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L
egumain (Lgmn) is an asparaginyl en-
dopeptidase which belongs to the C13
family of cysteine proteases.1 It has

been found in the seeds of leguminous
plants, in Schistosoma mansoni, and in
mammalian tissues such as kidney and pla-
centa, in which it associates with normal
protein catabolism and renal homeo-
stasis.2,3 Lgmn can degrade fibronectin
and therefore promote the remodeling of
the extracellular matrix in proximal tubule
cells.4 Additionally, it plays important roles
in the initial invariant chain processing of
antigens forMHC class II presentation and in
the inhibition of osteoclast formation and
bone resorption.5,6 Beyond its roles in nor-
mal physiology, Lgmn is also associated
with several inflammatory diseases such as
atherosclerosis, stroke, and cancer. It over-
expresses in a majority of tumors (including

carcinomas of the breast, colon, and pro-
state) and in central nervous system neo-
plasms.4 Lgmn-overexpressed HEK 293 cells
have been demonstrated to be very ag-
gressive in migration, invasion, and an-
giogenesis.7 Compared with nontransfected
control cells, these Lgmn-overexpressed
cells also show increased metastasis from
subcutaneous tumors in vivo.7 Although
Lgmn is likely associated with most malig-
nancies, precise roles for stromal-derived
Lgmn have not been thoroughly defined.8

This calls for more sensitive and biocompa-
tible methods to assay Lgmn activity in vitro
and in vivo. Since Lgmn has its unique
peptide substrates with asparaginyl resi-
dues in the P1 position for hydrolysis,1,2 it
is advantageous for chemists to design
peptide-based probes for the specific detec-
tion of Lgmn.
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ABSTRACT 19F MRI has higher selectivity but lower sensitivity than 1H MRI for

in vivo diagnosis. Therefore, to avoid using a high injection dose of the 19F probe

while, in the meantime, maintaining the high sensitivity of 19F MRI has remained

challenging. Local self-assembly and disassembly of 19F nanoparticles could be one of

the “smart” strategies to achieve this goal. Herein, we report a dual-functional probe

1 for glutathione (GSH)-controlled self-assembly and subsequent legumain (Lgmn)-

controlled disassembly of its nanoparticles (i.e., 1-NPs). Self-assembly and disas-

sembly of 1-NPs confer 19F magnetic resonance (MR) signals “off” and “on”,

respectively. Employing this strategy, we successfully applied 1 for consecutive

detections of GSH and Lgmn in vitro and in cells, imaging Lgmn activity in HEK 293T

tumors in zebrafish at a low dosage under 14.1 T.
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Magnetic resonance imaging (MRI) is one of the
noninvasive, powerful techniques for in vivo and
ex vivo visualization of biomarkers and species. It
provides us with abundant information on the delicate
structures deeply inside vital organisms.9�13 Up to
date, 1H MRI has been widely used for both clinical
and experimental diagnoses due to its high sensitivity
contributed to the abundance ofwater in the vicinity of
contrast agents. However, 1H MRI suffers from low
contrast-to-noise ratio due to the large background
signals from the protons of bulk water. In our bodies,
19F atoms are concentrated in salts of solid formmostly
in bones and teeth.14 Thus, the transverse relaxation
time (T2) of the intrinsic 19F is extremely shortened,15

and its MRI signal is hardly detectable. When a 19F
compound is administered to a patient, only the
extrinsic 19F MRI signals can be monitored without
interference from background signals. Therefore, 19F
MRI possesses better contrast-to-noise ratio than 1H
MRI but with a comparable sensitivity (83% relative to
1H). Due to their closeγ (gyromagnetic ratio) values, 19F
NMR can be recorded on most 1H NMR instruments by
appropriately tuning the RF coils.14,16 For these above
reasons, functional probes for 19F NMR/MRI are very
attractive to chemical biology, medicine, pharmaceuti-
cals, and molecular imaging. To date, a variety of
fluorinated compounds have been developed for 19F
NMR/MRI to assess biomarkers and biological events
such as gene transfection,17 protein monitoring,18�20

enzymatic activity,14,21,22 and environmental alter-
ation.23�25 Nevertheless, it is also always necessary to
inject large doses of 19F probes to generate enough
contrast-to-noise ratio in the region-of-interest (ROI) for
detection. This calls for a “smart” strategy which can
locally release a large amount of 19F probes in the ROI
and also decrease the injection dose of the probe.

