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Background: To develop liposomes loaded with iodinated agents as nanosized CT/MRI bimodal contrast
agents for monitoring liposome-mediated drug delivery.

Methods: Rhodamine-labeled iodixanol (Visipaque™™)-loaded liposomes (IX-lipo) were prepared and tested for
their properties as a diamagnetic CEST contrast agent in vitro. Mice bearing subcutaneous CT26 colon tumors
were injected i.v. with 1 g/kg (535 mg iodine/kg) IX-lipo, and i vivo CT and CEST MR images were acquired on
day 3. CT and CEST MR images were also acquired for tumor-bearing mice co-injected with IX-lipo and tumor
necrosis factor (TNF-a).

Results: In addition to CT contrast, IX-lipo exhibited a strong CEST contrast similar to its non-liposomal
form, with a detectability of ~2 nM per liposome. Both CT imaging and CEST MRI showed that i.v. injection of
IX-lipo resulted in a rim enhancement of CT26 tumors with a heterogeneous central distribution. In contrast, co-
injection of TNF-a caused a significantly augmented CT/MRI contrast in the tumor center. The intratumoral
biodistribution of IX-lipo correlated well to the rhodamine patterns observed with fluorescence microscopy.
Conclusions: We have developed a CT/MRI bimodal imaging approach for monitoring the delivery and
biodistribution of liposomes by loading them with the clinically approved X-ray/CT contrast agent iodixanol.
Our approach may be easily adapted for other-FDA approved iodinated agents and thus has great translational
potential.
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Introduction drug carriers enables the preferential delivery of drugs to
tumors owing to the enhanced permeability and retention
to tumors offers great advantages over conventional (EPR) effect (1-4), and allows the delivery of more than one

systemic administration. The use of liposomes, micelles, agent for combination therapy and/or for combined therapy

nanocrystals, quantum dots, and iron oxide nanoparticles as and diagnosis (theranostics). Pre-clinical studies have shown

Nanoparticle-mediated delivery of chemotherapeutics
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that nanoparticle systems can significantly improve the
therapeutic index of drugs by reducing drug toxicity and
enhancing drug efficacy in the solid tumors caused by their
increased and defective vascularity and impaired lymphatic
drainage. The successful development of nanomedicine has
led to more than 20 nanoparticle therapeutics approved by
FDA (5,6). However, the overall increase of cancer patient
survival rates has remained modest (7,8). It is now well
accepted that human solid tumors are significantly different
from those present in small animal tumor models in several
aspects, with a more heterogeneous vascular anatomy
and function, preventing the use of the EPR effect as an
effective therapeutic pathway (9,10). Non-invasive imaging
modalities can be expected to play an important role to
visualize these and other differences in drug delivery. The
imaging information can then be used to determine the
pharmacokinetic and biodistribution profiles of injected
drug delivery systems and assess whether a sufficient
amount of drugs is delivered to the specific target of interest
to become therapeutically meaningful.

The majority of the clinical studies of image-guided drug
delivery to date have been performed using nuclear imaging
modalities, including planar gamma scintigraphy, single-
photon emission computed tomography (SPECT) and
positron emission tomography (PET) (11). While nuclear
imaging has been widely used to study the pharmacokinetics
of liposomal drugs, PET (e.g., "°F, ®Ga, and "'C) and
some SPECT (e.g., ”"Tc and '*’I) radioisotopes have short
physical half-life, making nuclear imaging sometimes
limited by short imaging time window. Moreover,
nuclear imaging modalities can’t provide anatomical
information directly and require an expensive infrastructure
(radiochemists, cyclotron). In contrast, computed
tomography (CT) can use of-the-shelf contrast agents with
an infinite half-live, and provides anatomical information
with high spatial (submillimeter) and temporal resolution. It
can also be used for quantification of the macro-distribution
of drug carriers when co-encapsulating iodinated agents
(12-15). Contrast-enhanced CT imaging has allowed the
longitudinal investigation of long-circulating nanoparticles.
TIodinated agents such as iohexol (14,16,17), iopromide (18)
and iodixanol (19-21) have been encapsulated in the
lumen of liposomes to construct CT-trackable liposomes,
which have been used in human studies (22). However,
the high dose of ionizing radiation of CT limits its clinical
applicability, especially in scenarios for which repeated
scans are needed. MRI, on the other hand, has excellent
soft tissue contrast and a relatively high spatial resolution
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that does not employ ionizing radiation. There are many
ongoing efforts to develop MRI-based image-guided drug
delivery approaches in animals. However, to the best of our
knowledge, there has been only one clinical study reported
on the use of MRI-guided drug delivery in patients, in
which superparamagnetic iron oxide nanoparticles were
used as an indirect surrogate marker for tumor deposition
of nal-IRT (MM-398, Onivyde®), a liposomal formulation
of the topoisomerase I inhibitor irinotecan (23). Therefore,
further studies on clinically applicable MRI methods for
image-guided drug delivery are warranted.

