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Specific Detection and Imaging of Enzyme Activity
by Signal-Amplifiable Self-Assembling 19F MRI Probes
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Introduction

There are many uses for the specific detection and imaging
of enzyme activity in vivo in both drug discovery research
and medical diagnostics. Chemical “switchable” probes,
which induce detectable signal changes in response to spe-
cific enzyme reactions, are particularly useful for imaging
enzyme activities because they allow selective and sensitive
detection with high signal-to-noise ratios.[1,2] Many fluores-
cent switching probes for detecting enzyme activities have
now been developed.[3] However, fluorescence techniques
are, in general, not suitable for in vivo imaging due to the
limited light transmission and its scattering in animal bodies.
Although magnetic resonance imaging (MRI) is known to
be an adequate technique for in vivo studies,[4] switching

strategies for MRI are as yet quite limited. As a pioneering
example, 1H magnetic resonance (MR)-type switching
probes have been reported as powerful tools for in vivo
enzyme imaging by Meade�s group.[4a] The switching mecha-
nisms are mainly based on paramagnetic relaxation en-
hancement (PRE) using paramagnetic metal complexes and
their coordinated water molecules.[5] For target-specific
imaging, heteronuclear MRI techniques have also attracted
considerable attention. In particular, 19F MRI is anticipated
to be a promising method because 19F has a high NMR sen-
sitivity approaching that of 1H (83% relative to 1H) and
there are no background signals even in vivo.[6] Despite the
potential importance of 19F MRI for medical diagnostics,
promising strategies for imaging specific enzymes with high
contrast are as yet very limited.[7] There are also some prob-
lems associated with 19F MRI that have yet to be overcome,
namely low sensitivity and poor efficiency of probe delivery.
Therefore, 19F MRI is an immature technique and both
more fundamental studies on 19F probes and improvement
of the instrumentation are needed to establish it as an in
vivo imaging tool.

Recently, we have developed a unique self-assembling
turn-on 19F probe for the specific detection of target pro-
teins composed of a hydrophilic protein ligand and a hydro-
phobic 19F detection modality.[8] These ligand-tethered
probes clearly exhibit a disassembly driven turn-on signal
change upon specific binding to target proteins.[8,9] More re-
cently, we have established that moderate stability of the ag-
gregates is critical for obtaining an ideal off/on response,
and the stability can be controlled by the hydrophobicity/hy-
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Abstract: Specific turn-on detection of
enzyme activities is of fundamental im-
portance in drug discovery research, as
well as medical diagnostics. Although
magnetic resonance imaging (MRI) is
one of the most powerful techniques
for noninvasive visualization of enzyme
activity, both in vivo and ex vivo,
promising strategies for imaging specif-
ic enzymes with high contrast have
been very limited to date. We report
herein a novel signal-amplifiable self-
assembling 19F NMR/MRI probe for
turn-on detection and imaging of spe-

cific enzymatic activity. In NMR spec-
troscopy, these designed probes are
“silent” when aggregated, but exhibit a
disassembly driven turn-on signal
change upon cleavage of the substrate
part by the catalytic enzyme. Using
these 19F probes, nanomolar levels of
two different target enzymes, nitrore-

ductase (NTR) and matrix metallopro-
teinase (MMP), could be detected and
visualized by 19F NMR spectroscopy
and MRI. Furthermore, we have suc-
ceeded in imaging the activity of endo-
genously secreted MMP in cultured
media of tumor cells by 19F MRI, de-
pending on the cell lines and the cellu-
lar conditions. These results clearly
demonstrate that our turn-on 19F
probes may serve as a screening plat-
form for the activity of MMPs.
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imaging · NMR spectroscopy · self-
assembly · signal amplification

Chem. Eur. J. 2013, 00, 0 – 0 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! ��
&1&

FULL PAPER



drophilicity balance of the probe.[10] However, since this
turn-on sensing requires 1:1 complex formation between a
ligand and a protein, its sensitivity is inherently limited to
the concentration of the target protein. This seemed to be a
critical disadvantage, especially in the case of 19F MR
probes, which typically only have sensitivity down to the mi-
cromolar level.

