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ABSTRACT: By developing a new bimodal radioactive tracer
that emits both luminescence and nuclear signals, a trimodal
liposome for optical, nuclear, and magnetic resonance imaging
is efficiently prepared. Fast clearance of the radiotracer from
reticuloendothelial systems enables vivid tumor imaging with
minimum background.
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It is now well accepted that multimodal imaging is more
efficient and accurate in the diagnosis of various diseases."””
Along with the development of multimodal imaging instru-
ments (e.g, PET (positron emission tomography)/CT
(computed tomography), SPECT (single photon emission
computed tomography)/CT, PET/MR (magnetic resonance),
optical/PET, optical/MR scanner),”> a variety of multimodal
imaging probes have been synthesized and tested as new
contrasting agents.”> Among several multimodal imaging
platforms, metal-based nanocrystals such as iron oxide,
quantum dots, and gold nanoparticles have been especially
preferred because these nanocrystals can serve as intrinsic MR,
optical, and CT contrasting agents, respectively, and only
additional imaging components are needed.®” However, after
systemic injection, many nanocrystal-based imaging agents
showed slow clearance from the reticuloendothelial system
(RES, e.g., liver and spleen), and toxicity and safety issues
remain as a substantial hurdle for further advancement to
clinical applications, especially when radiolabeled for nuclear
imaging.*” The radiolabeled imaging agent should be excreted
within certain time period from nontarget organs to minimize
unnecessary radiation exposures. Furthermore, the slow
clearance increases background noise to make accurate tumor
detection difficult in nuclear imaging.

In contrast, liposomes are the more preferred option to
develop multimodal imaging probes for clinical application as it
is made up from biocompatible, nontoxic, and biodegradable
materials.'”"" Many liposomes are already FDA approved for
effective drug delivery carriers.'> Furthermore, liposomes have
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many attractive characteristics as a multimodal imaging
platform, including a well-established preparation method,
easy size control, easy surface modification, large loading
capacity, and excellent in vivo stability."> The only drawback is
that all imaging contrast components should be added into
liposomes to become multimodal imaging probe.” However, as
the number of different imaging contrast components is
increased, the liposome preparation process becomes compli-
cated, and various issues regarding characterization and
reproducibility are raised. Probably, this is why very few
liposome-based trimodality imaging probes have been reported
so far.'¥"®

Here we report on a new strategy for preparation of a
trimodal liposome for optical, nuclear, and MR tumor imaging.
By synthesizing a new radioactive tracer emitting luminescent
light, hybrid trimodal liposomes were prepared by supplement-
ing with only two different imaging components instead of
three. The radiotracer excreted fast from RES resulting in vivid
tumor imaging with high tumor-to-background ratio.

First, we developed a new radioactive tracer capable of
emitting both nuclear and optical imaging signals. Recently,
Cerenkov radiation, which is the light emitted when a charged
particle travels with a velocity greater than that of light in a
given medium, seeks new application in optical molecular
imaging.'®'” We screened Cerenkov luminescence properties
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of various radionuclides and found that some radionuclides
commonly used for PET imaging such as %8Ga, 2%, ¥F, and
#Cu emit strong Cerenkov light.l&19

Among these radionuclides, "**I was chosen as a radioisotope
source because of its attractive physical properties; long half-life
(4.2 d), which allows sufficient time for preparation and for
ease of conducting long follow-up studies after administration,
and the high kinetic energy of positrons emitted during decay
(Ep, mean, 819 keV) leading to strong Cerenkov luminescence
light (2.5 and 6 times stronger compared to F and *Cu,
respectively)."”

For eflicient incorporation into the liposomal bilayer and
high in vivo stability of radio-iodinated compounds, a long alkyl
chain linked with a 4-iodobenzoyl group was designed as a
target compound (Figure 1a). The lipophilic long alkyl chains
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Figure 1. Synthesis scheme of standard and precursor for HIB (a),
radiolabeling scheme of ['"**IJHIB (b), UV chromatogram of HIB (c),
and radio chromatogram of ['*IJHIB (d).

were widely used for tight anchor on cell membrane,*® and
iodo-aryl compound was selected to minimize deiodination in
physiological conditions.*" Nonradioactive standard hexadecyl-
4-iodo benzoate (1, HIB) was prepared by esterification of 4-
iodobenzoyl chloride with 1-hexadecanol in the presence of
triethylamine as a base. The crude product was extracted with
dichloromethane and recrystallized to give white crystalline
needles (80% yield). For the preparation of precursor for
radiolabeling, to a solution of hexadecyl-4-iodobenzoate
dissolved in toluene, hexabutylditin and a catalytic amount of
Pd(Ph,), were added, refluxed, concentrated, and purified by
column chromatography to afford pure hexadecyl-4-tributyl-
stannylbenzoate (2) in 71% yield.