There has been a great interest to develop multimodality
imaging to combine the advantages and overcome the
limitations of each single imaging modality, and to
ultimately improve the precision of imaging by combining
the (complementary) information generated by each
modality. Dual-mode CT/ MR imaging has been of great
interest and extensive efforts have been made on developing
bimodal nanoparticles prepared by either co-encapsulation
of CT and MRI contrast agents within the nanoparticle
drug carriers (16,24) or using chemically fabricated metal-
based nanoparticles (25,26). Despite the great potential
demonstrated in animal studies, the clinical translation of
new Gadolinium-based probes is often impeded by safety
concerns. Therefore, nanoparticle probes that can be used
for dual-mode CT/MR imaging with a minimal translational
barrier are highly desirable. Inspired by several recent
studies (27-31), in which iodinated X-ray/CT agents were
used as diamagnetic chemical exchange saturation transfer
(CEST) MRI (32-35) contrast agents, we hypothesized
that nanoparticles can be endowed with both CT and MRI
contrast by encapsulating one of these iodinated agents. In
the current study, we encapsulated liposomes with iodixanol
(Visipaque, GE, Figure 14) and tested its utility in assessing
the tumor uptake of nanoparticles in a murine colon tumor
model with and without injection of tumor necrosis factor
alpha (TNF-a) as a vascular disrupting agent. It is shown
that, by loading a single clinically used X-ray/CT agent,
the liposome system can be tracked by both CT and MRI,
providing a highly translatable way to pursue image-guided
drug delivery.

Methods
Chemicals

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-distearoyl-sn-glycero-phosphoethanolamine

Quant Imaging Med Surg 2019;9(9):1579-1591 | http://dx.doi.org/10.21037/qims.2019.06.10



Quantitative Imaging in Medicine and Surgery, Vol 9, No 9 September 2019

o Oy NH

HO
0.5=
B
0.4 e~ Free iodixanol (21 mM)
€ 0.3 —&— |X-lipo (20 nM)

Em

S 0.2+
0.1+
0.0 T T “

6 4 2 0

Offset (ppm)

1581
OH X-ray image
Conc.=0 2 3 4 7 20 nM
OH
C T2w image
MTR gy
CEST image IO 4
— N
Conc.=0 2 3 4 7 20 nM

Figure 1 Construction of iodixanol-encapsulated liposomes (IX-lipo) for dual CT/CEST MRI detection. (A) Illustration of IX-liposome

using iodixanol with its chemical structure shown on the right. (B) MTR,,, plots of 20 nM IX-lipo and 21 mM iodixanol solution. (C)

CEST contrast at 4.3 ppm for IX-lipo at concentrations ranging from 2 to 20 nM. The lowest level of detection using our experimental

parameters is 2 nM of liposomes which is approximately equivalent to 2 mM iodixanol. CEST MRI, chemical exchange saturation transfer

magnetic resonance imaging.

poly(ethylene glycol)2000 (DSPE-PEG-2000) were
obtained from Avanti Polar Lipids, Inc. (Alabaster, AL).
Cholesterol was purchased from Sigma-Aldrich (St. Louis,
MO). Clinical grade Iodixanol (Visipaque) was purchased
from GE Healthcare (Iodixanol 652 mg/mL or 320 iodine
mg/mL, solution for injection). All other chemicals were