Herein, we describe novel self-assembling 19F probes
showing signal-amplification properties for the specific and
highly sensitive detection and imaging of enzyme activities
(Scheme 1). These probes employ a “substrate” for the
target enzyme instead of a ligand for a protein, and the sig-
nals can be amplified by the catalytic enzyme reaction.

Using these new self-assembling 19F probes, detection and
imaging of two different enzymes, nitroreductase (NTR)
and matrix metalloproteinase (MMP), at the nanomolar
level has been accomplished by 19F NMR spectroscopy and
MRI. Furthermore, we have succeeded in the turn-on imag-
ing of the activity of MMP endogenously secreted in the cul-
tured media of tumor cells by the 19F MRI phantom techni-
que, which clearly demonstrated that our substrate-based
turn-on probes are capable of serving as a platform for
screening the MMP activities of several mammalian cell
lines.

Results and Discussion

Substrate-based 19F MRI probes for turn-on detection of ni-
troreductase activity : As proof-of-principle experiments, we
initially employed nitroreductase (NTR) as a target
enzyme.[11] According to guidelines established by our previ-
ous ligand-tethered probes, a new 19F probe 1 was designed
with the ability to self-assemble, composed of a hydrophobic
alkyl chain appended para-nitrobenzene as a substrate
moiety for NTR, and a hydrophilic 19F-containing detection
moiety. This 19F moiety (3,5-bis(trifluoromethyl)benzene
(FB)-appended aspartate; compound 2) was linked to para-
nitrobenzene through a carbonate ester bond.[12] This “sub-
strate-based probe” alone is “NMR-silent” because of its
self-assembly, but should give a distinct 19F signal from the

monomeric FB unit produced upon its cleavage triggered by
nitro group reduction with NTR (Figure 1 a).

To test the turn-on property of probe 1, we initially moni-
tored the 19F NMR spectra with or without NTR. When 1
(50 mm) was dissolved in a buffer solution, no 19F NMR
signal was observed. In contrast, a sharp signal appeared at
d=�62.9 ppm upon addition of NTR (0.83 mm) and incuba-
tion for 60 min at 37 8C (Figure 1 b). This new signal could
be assigned to compound 2 by 19F NMR and HPLC analyses
(Figure S1 in the Supporting Information), which was pro-
duced by an NTR-catalyzed tandem reaction. These results
clearly showed that nitro group reduction followed by b-1,6-
elimination indeed occurred in the presence of NTR, result-
ing in the turn-on signal change. Probe 1 alone showed rela-
tively high light scattering at 600 nm (O.D. 600, Figure 1 c)
in a buffer solution. Dynamic light-scattering (DLS) meas-
urements of 1 alone also showed aggregates with a mean di-
ameter of 100 nm (Figure 1 d), whereas negligible scattering
intensity was observed after 60 min incubation with NTR.
These results indicated that the enzymatic reaction induced
destruction of the aggregates. Thus, it is clear that 1 can
serve as an off/on-type probe driven by enzymatic reaction-
triggered disassembly. Furthermore, probe 1 allowed us to
visualize the enzymatic activity in a 19F MRI phantom tech-
nique owing to its ideal off/on response, as shown in Fig-
ure 1 e.

Development of an MMP2 substrate-based 19F probe and
detection of MMP2 activity in a test tube : Benefiting from
the modular design of our self-assembling probes, a new
substrate-based probe was readily extended to detection of
the activities of other enzymes. Matrix metalloproteinase 2
(MMP2), a target enzyme of our next substrate-based self-
assembling probe, is a protease secreted from cell mem-
branes and is involved in cell migration and remodeling
processes through its degradation action on the extracellular
matrix.[13] MMP2 and MMP9 are also related to tumor inva-
sion, metastasis, and angiogenesis, making them valuable
targets for cancer diagnosis and treatment. Similar to the
NTR probe, an off/on-type 19F probe, 3 a, containing a hy-
drophilic MMP2 substrate peptide (GPLG-VRG) was de-
signed and synthesized (see Scheme 2).[14] In this probe, a
hydrophobic dodecyl chain (C12) is attached to the N-termi-
nus of the substrate through a tetraethyleneglycol linker
(O4 linker), and FB is tethered to the substrate through an
additionally incorporated lysine at the C-terminus (Fig-
ure 2 a). Upon cleavage by MMP2, a hydrophilic peptide
containing FB (VRGK(FB), compound 5) is expected to be
produced, which should give a clear 19F NMR signal.