Since 19F has a relatively large chemical shift anisot-
ropy (approximately 39 ppm for a �CF3 group), the
transverse relaxation of its signals in 19F NMR spectros-
copy is extremely sensitive to the apparent molecular
mass. Therefore, formation of a large molecular assem-
bly causes severe broadening of the 19F MR signal in
the 19F NMR spectroscopy, but disassembly recovers
it.18,20,26 Inspired by these above-mentioned details, as
shown in Figure 1, in this work, we developed a “smart”
19F probe Cys(StBu)-Ala-Ala-Asn-Lys(FMBA)-CBT (1)
which first self-assembles into its nanoparticles (i.e.,
1-NPs) upon glutathione (GSH) reduction inside cells
and then the nanoparticles are disassembled by Lgmn,
ultimately turning the 19F NMR/MRI signal “on” for
Lgmn detection. A control compound Ac-Ala-Ala-
Asn-Cys(StBu)-Lys(FMBA)-CBT (2), whose 19F NMR/
MRI signal was designed to be turned “off” inside cells,
was synthesized and studied in parallel (Figure 1).

RESULTS AND DISCUSSION

Rationale of the Design. The rationale of our design is
shown in Figure 1. Based on a biocompatible conden-
sation reaction recently developed by Rao and co-
workers,27,28 1 was designed to have these compo-
nents: (1) a disulfided cysteine (Cys) motif, after being
reduced by intracellular GSH to expose the reactive 1,2-
aminothiol group, condenses with the cyano group of
the 2-cyanobenzothiazole (CBT) motif to yield macro-
cyclized oligomers which self-assemble into nanopar-
ticles (i.e., 1-NPs), turning “off” the 19F NMR signals; (2)
an alanine�alanine�asparagine (AAN) substrate for
Lgmn cleavage to disassemble 1-NPs and turn “on”
the 19F NMR signals; and (3) a FMBA motif conjugating
to the side chain of a lysine (Lys) motif to introduce 19F
NMR signal source. The control compound 2, whose
NH2 group of disulfided Cys motif is caged by AAN, is

Figure 1. Schematic illustrationof intracellular GSH-controlled self-assembly followedby Lgmn-controlleddisassembly of 1-NPs,
showing respective “off” and “on” 19F NMR signals for Lgmndetection, and Lgmn-controlled self-assembly of 2-NPs results in 19F
NMR signals “off” inside cells.
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first subjected to GSH reduction of the disulfide bond
to yield 2-Red inside cells, leaving the 19F NMR signals
“on”. Subsequent Lgmn cleavage of the AAN substrate
of 2-Red initiates the condensation reaction and self-
assembly of the nanoparticles (i.e., 2-NPs), turning the
19F NMR signals “off”. The syntheses and characteriza-
tions of 1 and 2 are described in the Supporting
Information (Figures S1�S4).

GSH-Controlled Self-Assembly and Lgmn-Controlled Disassem-
bly of 1-NPs. After the syntheses of 1 and 2, we validated
the GSH-controlled self-assembly and Lgmn-controlled
disassembly of 1-NPs and the Lgmn-controlled self-
assembly of 2-NPs. For 1 at 500 μM, after the addition
of 2.5 mM GSH and incubation at 37 �C for 30 min, the
disulfide bond of 1 was reduced by GSH, exposing the
1,2-aminothiol group which instantly condenses with
the CBT moiety of another monomer to form cyclized
oligomers (most of them are dimers, 1-Ds). Subse-
quently, these amphiphilic oligomers self-assemble into
monodispersive nanoparticles (1-NPs) via the π�π
stackings among each other. Formation of 1-NPs was
confirmed by the obvious increases of the absorptions
of 1 at 500�700 nmon the UV�vis spectra (Figure S5a).
After that, we incubated the monodispersions with
25 nmol/μg Lgmn in buffer at 37 �C for 14 h to dis-
assemble 1-NPs. The NPs in the two dispersions (i.e.,
before and after Lgmn addition) were analyzed with
transmission electronmicroscope (TEM) (Figure 2). For 2
at 500 μM, after the addition of 2.5 mM GSH and
incubation at 37 �C for 30 min, its disulfide bond was