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Liposome preparation and characterization

Liposomes (DPPC: cholesterol: DSPE-PEG-2000 =57:40:3
and 0.2% Rhodamine-B-PE) were formed by the lipid
film hydration method as described previously (36-38). In
brief, 25 mg/mL of lipid mixture dissolved in chloroform
was air-dried for 90 min and vacuumized for 30 min.
The lipid film was hydrated with 2 mL iodixanol solution
(420 mM) overnight at room temperature. Then the
hydrated solution was sequentially extruded with 400 nm
and 200 nm polycarbonate membranes. Unencapsulated
iodixanol was removed by dialysis against 50x volume of
PBS for 24 hours using a dialysis cassette (cut off =10 kD,
Thermo Scientific, Waltham, MA). The size and
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distribution (polydispersity index, PDI) were measured
at room temperature by dynamic light scattering using a
Nanosizer ZS90 (Malvern Instruments, Southborough,
MA) (39). The concentration of liposomes was measured
using the colorimetric Stewart assay (40). To determine
the concentration of iodixanol encapsulated in liposomes,
the IX-lipo preparation was ruptured by sonication in
10% v/v Triton X-100 solution at 42 °C for 15 min. After
centrifugation (15,000 xg) for 10 min, the supernatant was
collected and measured for UV absorbance at 246 nm using
a V-630 UV/vis spectrophotometer (JASCO Corporation,
Tokyo, Japan). The concentration of iodixanol was
calculated using a pre-determined standard curve.

The release kinetics of the encapsulated iodixanol
from liposomes were measured by a dialysis method as
described previously (36). In brief, 2 mL of purified IX-
lipo was transferred to a dialysis cassette (cutoff =10 kD)
and immersed in 100 mL PBS at room temperature for
up to 7 days. The dialysate was periodically measured for
UV absorbance (246 nm). At 1, 3, 5, 8 and 24 hours, the
liposome solution inside the dialysis cassette (pH=7.4) was
also measured for CEST MRI signal and CT values.
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In vitro X-ray and CEST MRI measurements

The CT contrast of all the samples were measured using
a Faxitron MX-20 radiography system (Faxitron-Bioptics,
Tucson, AZ) with an exposure time of 10 s at 30 kV.
Images were analyzed using Image] (NIH, Bethesda, MD,
USA). The Hounsfield units (Hu), defined as 1,000x (p -
Puaer)’ (Myarer = Pair)], Was calculated, where by p is the X-ray
attenuation.

In vitro CEST MRI images were acquired on a Bruker
11.7T vertical bore system (Bruker Biosciences, Billerica,
MA) equipped with a 15 mm birdcage RF coil as described
previously (41) using a modified rapid acquisition with
relaxation enhancement (RARE) sequence (TR =6.0 sec,
effective TE =43.2 ms, RARE factor =32, slice thickness =
2 mm, FOV =13x13 mm, matrix size =128x128, resolution
=0.102x0.102 mm, and NA =2) with a continuous wave
saturation pulse (t,,,=4 s, B, =3.6 p'T) swept from -6 to
6 ppm (increment 0.2 ppm). B, inhomogeneities were
measured and corrected using Water Saturation Shift
Referencing (WASSR) (41,42). As temperature can affect
the proton exchange rate, hence affecting the CEST MRI
signal, all in vitro CEST MRI were acquired at 37 °C.

