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LipoCEST are liposome-encapsulating paramagnetic contrast
agents (CA) based on chemical exchange saturation transfer
with applications in biomolecular MRI. Their attractive features

include biocompatibility, subnanomolar sensitivity, and amena-
bility to functionalization for targeting biomarkers. We demon-

strate MR imaging using a targeted lipoCEST, injected
intravenously. A lipoCEST carrying Tm(III)-complexes was con-
jugated to RGD tripeptide (RGD-lipoCEST), to target integrin

anb3 receptors involved in tumor angiogenesis and was com-
pared with an unconjugated lipoCEST. Brain tumors were

induced in athymic nude mice by intracerebral injection of
U87MG cells and were imaged at 7 T after intravenous injec-
tion of either of the two contrast agents (n 5 12 for each

group). Chemical exchange saturation transfer-MSME
sequence was applied over 2 h with an average acquisition

time interval of 13.5 min. The chemical exchange saturation
transfer signal was ~1% in the tumor and controlateral regions,
and decreased to ~0.3% after 2 h; while RGD-lipoCEST signal

was ~1.4% in the tumor region and persisted for up to 2 h. Im-
munohistochemical staining revealed a persistent colocaliza-
tion of RGD-lipoCEST with anb3 receptors in the tumor region.

These results constitute an encouraging step toward in vivo
MRI imaging of tumor angiogenesis using intravenously

injected lipoCEST. Magn Reson Med 69:179–187, 2013.
VC 2012 Wiley Periodicals, Inc.
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During the past few years, several contrast agents (CA)
applicable to novel magnetic resonance imaging (MRI)
techniques have been developed, in particular for use in
imaging by chemical exchange saturation transfer (CEST).
Latter is a MRI modality proposed by Balaban et al. (1)
that allows an ON/OFF contrast. Recently, a new class of
paramagnetic CEST CA, called lipoCEST, have been pro-
posed for molecular MRI by Aime et al. (2) and Guerbet

(3). These CAs are nanosized, liposomes filled with a
high concentration of paramagnetic shifting com-
plexes. The presence of the lipid bilayer confers a high

biocompatibility and the possibility of functionaliza-

tion by grafting peptides on the outer membrane to tar-

get specific biomarkers. The lipoCEST exhibit a much

lower shifting power than paraCEST complexes; the

maximum reported shift for lipoCEST is �45 ppm (4),

whereas paraCEST exhibit a shift as large as �720 ppm

(5). However, the shift of bound water protons is large

enough to limit the loss in sensitivity due to inherent

magnetization transfer (MT) in lipoCEST (6). The main

advantages of lipoCEST over paraCEST are their nano-

molar sensitivity and their slowed down water

exchange rates that allow for an efficient chemical sat-

uration at lower saturation power (7). These properties

make lipoCEST a very promising tool for applications

in medical and biological fields.
Basically, the CEST experiment consists of a selective

radio-frequency irradiation of shifted solute protons.
These shifted protons exchange with those in water
from the bulk solution, until the water signal saturates,
thereby enhancing the sensitivity indirectly. Such pro-
ton exchange processes have been explored for small
molecules (8), protein fragments (9,10), or paramagnetic
agents (5,11) and have many potential applications
such as for measurement of pH (12–15) or temperature
(16,17). Given the size of lipoCEST (hydrodynamic di-
ameter dH �200 nm), a major clinical application of
such CA is tumor detection, based on specific tumor bio-
markers that may be amenable to targeting. Recently,
some studies have shown that lipoCEST could be
detected when injected into normal tissues or solid
tumors (18,19). Even more promising, liposomes encapsu-
lating three different diamagnetic agents were used for
multicolor CEST imaging of lymph nodes following intra-
dermal injection (20).

In this study, we examined the feasibility of targeting
lipoCEST to a developing brain tumor via an intravenous
injection. The integrin anb3 receptor is expressed
strongly during angiogenesis in tumors, but only weakly
in normal tissues (21–23). The tripeptide Arginine-Gly-
cine-Aspartic acid or RGD is a known ligand of this re-
ceptor and hence a good candidate for targeting tumor
angiogenesis (24). We synthesized lipoCEST that were
conjugated with RGD on the external surface and eval-
uated its performance by comparison with a similar, un-
conjugated lipoCEST (Ctrl-lipoCEST). Mice bearing a
brain tumor were injected intravenously with the above
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lipoCEST and in vivo MR imaging was performed on
anaesthetized mice. Images obtained were analyzed to
evaluate the specificity and sensitivity of using the func-
tionalized lipoCEST for targeted imaging of tumor growth.
Further, the imaging results were validated by immuno-
histochemical staining of the imaged brain tissues.