reduced by GSH to yield the reduction product 2-Red,
which is more hydrophilic than 2 and could not
self-assemble into NPs. Subsequent incubation of
25 nmol/μg Lgmn with 2-Red resulted in the cleavage
of the AAN substrate, exposing the 1,2-aminothiol
group, which condenses with the cyano group on the
CBTmoiety of anothermonomer to formmacrocyclized
amphiphilic oligomers (most of them are dimers, 2-Ds).
Similarly, these amphiphilic oligomers self-assembled
into monodispersive nanoparticles (2-NPs) via the π�π
stackings among each other. Formation of 2-NPs was
also identified by the change of the absorptions at
500�700 nm on the UV�vis spectra (Figure S5b) and
TEM (Figure 2). As shown in Figure 2, TEM images
showed that the fluorinated NPs of 1 (i.e., 1-NPs) and
2 (i.e., 2-NPs) have average diameters of 25 ( 7 and
21 ( 6 nm, respectively (left and middle columns of
Figure 2). The statistical results of diameters ofNPs in the
TEM images are shown in Figure S6. Dynamic light
scattering (DLS) measurements of the dispersions
indicated that 1-NPs have a mean hydrated diameter
of 62 nm, while Lgmn-treated 1-NPs have a mean
hydrated diameter of 9 nm (Figure S7a), echoing that
1-NPs were cleaved by Lgmn and disassembled, and
the 2-NPs have a mean hydrated diameter of about
55 nm (Figure S7b).

To chemically validate the GSH-controlled conden-
sation and subsequent Lgmn-controlled cleavage of 1,
we directly injected the above incubationmixtures into
a high-performance liquid chromatography (HPLC)

Figure 2. Left: TEM images of 1-NPs (top, 500 μM1 treatedwith 2.5mMGSH for 30min) and GSH-treated 2 (bottom, 500 μM
2 treated with 2.5 mM GSH for 30 min). Middle: TEM images of 1-NPs after being incubated with 25 nmol/μg Lgmn at 37 �C
for 14 h (top) and 2-NPs (bottom, 500 μM 2 treated with 2.5 mM GSH for 30 min first then incubated with 25 nmol/μg Lgmn
at 37 �C for 14 h). Top right: HPLC traces of 500 μM 1 in Lgmn working buffer (black), 500 μM 1 treated with 2.5 mM GSH for
30 min (red), and 500 μM 1 first treated with 2.5 mM GSH for 30 min and then incubated with 25 nmol/μg Lgmn at 37 �C
for 14 h (blue). Bottom right: HPLC traces of 500 μM2 in Lgmnworking buffer (black), 500 μM2 treated with 2.5mMGSH for
30 min (red), and 500 μM 2 first treated with 2.5 mM GSH for 30 min and then incubated with 25 nmol/μg Lgmn at 37 �C for
14 h (blue).
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system and collected the peaks for matrix-assisted
laser desorption/ionization (MALDI) mass spectro-
scopic analysis. After 500 μM 1 was treated with
2.5mMGSH, as shown in the top right panel of Figure 2,
we identified a new peak at retention time of 20.5 min
that appeared on the HPLC trace as the reduction
product of 1 (i.e., 1-Red, Figure S8). The peaks on the
HPLC trace at retention times of 25.9, 26.5, and 27.1min
were identified as the isomeric condensation products
of 1 (i.e., dimers, 1-Ds, Figure S9). Further addition of
25 nmol/μg Lgmn to the reaction mixture and incuba-
tion at 37 �C for another 14 h resulted in three new
HPLC peaks at retention times of 15.8, 16.3, and 16.7
min, which were identified as the corresponding
cleaved products of 1-Ds by Lgmn (i.e., 1-D-Cleaveds,
Figure S10), suggesting that the condensation prod-
ucts of 1 (i.e., 1-Ds) are cleavable by Lgmn. The tiny
HPLC peak at retention time of 21.1 min, which ac-
counted for 2.3% of the total products, was identified
as the directly cleaved product of 1 by Lgmn (i.e.,
1-Cleaved, Figure S11). For comparison, as shown in
the bottom right panel of Figure 2, treatment of 500μM
2with 2.5 mM GSH only yielded the reduction product
of 2 (i.e., 2-Red, Figure S12), which has a retention time
of 21.3 min on the HPLC trace. After further addition of
Lgmn, new products which have HPLC retention times

