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Abstract: '°F magnetic resonance imaging (MRI) probes that
can detect biological phenomena such as cell dynamics, ion
concentrations, and enzymatic activity have attracted signifi-
cant attention. Although perfluorocarbon (PFC) encapsulated
nanoparticles are of interest in molecular imaging owing to
their high sensitivity, activatable PFC nanoparticles have not
been developed. In this study, we showed for the first time that
the paramagnetic relaxation enhancement (PRE) effect can
efficiently decrease the ’F NMR/MRI signals of PFCs in silica
nanoparticles. On the basis of the PRE effect, we developed
a reduction-responsive PFC-encapsulated nanoparticle probe,
FLAME-SS-Gd>" (FSG). This is the first example of an
activatable PFC-encapsulated nanoparticle that can be used for
in vivo imaging. Calculations revealed that the ratio of fluorine
atoms to Gd’" complexes per nanoparticle was more than
approximately 5.0 x 1(P, resulting in the high signal augmenta-
tion.

M olecular imaging techniques have emerged as promising
tools for monitoring the dynamics, localization, and concen-
trations of biomolecules in living systems.!! Recently, mag-
netic resonance imaging (MRI) has received considerable
attention because of its prominent properties such as deep
tissue imaging and high spatial resolution.”) In particular,
F MRI has an advantage over 'H MRI owing to the lack of
endogenous background signals. Though several activatable
F MRI probes capable of detecting enzymatic activity and
pH have been reported,”* there are only a few examples of
in vivo applications owing to the low sensitivity of such
probes. In the last decade, perfluorocarbon (PFC) encapsu-
lated nanoemulsions have attracted significant attention as
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highly sensitive "F MRI contrast agents (always ON-type
probes).”! We developed a highly sensitive '’F MRI contrast
agent comprised of a perfluoro[15]crown-5-ether (PFCE)
core and a silica shell, termed FLAME.! FLAME has
superior properties such as high sensitivity, stability in both
aqueous and organic solutions, facile surface modifications,
and biocompatibility. Through adequate surface modifica-
tions of FLAME, various applications such as protein label-
ing, cell labeling, and tumor targeting were achieved.
However, to the best of our knowledge, activatable PFC-
encapsulated nanoparticles (switching OFF/ON-type probes)
have not been reported. Thus, activatable PFC nanoparticles
are highly desirable to realize various applications.

The potential for facile surface modifications on FLAME
motivated us to introduce the paramagnetic relaxation
enhancement (PRE) effect of Ln*" complexes to create an
OFF/ON switching ability. We exploited the PRE effect for
T, modulation in small-molecule ’F MRI probes.!*! The PRE
effect is effective over short distances because of its r~°
dependency, where r is the distance between nuclei observ-
able by NMR spectroscopy and a paramagnetic center (up to
35 A for Mn>*).¥] Because most PFCE compounds in
FLAME are more than 50 A away from the surface-modified
Ln*" complexes because of the thickness of the silica shell
(Figure Sla), it was assumed that the PRE effect might not
sufficiently attenuate the '’F NMR/MRI signals of FLAME.

We first confirmed whether the PRE of the Gd**
complexes on the FLAME surface was effective. Gd*"
diethylenetriaminepentaacetate (DTPA) complexes were
attached to FLAME to yield FLAME-DTPA-Gd (Figure 1,
Scheme S1). The ’F NMR spectrum of FLAME-DTPA with-
out Gd*' exhibited a sharp, single peak (7, =420 ms). Mean-
while, that of FLAME-DTPA-Gd showed a broad peak (7, =
40 ms; Figure 2a, Table S1). Although the "’F MRI signals of
FLAME-DTPA were observed because of the long 7>, that of
FLAME-DTPA-Gd was efficiently quenched (Figure 2b).
These results indicated that the '"F NMR/MRI signals of
PFCE in FLAME were affected by the PRE from the surface-
modified Gd*" complexes. Therefore, we expected that
activatable '"F MRI probes with high F MRI signal
enhancement would be achieved by introducing a cleavable
linker between FLAME and the surface-modified Gd**
complexes.

