showed that the fluorescence was mostly seen
in the cell pellets of ΔAg85C, similar to that of the wild type
(Fig. S20).
2.10. LpqY-SugABC Is the Main Pathway for the Uptake of
Tre-Cz

The periplasmic trehalose is transported into the cytoplasm by
the trehalose importer LpqY-SugABC. LpqY-SugABC contains
five subunits (Scheme 1).78,79 The periplasmic LpqY subunit is
the primary receptor for the recognition of trehalose, which

Figure 6. Confocal fluorescence microscopy images of (A) ΔAg85C, (B) ΔlpqY, (C) ΔsugC, and (D) ΔsugC::sugC after treating with Tre-Cz. The
scale bars are 20 μm. (E) Fluorescence intensity of M. smegmatis mc2155 wild type, ΔlpqY, ΔsugA, and ΔsugB after treating with Tre-Cz. (F)
Fluorescence intensity of M. smegmatis mc2155 wild type, ΔsugC, and ΔsugC::sugC after treating with Tre-Cz. (G) Fluorescence intensity of M.
smegmatis mc2155 wild type, ΔAg85C, and ΔlpqY after treating with different concentrations of Tre-Cz. In (E−G), the fluorescence intensity of the
bacteria only was subtracted from each data point. The results are means ± SEM from three independent experiments. Data were analyzed by one-
way ANOVA (*P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s.: not significant, and P > 0.05).
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binds and delivers trehalose to the transporter. SugA and SugB
are transmembrane proteins that translocate trehalose to the
cytoplasm. The two cytoplasmic SugC subunits are responsible
for ATP hydrolysis during the transport. LpqY-SugABC is
highly specific for trehalose; it does not utilize monosacchar-
ides or other disaccharides such as maltose.36,80 Therefore, if
LpqY-SugABC is involved in the transport of Tre-Cz, the
uptake of Tre-Cz in the deletion mutants will be reduced
compared to the wild type.

To test the hypothesis, M. smegmatis mc2155 LpqY-SugABC
deletion mutants, ΔlpqY, ΔsugA, or ΔsugB were treated with
Tre-Cz, and the results were compared with the wild type.
Almost no fluorescence was observed on ΔlpqY (Figure 6B).
The fluorescence intensity was reduced by 92% on ΔlpqY
compared to the wild type (Figure 6E and Table S4). Similar
results were observed for ΔsugA and ΔsugB, where the
fluorescence was reduced by 92% and 91% compared to the
wild type, respectively (Figure 6E and Table S4). Further
analysis showed that the fluorescence was mostly seen in the
washes of ΔlpqY, whereas for the wild type, the fluorescence
was mostly in the bacteria (Figure S21).

We further tested whether the labeling could be restored in
the complemented strain of the LpqY-SugABC deletion
mutant. Since LpqY-SugABC forms an operon (Scheme 1),
there might possibly be polar effects on downstream genes if
lpqY, sugA, or sugB is deleted. This means that except for the
mutant in the last gene in the operon (sugC), which can be
complemented with the sugC gene, bringing back just the
deleted gene in the lpqY, sugA, or sugB mutant might not be
sufficient to fully restore the wild-type phenotype. For this
reason, we tested the uptake of Tre-Cz by the deletion mutant
ΔsugC and its complemented strain ΔsugC::sugC, which fully
restores the wild-type phenotype. Similar to ΔlpqY, almost no
fluorescence was observed on ΔsugC (Figure 6C), and the
fluorescence intensity was reduced by 95% on ΔsugC
compared to the wild type (Figure 6E and Table S5). The
fluorescence was again observed in the complemented strain
ΔsugC::sugC (Figure 6D), and the fluorescence intensity of
ΔsugC::sugC was 97% of the wide type (Figure 6F and Table
S5). The experiments were repeated by another researcher,
giving similar results, and were verified (Figure S22). Taken
together, these results demonstrate that LpqY-SugABC is
essential for the uptake of Tre-Cz.

