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Tracking drugs with °F MRI would be beneficial for developing
theranostics and optimizing drug therapy. To this end, a fluorinated
dendritic amphiphile with high *°F MRI sensitivity and biocompatibility
has been developed for °F MRI tracking of doxorubicin (DOX)-loaded
liposomes in mice, which may provide an effective platform to in vivo
trace various drugs with *°F MRI.

In recent years, many imaging technologies have been developed
for in vivo drug tracking.”” Among the many imaging modalities,
fluorine-19 magnetic resonance imaging (*°F MRI) is very attractive
because it provides quantitative images without ionizing radiation,
tissue depth limits, and background signals.®™** *F MRI has been
successfully employed to monitor a variety of cells and biological
processes.'”™*> However, it remains a formidable challenge to
in vivo trace a drug with '°F MRI On one hand, the low sensitivity
of 'F MRI, which usually requires a local '°F concentration
over 80 mM to generate high resolution images,*® excludes the
possibility of directly imaging fluorinated drugs in vivo.'”"'®
Although about 25% of US FDA approved drugs contain at least
1 fluorine,"?*° '°F MRI can hardly be generated from fluorine(s)
in these drugs due to low in vivo drug concentration (usually in
the sub-mM range), low fluorine content (usually 1 to 3 fluorine(s)
in each drug), °F signal splitting, and '°F signal quenching by
interaction with biomacromolecules, etc. On the other hand, the
synthesis of fluorinated polymer-based drug carriers can increase
the local *F concentration for *°F MRI, but it suffers drawbacks
such as loss of drug potency, complicated carrier synthesis and
drug conjugation, *°F NMR signal splitting due to the lack of
symmetry in the '°F arrangement, conflicts between fluorine
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content and water solubility, undesired organ retention and
inherent toxicity of the fluorinated drug carriers, and difficulties
in targeted delivery and controlled release.”' ™ It is noteworthy
that '°F MRI tracking of drugs is far more difficult than '°F MRI
tracking of cells because each cell can encapsulate billions of
fluorines to improve the local *°F concentration and no concern
for drug conjugation or therapeutic efficacy is necessary.'>'?
Therefore, it would be of great importance to develop novel
strategies for in vivo drug tracking with '°F MRI.

To address these challenges, the formulation of a "°F MRI
traceable liposomal drug delivery system may be a good strategy.
First, high local "F concentration for sensitive '°F MRI can be
obtained by encapsulating a number of either fluorinated drugs
or '°F MRI agents in liposomal nanoparticles.>*>” Second, non-
covalent loading, delivery and release of drugs by liposomes
assure high therapeutic indices by avoiding drug potency loss as
a result of covalent modification, increasing in vivo drug stability,
and reducing drug toxicity to normal tissues, etc. The tedious case-
by-case synthesis, conjugation, and formulation in fluorinated
polymeric carrier-based drug delivery systems can be avoided.
Third, both fluorinated and nonfluorinated drugs can be
monitored by *F MRI because the °F MRI signal may originate
from either fluorinated drugs or '°F MRI agents incorporated in
the liposomes.

Herein, we report a fluorinated amphiphile-based '°F MRI-
traceable liposomal drug delivery system for in vivo tracking of
DOX with *F MRI at its therapeutic dose (Fig. 1). Fluorinated
amphiphile 1 was designed as a Janus dendrimer with 3 highly
fluorinated moieties as hydrophobic tails and '°F MRI signal
emitters, 3 branched monodisperse polyethylene glycol (M-PEG)***®
as hydrophilic heads and solubility, biocompatibility, and stability
enhancers. Biocompatible amide bonds were employed to link the
moieties. When incorporating amphiphile 1 into liposomes, their
stability may be enhanced by strong hydrophobic interactions
between multiple hydrophobic tails and the liposomal membrane
as well as PEGylating the liposomal surface with multiple branched
M-PEG. Basically, both hydrophilic and hydrophobic drugs can
be encapsulated in the liposomes. In this proof-of-concept study,
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Fig. 1 Design of a *°F MRI-traceable drug delivery system.

DOX was employed because of its fluorescence properties. Here,
high "°F MRI sensitivity can be achieved in two ways: by improving
local "F concentration through incorporating multiple amphiphiles
1 into each liposome nanoparticle and by avoiding "°F NMR signal
splitting through a symmetrical distribution of the 81 fluorines in
amphiphile 1.