Firstly, it was confirmed that probe 3 a alone (50 mm)
showed no 19F NMR signal in a buffer solution. We then
found that a sharp signal appeared at d=�62.9 ppm upon
addition of MMP2 (15 nm) and incubation for 24 h at 37 8C
(Figure 2 b and Figure S2 in the Supporting Information). In
contrast, no 19F signal recovery was observed after incuba-
tion of probe 3 a with MMP2 in the presence of an MMP2
inhibitor (compound 6, 100 mm, Figure 2 c).[15] Probe 7, in

Scheme 1. Schematic illustration of a substrate-based self-assembling 19F
probe for turn-on detection of enzymatic activity.
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which we replaced the substrate part with a nonsubstrate
peptide (GVRLGPG), also gave no response with MMP2
(Figure S3 in the Supporting Information).[14a] Given these
results, we demonstrated that an ideal turn-on 19F probe for
the specific detection of MMP2 activity could be successfully
prepared in a test tube. More importantly, the detection
limit of MMP2 with probe 3 a was found to be less than
0.5 nm (Figure 2 d and Figure S4 in the Supporting Informa-
tion), which is at least 10 000-fold lower than those of our
previous ligand-tethered probes (i.e., 5 mm in the case of a
benzenesulfonamide-appended 19F probe for the detection
of human carbonic anhydrase I).[8a]

Examination of the self-assembling properties and MMP2
response of the MMP2-substrate-based 19F probes : Next, we
investigated the self-assembling properties of the MMP2-
type 19F probes, in order to explore the response mechanism
in detail. Fluorescent microscopy of aggregates of 3 a loaded
with Nile Red showed spherical shapes with diameters rang-
ing from 0.5 to 1 mm (Figure 3 a).[16] From DLS measure-
ments, a buffer solution containing 3 a alone showed aggre-
gates with a mean diameter of 600 nm (Figure 3 b), whereas
negligible scattering intensity was detected upon cleavage
by MMP2. Aggregation of 3 a resulted in a dramatic in-
crease in the apparent molecular mass (Mr) from 1.5 �103

(monomer) to 7 � 107 Da. It is reasonable that such an in-
crease in Mr caused a significant increase in the 19F relaxa-

Figure 1. Substrate-based turn-on 19F probe for detection of nitroreductase activity. a) Chemical structure of probe 1, and proposed reduction and ensuing
elimination mechanism with NTR. b) 19F NMR spectra of probe 1 in the absence of NTR (bottom) and after incubation with NTR (0.83 mm) at 37 8C for
60 min (top). c) Optical densities of probe 1 (50 mm, left) and compound 2 (50 mm, right). d) DLS analysis of the particle-size distribution of probe 1
(50 mm). e) 19F MR images of probe 1 in the absence of NTR (left) and after incubation with NTR (0.83 mm) at 37 8C for 60 min (right). All experiments
illustrated in this figure were performed in 50 mm 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer (pH 7.2, containing nicotina-
mide adenine dinucleotide phosphate (NADPH; 1.0 mm), D2O (10 %), and trifluoroacetic acid (TFA; 0.1 mm) as an internal standard (d=�75.6 ppm)).
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tion rate, affording no NMR signals, as in the case of our
previous ligand-tethered 19F probes.[8]

In our previous study, we clarified that the stability of the
aggregates of the ligand-tethered probes was critical for
their off/on response.[10] In order to examine the relationship
between the aggregation property and reactivity of the sub-
strate-based probes, we additionally prepared two further

19F probes 3 b and 3 c. Compound 3 a has a tetraethylenegly-
col (O4) linker between the hydrophobic alkyl chain and
the N-terminus of the substrate, whereas 3 b has no linker
and 3 c has a diethyleneglycol (O2) linker (Figure 2 a).
These two probes alone showed no 19F NMR signals in
buffer solutions, indicating that they both formed self-as-
sembled aggregates like probe 3 a. The critical aggregation