of 27.0, 27.4, 27.8, and 28.2 min were identified as the
dimeric condensation isomers of 2-Red (i.e., dimers,
2-Ds, Figure S13), and the new peak at retention time
of 30.2 min was identified as the trimeric condensation
product of 2-Red (i.e., 2-T, Figure S14).

“Off” and “On” 19F NMR Spectra of 1 for Respective Detection
of GSH and Lgmn in Vitro and in Cells. Corresponding 19F
NMR spectra of 1, 1 treated with GSH (i.e., formation of
1-NPs), and 1 treated with GSH followed by addition of
Lgmn (i.e., cleavage and disassembly of 1-NPs) are
shown in the left column of Figure 3a. Clearly, we
observed the disappearance of the 19F NMR signal of
1 at�61.7 ppmafter it was treatedwithGSH for 30min,
suggesting that the formation of 1-NPs induces fast
transverse relaxation of the 19F NMR signal. After the
1-NPswere incubated with Lgmn for 14 h, the 19F NMR
signal at �61.7 ppm was recovered due to the hydro-
lysis and disassembly of 1-NPs by Lgmn. Relaxation
time measurement showed that the transverse relaxa-
tion times (T2) of the

19F magnetic spins in the above
three solutions were 501 ( 6 ms, not detectable (ND),
and 486 ( 23 ms, respectively (Table S1). In compar-
ison, as shown in the right column of Figure 3a, treat-
ment of 2 with GSH did not induce obvious change of
the 19F NMR signal at �61.7 ppm. However, further
incubation of the mixture with Lgmn resulted in the

Figure 3. (a) 19F NMR spectra of 1 or 2 at 500 μM in water (top), in the presence of 2.5 mMGSH for 30 min (middle), and in the
presenceof 2.5mMGSH for 30min followedby incubationwith 25nmol/μg Lgmnat 37 �C for 14h (bottom). (b) 19FNMR spectra
of 1 or 2 at 500 μM in 100 μL of RIPA lysis buffer (top), in cell lysate after being incubated with HEK 293T cells at 37 �C for 1 h
(middle), and in cell lysate after being incubated at 37 �C for 1 hwithHEK 293T cells pretreatedwith 100 μMLI-1 for 1 h (bottom).
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disappearance of 19F NMR signal due to the formation
of 2-NPs, and T2 relaxation times of the above three
solutions were measured to be 483 ( 8 ms, 469 (
10 ms, and ND, respectively (Table S2). Interestingly,
when we incubated 1 in the presence of a mixture of
2.5 mM GSH and 25 nmol/μg Lgmn and studied their
19F NMR spectra over time, we found that the 19F NMR
signal of 1 at �61.7 ppm first disappeared at 30 min,
started to reappear at 2 h, and was almost restored at
12 h (Figure S15). TEM images of 1 in the presence of
the mixture of 2.5 mM GSH and 25 nmol/μg Lgmn
clearly showed the appearance of 1-NPs at 30 min and
the disappearance of the NPs at 12 h (Figure S16).
These results indicated that GSH-controlled assembly
and subsequent Lgmn-controlled disassembly of
1-NPs confer 19F NMR signals of 1 “off” and then
“on”, which in turn could be applied for the consecu-
tive detections of GSH and Lgmn, respectively. The
processes of the “off�on” 19F NMR signals of 1 could be
monitored stepwise by changing the concentrations of
GSH and Lgmn added (Figure S17). The temporal
dynamics of the Lgmn-induced “turn-on” procedure
was also tracked, as shown in Figure S18.