3. DISCUSSION
The mycobacteria imaging probe Tre-Cz was designed based
on the fluorescence turn-on property of the carbazole and the
selective uptake of trehalose by mycobacteria. Both Tre-Cz
and the negative control Mal-Cz can be straightforwardly
synthesized from the NHS ester IV and amine-derivatized Tre
(V) or Mal (VI) in good yields (Scheme 2). Tre-Cz is
minimally fluorescent but became fluorescent after irradiation
at 350 nm. The fluorescence turn-on is the result of the
restriction of the intramolecular charge transfer in the product
P formed through the photoinitiated C−H insertion reaction
of the azide and the carbazole.17 Since the fluorescence is
turned on at the time of imaging, the probe is in the dark state
during the sample processing. This reduces the light exposure
during the uptake process and minimizes photobleaching that
often occurs in conventional fluorescent dyes.

Tre-Cz is highly specific for mycobacteria. It does not label
other Gram-positive or Gram-negative bacteria (Figure 2B)
and can image mycobacteria in the presence of other bacteria.

Tre-Cz could also label mycobacteria in sputum (Figure 3D),
although the signals from unprocessed sputum were much
weaker than the processed samples. The low signal is primarily
due to the viscous matrix of unprocessed sputum which
inhibits the diffusion of the probe into the bacteria.
Nevertheless, the signals increased with increasing concen-
tration of spiked mycobacteria, a result that is consistent with
that of processed sputum samples.

The uptake of Tre-Cz requires metabolically active
mycobacteria. The uptake was reduced in stationary-phase
bacteria and was diminished when the bacteria were killed by
heat or antibiotics (Figure 4). Therefore, the probe is specific
for live bacteria, which eliminates the interference from dead
bacteria. Compared to the solvatochromic and quencher-
fluorophore trehalose probes, Tre-Cz has the drawback of
requiring a washing step.

Trehalose competes with Tre-Cz for uptake in a
concentration-dependent fashion (Figure 5). Further tests on
the two main pathways involved in the utilization and transport
of trehalose revealed that LpqY-SugABC rather than Ag85 was
the dominant pathway responsible for the uptake of Tre-Cz.
This is supported by the following results. (1) The uptake of
Tre-Cz was significantly reduced (>90%) in the LpqY-SugABC
deletion mutants, ΔlpqY, ΔsugA, ΔsugB, and ΔsugC, and the
uptake was recovered in the complemented strain ΔsugC::sugC
(Figure 6). (2) The uptake of Tre-Cz was only marginally
reduced in the Ag85 deletion mutant ΔAg85C (Figure 6). At
the concentration of 100 μM, the fluorescence on ΔAg85C
labeled by Tre-Cz was reduced by 15% of the wild type (Table
S3) compared to 42% in the case of Bertozzi’s solvatochromic
trehalose probe.44 Furthermore, Tre-Cz was not detected in
the lipid extracts by either fluorescence or TLC. Since Ag85 is
present both in the periplasm and extracellularly near the
mycomembrane,81 Tre-Cz can in principle bind to Ag85
without undergoing the Ag85-catalyzed transesterification
reaction. This accounts for the observed residual fluorescence
on ΔAg85C and also the lack of probe incorporation into the
glycolipids. (3) The fluorescence on mycobacteria appears
intracellular rather than in the cell envelope (Figure 3 and 6).
This is in contrast to other trehalose-based imaging probes that
were the substrate of Ag85. For example, Davis’ fluorescein-
trehalose probe,73 Bertozzi’s solvatochromic probe,44 and
Kiessling’s quencher-trehalose-fluorophore probe47 are incor-
porated extracellularly through the action of Ag85, which led to
the observed fluorescence in the mycomembrane. In our case,
the fluorescence was seen all over the mycobacterium, which is
consistent with an intracellular uptake.