Scheme 2. Synthetic route to probe 3a.
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concentration (CAC) values of all three probes (3 a, 3 b, and
3 c) were about 5 mm (Figure 3 c).[16] The CAC values of com-
pounds 4 a and 5 (the two products from probe 3 a hydro-
lyzed by MMP2, as shown in Figure 2 a), on the other hand,
were higher than 100 mm, which clearly indicated that the
self-assembled aggregates of 3 a collapsed due to the MMP2
enzymatic reaction under the present conditions. Interesting-
ly, the initial rates of 19F NMR signal recovery were differ-
ent among probes 3 a, 3 b, and 3 c, specifically 20, 7.5, and
15 mm h�1, respectively (Figure 3 d). These findings suggested
that the flexibility of the linker moiety is critical for the effi-

cient access of MMP2 so as to
result in a rapid response of
these substrate probes. The kcat

value for MMP2 determined by
using the ideal off/on-type
probe 3 a was in good agree-
ment with that reported by
using a monodisperse MMP2
substrate (Table 1 and Figure S5
in the Supporting Informa-
tion).[17]

Detection and imaging of MMP
activity in MMP-secreted cul-
tured media from tumor cells :
With the substrate-based turn-
on 19F probe 3 a for MMP2 in
hand, we finally applied it for
the detection of MMP activity
in a medium of cultured tumor
cells. HT-1080 cells, a model
cell line secreting MMP2 or
MMP9,[18] were cultured with-
out serum for 48 h and then the
supernatant was collected. The
supernatant was mixed with
50 mm probe 3 a, and then incu-
bated for 24 h in the absence or
presence of MMP2 inhibitor
(compound 6, 100 mm). A sharp
19F NMR signal appeared in the
absence of the inhibitor 6,
whereas no signal was detected
in its presence (Figure 4 a, b).
19F MRI phantom experiments
by using this turn-on probe
(3 a) allowed us to visualize the
MMP activity with a high
signal-to-noise ratio.[19] As
shown in Figure 4 c, a clear
19F MR image was observed for
the supernatant of HT-1080
cells, whereas no clear 19F MR
image was obtained in the pres-
ence of inhibitor 6.[20] Figure 4 d
shows the dependence of con-

Figure 2. Substrate-based turn-on 19F probes for the detection of matrix metalloproteinase-2 (MMP2) activity.
a) Chemical structures of probes 3 a–c, 7, cleaved compounds 4a–c, 5, and MMP2 inhibitor 6. b) 19F NMR
spectra of probe 3a (100 mm) in the absence of MMP2 (bottom) and after incubation with MMP2 (15 nm) at
37 8C for 24 h (top). c) 19F NMR spectrum of probe 3 a (100 mm) in the presence of MMP2 (15 nm) and inhibi-
tor 6 (100 mm). d) Semi-log plot of relative 19F NMR signal intensity versus MMP2 concentration. Error bars
represent standard deviations of three experiments (the respective 19F NMR spectra are shown in Figure S4 in
the Supporting Information). All experiments illustrated in this figure were performed in 50 mm HEPES
buffer (pH 7.5 containing NaCl (100 mm), CaCl2 (10 mm), D2O (10 %), and TFA (0.1 mm) as an internal stand-
ard, d=�75.6 ppm).

Table 1. Kinetic parameters of purified MMP2 for the hydrolysis of a
self-assembling 19F probe and monodispersed-type peptide.

Kinetic parameters
Substrate derivatives kcat [s�1] 1/Km [m�1] kcat/Km [s�1

m
�1]

Probe 3a[a] 3.9 1.6� 104 6.3� 104

Ac-PLGVRG-OC2H5 4.1 3.4� 103 1.4� 104

[a] These values were determined fluorometrically according to a previ-
ous report by using fluorescamine to label the amino terminal groups cre-
ated by peptide bond cleavage.[17]
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trast on the number of scans accumulated, and the contrast
was distinctly higher with increasing number of accumula-
tions. An image with sufficient contrast was nevertheless
successfully obtained after just 900 accumulations (about
15 min).