After that, we also applied 1 to detect GSH and
Lgmn in HEK 293T cells. HEK 293T is one of the cell lines
that overexpress Lgmn, indicated by our Western
blotting results, as shown in Figure S19. Following
the synthetic method reported,29 we also synthesized
a legumain-specific inhibitor LI-1 (Figure S20) for the
following study. The untreated HEK 293T cell lysate,
which does not have any detectable 19F NMR signal
(Figure S21), was used as the control. In principle, after
being internalized by HEK 293T cells, 1 sequentially
undergoes GSH-controlled self-assembly and subse-
quent Lgmn-controlled disassembly of 1-NPs. There-
fore, the 19F NMR signal of 1 in HEK 293T cells should
ultimately be “on”, as shown in the left column of
Figure 3b. To ensure that the “on” signal is induced by
the Lgmn-controlled disassembly of 1-NPs, we prein-
cubated the cells with LI-1 for 1 h before incubating
them with 1. Clearly, we observed that the 19F NMR
signal from the cells was “off” (Figure 3b) because 1
was only subjected to GSH-controlled reduction for the
self-assembly of 1-NPs. To further verify that the “on”
signal was induced by intracellular Lgmn located in
membrane organelles (e.g., mitochondria, lysosomes,
peroxisomes, etc.),7,30 we fractionated HEK 293T cells
after their incubation with 1.31,32 The results indicated
that the cell pellet sample P (plasma membrane,
microsomal fraction, and large polyribosomes) had
the strongest 19F NMR signal, whereas the pellet
sampleM (mitochondria, lysosomes, and peroxisomes)
had a relatively weaker but obvious 19F NMR signal
(Figure S22). 19F NMR signals from samples N (nuclei),
R (ribosomal subunits, small polyribosomes), and C
(cytosol) were barely detectable (Figure S22). With the
19F NMR integral calibration curve of 1 in Figure S23, we

could calculate that, after 1 h incubation with HEK 293
cells at 500 μM and 37 �C, about 13.75 fmol/cell of 1
was taken up by the cells. Specifically, about 6.98 and
5.72 fmol/cell of uptaken 1 was located in organelles
M and P, respectively. In addition to 1, we also applied
2 for the cell study. As shown in the right column of
Figure 3b, HEK 293T cells incubated with 2 did not
show an obvious 19F NMR signal because 2 in the cells
was finally subjected to the Lgmn-controlled conden-
sation for the self-assembly of 2-NPs. When the cells
were pretreated with LI-1 and then incubated with 2,
the 19F NMR signal remained “on” because 2 was only
subjected to GSH reduction and there was no nano-
particle formed in the cells (Figure 3b). HPLC analyses
were performed to characterize the GSH-controlled
self-assembly and Lgmn-controlled disassembly of
1-NPs, as well as the GSH-controlled reduction of 2
and Lgmn-controlled self-assembly of 2-NPs in HEK
293T cells throughout the experiments (Figure S24).
We observed that the main products of 1 incubated
with HEK 293T cells were Lgmn-cleaved dimers of 1
(i.e., 1-D-Cleaveds at 15.8, 16.3, and 16.7 min on the
green HPLC trace of Figure S24a). Only a small portion
of 1 was directly cleaved by Lgmn (i.e., 1-Cleaved at
21.1 min on the green HPLC trace of Figure S24a). The
peak area ratio of 1-D-Cleaveds over 1-Cleaved is
about 12:1. Interestingly, only GSH-controlled oligo-
meric products of 1 (i.e., dimers, 1-Ds at 25.9, 26.5, and
27.1min on the purple HPLC trace of Figure S24a) were
observed in LI-1-treated HEK 293T cells, suggesting
the above 1-D-Cleaveds are actually resulted from
Lgmn cleavage of 1-Ds. Products of 2 in HEK 293T cells
were only Lgmn-controlled oligomeric condensation
products of 2 (i.e., dimers, 2-Ds at 27.0, 27.4, 27.8, and
28.2 min and trimer 2-T at 30.2 min on the green HPLC
trace of Figure S24b). When 2 was incubated with
LI-1-treated HEK 293T cells, only the GSH-controlled
reduction product of 2 (i.e., 2-Red at 21.3 min on
the purple HPLC trace of Figure S24b) could be
detected, suggesting that the above-mentioned
2-Ds actually resulted from Lgmn-cleavage-controlled
condensation of 2. The retention times of these HPLC
peaks agreed well with those peaks on the blue or
red HPLC traces in Figure 2, which were characterized
with MALDI-MS. From the HPLC trace in Figure S24a
(green trace) and the calibration curves of HPLC peak
areas of 1-D-Cleaved and 1-Cleaved that we con-
structed (Figures S25 and S26), we calculated the total
cellular uptake of 1 by HEK 293 cells to be 13.15 fmol/
cell. From the HPLC trace in Figure S24b (green trace)
and the calibration curve of the HPLC peak areas of
2-D thatwe constructed (Figure S27), we calculated the
total cellular uptake of 2 by HEK 293 cells to be 11.20
fmol/cell.