Animals

All animal experiments were approved by our Institutional
Animal Care and Use Committee. CT26 (CRL-2638)
murine colorectal adenocarcinoma cells were purchased
from the American Type Culture Collection and grown
in McCoy’s SA Medium (Invitrogen/Life Technologies,
Carlsbad, CA) supplemented with 10% Fetal Bovine Serum
(FBS, HyClone, Thermo Scientific, Waltham, MA) at 37 °C
with 5% CO,. Five million CT26 cells were injected
subcutaneously into the right flank of female BALB/c mice
(6-8 weeks; Harlan, Indianapolis, IN), and allowed to grow
for ~7-12 days, until they reached a size >500 mm’. Mice
were randomly separated into three cohorts with n=4 each.
In the first and second groups, mice were intravenously (i.v.
tail vein) injected with IX-lipo (535 mg iodine/kg, or 1 g/kg
iodixanol) or empty liposomes (vehicle control). In vivo 3D
CT imaging was performed before or at 24, 48 and 72 hours
after liposome injection, and CEST MR images were
acquired at 72 hours after injection of IX-lipo or empty
liposomes. The time points were chosen as it was indicated
by several previous studies that the peak intratumoral
accumulation of liposomes occurred between 24 hours (43)
and 72 hours (44). In the third group, each mouse was
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intravenously injected with 1 pg TNF-a (10 pg/mL in PBS
containing 0.1% BSA) together with IX-lipo. CT and MRI

images were acquired at 3 days after the injection.

In vivo CT imaging

Mice were anesthetized using isoflurane and CT images
were acquired using an IVIS® Spectrum CT system (Perkin
Elmer) with the following parameters: 50 kV, 1 mA, 50 msec
exposure, and 720 projections. CT images were
reconstructed and processed using Image] (NIH, Bethesda,
MD, USA). The CT values were normalized at each time
point using the equation (u - i)/ (Pyone — Mair), allowing a
direct quantitative comparison between different studies.
Relative changes in the CT values after liposome infusion
were defined as ACT(t) %= [CT(t) - CT(t=0)] /CT(t=0)
x100%.

In vivo MR imaging

Mice were anesthetized using isoflurane and positioned in
an 11.7 T horizontal bore Bruker Biospec scanner. CEST
images were acquired using the same imaging pulse sequence
described above, with the addition of a fat-suppression
pulse (3.4 ms hermite pulse, offset =-3.5 ppm) between the
saturation pulse and RARE acquisition. The acquisition
parameters were: TR =5.0 sec; effective TE =6 ms; RARE
factor =20; t,, =3 sec; By =2.4 pT; slice thickness =1 mm;
acquisition matrix size =64x64; FOV =25x25 mm; and NA
=2. All data were processed using custom-written Matlab
scripts. CEST contrast was quantified by calculating the
asymmetry in the magnetization transfer ratio (MTR,,,)
using MTR,,,, = (S.ao — Sia0)/So- Sp is the signal of water
without saturation, and S,, is the water signal upon the
saturation pulse irradiated at the offset of Ao with respect
to the water resonance. For ROI analysis, ROI masks were
drawn manually based on the co-registered T2-weighted
images.

Fluorescence microscopy

All histology and fluorescence microscopy evaluation
were performed after the last MRI scan at 72 hours post-
injection unless otherwise noted. Immediately after MRI,
mice were sacrificed and tumors were excised and processed
for histology as described previously (37). Tumor sections
of 10 pm were stained with 4',6-diamidino-2-phenylindole
(DAPI) for nuclei and examined under an inverted
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Figure 2 In vitro release of iodixanol from IX-lipo. (A) Left: illustration of the release experiment in which the IX-lipo containing dialysis

bag is immersed in PBS. The dialysate is measured at 246 nm (UV) intermittently to monitor iodixanol release. Right: representative release

profile. (B) Concentration of iodixanol retained in liposomes measured by CT and CEST MRI as compared to the concentration released

as measured by the UV absorbance in the solution and back-calculated to the concentration inside liposomes using a volume ratio of 100:2.

(C) Time dependence of iodixanol release obtained from all three methods. CEST MRI, chemical exchange saturation transfer magnetic

resonance imaging.

microscope (Olympus, Tokyo, Japan) for the distribution of
Rhodamine-B-labeled liposomes.

Statistics

Data are expressed as means + SD and analyzed by an
unpaired, two-tailed Student’s t-test assuming equal
variance. Differences were considered significant at P<0.05.