Similarly, well-defined 19F NMR/MRI signals were ob-
served for HeLa cells, which have previously been reported
to be an MMP2-secreting cell line (Figure 4 e and Figure S7
in the Supporting Information).[21] In contrast, no signals
were detected for Jurkat[22] or COS7 cells,[23] two non-
MMP2-secreting cell lines. Therefore, it is clear that our
self-assembling 19F probe for imaging of enzymatic activity
may serve as a screening platform for the activity of MMPs.
More interestingly, in the case of human breast cancer
MCF7 cells, distinct 19F NMR and MR signals were only ob-
served when the cells were cultured under conditions of hy-
poxia, and not under normoxia (Figure 4 f). Similarly, by

treatment of MCF7 cells with antimycin A or rotenone, a
sharp 19F NMR signal appeared (Figure S8 in the Supporting
Information). It has recently been reported that conditions
of hypoxia or addition of these compounds can induce or
promote MMP2 secretion in live MCF7 cells by producing
reactive oxygen species (ROS).[24] The present results dem-
onstrate that the turn-on 19F probes may potentially be
useful for visualizing drug-triggered enzyme induction in
live tumor cells.

Conclusion

We have developed new signal-amplifiable self-assembling
19F NMR/MRI probes for the sensitive detection and imag-
ing of specific enzymatic activity. The simple principle for
the off/on response (that is, self-assembly and enzymatic

Figure 3. a,b) Self-assembling properties of MMP2-type probe 3 a. a) Fluorescent microscopy image of probe 3a (50 mm) loaded with Nile Red (5 mm).
Scale bar 5 mm. b) DLS analysis of the particle-size distribution of probe 3 a (50 mm). c) Fluorescent intensity changes of Nile Red (5 mm) with the addi-
tion of probe 3a (^), 3b (�), or 3c (& (lem =575 nm). d) Time profiles of hydrolysis reactions of probes 3a (^), 3b (�), and 3c (&) with MMP2. All ex-
periments illustrated in this figure were performed in 50 mm HEPES buffer (pH 7.5 containing NaCl (100 mm), CaCl2 (10 mm), D2O (10 %), and TFA
(0.1 mm)).
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cleavage-triggered disassembly of the probe) should be ap-
plicable for various target enzymes by appropriately replac-
ing the substrate module, as shown here for two different
enzymes (NTR and MMP2). The detection limit of these
substrate-based probes was found to be less than 0.5 nm,
which is at least 10 000-fold lower than that of our previous
ligand-tethered 19F probes. Moreover, by using our novel
substrate-based self-assembling probe, we succeeded in
imaging the activity of endogenously secreted matrix metal-
loproteinase (MMP, a valuable target for cancer diagnosis
and treatment) in the media of tumor cells by 19F MRI
phantom techniques, depending on the cell lines and the cel-
lular conditions. From a practical viewpoint, it may be fair
to say that the sensitivity of 19F is considerably lower than
that of conventionally used Gd-based 1H MRI probes. How-
ever, further advances in both instrumentation and chemis-
try (e.g., increasing the number of equivalents of fluorine in
the probe for higher sensitivity) may overcome this limita-
tion, and the 19F NMR/MRI technique may become a more
powerful modality for target-specific in vivo imaging. We
believe that employing our self-assembling turn-on 19F
probe for monitoring enzyme activities should facilitate the
use of 19F MRI techniques in cells and in vivo.

Experimental Section

General materials and methods : All proteins and chemicals were ob-
tained from commercial suppliers (Aldrich, Tokyo Chemical Industry
(TCI), Wako Pure Chemical Industries, Sasaki Chemical, Watanabe
Chemical Industries, Calbiochem) and were used without further purifi-
cation. Thin-layer chromatography (TLC) was performed on silica gel 60
F254 precoated aluminum sheets (Merck) and spots were visualized by flu-
orescence quenching or ninhydrin staining. Chromatographic purifica-
tions were conducted by flash column chromatography on silica gel 60 N
(neutral, 40–50 mm, Kanto Chemical). 1H NMR spectra were recorded
from solutions in deuterated solvents on a Varian Mercury 400
(400 MHz) spectrometer and calibrated to the residual solvent peak or
tetramethylsilane (d =0 ppm). Multiplicities are abbreviated as follows:
s= singlet, d=doublet, t = triplet, q =quartet, quin=quintet, m =multip-
let, dd=doublet of doublets. 19F NMR spectra were recorded on a JEOL
ECX-400P (376.5 MHz) spectrometer and calibrated with TFA (d=