A convergent synthesis of fluorinated amphiphile 1 (Scheme
S1, ESIt) was then carried out. From pentaerythritol 2, triols 3
and 6 were prepared by monoalkylation with allyl bromide and
tert-butyl acrylate, respectively. After Williamson ether formation
between o-methoxy-hepta(ethylene glycol) tosylate and triol 3, the
allyl group in ether 4 was oxidized to the carboxylic group with
in situ generated RuO, to give branched M-PEG 5 with a yield of
23% over 3 steps on a multigram scale. The fluorinated methyl
ester 9 was prepared by Mitsunobu ether formation between
perfluoro-tert-butanol and triol 6 followed by transformation
of the tert-butyl ester 7 into methyl ester 9 which was then
transformed into amine 10 through aminolysis with ethylene-
diamine on a multigram scale. The fragment assembly started
with the conjugation of fluorinated amine 10 with the ortho-
gonally protected lysine to give amide 11 with a 64% yield.
Selective removal of the Boc group in amide 11 followed by
conjugation with branched OEG acid 5 provided amide 13 with
a 73% yield over 2 steps. Finally, fluorinated amphiphile 1 was
obtained on a multigram scale by removing the Fmoc group in
amide 13 and conjugating with trimesic acid. Fluorinated
amphiphile 1 was carefully characterized with HPLC (Fig. S1,
ESIf), "H/'F/**C NMR and MALDI-TOF mass spectrometry
(ESTH).

As designed, amphiphile 1 showed high *°F MRI sensitivity
and water solubility: (1) 81 symmetrical fluorines in amphiphile
1 collectively give a singlet '°’F NMR peak (Fig. 2a). (2) Amphiphile
1 has high solubility in phosphate buffered saline (PBS) and no
phase separation was observed at a high concentration of 15 mM.
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Fig. 2 °F NMR (a: 1.5 mM in D,O, TFA as an internal standard), solvent-
dependent °F NMR (b: 1.5 mM in MeOH-H,0), temperature-dependent
19F NMR (c: 1.5 mM in H»0), *°F MRI in vitro images (d: two signal intensity
scales are shown. °F concentration of samples 0 to 6 are 0 mM, 320 mM,
160 mM, 80 mM, 40 mM, 20 mM, and 10 mM in H,0), the plot of signal
intensity (SI) versus °F concentration (e), and cytotoxicity assay (f) of
amphiphile 1 on L02, A549, and HepG2 cells.

The aggregation of amphiphile 1 in water was confirmed by
solvent- and temperature-dependent >’F NMR chemical shift
changes (Fig. 2b and c).*° (3) It has short longitudinal and
transverse relaxation times (73 = 377 ms and 7, = 28 ms, 3.8 mM
in water, 25 °C), which may enhance '°F MRI sensitivity by
reducing the '°F MRI scan time.”* ' (4) '°F MRI in vitro images
showed high '°F MRI sensitivity of amphiphile 1 from which a
clear image was obtained at a low concentration of 123.5 uM
with a scan time of 256 seconds (or 10 mM in '°F concentration,
Fig. 2d). (5) The '°F MRI signal intensity of amphiphile 1 is
proportional to its '°F concentration (Fig. 2¢), which would be
important for a downstream quantitative study.

Amphiphile 1 also exhibits high biocompatibility. Cytotoxicity
assays using normal human hepatocyte cells (L02 cells), human
lung adenocarcinoma cells (A549 cells), and hepatocellular
carcinoma cells (HepG2 cells) show no obvious cytotoxicity of
amphiphile 1 (Fig. 2f). In addition, no acute toxicity of amphiphile
1 on 2 groups of 3 Balb/c mice was observed at tail vein doses of
1.5 g kg " and 3.0 g kg~ " over 30 days, respectively.

Amphiphile 1-based *°F MRI traceable liposomes were then
formulated. Using the film dispersion method, liposome L0 and
DOX-loaded (0.2 mg mL™") liposome L1 were prepared with both
hydrogenated soy phosphatidylcholine (HSPC) and amphiphile 1

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Sample photos (a), *°F NMR (b, 25 °C), DLS and TEM images (c), and
19F MRI in vitro images (d, *°F concentration of samples from left to right
are 160 mM, 80 mM, 40 mM, 20 mM, 10 mM, 5 mM, scan time: left 96 s;
right 384 s) of fluorinated liposomes LO and L1.

as surfactants and cholesterol as an additive (Fig. 3a). A high drug
encapsulation efficiency of 91% was obtained for liposome L1. To
improve the '°F MRI sensitivity, relatively large-sized liposomes
with high amphiphile 1 loading were desired. Dynamic light-
scattering (DLS) indicated that monodisperse liposomes LO and
L1 with narrow polydispersity indexes (PDI, LO: 0.124, L1: 0.117)
and desired particle sizes (LO: 185 nm, L1: 189 nm) were obtained
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Fig. 4 pH-Promoted DOX release of liposome L1 (a), antiproliferation
efficiency of liposome L1 and DOX on HepG2 cells (b) and A549 cells (c),
and confocal laser scanning microscopy of DOX and liposome L1 treated
HepG2 cells (d).
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(Fig. 3c and Table S1, ESIf). The transmission electron micro-
scopy (TEM) image showed the liposomal spherical structure
(Fig. 3c, insets). As expected, liposomes LO and L1 showed a
strong singlet ">’F NMR peak (Fig. 3b). The '°F MRI in vitro images
showed high '°F MRI sensitivity of these liposomes (Fig. 3d).
With a scan time of 96 seconds, high resolution '°F images were
obtained for liposomes L0 and L1 at a low '°F concentration of
20 mM (Fig. 3d, left). Upon extending the scan time to 384 seconds,
the detectable '°F concentration can be lowered to 5 mM (Fig. 3d,
right). In terms of the drug concentration in liposome L1, "°F MRI
could trace DOX at 10 uM, which is the first case of '°F MRI drug
tracing around its in vivo therapeutic concentration (about
10.3 uM for DOX).