METHODS

Cell Cultures and Animal Model

All experiments were conducted in strict accordance with
the recommendations of the European Community (86/609)
and the French National Committee (87/848) for care and
use of laboratory animals. Human malignant glioma cell
line, U87MG, was purchased from ATCC (Rockville, MD)
and cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, 1% glutamine,
and 1% gentamicine. Cultures were incubated in controlled
atmosphere at 37�C with 5% CO2 and passaged two or three
times a week. Brain tumors were induced by intracerebral
injection of U87MG cells, 1.2 � 105 cells in 2 mL, in athy-
mic, immunodeficient nude mice, NU/NU (Janvier, France).
Mice were first anesthetized with a ketamine/xylazine mix-
ture (50/7.5 mg/kg, i.p.) and placed in a stereotactic frame.
A 1-mm hole was made on the left side of the skull to allow
the passage of a Hamilton syringe to inject U87MG cells.
About 2–3 weeks later, when the tumor diameters were
between 2 and 5 mm, the mice were taken for MR imaging.

LipoCEST Contrast Agents

LipoCEST, with an average hydrodynamic diameter, dH

of �170 nm, were synthesized by Guerbet Research (Aul-
nay-sous-Bois, France) (3). Each lipoCEST nanoparticle
consisted of a liposome that encapsulated a complex of
thulium(4,7-bis-carboxymethyl-1,4,7,10-tetra aza-cyclodo-
deca-1-yl)-acetic acid, bound to two water molecules.
The concentration of total lipids was about 23 mM, veri-
fied by calibrating with phosphorus element by induc-
tively coupled plasma atomic emission spectroscopy
(ICP-AES) measurement after mineralization, and by
high-performance liquid chromatography (HPLC) after
dissolution of the liposomes in methanol. The total con-
centration of Thulium atoms Tm(III) was also determined
by ICP-AES after mineralization and was around 13 mM.
Based on these measurements, the concentration of Tm(III)
complexes entrapped was calculated to be �250 mM and
the nanoparticle concentration in solution, Cn �48 nM.
The liposomal membrane was composed of a mixture of
lipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/
1,2-dipalmitoyl-sn-glycero-3-phospho-(10-rac-glycerol)/
cholesterol/1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000 (DSPE-
PEG2000) at a molar ratio of 32/5/58/5 (Avanti Polar Lip-
ids). A large amount of cholesterol was introduced to
reduce permeability of the fluid membrane formed by
the unsaturated phospholipids, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine. PEGylated phospholipids
(5%) were added to limit uptake by the reticuloendothe-
lial system in vivo. Rhodamine-phospholipids (0.1%)
was incorporated to visualize lipoCEST by fluorescence
imaging (25). A complex of RGD peptide conjugated to

the lipid DSPE-PEG2000-NH2 was added (2%) to lipo-
CEST to obtain functionalized RGD-lipoCEST. Liposomes
were prepared by hydration of a thin lipidic film.
Briefly, the lipidic mixtures for the RGD-lipoCEST or the
native lipoCEST (control) were dissolved in a mixture of
chloroform and methanol and the organic solution was
slowly evaporated to remove the solvent until a thin film
was formed. The film was then rehydrated at 50�C with
a 0.3 M of thulium(4,7-bis-carboxymethyl-1,4,7,10-tetra
aza-cyclododeca-1-yl)-acetic acid aqueous solution. The
resulting suspension of multilamellar vesicles was
extruded (AvantiV

R

Mini Extruder) through polycarbonate
filters of progressively decreasing mesh size (10 extrusions
per filter): 1mm, 800 nm, 400 nm, and 200 nm. The final
suspension of liposomes was purified by size exclusion
chromatography (Sephadex G25 PD-10) to remove the non-
encapsulated Tm(III) complexes. For each lipoCEST prepa-
ration, the saturation power that provided maximum
CEST effect in vitro was determined by acquisition of
z-spectra with an aliquot (200 mL).

MRI Acquisition

Experiments were performed on a 7 T MRI scanner (Bruker,
Germany) using an in-house quadrature 1H coil of 2.8 cm di-
ameter. Mice were anesthetized using an air/O2 mix (50:50)
and isoflurane (1–3%). Respiration rate was monitored and
body temperature was held constant at 37�C using an air
heater. A catheter with heparin in 0.9% saline buffer was
installed in the lateral tail vein and 200 mL of RGD-lipoC-
EST or Ctrl-lipoCEST were injected as a slow bolus, over
�1 min. The injected dose was 0.32 nmol/kg body weight
of nanoparticles corresponding to 87 mmol of Tm(III) com-
plexes/kg body weight. Twelve mice were assigned to two
experimental groups each, to receive an intravenous injec-
tion of either RGD-lipoCEST or Ctrl-lipoCEST.