For radio-iodination, the tributylstannyl group of 2 was
replaced by radioactive iodine-124 (Figure 1b). The precursor 2
was reacted with ["*I]Nal (0.5—5 mCi) in the presence of
acetic acid and 3% H,0,. The mixture was shaken for 30 min at
70 °C and dried completely under vacuum. Only radiolabeled
hexadecyl—4—[124I]iodobenzoate (["*]HIB) was simply ex-
tracted by acetonitrile, concentrated, and reconstituted in
dichloromethane for the following studies. Its radiochemical
yield was over 90%, and the radiochemical purity reached 100%
after the extraction, as determined by radio-TLC and radio-
HPLC analysis [Luna C8 column, 4.6 X S0 mm, 5 um; 95:5
MeCN/H,0, 1 mL/min flow rate] (Figure lcd). All
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radiolabeling and purification steps were finished less than 40
min without any time-consuming HPLC purification.

A trimodal liposome was prepared by one-pot formulation of
phosphatidylcholine, cholesterol, PEGylated lipid, lipophilic
gadolinium complex, and the radiolabeled ['**I]HIB (Figure 2).

['*1]HIB
o N
Gd-DTPA-DPPE

=0 Phosphatidylcholine
ofo Cholesterol =0V mPEG2000-DSPE
A ["*HIB % Gd-DTPA-DPPE

Figure 2. Schematic diagram of trimodal liposome and its imaging
components.

A chloroform solution of 1,2-dipalmitoyl-sn-glycero-3-phospho
choline (DPPC), 1,2-dihexadecanoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (DPPG), cholesterol, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N[methoxy(polyethylene glycol)-2000]
(DSPE-PEG2000), and gadolinium-1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-diethylenetriaminepenta acetic acid
(Gd-DTPA-DPPE) at a molar ratio of 8:8:3:1:7 and ['**I]HIB
were well mixed and dried to form a thin lipid film, which was
hydrated with saline for 25 min at 50 °C.***> The resultant
opaque liposomal solution was sequentially extruded through
membrane filters with a pore size of 1000, 400, 200, and 100
nm. The extruded liposome was further purified using a size
exclusion column (PD-10, GE Healthcare).

The formed liposome was characterized using a dynamic
light scattering (DLS) size analyzer and transmission electron
microscopy (TEM). In DLS measurements, the liposomes
showed good size distribution of mean diameter of 127.8 + 8.4
nm (Figure 3a). Negative staining TEM images also confirmed
globular liposomal structure of ca. 120 nm (Figure 3b). The
lipid bilayer was clearly identifiable in TEM imaging. The
PEGylated lipid (DSPE-PEG2000) was added as one of the
liposome components in order to reduce the immediate
capture of liposomes by the RES after systemic administration
and to allow longer blood circulation time for higher tumor
accumulation.”® The liposome diameter of ca. 100 nm was
chosen in order to maximize passive tumor targeting due to
enhanced permeability and retention effect.*®

Each 200 pL fraction of the prepared radioactive liposome
from the size exclusion column was collected and counted using
a gamma counter. Most radiolabeled liposomes were eluted at
an elution volume of around 4 mL (Figure 3c), while the free
["**I]HIB was stuck to the column because of its extremely low
water solubility (log P = 2.19 + 0.04). The radio-incorporation
yield of ['**I]HIB into liposome was over 75% after column
purification. All eluted fractions were transferred to a 96-well
plate and imaged by luminescence and PET and MR imaging
(Figure 3d). As expected, the optical luminescence imaging
pattern matched well with that of PET imaging because both
optical and nuclear imaging signals originate from the
radioactive ['**IJHIB. However, upon close examination, the
optical imaging showed better spatial resolution and higher
sensitivity than nuclear PET imaging.lmé When considering
much shorter imaging time of optical imaging compared to
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Figure 3. Size distribution of liposome measured by DLS analyzer (a),
TEM image of liposome (b), size exclusion chromatogram profile of
[**I]HIB-Gd-containing liposome (c), and optical, PET, and MR
images of SEC elution fractions (d).

nuclear imaging (1 min vs 20 min, respectively), it becomes
more obvious that optical imaging is a better choice for ex vivo
characterization than nuclear imaging. MR imaging of the same
well plate showed a precise outline of each well because of its
excellent spatial resolution. The MR signal intensity of each
well was closely related to the well’s radioactivity (Figure 3d),
indicating that both ['**I]HIB and the Gd-DTPA complex were
well incorporated into the liposome and move together.
However, even though a 5 X 10*-fold excess of Gd complexes
(2.4 x 1077 mol in 200 uL well at 4 mL elution point, ICP
measurement) was contained within the same liposome in
comparison to ['**IJHIB (4.8 X 107> mol, equivalent to 150
uCi), because of its poor sensitivity, fewer wells were
differentiated from the adjacent background wells in MR
imaging compared with optical and PET imaging. An extremely
large loading capacity of liposomes made it possible to
incorporate two different imaging components having such a
big concentration difference into a single probe.