The in vitro drug release and antiproliferation efficiency of
liposome L1 were then evaluated with DOX as a control. On one
hand, it was found that an acidic environment prompted the
release of DOX from liposome L1 (Fig. 4a). On the other hand,
the antiproliferative activity assay on the HepG2 cells and A549
cells showed that liposome L1 had comparable therapeutic
efficiency to DOX (Fig. 4b and c). In addition, confocal laser
scanning microscopy analysis indicated that DOX-loaded liposome
L1 can cross the cell membrane and enter the cell much more
efficiently than DOX (Fig. 4d). Therefore, liposome L1 is an
effective drug delivery system for in vitro DOX cancer therapy.

Finally, a proof-of-concept study on in vivo >’F MRI-monitored
DOX delivery was carried out. An intravenous injection of the
amphiphile 1 solution at a "°F dose of 30 mmol kg~ " was employed
to illustrate its biodistribution in nude mice (Fig. 5a-1, top).
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Fig. 5 Mice °F MRI of amphiphile 1 and liposome L1 (a, top, two mice
images 1 h after an iv injection of 1 and L1, respectively; bottom, two tumor
images 1 h after local injection of 1 and L1, respectively), pathological
sections of organs after injection of PBS, amphiphile 1, and liposome L1 (b),
distribution of DOX and amphiphile 1 in tumor (c, %ID/g stands for the
percentage of injected dose per gram tissue) and kidneys (d) 4 h and 24 h
after iv injection of liposome L1 (5 mg kg~ DOX).
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'F MRI indicated that amphiphile 1 was soon distributed in
the cardiovascular system and accumulated in the heart
and liver. A therapeutic dose of DOX-loaded liposome L1 at
10 mmol kg ' of F (17.7 umol kg™ of DOX) was used to
monitor the biodistribution of the drug delivery system in nude
mice (Fig. 5a-L1, middle). ">F MRI showed that liposome L1
was carried over by the cardiovascular system and gradually
accumulated in the heart, liver, and kidneys which shows a
slightly different biodistribution from the amphiphile 1 solution.
"F MRI of tumor-carrying nude mice with a local injection of
amphiphile 1 and liposome L1 at '°F doses of 10 mmol kg™*
and 3.3 mmol kg, respectively, showed the distribution of
amphiphile 1 and liposome L1 in the tumor (Fig. 5a-1 and -L1,
bottom). The internal organs were collected, and the pathological
sections showed that both amphiphile 1 and liposome L1 induced
negligible organ damage (Fig. 5b). The amount of DOX and
amphiphile 1 in tumors and kidneys was quantitatively measured
by HPLC and '’F NMR, respectively, which indicated the
co-localization of DOX and amphiphile 1 in vivo (Fig. 5¢ and d).
Therefore, fluorinated liposome L1 is a 'F MRItraceable drug
delivery system to efficiently monitor DOX in vivo at its therapeutic
dose level.

In summary, we have developed a fluorinated dendritic
amphiphile and applied it to formulate a 'F MRI-traceable
liposomal drug delivery system. '°F MRI is not a very sensitive
imaging modality which can hardly be employed to in vivo trace
low concentration objects, such as drugs, genes, enzymes,
antibodies, etc. To this end, the fluorine amphiphile-based
liposomes provide a convenient and effective strategy. The
fluorinated amphiphile is featured with 81 symmetrical fluorines
and strong interaction with the liposomal membrane, which
resulted in a uniform '°F NMR signal and high stability of the
liposomal drug delivery system. The non-covalent encapsulation
of drugs and '°F MRI agents not only provides the drug delivery
system with high flexibility and convenience, but also avoids drug
modification-induced therapeutic efficacy loss and case-by-case
chemical modification. Incorporation of such multiple fluori-
nated amphiphiles with a uniform '’F NMR signal onto each
liposomal nanoparticle provides the resulting liposomes with
high "F MRI sensitivity for in vivo '°F MRI tracing of DOX at
its therapeutic dose level without radiolabelling, tissue depth
limits, and background signals. Besides DOX, the fluorinated
amphiphile-based liposomes may be employed as a general
platform for tracing various drugs with '°F MRI at their therapeutic
dose level. Tuning the target delivery and controlled release of DOX
in tumor carrying mice and developing "°F MRI-guided DOX cancer
therapy are currently in progress and will be published in due
course.
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