The Bruker ‘‘Mapshim’’ routine was used to achieve a
water linewidth of �20 Hz from a 5 � 7 � 8 mm3 voxel
including most of the brain. The anatomical reference
image (ImageREF) was acquired using a multislice-multi-
echo (MSME) sequence with the following parameters:
repetition time (TR) ¼ 5000 ms, 12 echoes registered sep-
arately with first echo time (TE1) ¼ 8 ms and echo spac-
ing ¼ 8 ms, spatial resolution ¼ 150 � 150 � 660 mm3,
Tacq ¼ 6 min, nslices ¼ 10. A relatively long TR was used
to ensure that longitudinal magnetization was almost
fully relaxed between each repetition. The same
sequence was used for CEST imaging with an additional
saturation module applied ON (imageON) and OFF
(imageOFF) resonance. The saturation module consisted
of a train of three 128-ms square pulses leading to a total
saturation module duration of 384 ms. The saturation
module was repeated each pulse TR/nslices (¼500 ms),
such that the shifted protons were saturated �80% of
the time. The optimum saturation frequency, dsat, and
power, B1, were determined experimentally by meas-
uring z-spectra for both the lipoCEST over a range of dsat
values of �20 to þ20 ppm and B1 values of 1–10 mT and
were set at the values for which lipoCEST exhibited the
stronger CEST effects in vitro. CEST images were
acquired before (t ¼ 00) and after (t ¼ 180, 300, 420, 600,
720, 840, 960, 1080) lipoCEST injection by alternating
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positive and negative saturation frequencies. The total ac-
quisition time for a CEST image was 12 min while the av-
erage time interval between two CEST images was 13.5
min for each CEST image. The difference was due to the
fact that reference images were acquired twice during the
2 h acquisition at t ¼ 60 and t ¼ 480 to check for any varia-
tion of the reference signal. Both B0 and B1 maps were
acquired before experiment using WASSR (26) and double
angle method (27), respectively. Additionally, an in vivo z-
spectrum was also acquired in the mouse brain cortex to
estimate endogenous MT background without lipoCEST.

Data Processing

To maximize the signal-to-noise ratio (SNR), each image
was reconstructed as a weighted-sum of echo images,
weight being equal to the intrinsic SNR calculated on
the reference echo image. Moreover, a Tukey filter apod-
ization was performed on raw data leading to a 20%
increase in SNR and a 12% degradation of spatial resolu-
tion. The CEST contrast specific to the accumulation of
lipoCEST in brain tissue was distinguished from the
background MT contrast by calculating the asymmetric
magnetization transfer ratio (MTRasym) expressed as:

MTRasym ¼ 100� ImageOFF � ImageON

ImageRef

The average MTRasym values were determined for
each mouse from the two groups (RGD- or Ctrl-lipoCEST
groups) over two regions-of-interest (ROIs): the ‘‘tumor’’
and the ‘‘controlateral’’ regions, i.e., four experimental
subgroups. ROIs encompassing similar number of pixels
were manually drawn on ImageRef. A group analysis of
mean MTRasym values measured in both ROIs following
injection of either RGD- or Ctrl-lipoCEST was performed.
Consequently, in the following sections, mean values of
MTRasym are given and their standard deviations reflect
the intersubject variability within one subgroup. Another
group analysis was performed by averaging data from all
time points between the first or second hour of acquisi-
tion for the four subgroups. Student’s t test was performed
to compare MTRasym values between ROIs and cohorts.

As defined by Liu et al. (28), the contrast-to-noise ratio
(CNR) was calculated as CNR ¼ contrastpost�pre=

ffiffiffi
2

p
:D

� �
where contrastpost–pre was the mean signal for each ROI
in the images, obtained by subtracting preinjection CEST
image from postinjection CEST images. The noise was
calculated by multiplying the standard deviation (D) of
the air noise area by H2.