Only a few trehalose probes have been reported whose
incorporation is known to be dependent on the trehalose
transporter LpqY-SugABC. Examples include 2-, 4-, and 6-
azido trehalose40,41,43 and deoxyfluoro-D-trehalose.42 Tre-Cz
adds to this small library of compounds that can hijack the
LpqY-SugABC transport pathway to enable intracellular
incorporation of the probes.

4. CONCLUSIONS
We designed and synthesized an azide-masked and trehalose-
derivatized carbazole fluorescence turn-on probe, which, upon
photoactivation, was converted into a fluorescent product
through a nitrene-mediated intramolecular C−H insertion
reaction into the carbazole ring. The fluorescence turn-on is
fast and efficient, resulting in over 90 times increase in the
fluorescence intensity after irradiation with a handheld UV

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00449
JACS Au 2023, 3, 1017−1028

1024

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00449/suppl_file/au2c00449_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lamp for 1 min. In fact, both fluorescence turn-on and bacteria
imaging can be accomplished with a handheld UV lamp within
a minute or less. The probe is highly specific for mycobacteria,
capable of detecting mycobacteria spiked in sputum and in the
presence of other Gram-positive and Gram-negative bacteria.
The uptake of Tre-Cz requires metabolically active bacteria;
the uptake was reduced in stationary-phase and INH-treated
bacteria and was completely abolished in heat-killed bacteria.
The addition of trehalose reduced the uptake, implying that
Tre-Cz hijacks the trehalose uptake pathways. Only a small
reduction in the uptake of Tre-Cz was observed in the
ΔAg85C mutant, whereas the uptake was abolished in the
LpqY-SugABC deletion mutants and recovered in the
complemented strain. These results demonstrate that the
LpqY-SugABC transporter is the primary pathway responsible
for the uptake of Tre-Cz. The unique incorporation
mechanism of Tre-Cz unlocks opportunities to bring
molecular cargoes to mycobacteria for both fundamental
studies and potential theranostic applications.

5. METHODS

5.1. General Procedure for Tre-Cz Uptake by M. smegmatis
mc2 155, M. tuberculosis H37Ra, Mutant Strains, and
ΔsugC Complemented Strain
M. smegmatis mc2155, M. tuberculosis H37Ra, ΔAg85C, ΔsugB, and
ΔlpqY were cultured in Middlebrook 7H9 until OD600 reached 0.5,
which corresponded to ∼108 CFU/mL, as determined by agar plating
and colony counting. ΔsugC was cultured in Middlebrook 7H9
supplemented with 50 mg/L hygromycin, and ΔsugC::sugC was
cultured in Middlebrook 7H9 supplemented with 50 mg/L
hygromycin and 20 mg/L apramycin. A stock solution of 1 mM
Tre-Cz was prepared in pH 7.4 PBS buffer containing 20% DMSO. In
most experiments, the following general procedure was used unless
otherwise noted. To an aliquot of 900 μL of cultured bacteria in a 1.5
mL centrifuge tube, 100 μL of the Tre-Cz stock solution was added,
which gave the Tre-Cz concentration of 100 μM and the final DMSO
concentration of 2%. The samples were then incubated at 37 °C for 1
h while shaking at 250 rpm in the dark. After centrifugation, the
supernatant containing excess Tre-Cz was removed, and the bacterial
pellet was washed twice with PBS. The pellet was then resuspended in
200 μL of PBS and was irradiated with a 4 W handheld UV lamp at
365 nm (intensity at the sample location: 0.5 mW/cm2) for 1 min.
The samples were then transferred to a black flat-bottom 96-well
plate, and the fluorescence intensities were measured using a Tecan
Infinite M200PRO multimode microplate reader at an excitation of
378 nm and an emission of 545 nm. All assays were performed in
triplicate, and each experiment was repeated three times.