19F MR Imaging of GSH and Lgmn in Cells Treated with 1. The
“on”, “on”, and “off” 19F NMR signals, respectively,
corresponding to 1, 1 with HEK 293T cells, and 1 with
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LI-1-treated HEK 293T cells, were also clearly imaged
with 19FMRI at 14.1 T. As shown in Figure 4, after 8� 107

live HEK 293T cells were incubated with 2.5 mM 1 at
37 �C for 1 h, the 19F MRI signals of the cells were “on”,
whereas the signals of the LI-1-pretreated cells incu-
bated with 1 were “off”. This result indicated that the
“on” 19F MRI signals from HEK 293T cells were induced
by the GSH-controlled self-assembly and subsequent
Lgmn-controlled disassembly of 1-NPs. However, for
HEK 293T cells incubated with 2, the 19F MRI signals
were turned “off” due to the formation of 2-NPs. The
inhibition of Lgmn activity in HEK 293T cells by LI-1
restored the 19F MRI signal to the “on” state because the
path for 2-NP formation was blocked and 2 was only
subjected to GSH reduction inside the cells.

19F MR Imaging of Lgmn Tumors in Zebrafish with 1. 1 and
2 also were applied to 19F MR imaging of Lgmn activity
in vivo under a high magnetic field strength at 14.1 T.
A zebrafish tumor model was chosen for this study for
two reasons. First, the size of a 4 month old zebrafish is

appropriate for a 5 mm (Φ) NMR tube for micro-MRI;
second, the HEK 293T tumor model in a zebrafish was
well-established and is easy to be verified.33 Based on
the methods previously reported,33 the zebrafish were
first given 25 Gy of gamma irradiation from a Cs-137
source (BIOBEAM2000, Eckert & Ziegler) at 1 Gy/min
for 25 min. Two days later, 5 μL of a HEK 293T cell
suspension (100 000 cells/μL) was injected into their
enterocoelia. Two weeks later after cell injection, the
HEK 293T tumors were clearly observed in the epigas-
tria of the zebrafish, and the expression of Lgmn in
the tumors was confirmed with immunofluorescence
histology (Figure S28). Existence of HEK 293T tumors in
the epigastria of the zebrafish was further verified
by the strong red fluorescence emissions from DsRed
(one type of red fluorescent proteins)-transfected HEK
293T tumors in the enterocoelia of irradiated casper
zebrafish, while the unirradiated casper zebrafish only
exhibited very weak fluorescence (Figure S29). About
5 μL of 1 (dissolved in dimethylsulfoxide, DMSO) was
injected into the enterocoelia of a HEK 293T tumor-
bearing zebrafish at a dose of 1.5 g/kg. Two hours
after the injection, the zebrafish was imaged on a
14.1 T Bruker NMR/MRI system. We observed strong
19F MRI signals from (or near) the tumors in zebrafish
(topmost row in Figure 5). In contrast, healthy zebra-
fish, which had not received tumor implantation, did
not show observable 19F MRI signal after the injection
of same dose of 1 (top middle row in Figure 5). These
data indicated that the GSH-controlled, self-assembled
1-NPs were cleaved and disassembled by Lgmn in
HEK 293T tumors in zebrafish, turning on the 19F MRI
signals at (or near) the sites of the tumors. For 2 at the
same dosage (i.e., 1.5 g/kg), a very weak 19F MRI signal
was observed from the healthy zebrafish (Figure S30).
Since 2 was only subjected to GSH reduction in
healthy zebrafish (i.e., no change of the transverse
relaxation of the 19F MR signal), 1.5 g/kg of 2 in healthy