To evaluate typical time-constants Tin for accumula-
tion and Tout for wash-out under the four experimental
conditions, we chose to fit our averaged time-courses by
a simple biexponential function given below:

A: 1� e
�t
Tin

� �
:e

�t
Tout ½2�

Histology and Fluorescence Microscopy

Two animals from each group (RGD- or Ctrl-lipoCEST
groups) were sacrificed immediately after the MRI ses-
sion for histological analysis. One animal from each

group was subjected to intracardiac perfusion with phys-
iological saline solution containing 4% paraformalde-
hyde to completely replace blood, including in the brain
(called ‘‘perfused’’); while the other animal was sub-
jected to intracardiac puncture, which removed blood
from major veins and arteries, but not from small capilla-
ries (called ‘‘nonperfused’’). The brain was recovered
from the above animals and immersed successively in
different solutions as follows: 24 h in a 4% paraformal-
dehyde solution for tissues fixation, 12 h in 15%
sucrose, and finally 24 h in 30% sucrose solution for
cryoprotection. Brain tissues were sectioned using a
microtome (Microm HM 560, Thermo Scientific) to
obtain 20-mm thick slices encompassing a significant sec-
tion of the tumor. The slices were allowed to react with
a primary anb3 antibody followed by secondary antibody
coupled to fluorescein isothiocyanate (FITC) (Millipore,
MA). Fluorescence microscopy was performed on an Axio
Observer Z1 microscope (Carl Zeiss MicroImaging GmbH,
Germany). Fluorescence images of lipoCEST were
acquired at excitation wavelength lexcitation ¼ 557 nm and
emission wavelength, lemission ¼ 571 nm, appropriate for
rhodamine that was included in the lipoCEST. The fluo-
rescence images for visualizing anb3 were acquired using
lexcitation ¼ 495 nm and lemission ¼ 517 nm, appropriate
for FITC. Finally, as a reference for visualizing the tumor,
an adjacent slice was stained with hematoxylin and eryth-
rosine (Sigma-Aldrich, St Louis, MO).

RESULTS

Characterization of LipoCEST and MT Contrast

The unconjugated Ctrl-lipoCEST and the conjugated RGD-
lipoCEST were first examined for their CEST behavior in
vitro to measure the saturation frequency, dsat, and power,
B1, at which the lipoCEST exhibited the stronger CEST
effects. The water-saturation spectra (z-spectra) (Fig. 1a,b)
and the MTRasym (Fig. 1c) were recorded for the two lip-
oCEST in vitro. Both agents exhibited a strong, specific
CEST effect in vitro (�20% for Ctrl-lipoCEST and �17%
for RGD-lipoCEST). Although the z-spectra were slightly
different for the two lipoCEST, they attained maximum
MTRasym at similar saturation parameters (RGD-lipoC-
EST: dsat ¼ 7 ppm and B1 ¼ 7 mT, Ctrl-lipoCEST: dsat ¼ 8
ppm and B1 ¼ 7 mT). The affinity of RGD-lipoCEST was
found to be in the subnanomolar range based on a concen-
tration–response curve to measure its half maximal inhibi-
tory concentration IC50 (data not shown). Next, to charac-
terize the endogenous MT background in vivo z-spectrum
was recorded on the mouse brain cortex (Fig. 1d). The MT
effect was rather large and symmetrical (ON: 71.74 6

0.25%; OFF: 71.64 6 0.19%) leading to a small MTRasym
background of 0.10 6 0.31% at dsat ¼ 8 ppm and B1 ¼ 7
mT. Hence, the saturation frequency and power were set
at these values for all in vivo experiments in this study.

In Vivo Detection of LipoCEST

Brain tumors were induced in mice by injection of
U87MG cells on the left side of the brain. Once the
tumors were 2–5 mm in width, animals were randomly
assigned to two groups to receive intravenous injection
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of either RGD- or Ctrl-lipoCEST (n ¼ 12 for each group).
The mean tumor sizes obtained of the two groups were
similar, 3.7 6 1.1 mm and 4.0 6 1.0 mm for RGD-lipoC-
EST and Ctrl-lipoCEST groups, respectively.

Before injecting the lipoCEST, CEST images were
acquired to evaluate the MT background in the whole
brain of all mice. The mean MTRasym and the standard
deviation were calculated for all pixels over the entire
cohort: 0.1 6 0.4% (number of pixels 1.7 � 106). To bet-
ter illustrate the CEST contrast specific to the presence
of lipoCEST, we derived a threshold value from the sum
of the mean and SD of the MT background (0.1 þ 0.4 ¼
0.5%) and applied it on all CEST images shown in this
paper. The mean value is relatively small, as the satura-
tion conditions (B1 ¼ 7 mT and dsat ¼ 8 ppm) were not
adapted for detection of asymmetric MT contrast. The
low MTRasym background also illustrates that the B0

shimming procedure was effective in limiting any arte-
factual MTRasym contrast arising from a dissymmetry of
the ON- and OFF-resonance saturation frequencies about
the water frequency (29). This was further confirmed by
the B0 maps (line width �20 Hz). Moreover, the B1 maps
established that the saturation was reasonably homoge-
nous over the whole brain (B1 ¼ 7.4 6 0.5 mT). This rela-
tive inhomogeneity of 7% is typical of a preclinical volu-
mic coil at 7 T (30).