�75.6 ppm). Standard parameters were used: spectral width 36 kHz,
pulse length 8 ms, acquisition time 0.46 s, and relaxation delay 0.50 s. A
0.1 Hz line broadening was applied. The number of accumulations was
1024. 19F MR images were obtained on a 7 T Bruker-Biospec 70/20 USR
system (282 MHz for 19F) with 72 mm i.d. 1H/19F radiofrequency (RF)
volume coil (Bruker Biospin, Germany). UV/Vis spectra were recorded
on a Shimadzu UV-2550 spectrometer. DLS measurements were per-
formed with a NICOMP 380zls apparatus (wavelength of the laser
520 nm). Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) was performed on an Autoflex II in-
strument (Bruker Daltonics) by using a-cyano-4-hydroxycinnamic acid
(CHCA) as the matrix. High-resolution electrospray ionization quadru-
pole Fourier-transform mass spectroscopy (HR-ESI Qq-LTMS) was car-
ried out on a Bruker Apex-Ultra (7 T) mass spectrometer. HPLC purifi-
cation was conducted with a Lachrom chromatograph (Hitachi, Japan).

Synthesis : Synthetic procedures and compound characterizations are
mainly described in the Supporting Information. Probe 3a was synthe-
sized manually on Rink amide resin (Novabiochem) by a standard Fmoc-
based solid-phase peptide synthesis protocol (Scheme 2). Fmoc-Gly-OH,
Fmoc-Pro-OH, Fmoc-Leu-OH, Fmoc-Val-OH, Fmoc-ArgACHTUNGTRENNUNG(Pbf)-OH, and
Fmoc-Lys ACHTUNGTRENNUNG(Mtt)-OH were used as building blocks (Pbf: 2,2,4,6,7-pentame-

Figure 4. a,b) 19F NMR spectra of probe 3a (50 mm) in the supernatant of
HT-1080 cells in the a) absence or b) presence of inhibitor 6 (100 mm).
The samples were reacted at 37 8C for 48 h in the cultured media (collect-
ed from 48 h pre-incubated cells without serum, including D2O (10 %)
and TFA (0.1 mm) as an internal standard). c) 19F MR images of probe
3a (50 mm) in the supernatant of HT-1080 cells in the absence or presence
of inhibitor 6 (100 mm). The samples were incubated at 37 8C for 48 h in
each cultured medium (collected from 48 h pre-incubated cells without
serum, including D2O (10 %) and TFA (0.1 mm) as an internal standard).
d) 19F MR images of probe 3 a (50 mm) in the supernatant of HT-1080
cells in the absence (top) or presence (bottom) of inhibitor 6 (100 mm)
with different number of accumulation (N.A.). e) 19F MR images of
probe 3a in the supernatants of various cell lines (HeLa, Jurkat, and
COS7 cells). The samples were incubated at 37 8C for 48 h in each cul-
tured medium (collected from 48 h pre-incubated cells without serum, in-
cluding D2O (10 %) and TFA (0.1 mm) as an internal standard).
f) 19F NMR spectra and MR images of probe 3 a in the supernatants of
MCF7 cells cultured under the indicated conditions. The samples were in-
cubated at 37 8C for 48 h in the cultured media (collected from pre-incu-
bated cells under hypoxia or normoxia conditions (24 and 48 h pre-incu-
bation), including D2O (10 %) and TFA (0.1 mm) as an internal stand-
ard).
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thyldihydrobenzofurane-5-sulfonyl; Mtt: 4-methyltrityl; Fmoc= fluore-
nylmethyloxycarbonyl). Fmoc deprotection was performed with 20% pi-
peridine in N-methylpyrrolidone (NMP); Mtt deprotection was per-
formed in dichloromethane containing 1% TFA and 4 % triisopropylsi-
lane (TIS). Coupling reactions were performed with a mixture of Fmoc-
amino acid (3 equiv), O-benzotriazole-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HBTU; 3 equiv), 1-hydroxybenzotriazole hydrate
(HOBt·H2O; 3 equiv), and diisopropylethylamine (DIPEA; 6 equiv) in
NMP at room temperature. All coupling and Fmoc/Mtt deprotection
steps were monitored by the Kaiser test. Following chain assembly,
global deprotection and cleavage from the resin was performed with
TFA containing 2.5% TIS and 2.5% H2O. The crude peptide products
were precipitated by the addition of diethyl ether and purified by re-
versed-phase HPLC (eluent: A (acetonitrile containing 0.1 % TFA)/B
(0.1 % aq. TFA) =20:80 (0 min)!20:80 (10 min) ! 90:10 (45 min)). The
obtained compound was lyophilized, and the residue was dissolved in
5% hydrogen chloride/methanol reagent (TCI). The solution was concen-
trated and the residue was dried in vacuo to yield 3a as the hydrogen
chloride salt. Probe 3a was characterized by reversed-phase HPLC (Fig-
ure S9 in the Supporting Information) and MALDI-TOF MS (calcd for
[M+H]+ : 1465.83; found: 1465.55).