Figure 4. 19FMR images of 1 (top) or 2 (bottom) at 2.5mM in
500 μL of RIPA lysis buffer (left), in cell lysate after being
incubated with HEK 293T cells at 37 �C for 1 h (middle), and
in cell lysate after being incubatedwith LI-1-pretreated HEK
293T cells at 37 �C for 1 h (right). Scale bar: 2 mm.

Figure 5. Topmost row: 1.5 g/kg of 1 (5 μL, dissolved in DMSO) was injected into the enterocoelia of HEK 293T tumor-bearing
zebrafish. Top middle row, 1.5 g/kg of 1 (5 μL, dissolved in DMSO) was injected into the enterocoelia of a healthy zebrafish.
Bottommiddle row: 7.5 g/kg of 2 (5 μL, dissolved in DMSO) was injected into the enterocoelia of a healthy zebrafish. Bottom-
most row: 7.5 g/kg of 2 (5 μL, dissolved in DMSO) was injected into the enterocoelia of HEK 293T tumor-bearing zebrafish.
White arrows indicate the tumor sites, and black arrows indicate the injection sites. White circle indicates the tumor location.
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zebrafish did not result in “on” 19F MRI signals similar
to those of the 1.5 g/kg 1-treated tumor-bearing
zebrafish, implying that self-assembly and disassem-
bly of 1-NPs indeed could locally concentrate the 19F
probes and release them in the ROI. When the dose of
2 was increased to 7.5 g/kg, indiscriminate 19F MRI
signals could be observed from the healthy zebrafish
without tumors (bottom middle row in Figure 5).
Interestingly, when the HEK 293T tumor-bearing zeb-
rafish were injected with 2 at 7.5 g/kg, discrete 19F MRI
signals from nontumor sites could be observed
(bottom-most row in Figure 5). This result indicated
that Lgmn in the HEK 293T tumors induced the self-
assembly of 2-NPs in tumors and thus turned the 19F
MRI signals “off”.

CONCLUSIONS

In summary, by rational design of a biocompatible
dual-functional fluorine probe 1, we have developed a
“smart” method of GSH-controlled assembly and
Lgmn-controlled disassembly of 1-NPs that turns the
19F NMR signal “off” and then “on” for the sequential
detection of GSH and Lgmn in vitro and in cells. With
the 19F NMR data obtained, we also successfully ap-
plied 1 for the 19F MRI detection of Lgmn activities in
zebrafish at low doses under 14.1 T. The in vitro and
in vivo results suggest that this strategy of consecutive
intracellular self-assembly and disassembly of 19F NPs
might be further applied to develop “smart” 19F probes
for clinical 19F MRI diagnoses of diseases with low
doses.