Following intravenous injection of RGD- or Ctrl-
lipoCEST, CEST images were acquired over 2 h with an
average acquisition time interval of 13.5 min (Fig. 2).
ROIs were marked on images on the tumor side and the
controlateral side and compared. Notably, for both lipoC-
EST, a widespread MTRasym contrast was clearly
observable especially at shorter times after the injection.
Maximum MTRasym values measured in CEST images

were as high as 7.9 and 7.5% for RGD- and Ctrl-lipoCEST,
respectively. With both lipoCEST, brighter spots were
located in the tumor, especially at the periphery. However,
the contrast observed following Ctrl-lipoCEST injection
(Fig. 2, bottom panel) tended to decrease over the time in
both ROIs (within 60 min), whereas it remained high for a
comparatively longer period in the tumor ROI following
RGD-lipoCEST injection (Fig. 2, top panel).

Sensitivity of LipoCEST Signal In Vivo

Of the 12 mice assigned to RGD- or Ctrl-lipoCEST
groups, in two animals from each group, the difference
between the tumor and controlateral ROI was not dis-
cernible. This could be attributed to the small size of the
tumor in these four mice (2.0 mm � tumor diameter �
2.2 mm). Because of the heterogeneity of the CEST con-
trast in both ROIs, it was difficult to come up with con-
vincing and significant differences for each mouse.
Therefore, the mean MTRasym measured in the two
ROIs were independently averaged for both cohorts (n ¼
12 each) at every time point and time-series plots were
generated for the four subgroups (Fig. 3). The average
MTRasym values for the tumor and controlateral ROIs
corresponding to Ctrl-lipoCEST, and the controlateral
ROI corresponding to RGD-lipoCEST were statistically
similar. The CEST contrast for these three measurements
increased to a maximum of 0.95 6 0.35% during the first
hour and decreased to reach an average value of 0.24 6

0.15% after 108 min. Despite the inhomogeneities of the
CEST contrast in the two ROIs (SD varying from 0.15 to
0.38%), the MTRasym in the tumor ROI corresponding to
RGD-lipoCEST was significantly higher than both ROIs
corresponding to Ctrl-lipoCEST and to the controlateral

FIG. 1. In vitro CEST effects of
lipoCEST. In vitro z-spectrum of (a)
Ctrl-lipoCEST and (b) RGD-lipoC-

EST; (c) in vitro asymmetric z-
spectra of Ctrl- and RGD-lipoC-

EST (filled and empty circles,
respectively); (d) in vivo z-spec-
trum of the mouse brain cortex. All

z-spectra were acquired using
same saturation parameters (B1 ¼
7 mT, dsat ¼ �20 to 20 ppm).
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ROI corresponding to RGD-lipoCEST (Fig. 3). The maxi-
mum CNR between tumor and controlateral ROIs
expressed as (SNRtumor � SNRcontrolateral) were 3.2 6 0.7
and 2.3 6 0.8 observed at 95 6 15 min and 27 6 11 min
for the RGD- and Ctrl-lipoCEST, respectively. Thus, the
CEST effect of RGD-lipoCEST was stronger and more
durable than the Ctrl-lipoCEST. Notably, the maximum
CNR values attained after averaging were 2.2 and 1.3 for
the RGD- and Ctrl-lipoCEST groups, respectively. These
CNR values correspond to probability levels of 90 and
65%, respectively, indicating that the contrast was due to
the presence of the lipoCEST (28).

Persistence and Specificity of LipoCEST Signal In Vivo

The above data indicated that the difference in CEST
contrast for the two lipoCEST was more pronounced

beyond 1 h after the intravenous injection. Therefore, the
MTRasym values were averaged independently over the
first hour and the second hour for the four measurements
(Fig. 4a) These calculations confirmed a stronger MTRa-
sym contrast in the tumor region using RGD-lipoCEST
during the second hour after injection (1.37 6 0.23%)
compared to its corresponding controlateral region
(0.61 6 0.20%) or either of the regions after Ctrl-
lipoCEST injection (0.54 6 0.25% for tumor region and
0.40 6 0.27% for controlateral region), with a high sig-
nificance (P < 10�5). It was also noted that the average
MTRasym contrast in the tumor region after injection of
RGD-lipoCEST was also much higher during the first
hour compared to the corresponding controlateral region;
however, given the variability, the statistical significance
was relatively low (P ¼ 0.03).

Averaging of MTRasym values over the first and sec-
ond hours was also performed for data from single ani-
mals shown in Fig. 2. Again, the average MTRasym con-
trast obtained with RGD-lipoCEST injection appeared to
be higher and stayed longer compared to Ctrl-lipoCEST
injection, with a better distinction between the tumor
and controlateral sides (Fig. 4b).