Cell culture : HT-1080, HeLa, COS7, and MCF7 cells were cultured in
high-glucose Dulbecco�s Modified Eagle Medium (DMEM, 4.5 g of glu-
cose L�1) supplemented with 10% fetal bovine serum (FBS), penicillin
(100 units mL�1), and streptomycin (100 mg mL�1) under a humidified at-
mosphere of 5% CO2 in air. Jurkat cells were cultured in RPMI-1640
medium supplemented with 10 % FBS, penicillin (100 units mL�1), and
streptomycin (100 mgmL�1). For all experiments, cells were harvested
from subconfluent (<80 %) cultures by using a trypsin/ethylenediamine-
tetraacetic acid (EDTA) solution and then resuspended in fresh medium.
A subculture was performed every 2–3 days.
19F NMR/MR images of probe 3 a in the supernatants of various cells :
All cells were plated at a density of 5.0� 106 cells per 60 mm dish and cul-
tured for 24 h at 37 8C in air with 5 % CO2. The cells (except for MCF7
cells) were washed three times, and cultured in serum-free DMEM or
RPMI-1640 for 24 h. The MCF7 cells were washed three times, and cul-
tured in serum-free DMEM for 12, 24, or 48 h at 37 8C under normoxic
conditions (air with 5 % CO2) or hypoxic conditions (<0.1% O2) gener-
ated with an AnaeroPack (Mitsubishi Gas Chemical Company, Inc.) and
a rectangular jar. The conditioned media were then collected and centri-
fuged, and probes were added to give a final concentration of 50 mm.
After incubation for 48 h at 37 8C, magnetic resonance measurements
were conducted as follows. In 19F NMR experiments, samples (condi-
tioned medium) of 450 mL were added to 50 mL of D2O containing TFA
(final concentration 100 mm). 19F NMR spectra were then measured at
20 8C. In 19F MR imaging experiments, aliquots of conditioned medium
(2 mL) were loaded into sample tubes (depth of each sample tube
20 mm). 19F MR images of samples were obtained by fast spin echo with
a repetition time/echo time of 1000/5.5 ms, an echo train length of 32, a
field of view of 32� 8 cm2 without slice selection, a matrix size of 128 �
32, and 57 600 accumulations. The excitation pulse width was 1370 Hz.
Zero-filling (256 � 64) was applied to the 19F MR images. All images were
acquired at 20 8C.
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Specific Detection and Imaging of
Enzyme Activity by Signal-Amplifi-
able Self-Assembling 19F MRI Probes

MR imaging probes : New signal-
amplifiable self-assembling 19F NMR/
MRI probes for turn-on detection and
imaging of specific enzymatic activity
are reported. The probes are “silent”
when aggregated, but exhibit a disas-
sembly-driven turn-on signal change

upon cleavage of their substrate part
by nanomolar concentrations of the
enzyme. Our turn-on probes can be
used to visualize the activity of endo-
genously secreted matrix metallopro-
teinases from tumor cells (see
graphic).
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