EXPERIMENTAL SECTION
19F Nuclear Magnetic Resonance Methods. 19F NMR experiments

were performed on a Bruker Ascend WB 600 MHz spectrometer
using a 4 mm broad-band N�C/F/H MAS probe. All 19F NMR
spectra were acquired with 3 s delays and accumulated 256
scans for a one-dimensional (1D) 19F spectrum. The 1D 19F
spectrum was acquired with one pulse program with a 90 pulse
width of 5.5 μs. 19F chemical shifts were referenced to trifluoro-
acetic acid (TFA, �76.5 ppm). All the data were acquired and
analyzedwith Bruker's Topspin 3.1 software. All the experiments
were performed at 25 �C.

1H Magnetic Resonance Imaging Methods. 1Hmagnetic resonance
images of zebrafish in Figure 5 were obtained by flash method
with a repetition time/echo time of 120/1.53 ms, a field of
view of 6� 6 cm without slice selection and accumulation, and
a matrix size of 128 � 128. The excitation pulse width was
2740 Hz. The images were obtained at 25 �C.

19F Magnetic Resonance Imaging. Images were acquired on a
Bruker AscendWB600MHz spectrometer using a BrukerMicro 5
imaging probe with triple axis gradients (maximum strength
200 G/cm) and an 8 mm diameter RF saddle coil. 19F magnetic
resonance images of phantom samples in Figure 4 were
obtained by fast spin echo with a repetition time/echo time of
2000/7.9ms using a flash imaging pulse sequence; the flip angle
was 180�, field of view 3 � 3 cm, slice thickness 5 mm, matrix
size 64 � 64, and the number of accumulations was 256. The
excitation pulse width was 2740 Hz. All images were acquired
and analyzed using Bruker's Para Vision 5.1 software. The
original images were cropped and combined to create Figure 4.

19Fmagnetic resonance images of zebrafish in Figure 5were
acquired by a flash method with repetition time/echo time of
100/3.56 ms; the flip angle was 30�, the field of view 6 � 6 cm,
slice thickness 5 mm, matrix size 128 � 48, and the number of
accumulations was 36 000. The excitation pulse width was
12 500 Hz. All the experiments were conducted at 25 �C.

Cell Experiment for 19F NMR. For healthy HEK 293T cells, 4� 106

live HEK 293T cells were trypsinized and collected into a 5 mL
centrifuge tube. After the incubation of 500 μM 1 or 2 with HEK
293T cells in serum-free culturemediumat 37 �C for 1 h, the cells
were centrifuged (1000 rpm, 5 min) and washed three times
with phosphate buffered saline (PBS) to remove the remaining
probe. Then the cells were lysed with 100 μL of radioimmuno-
precipitation assay (RIPA) lysis buffer for 30 min, and the
supernatants were collected for 19F NMR spectrometric analysis.
For LI-1-treated HEK 293T cells, the HEK 293T cells were
preincubated with 100 μM LI-1 for 1 h. Then the cells were
then treated with 1 or 2, and the cell lysates were collected as
described above.

Cell Experiment for 19F MRI. For HEK 293T cells, 8� 107 live HEK
293T cells were trypsinized and collected into a 5 mL centrifuge

tube. After the incubation of 2.5mM1or2withHEK 293T cells in
serum-free culture medium at 37 �C for 1 h, the cells were
centrifuged (1000 rpm, 5min) and washed three times with PBS
to remove the remaining probe. Then the cells were lysed with
500 μL of RIPA lysis buffer for 30min, and the supernatants were
collected for 19F MRI spectrometric analysis. For LI-1-treated
HEK 293T cells, the HEK 293T cells were preincubated with
100 μM LI-1 for 1 h. Then the cells were treated with 1 or 2, and
the cell lysates were collected as described above.

Immunohistochemistry. Adult zebrafish was fixed in 4% freshly
made paraformaldehyde. Then thewhole fishwas sliced at 8 μm
intervals with Leica CM 1950 (Germany) cryosection machine.
After being washed for 5 min with PBS three times, the slices
were blockedwith 10% PBST, and a first antibody was added for
overnight at 4 �C. Next, the slices were washed wish PBS three
times, and a second antibody was applied for 2 h at room
temperature. After beingwashedwith PBS andmounted in 80%
glycerol, the sliceswere imagedwith anOlympus BX61 confocal
microscope (Japan).
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