Results

Physicochemical and CEST properties of iodixanol-
encapsulated liposomes

The iodixanol-encapsulated liposomes (IX-lipo, Figure 1A)
had an average hydrodynamic diameter of 162.3+0.8 nm
(PDI =0.067+0.006) as measured by DLS (Figure SI). The
size and PDI of liposomes were found to be stable in the
presence of serum protein (i.e., 50% fetal bovine serum)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

at 37 °C (Figure S2). After the removal of unencapsulated
iodixanol from the solution by dialysis for 24 hours, the
total concentration of iodixanol encapsulated in liposomes
was 43 mM as measured by UV (246 nm), with an
encapsulation efficiency of ~10%.

Figure 1B shows the CEST (MTR,,,) signal of a 20 nM
solution of IX-lipo (pH=7.4), in which the concentration of
iodixanol was determined as 16.4 mM by UV absorbance
measurements. Compared to the non-liposomal form of
iodixanol (21 mM), the pattern and magnitude of CEST
signal intensity were quite similar, with both exhibiting
strong CEST peaks at 4.3 ppm (amide protons, marked in
red in Figure 1A) and 1.0 ppm (hydroxyl protons, marked
in blue in Figure 1A4). Under a saturation condition of B, =
3.6 pT and t, =4 seconds, 20 nM IX-lipo generated an
MTR,,,, of 0.33+0.04 at 4.3 ppm, indicating that the CEST
MRI detectability of IX-lipo is on the order of 1-2 nM.

Using the experimental settings shown in Figure 24, we
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Figure 3 CT imaging of the uptake and distribution of IX-lipo in CT26 tumors. (A) 2D axial CT images of a representative mouse at

different time points; (B) 3D CT images of a mouse at 72 hours post-injection; (C) Relative changes in mean CT values of the entire tumor

post-injection; (D) Fluorescence microscopy images confirming the distribution of IX-lipo in the tumor, with rhodamine-labeled IX-lipo

shown in red and cell nuclei in blue (DAPI). In panels A and B, tumors are indicated by yellow arrows.

used UV absorbance at 246 nm to monitor the iodixanol
release from liposomes for up to 7 days. The release
kinetics exhibited a two-phase pattern, with a fast release
of more than 50% of the entrapped iodixanol within the
first 12 hours, and then a slow release over the rest of the
period studied, with 14.3% of originally loaded iodixanol
remaining in the liposomes after 7 days. A slightly faster
release rate but similar release profile was observed when
the liposomes were incubated at 37 °C compared to room
temperature (Figure S3). We then used MRI and X-ray
to measure the release kinetics over the first 24 hours,
which showed similar results as the UV measurement. The
concentrations (Figure 2B) and the release rate (Figure 2C)
of the iodixanol measured by UV agreed well with the
retained iodixanol measured by X-ray and CEST MRI
using our predetermined calibration curves (Figure S4),
confirming the ability to use both CT and MRI to monitor
drug delivery and release of IX-lipo. Our results also
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show that a relatively stable concentration of iodixanol
remained inside liposomes between 1 and 7 days. Thus, the
experimental system allows quantification of liposomes over
a prolonged time window.

In vivo CEST MRI/CT detection of the intratumoral
distribution of intravenously injected IX-lipo

We first used micro-CT to monitor the tumor uptake and
distribution of IX-lipo longitudinally for up to 72 hours
post injection. As shown in Figure 34,B, the injected IX-
lipo preferentially accumulated in the liver and resulted
in a strong CT contrast for up to 72 hours (Figure S5). In
the tumor, the overall relative changes ACT(t) integrated
over the whole tumor were 2%, 5.4%, 3.4% at 24, 48 and
72 hours, respectively (Figure 3C). The mean CT contrast
in the tumor at different time points was determined to
be not significantly different from that of pre-injection
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(P=0.7402, 0.4701, and 0.6807, respectively; n=4, unpaired
two-tailed Student’s t-test). Notably, very large standard
deviations can be seen in Figure 3C, consistent with the CT
images shown in Figure 34,B, indicative of a low uptake and
highly heterogenous distribution of IX-lipo, leading to a
very low signal difference calculated over the whole tumor.
Tumor regions showed a rim enhancement pattern that
became more conspicuous at the later time points, at which
some regions in the tumor rim showed >10% change in
CT contrast at 48- and 72-hour post-injection. Finally, the
CT results were consistent with the histological findings,
In particular, Figure 3D shows that IX-lipo predominantly
accumulate in the periphery regions of the tumor at 72 hours
after injection, consistent with the distribution of
microvessels in the CT26 tumors, which is highly
heterogeneous and the majority of vessels was located
in the periphery of the tumor (Figure S6). The contrast-
enhancement is not likely due to the free iodixanol released
from the liposomes, as the clearance of free iodixanol has

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

been reported to be very fast (45), which was confirmed
in our animal model by injecting non-liposomal form of
iodixanol (Figure S7).