The time required for accumulation (Tin) and washout
(Tout) of the lipoCEST from the ROI in the brain were
determined by applying the averaged time-course data in
a simple biexponential function (Fig. 5a,b). The esti-
mated values and the adjustments of averaged time-
courses of the two lipoCEST (shown here for RGD-
lipoCEST, Fig. 5a) were similar as seen from the high
correlation coefficients. For both lipoCEST, the estimated
Tin values were similar in both ROIs, ranging between 10
and 16 min. In contrast, Tout was much longer for the
RGD-lipoCEST in the tumor region compared to other
three conditions (609 min versus 110–116 min).

Colocalization of RGD-LipoCEST and anb3 Receptor
in Brain Tumors

The brain localization of the IV injected lipoCEST was
examined by fluorescence microscopic observation of
immunohistochemical staining of the brain slices. The
tumor was clearly visible on the optical image after
hematoxylin and erythrosine staining and fluorescence

FIG. 2. In vivo CEST images of mouse brain with lipoCEST. Mice bearing U87MG-induced intracerebral tumors (left side) were injected

intravenously with either RGD-(top panel) or Ctrl-(bottom panel) lipoCEST. CEST images were acquired before injection of the lipoCEST
(00) and after injection, over a 2-h period with an average interval of 13.5 min. The tumor and controlateral ROIs are delineated by blue

and red lines, respectively. These are representative images from one mouse each from the RGD- and Ctrl-lipoCEST groups (n ¼ 12 for
each group).

FIG. 3. Time course of lipoCEST signals. Mice bearing U87MG-
induced intracerebral tumors were randomly assigned to two
groups (n ¼ 12 for each group) for intravenous injection with either

RGD- or Ctrl-lipoCEST. CEST images were acquired before injec-
tion of the lipoCEST (00) and after injection, over a 2-h period with

an average interval of 13.5 min. The tumor and controlateral ROIs
were analyzed separately for each group. Mean MTRasym values
at each time point over the 2-h acquisition were calculated for the

four subgroups and plotted as indicated. P values were obtained
using a Student’s t test. The asterisks indicate P < 0.01.
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images were performed in the region delimited by black
squares (Fig. 6, first column). The two lipoCEST carried
rhodamine, while the RGD target, anb3, could be visual-
ized with FITC fluorescence. Animals were perfused
with saline-paraformaldehyde or nonperfused before
recovering the brain tissue. Brain slices from both, per-
fused and nonperfused animals injected with either
RGD- or Ctrl-lipoCEST showed clear and widespread
expression of anb3 in the tumor region, particular at the
periphery at the level of blood vessels and capillaries
(Fig. 6, second column). In nonperfused brain slices,

both lipoCEST appeared to be well distributed, although
the coverage and signal intensity of Ctrl-lipoCEST was
comparatively lower (Fig. 6, third column, first and third
rows). In brain slices from perfused animals, the fluores-
cent signal of Ctrl-lipoCEST was almost undetectable,
but that of RGD-lipoCEST persisted and was similar in
strength to the signal observed in the nonperfused ani-
mal injected with RGD-lipoCEST (Fig. 6, third column,
second and fourth rows). Finally, by merging the images,
the RGD-lipoCEST was found to be colocalized with
anb3 receptors in the brain slice from perfused animal
(Fig. 6, fourth column, fourth row).

DISCUSSION

The initial in vitro testing of the RGD- and Ctrl-lipoCEST
(Fig. 1) showed that both attained maximum MTRasym
at similar saturation parameters (dsat ¼ 7–8 ppm and B1

¼ 7 mT). These parameters were applied during in vivo
imaging. The MT background calculated on all pixel val-
ues of all mice (n ¼ 24) before lipoCEST injection (0.1 6

0.4%) helped to determine the threshold for the MTRa-
sym contrast (0.5%) for an optimal visualization of the
lipoCEST. Accordingly, both the intravenously injected
lipoCEST could be detected in vivo in the brain in the
desired ROIs (Fig. 2). The images acquired over a 2-h
period were analyzed individually as well as after aver-
aging the data for a given experimental group (RGD- or
Ctrl-lipoCEST) and a given ROI (tumor or controlateral),
i.e., for the four experimental conditions (Fig. 3). Data

FIG. 4. Persistence of lipoCEST signals. Mice bearing U87MG-
induced intracerebral tumors were randomly assigned to two

groups (n ¼ 12 for each group) for intravenous injection with either
RGD- or Ctrl-lipoCEST. CEST images were acquired over a 2-h

period with an average interval of 13.5 min. The tumor and contro-
lateral ROIs were analyzed separately for each group. (a) Mean
MTRasym for pooled data of first (T < 60 min) and second hour

(T > 60 min) of acquisition were calculated for the four subgroups
and plotted as indicated. P values were obtained using a Student’s

t test. (b) Representative images of pooled data of first (T < 60
min) and second hour (T > 60 min) of acquisition corresponding to
one animal from each group (same animals as in Fig. 2).