This result was explained by the molecular mobility on the
NMR/MRI measurement time scale. Iwahara and Clore
reported that the PRE effect was efficient in spite of the
long average distance, when nuclei observable by NMR
spectroscopy can occasionally enter the effective range of the
PRE effect.”! The long T, indicates that the PFCE in FLAME
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plexes and the fluorine core was less than
22 A we confirmed that the PRE was
effective as such distance for the first time.
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Next, we designed activatable
FLAMEs, FLAME-SS-Gd*" (FSG), to
image reducing environments. Redox
reactions play crucial roles in biological
? processes, and abnormal redox reactions

Figure 1. Chemical structure of prepared nanoparticles.
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Figure 2. a) '°F NMR spectra and b) '°F MRI phantom images of
FLAME-DTPA and FLAME-DTPA-Gd. For '°F NMR, Cpece =0.6 mm, and
the accumulation time was 1 min 22 s. For '°F MRI (rapid acquisition
with the refocused echoes (RARE) method): T, was 3000 ms. Tg . was
12 ms. The number of excitations (NEX) was 64. The acquisition time
was 12 min 48 s.

maintains high molecular mobility even in the nanoparticle
structure.®’ Although the PFCE at the center of the FLAME
core is about 250 A away from the surface Gd** complexes
(where PRE is not efficient), the fluorine compounds can
access the inner shell of FLAME on the measurement time
scale. Near the inner shell, although the contribution of one
Gd*" complex to the PRE effect is small, the PRE effect from
multiple surface Gd*" complexes is combined, and thus the T,
of PFCE is efficiently decreased. Although Griill and co-
workers observed the PRE of PFCE in Gd’"-modified
nanoemulsions, where the distance between the Gd** com-

are implicated in various conditions
including liver damage, and human immu-
nodeficiency virus.'! Gd** complexes
were attached to the FLAME surface by
disulfide linkers to reduce the 7, of the fluorine compounds
by the PRE effect, which attenuates the "F NMR/MRI
signals (Figure 3). When the disulfide of FSG was reduced,
the Gd*" complexes were cleaved from the FLAME surface.
Then, the T, of the encapsulated PFCE would be elongated
and the ""F NMR/MRI signal intensity would increase.

To optimize the amount of surface Gd*" complexes, three
types of FSGs with different concentrations of Gd*" were
prepared (Scheme S2). The average diameter of FLAME was
534nm with a 5nm-thick silica shell, as measured by
transmission electron microscopy (Figure S1). The amount
of fluorine atoms and Gd*" ions per nanoparticle were
calculated from F NMR spectroscopy and inductively cou-
pled plasma atomic emission spectrometry (Table 1; details

Table 1: Properties of FLAME and FSGs.

Materials ”19F[a] ”cd[a] ”19F/”Gd[a] TZ,TCEP(—) [ms] TZ,TCEP(+) [ms]
FLAME  1.7x10° 0 - 420 it
FSG1 1.7x10° 9.1x10%° 1.8x10° 120 383
FSG2 1.7x10° 21x10° 7.7x10° 66 365
FSG3 1.7x10° 3.1x10° 5.3x10*> 27 371

[a] These values were predicted assuming that FSG has a single size of
53.4 nm (diameter). [b] Not measured. n,o:: the number of '°F atoms in
one nanoparticle. ngy: the number of Gd** atoms in one nanoparticle.
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Figure 3. Design of activatable FLAME, FLAME-SS-Gd*" (FSG).
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regarding the calculations are given in the Supporting
Information). The ratio values of ng to ngq on a single
nanoparticle were estimated to be 1.8 x 10°, 7.7 x 10%, and 5.3 x
10* for FSG1-3, respectively.

The F NMR peaks of FSGs without a reducing agent
were shorter and broader than that of FLAME according to
the Gd*" concentration-dependent PRE effect (Figure 4a).
The “FNMR signal-to-noise ratio (SNR) indicated that
FSG3 were most quenched (Figure 4b). The T, of FSGs
decreased with increasing amounts of Gd** (Table 1). As
such, the PRE effect was efficient in all FSGs.