At the final time point (i.e., 72 hours post injection),
we also assessed the CEST MRI signal in the tumor in an
axial slice that was chosen to cover the largest tumor area
(Figure 44). As shown in Figure 4B, our results confirmed
the CT data in showing a strikingly strong CEST signal (at
4.3 ppm) in the tumor periphery while the signal is much
weaker in the center, which is strikingly different from
that pre-injection (Figure S8). It is worth mentioning that
the difference between MTR_,, plots from the tumor rim
and core resembled closely the MTR,,,, plot of IX-lipo
in vitro (Figure 4C vs. Figure 1B), suggestive of the good
specificity of the CEST MRI signal at 4.3 ppm for assessing
intratumoral distribution of the iodixanol-based IX-lipo
in vivo. Compared to mice injected with blank liposomes,
which showed no contrast enhancement either in the center
nor in the rim of the tumors, as shown in Figure 4D, the
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increase of whole-tumor CEST signal injected with IX-
lipo was not significant (-0.060+0.004 and -0.058+0.001
for blank liposomes and IX-lipo respectively, P=0.816,
unpaired, two-tailed Student’s 7-test, n=4), indicative of,
consistent with the CT results, a weak tumor uptake of IX-
lipo in CT26 tumors.

In vivo CEST MRI/CT imaging of the effect of TNF-a on
the tumor uptake of IX-lipo

In Figure 5A, CEST MRI results of a representative mouse
are presented, showing a distinctive pattern of tumor
uptake and distribution of IX-lipo in TNF-o treated mice at
72 hours after injection. Compared with the tumor without
TNF-a treatment, the periphery area showed the highest
CEST contrast, but there was also a pronounced augmented
CEST signal throughout the tumor. As a result, there was a

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

significant increase of whole-tumor uptake of IX-lipo, with
a mean CEST signal increase of nearly 40% (-0.058+0.001
vs. =0.036+0.014 for non-TNF-o and TNF-a treated groups
respectively, P=0.0258, unpaired two-tailed Student’s #-test,
n=4, Figure 5B). In good agreement with the MRI findings,
CT imaging (Figure 5C) also indicated a strong uptake in
the center of the tumors for TNF-a treatment. The CEST
MRI and CT results were further verified by fluorescence
microscopic analysis of tumor sections (Figure 5D), which
revealed enhanced penetration of red-fluorescence IX-lipo
(by the conjugated rhodamine-B) into the center of TINF-
a-treated tumors.

Discussion

We investigated the capability of iodinated liposomes for
CT/MRI bimodal imaging, providing a new platform
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imaging technology for monitoring liposome-mediated
drug delivery. This would be useful, for instance, for an
assessment of tumor drug uptake as related to the tumor
vasculature makeup [EPR effect (44)]. We used a strategy
where both the CT and MR imaging contrast is produced
by a single clinical X-ray/CT agent, i.e., iodixanol. The
CEST and CT contrast of iodixanol was found to be
well-preserved after encapsulation, achieving a liposome
detectability in the nM concentration range. Using IX-lipo,
we were able to visualize tumor uptake and intratumoral
distribution in a mouse tumor model with both CT and
MRI. Moreover, we showed that this technique can be used
to assess the augmented tumor uptake of nanoparticles
when using TNF-o as a vascular disrupting agent.