5.2. Sample Preparation for Confocal Microscopy
To prepare samples for confocal microscopy, an equal volume of 4%
paraformaldehyde in PBS was added to the bacteria and was left at
room temperature for 10 min to fix the bacterial cells. The mixture
was then centrifuged, and the supernatant was removed. The resulting
pellet containing fixed bacterial cells was washed twice with PBS and
re-dispersed in 1 mL of PBS, and 5 μL was smeared onto a precleaned
microscopic glass slide. Imaging was performed on a Leica SP8 laser
scanning confocal microscope with an excitation of 405 nm and an
emission window of 500−600 nm. The x, y, and z coordinates of the
confocal stage were saved, and the sample slide was irradiated with a
handheld UV lamp for 1 min before being restored to its original
position for imaging.

5.3. Sputum Collection, Decontamination, and Processing
Sputum specimens were freshly collected from five different test
subjects, with two samples obtained from each subject. Sputum was
collected early in the morning before eating or drinking, into a sterile
50 mL centrifuge tube, until 5 mL of sputum was obtained. Prior to

collection, the mouth was washed with water to minimize food
particle contamination of the samples. The tube was then placed in a
zip bag and sealed. Decontamination of the sputum was performed
according to literature protocols.71,82 For decontamination, 2 mL of
each sputum sample was mixed with an equal volume of freshly
prepared decontamination solution in a 15 mL centrifuge tube. The
decontamination solution was prepared by mixing 1 mL of 1% N-
acetyl-L-cysteine in 2.9% citric acid with 1 mL of 4% NaOH. The
solutions were vortexed for 10 s with the tubes inverted. Tubes were
then incubated at 37 °C for 15 min before 10 mL of PBS was added
to stop the decontamination process. The tubes were then centrifuged
at 3000g for 15 min, and the supernatant was removed. The resulting
pellet was washed twice with PBS and resuspended in 1 mL of PBS.
5.4. Detection of Mycobacteria in Processed Sputum
M. smegmatis mc2155 (200 μL) in PBS was added to five fresh sputum
samples (800 μL each) at a final concentration of 108 CFU/mL. The
sputum was then decontaminated and processed as described above.
Tre-Cz was added at a final concentration of 100 μM and incubated
for 1 h. The samples were then centrifuged, and the supernatants were
saved. The resulting pellets were washed twice with PBS and re-
dispersed in PBS. Both the pellets and supernatants were irradiated
with a 4 W handheld UV lamp for 1 min, and the fluorescence
intensities were measured using a plate reader. Confocal images were
collected on the pellets following the procedure described above.
5.5. Isolation and Analysis of Bacterial Cell Wall Lipids
A suspension of 1600 μL of M. smegmatis mc2155 cultured to OD 0.5
was mixed with 400 μL of Tre-Cz to yield a final concentration of 100
μM or 5 mM. The mixture was incubated at 37 °C for 6 h before
centrifugation at 3000g for 10 min. The resulting cell pellets were
washed twice with PBS and re-suspended in 1 mL of methanol.
Chloroform (2 mL) was added to the suspension, which was then
vortexed and incubated at 37 °C overnight while shaking. The cell
suspension was then centrifuged at 3600 rpm for 10 min, and the
supernatant containing the lipids was collected to a clean sterile glass
vial. The insoluble cell pellet was washed twice with 1:2 methanol/
chloroform, and the resulting supernatants were combined and
evaporated under vacuum. The concentrated lipid was then dissolved
in 1 mL of THF. To analyze the lipid content, a 250 μL aliquot of the
lipid solution was transferred to a glass vial and irradiated with a 4 W
handheld UV lamp for 1 min. A volume of 30 μL was used for TLC
analysis, using solvent systems of 9:1 chloroform/acetone and 9:2:1
chloroform/methanol/acetone. The TLC plates were stained with 5%
sulfuric acid in ethanol before visualization. For fluorescence intensity
measurement, another 200 μL of aliquot of the lipid solution was
taken, and the fluorescence intensity was measured on a plate reader.
Lipid saponification was carried out by adding 1 mL of 5% aqueous
tetrabutylammonium hydroxide to 750 μL of each lipid solution and
stirring at 100 °C for 16 h. The samples were then cooled to 24 °C
and irradiated with a 4 W handheld UV lamp for 1 min.
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