To characterize in vivo stability of the prepared liposomes,
first, the blood half-life of ['**I]HIB-assembled liposome was
measured by serial retro-orbital bleeds and compared to that of
["™I]HIB itself (n = 2 mice per group). Both blood half-life
data of ["*IJHIB and ['**I]HIB-labeled liposomes fit a two-
phase exponential decay model with the values of 1.3 and 70.8
min, respectively (Figure 4a,b). These huge differences of blood
half-life data clearly indicated that the ['2*I]HIB-labeled
liposomes move together in the body without immediate
dissociation of ["**I]HIB from the liposome.

Then, the purified ["**I]HIB-Gd-containing liposomes (150
uCi) were injected into CT26 tumor-bearing BALB/c mice for
in vivo imaging studies. Because of its excellent sensitivity and
short imaging time, the tumor uptake of the injected liposomes
was initially monitored by optical imaging up to 48 h. With the
help of photographic images of mice, the CT26 tumor was
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Figure 4. Blood halflife of ["**I]HIB (a) and ["**I]HIB-Gd-liposome
(b) up to 24 h (n = 2). The insets show a pattern of early blood
clearance (0—20 min).

most vividly imaged with minimum background at 4 h
postinjection (Figure Sa-left). In addition to high uptake in
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Figure S. Typical optical luminescence, PET and MR image of CT26
tumor-bearing mouse at 4 h postinjection of ['**I]HIB-Gd-liposome
(n = 3) (a). Tumor, red arrow; liver, yellow arrow; spleen, white
arrowhead; bladder, green arrowhead. Maximum intensity projection
images of PET at 2, 4, and 24 h (b). Thyroid: white arrow.
Radioactivity uptakes in various organs at 2, 4, and 24 h (n = 3) (c).
Tumor-to-organ uptake ratio at 24 h (d).

the tumor, other hot spots were observed around the
abdominal region, which could be attributed to liver even
though precise assignment was not feasible because of the poor
tissue penetration and high scattering characteristics of
Cerenkov light. The precise internal distribution of the
liposome-carried ['**I]HIB was confirmed by nuclear PET
imaging thanks to its high tissue penetration feature (Figure Sa-
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middle). The abdominal hot spots in optical imaging were
clearly assigned as liver and spleen in tomographic PET images.
PET imaging also revealed another hot spot in the bladder,
which was not observed in optical image at all, presumably
because of the deep location of bladder from the imaging
surface in supine position. The high activity in urine could be
explained by the renal excretion of catabolized ['**I]HIB
molecules in the liver.”” Neither liposomes of >100 nm size nor
lipophilic compounds favor renal excretion.”®*” MR imaging
provided excellent anatomical information, especially regarding
soft tissues, which was missing from both optical and nuclear
imaging (Figure Sa-right). The tumor showed slightly enhanced
contrast due to the Gd(III) complexes incorporated into the
liposome (see Supporting Information). Rapid increase of
contrast-to-noise ratio (CNR) was observed up to 30 min and
slowly increased to maximum value at 3 h in both liver and
tumor. However, the CNR values in liver and tumor were
gradually decreased afterward. However, because of low
sensitivity of MR imaging, the MR contrasting effect was
weaker compared to optical and nuclear PET imaging.>®

Whole body distribution and clearance pattern of the
liposome-carried ["**IJHIB was serially monitored by PET
imaging (n = 3) (Figure Sb). Most activities were accumulated
in RES (liver and spleen) organs and tumor within 2 h.
However, liver and spleen activities continued to decrease,
while the substantial amount of activity remained in tumor up
to 24 h. Interestingly, high activities were found in bladder,
indicating that lipophilic ['**IJHIB seemed to be catabolized in
liver and the hydrophilic components, presumably free
["**IJiodide ions and others, were cleared out by renal
excretion. This hypothesis was further supported by the focal
uptake of free ['**I]iodide in thyroid at 24 h.*'

The radioactivities in the liver, spleen, tumor, and muscle
were quantified based on PET imaging (n = 3) (Figure Sc).
The highest uptake was observed in liver at 2 h, followed by
tumor and spleen (7.5 + 3.1, 4.6 + 1.6, and 4.7 + 0.7 %ID/g,
respectively). Activities in liver and spleen continued to
decrease up to 24 h, and less than 10% of 2 h activities were
found at 24 h (045 + 0.04 and 047 + 03 %ID/g
respectively). However, tumor showed a much slower clearance
pattern. More than 40% activity of the 2 h time point was still
observed in tumor at 24 h (1.9 =+ 0.29%ID/g). At 24 h, the
tumor-to-muscle, tumor-to-liver, and tumor-to-spleen ratios
were 16.1, 4.1, and 4.0, respectively (Figure 5Sd). Only tumor
was clearly visualized with minimum background at 24 h. The
muscle activity at 24 h is as low as 0.12 + 0.11 %ID/g.

In conclusion, here we reported a facile method for
preparation of a trimodal tumor imaging agent using liposome
platform. By the development of a radiotracer that emits strong
Cerenkov luminescence light, optical and nuclear images were
obtained from the single imaging component. Tumors were
detected by all optical, nuclear, and MR imaging modalities.
The liposome-carried radiotracer showed longer retention in
tumor but cleared quickly from RES organs, resulting in vivid
tumor imaging with minimum background.
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