This new technology combines the advantages of CT
and MRI while using only a single agent. CT imaging
allows the whole-body assessment of the delivery and
distribution of liposomes with a superior spatial-temporal
resolution, while CEST MRI provides specific detection of
iodixanol by its signature amide peak at 4.3 ppm. While CT
can also be used to quantify the tumor uptake of the injected
liposomes (12,43), its quantification relies on the changes in
CT attenuation and therefore lacks specificity unless a dual-
energy spectral CT scan is used (46). CEST MRI, on the
other hand, can assess the changes at a particular frequency
offset, thus providing a higher specificity. In addition,
CEST MRI can provide a comprehensive assessment of
the intratumoral distribution of the injected nanoparticles
by combining with other MRI anatomical and functional
contrast mechanism such as T,, and diffusion weighted
MRI. Finally, CEST MRI allow repeated uses as there is
no risk for ionizing radiation. Another advantage of using
CEST MRI with iodinated CT agents is the ability to assess
tumor pH (31,47) as was recently demonstrated (27,35,48).
More importantly, several studies have been reported that
use iodinated X-ray contrast agents at 3T, including both
a small animal scanner (35) and human scanners (30,49),
indicating good potential for clinical translation (50).

Our study relies on the inherent CEST MRI signal of the
amide protons of clinical X-ray/CT agents, which have been
investigated recently for different applications, including
characterization of tumor perfusion (27,51) and pH mapping
of tumors (31,47,48) and kidneys (28,52). However, a high
dose of CT contrast agent has to be injected to achieve a
sufficient contrast. For example, in the studies by Longo
et al. (27) and Anemone et 4l. (51), a dose of 4 g iodine/kg
was used to generate a 60% contrast enhancement. Using
nanoparticle agents can significantly reduce the required

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

dose and increase safety by concentrating the agent in the
tumor through the EPR effect. In our study, we were able
to achieve sufficient CEST MRI contrast with a dose of
535 mg iodine/kg (or 1 g/kg iodixanol). Similar doses have
been used for CT imaging of liposomes in the tumor (12,20)
and macrophages in the atheroma (13). Our dose is slightly
higher than the dose used by Pagel et 4/. [i.e., ~300 mg
iodine/kg (48)], however, with a much stronger contrast in
the tumor. Clinically, patients are usually injected i.v. with
~2 g/kg iodixanol. Hence, our dose is within the safe range.

Liposomal X-ray/CT contrast agents have been
exploited for liver and spleen CT imaging (53) in the early
1980s, and later for CT blood-pool imaging (54). While the
majority of the studies were performed in preclinical animal
models, several clinical studies have been reported (22,55).
Compared to the agents in the free form, encapsulation
in liposomes is advantageous because of the improved
biodistribution, prolonged blood circulation time, and
reduced nephrotoxicity. As a natural extension of these
previous studies, our study explored the use of liposomal
iodinated agents for CT/MRI dual modal imaging of the
delivery and distribution of nanoparticle drug carriers.
However, different from the ‘classic’ formulations that were
used in these studies, the liposomes used in the present
study were stealth liposomes, grafted with PEG on the
surface (pegylation) to achieve a substantial reduction in
the rapid clearance rate of liposomes by preventing the
opsonization of liposomes by serum proteins (56,57).
As a result, stealth liposomes have a much longer long
circulation time in animals and humans with improved
therapeutic outcomes (58).

We chose iodixanol (Visipaque) in our study because its
liposomal form was investigated successfully previously in
clinical trials for liver and spleen CT imaging (22). While
the formulation and size of the liposomes used in that study
were different, its findings are supportive for future clinical
translation of our technique. Moreover, the study by Longo
et al. (27) showed that the CEST MRI signal of iodixanol
(per molecule) is stronger than other three FDA-approved
agents, i.e., iomeprol (Iomeron), iohexol (Omnipaque),
and ioversol (Optiray). Finally, iodixanol is the only iso-
osmolar contrast agent (with respect to blood, osmolality
=290 mOsm/kg). As a result, the release rate of iodixanol
from liposomes in the bloodstream is expected to be slower
than other agents. Indeed, our in vitro results showed
that ~15% of the originally loaded iodixanol (~8.5 mM) is
retained in the liposomes after 7 days, and the iz vivo results
showed that the IX-lipo remained detectable in the tumor
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with both CT and CEST MRI at 72 hours after injection,
which is consistent with previous CT studies (12,20).