FIG. 5. Time constants for accumulation of intravenously injected
lipoCEST in the brain. Time constants (in min) for the accumula-

tion (Tin) and wash-out (Tout) of RGD- and Ctrl-lipoCEST from the
tumor and controlateral ROIs were determined experimentally and
shown here for RGD-lipoCEST (a) and calculated using a biexpo-

nential function (b). Correlation coefficients between the estimated
and measured values are given in brackets in (b).
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were also averaged for the first hour or the second hour
of imaging (Fig. 4) to compare the persistence of the
CEST effect. Further, the averaged data was used to
calculate the time constants for accumulation and
wash out of the lipoCEST from the brain tissue (Fig. 5).
Comparison of the estimated time constants indicated
that the two lipoCEST had similar Tin values (10–16
min), consistent with the time-constants reported in
the literature for nanoparticle CAs of similar diameters
(19,21,31). However, the Tout was much longer for the
RGD-lipoCEST in the tumor region compared to the
other three conditions (609 min versus 110–116 min).
This very long Tout favors the argument that there was
accumulation of intact RGD-lipoCEST following spe-
cific binding to its biological target. These observa-
tions would need to be confirmed by imaging the
brain at a much later time point. Taken together, these
statistical analyses revealed that compared to Ctrl-
lipoCEST, the RGD-lipoCEST exhibited a better con-
trast, regional specificity (targeting), and persistence
of the signal.

Specificity of the interaction of RGD-lipoCEST with
the intended target, integrin anb3 was also confirmed by
immunohistochemical staining of brain slices obtained
from animals after imaging. The expression of anb3 was
stronger at the periphery of the tumor which is the site
for new blood vessels and capillaries during tumor
growth, consistent with previous reports (21,22,32).
Some amount of nonspecific signals were also seen,
which may be because of interaction of the lipoCEST

with epithelial cells and/or the eventual degradation of
their membrane leading to release of the incorporated
rhodamine. To increase the experimental stringency, the
brain tissue was perfused with saline to remove blood.
Nevertheless, colocalization of the rhodamine signal
from RGD-lipoCEST and the FITC signal from anti-anb3

antibody could be seen even after perfusion of the tissue,
lending support to the specificity and strength of the
interaction. Thus, we can arguably conclude that the
injected RGD-lipoCEST was specifically bound to the tar-
geted biomarker.

The distribution of the injected lipoCEST may be
visualized as a four-compartment model: circulating in
blood, nonspecifically bound, specifically bound, and
degraded. A simple interpretation would be to attribute
most of the observed CEST contrast corresponding to
Ctrl-lipoCEST or that corresponding to RGD-lipoCEST in
the controlateral ROIs, to the lipoCEST nanoparticles cir-
culating very slowly in capillaries or accumulating non-
specifically in the tumor due to enhanced permeability
and retention effect. Whereas the persistence of CEST
contrast in tumor regions with RGD-lipoCEST would be
due to specific binding of lipoCEST to integrin anb3,
which was experimentally confirmed. Finally, the
decrease in CEST contrast would be due to either the
wash-out or the degradation of the lipoCEST. Such
degradation of liposome-based CA may be mediated
by macrophages or due to cell entrapment followed by
the ‘‘quenching’’ of the CEST contrast as reported ear-
lier (19).

FIG. 6. Colocalization of RGD-lipoCEST with anb3 receptors in brain tumors. Mice bearing U87MG-induced intracerebral tumors
received intravenous injection of either RGD- or Ctrl-lipoCEST. After acquisition of images, animals were sacrificed by intracardiac punc-

ture (nonperfused) or perfused with saline containing 4% paraformaldehyde (perfused). Brain tissue was isolated and sectioned for tu-
mor visualization (hematoxylin and erythrosine staining, first column). The receptors anb3 were detected using immunohistochemical
staining with FITC-labeled secondary antibody (green fluorescence, second column) and observed by fluorescence microscopy in the

tumor region. The lipoCEST were tagged with rhodamine (red fluorescence, third column). Colocalization of the two tags was visualized
by merging the images (fourth column). For each panel, a selected region of a blood vessel is magnified and presented in the inset.
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In the future, it would be interesting to increase the
time length of observation and to use a faster CEST
sequence such as the one proposed by Shah et al. (33) to
either increase the temporal resolution or allow for the
fast acquisition of z-spectra in vivo. This would permit a
better visualization of CEST contrast using a targeted
lipoCEST specifically bound to its biological target, as
suggest by the results of this study. Moreover, a pixel-by-
pixel analysis may help to establish a statistical signifi-
cance threshold for the CEST effect based on the method
proposed by Liu et al. (28). Finally, by application of a
model of water exchange processes similar to the one
proposed in the literature (34,35), it may be possible to
generate maps of lipoCEST concentration, at least semi-
quantitative measures, which in turn would allow deter-
mination of in vivo kinetics of distribution of the tar-
geted lipoCEST.