Next, ’F NMR spectra and 7, of FSGs were measured
after treatment with a reducing agent, tris(2-carboxyethyl)-
phosphine (TCEP; Figure 4 and Figure S3). Addition of
TCEP made the "F NMR peaks of all FSGs sharper and
taller as compared to those before the addition. The 7, values
of FSG1-3 were significantly increased upon addition of
TCEP within 2 h (Table S3), and were comparable to that of
FLAME (Table 1). All Gd’" complexes were cleaved upon
addition of more than 2 mM TCEP (Figure 4b and Figure S4).
The highest ''F NMR SNR values for all FSGs were obtained
with 2 mM TCEP. The signal enhancement factors in response
to the reductant were 3.1, 9.7, and 12.7 for FSG1-3,
respectively. Thus, FSG3 was the most sensitive '’F NMR
probe in the detection of the reducing environment.
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The F NMR signals of the FSGs increased upon addition
of other reducing agents such as glutathione, cysteine, and
dithiothreitol (Figure S5). In particular, addition of gluta-
thione induced the greatest 'F NMR signal enhancement.
Glutathione levels in breast and colon cancer-ridden tissues
are higher than those in normal tissues.'!! Since FSGs were
stable under physiological conditions (Table S3, Figure S6),
FSGs can be potentially useful for the selective detection of
high glutathione concentrations. Although there are some
concerns about the stability of reduction-triggered nano-
particles in normal tissues, rational optimization of the
disulfide linkage will lead to practical in vivo applications.

Finally, ’F MR phantom images of FSGs solutions with or
without TCEP were obtained by varying T . In general, the
MRI signal of the long 7, component is well-observed at both
short and long T . In contrast, the MRI signal of samples
with moderately short 7, is only visible at short 7 ., and that
of the extremely short 7, component is not observed even at
short Tg . As expected from the YF NMR results, almost no
F MRI signals of FSG2 and FSG3 were detected without
TCEP at any Ty because of the strong PRE effect (Fig-
ure 5a and b). In contrast, the '’F MRI signals of FSG1 were
observed at Ty . < 84 ms because of the moderately short T>.
However, the measurement of FSG1 without TCEP at Ty . >
108 ms extinguished the undesired F MRI signals. Reductive

reactions induced a notice-
able FMRI signal en-
hancement in FSG1-3 at

FLAME FSG1 FSG2 FSG3 any T (filled circles). At
TCEP(-) TCEP(+) TCEP(-) TCEP(t+) TCEP(-) TCEP(t+) Tg =12 ms, approxi-
mately 60- and 40-fold

J .

increases were observed
in FSG2 and FSG3, respec-
tively. Although the signal
enhancement of FSG1 was
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only two-fold at Tg. =
12 ms, a 50-fold increase
was observed at Tg =
108 ms. These results indi-
cated that FSG2 was the
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most effective probe for
detecting reducing envi-
ronments. One of the
advantages of FSGs is the
high sensitivity, because
the "YF NMR/MRI signals
of 1.7x10° fluorine atoms
in the core were decreased
by approxiomately 1.0x
10*° Gd** complexes on
the FLAME surface. The
ratios of fluorine atoms to
Gd*" complexes (Table 1)
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Figure 4. a) '°F NMR spectra of FSGs incubated with or without TCEP. Corce: 0.6 mM, Crcgp: 1.0 mm, incubation
time: 4 h, accumulation time: 10 min 55 s. b) '°F NMR signal-to-noise ratio of FSGs in the presence of TCEP

(blue: FSG1, red: FSG2, green: FSG3). Cppe: 0.15 mm.
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3.2 are the highest among
known PRE-based probes,
of which the ratios were
single digits.*'? This high
ratio led to the high signal
amplification.
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Figure 5. "°F MRI signal enhancement of FSGs by TCEP. a) '°F MRI phantom
images of FSG1-3 with or without TCEP. b) Plot of '°F MRI signal intensity of
FSG1-3 at different Tg ¢ with (filled circles) or without (open circles) TCEP.
F MRI RARE method: T, was 3000 ms. The number of excitations (NEX) was

64. The acquisition time was 25 min 36 s.

In conclusion, we showed for the first time that the PRE
effect of surface Gd*" complexes was effective for fluorine
compounds in nanoparticles over 50 A. On the basis of this
finding, we developed novel "F MRI probes, FSGs, which
could visualize reducing environments. FSGs are the first
example of activatable '’F MRI nanoparticle probes with high
signal amplification, because the FSGs had exceedingly high
ratios of fluorine atoms to Gd*" complexes. Since FLAME
has superior properties such as stability, high sensitivity, and
biocompatibility,”! activatable FLAMEs are quite promising
for in vivo applications. In particular, activatable FLAMEs
should be useful for visualizing the activities of dilute
biomolecules such as enzymes, by introducing substrate—
peptide sequences instead of disulfide linkers. We believe that
PRE-based activatable FLAMEs will facilitate a change in
in vivo imaging probes.
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