While the most straightforward application of our
technique is to use CT and MRI to monitor liposome-
mediated drug delivery in a way similar to other diamagnetic
CEST MRI contrast agents (37-39), our technology may
also be useful for a broad range of biomedical applications.
In this study, we demonstrated its utility for assessing the
tumor response to TNF-o. Among the strategies to improve
drug delivery, anti-vascular therapy has been shown effective
to augment the EPR effect and increase the tumor delivery
of nanoparticles (5). For example, co-injection of the pro-
inflammatory cytokine TNF-a, which recently entered a
phase I clinical trial (NCT01490047), can greatly augment
the tumor-selective accumulation of liposomes, in some
cases increasing the tumor-to-blood ratio of radiolabeled
liposomes by more than 20-fold (44). Such combination
therapies can benefit greatly from an imaging method that
can detect the time window in which the drug delivery can
be boosted to the greatest extent. Considering the pitfalls
associated with the general heterogeneity of tumors, leading
to different drug accumulation rates, the availability of a
non-invasive CT/MRI tool that can be used repetitively to
monitor the response would greatly facilitate the preclinical
development and clinical implantation of vasculature-
targeted therapy.

Conclusions

We have developed a CT and MRI dual-mode imaging
approach for the detection of liposomes loaded with a single
clinically approved X-ray/CT contrast agent, iodixanol. Both
phantom and animal studies demonstrated the ability of
iodixanol-loaded liposomes to generate both CT and MRI
contrast, which allowed CT and MR imaging of tumor uptake
and intratumoral distribution of liposomes. Additionally, we
used this method to detect the enhanced tumor uptake of
liposomes in mice co-injected with TNF-o, suggesting its
potential usefulness as a noninvasive and imaging tool for
longitudinal monitoring of an enhanced EPR effect as a result
of the tumor response to anti-vascular therapies.
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Figure S1 Dynamic light scattering (DLS) measurement of the size and distribution of the prepared liposomes.
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Figure S2 Liposome size (diameter d) and PDI at different time points after the incubation in 50% fetal bovine serum (FBS) at 37 °C.
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Figure S3 Comparison of the iodixanol release at 37 °C and room temperature (R.T., ~20 °C).
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Figure S4 Calibration curves for the CEST signal of iodixanol in solution using (A) MTR,,,, and (B) MTR,.,. For the MTR,,,,, as it is only
linear when the concentration is low (i.e., <10 mM), we used a non-linear Michaelis-Menten curve fitting. The MTR,,, was calculated from

the reciprocal format of Z-spectrum by MTR,,. (Aw) = S, / S, (+Aw) — S, /S, (<Aw). A good linearity was found between the MTR,, signal
at 4.3 ppm and iodixanol concentrations (Y=0.0316X, R’=0.9994).
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Figure S5 Mean Hounsfield units (HU) of the tumor and liver in mice receiving IX-lipo (n=4) as the function of post-injection time.
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Figure S6 Histological results. (A) H&E staining of a representative CT26 tumor, which contains large necrotic areas as pointed by the
light-green arrows. (B) Immunofluorescence microscopy (4x) of CD31 staining of the tumor to show the distribution of microvessels; (C)
Immunofluorescence microscopy at high magnification (40x) showing the distribution of liposomes (red) with respect to blood vessels

(CD31, green). (D) Immunofluorescence microscopy at high magnification (40x) showing the distribution of liposomes (red) with respect to
macrophages (F4/80, green).
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Figure S7 CT images of a representative tumor-bearing mouse at 1 and 2.5 hours after i.v. injection of 500 mg iodine/kg iodixanol. The

tumor is indicated by the yellow arrows.
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Figure S8 CEST MRI of CT26 tumors before injection. (A) T2-weighted image, (B) CEST map, and (C) Mean MTR,,, plots for tumor

rim and center respectively. CEST MRI, chemical exchange saturation transfer magnetic resonance imaging.

Offset (ppm)



	10-QIMS-2019-31
	10-QIMS-2019-31 - 附录