The potential toxicity of the lipoCEST described here
has yet to be evaluated. However, one can extrapolate
this toxicity based on studies previously reported for
Gadolinium(III)-complexes. As the composition and sta-
bility of Tm(III) and Gd(III) complexes are similar, one
can expect the same level of toxicity from these lipoC-
EST. Moreover, the total dose of Tm(III) complexes
administered in this study was 87 mmol/kg body weight,
which is lower than the recommended clinical dose of
100 mmol/kg body weight for Gd(III) complexes.

Based on the results of this study and other previous
studies, we provide a comparison of the advantages and
limitations of using paraCEST or lipoCEST. Several stud-
ies have shown that exogenous CEST contrast could be
visualized in vivo using paraCEST (15,28,36–40) or
lipoCEST (19) and most of them used optimized satura-
tion time and power. Although some previous reports
have demonstrated that paraCEST can be detected using
nonoptimum saturation power, compatible with in vivo
experiments (41), most paraCEST possess high kex val-
ues, which would require rather high B1 values (up to
30 mT) to reach a maximal CEST effect. Because of the
presence of a lipidic membrane that slows down water
exchanges between encapsulated paraCEST complexes
and bulk water molecules, the overall kex for lipoCEST
complexes is much slower. As stated by Sherry et al.
(42,43), the dependency of optimum B1 (B1opt) on the
exchange rate kex is described by the relationship kex ¼
2p�B1opt. Thus, optimum B1 values are smaller for
lipoCEST compared with most of paraCEST. In this study,
we investigated the CEST effect dependency with the sat-
uration power and optimized the MTRasym accordingly.
The optimum saturation power for the tested lipoCEST
was estimated to be 7 mT (kex �1885/s) in vitro at room
temperature (data not shown). In future studies, it may be
possible to optimize membrane composition to further
slow down the water exchange through the lipidic mem-
brane. This would allow for a safer clinical application of
CEST-MRI with efficient low saturation power.

As illustrated by the asymmetric z-spectra presented
in Fig. 1c, lipoCEST possess a smaller and much variable
shifting power compared to most of the paraCEST (42).
Thus, the detection of lipoCEST is practically hampered
by the endogenous MT background (loss of �70% of sig-
nal at 8 ppm with B1 ¼ 7 mT). One way to limit the in-

terference from endogenous MT effects could be by
extending the shifting power by using osmotically
shrunken lipoCEST as proposed by Terreno et al. (44).
This new generation of lipoCEST is very promising as
targeted liposomes have been successfully tested in vitro
(45). The 100-pM detection limit estimated in vitro by
Aime et al. (2) translates as a 10-fold higher detection
limit of �1 nM in vivo due to endogenous MT. If the
number of encapsulated paraCEST complexes is consid-
ered (Ci �250 mM, corresponding to �6 � 105 paraCEST
per nanoparticle), the sensitivity of detection of lipoCEST
would be poorer than for a typical paraCEST (�60 mM;
(46)), whereas it would be 105-fold higher if the number
of nanoparticles is considered. As the latter parameter
is arguably the most essential for molecular imaging,
lipoCEST remains more competitive than paraCEST.

One limitation of lipoCEST is the complexity of their
synthesis. As illustrated here, there were some differen-
ces between the z-spectra of the Ctrl- and RGD-lipoCEST
(Fig. 1a,b, respectively). It is possible that these differen-
ces arise from the interference of the RGD peptide with
the liposome synthesis. Nevertheless, there is room for
improvement in the quality and uniformity of synthesis.
Indeed, slight differences in the size distribution of lipo-
somes or internal Tm(III) complexes concentration can
impact the maximal attainable MTRasym and the shift-
ing power of lipoCEST.

CONCLUSIONS

High-sensitivity, 7-T MR in vivo imaging of angiogenesis
in brain tumor was demonstrated in mice, following intra-
venous injection of RGD-lipoCEST that was targeted at
anb3 integrin. This is a promising step toward application
of lipoCEST for MRI-based molecular imaging of tumors.
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