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ABSTRACT: Heteronuclear MRI offers broad potential for specific detection and quantification of molecularly targeted agents
in diagnosis and therapy planning or monitoring. Here we report a novel method for simultaneous acquisition of dual-nuclei
hyper-CEST '*’Xe and '°F tumor targeting MRIL. '*Xe hyper-CEST MRI, '°F MRI and fluorescent imaging were integrated
into PFOB nanoemulsion as a imaging system for sensitive and selective tumor cells detection. As the complement to 'H MR,
'2Xe and "F signals can also provide efficient and precise anatomical localization of tumors.
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D etecting tumors on cellular and molecular levels with
imaging technologies is of great importance for early
diagnosis and efficient treatment of cancer. As one of the most
used imaging technologies in oncology, proton magnetic
resonance imaging ("H MRI) detects the proton relaxation
difference in body water and provides tumor images with high
spatial resolution.' > However, "H MRI lacks of sensitivity for
detecting low-abundance biomolecular markers of cancer. To
address this issue, hyperpolarized '*’Xe MRI has emerged as an
attractive complementary technology.”” The hyperpolarized
129Xe, which can be produced by a home-built continuous-flow
apparatus, can increase the MRI sensitivity by more than
10 000-fold.*® Beyond hyperpolarization, a further over 100-
fold sensitivity enhancement can be achieved by using a novel
indirect detection technology named Hyper-CEST.””'" So,
1Xe hyper-CEST MRI can meet the sensitivity requirement
in oncology applications. Besides, 'H MRI also suffers the low
selectivity issue of differentiating the tumor tissues from
normal tissues due to huge background signals. To this end,
F MRI complements 'H MRI by providing images without
background signal.””~'* Therefore, '*Xe hyper-CEST MRI
and F MRI may be effective imaging technologies for
sensitively and selectively tumor detecting on cellular and
molecular levels.
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Multimodal imaging systems take the advantage of each
imaging technology and provide detailed multidimensional
information simultaneously for accurate cancer diagnosis and
therapy.'>™"” Constructing a multimodal imaging system with
the high sensitivity of '*?Xe hyper-CEST MRI, the high
selectivity of 'F MRI, and the convenience of fluorescent
imaging would be highly valuable. However, as far as we know,
there is no report on such imaging system. It is noteworthy
that many gases, including '*’Xe, are highly soluble in
perfluorocarbons (PFCs)."*™*° The high sensitivity of '*’Xe
has facilitated the detection of '*?Xe hyper-CEST signal in
PFOB nanoemulsion at pM level.”*” Recently, perfluorocar-
bons (PFCs) nanoemulsions have been widely used as “°F
MRI probes and cell tracers in biomedical research because of
their easy availability and high '’F MRI signal.”>~** Therefore,
it is feasible to integrate '*’Xe hyper-CEST MRI and '°F MRI
into a PFCs nanoemulsion-based multimodal imaging system.

Herein, we report a PFCs nanoemulsion-based multimodal
imaging system with 129%e hyper-CEST MR], F MRI, and
fluorescent imaging for sensitive and selective tumor cells
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Scheme 1. Multimodal Imaging System for Tumor Detection
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Figure 1. (a) DLS, (b) fluorescent emission spectrum, (c) TEM (left: NEs; right: NEs-RGD) of fluorinated nanoemulsions.
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Figure 2. (a) Confocal images of NEs or NEs-RGD treated RAW264.7 cells, AS49 cells, and WI-38 cells (b) structure illumination microscopy
images of NEs-RGD treated AS49 cellsand (c) fluorescence intensity of NEs or NEs-RGD treated RAW264.7 cells, AS49 cells, and WI-38 cells.
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Figure 3. 'Xe Z-spectrum of '*Xe-treated NEs of (a) different sizes, (b) concentrations, (c) A549 cells and NEs-RGD treated A549 cells, (d)

NEs-RGD treated AS549 cells and WI-38 cells.

detection (Scheme 1). Perfluorooctyl bromide (PFOB)
nanoemulsion with phospholipids as emulsifier is employed
as the platform for the imaging system. In the nanoemulsion, a
large amount of 'F with similar chemical shift in PFOB
collectively produces a strong '°F signal for sensitive '°F MRIL
To incorporate fluorescent imaging, we anchored fluorescent
dye Dil on the phospholipid surface of the nanoemulsion.”' In
the same way, cholesterol-labeled targeting peptide Cls-PEG-
RGDyc is incorporated to achieve targeted imaging of
cancerous cells that have a high expression of integrin avf3.
Under an environment of hyperpolarized '*’Xe, the high
solubility of '*’Xe in PFOB promotes the diffusion of '**Xe
from the aqueous phase to '’F-containing phase. Because the
chemical shift of '®Xe is highly sensitive to the environ-
ment,”* > a new *Xe signal from the dissolved 129Xe in
PFOB would be produced. With the exchangeable hyper-
polarized '®Xe between the aqueous phase and the '°F-
containing phase, '*’Xe hyper-CEST MRI is feasible to detect
the PFOB nanoparticles with high sensitivity and selectivity.
Through the multimodal imaging system, selective and
sensitive tumor information may be obtained for accurate
cancer diagnosis and therapy.

PFOB nanoemulsion (NEs) were then formulated with
Pluronic F-68 and Lipoid S75 as the emulsifiers. Dynamic light
scattering (DLS) showed the hydrodynamic diameters of NEs
as 195 nm with a polydispersity index (PDI) of 0.19 and a zeta
potential ({) of —12.9 + 0.9 mV (Figure 1a). Fluorescent dye
Dil was self-assembled onto the nanoparticle surface through
hydrophobic interactions which provided a maximum fluo-
rescent emission around 570 nm (Figure 1b). To achieve
tumor targeting, we incorporated Cls-PEG-RGDyc, which was
synthesized through a click reaction between mercapto and
maleimide, into the nanoemulsion. The resulting nano-
emulsion NEs-RGD is slightly larger than NEs because of
the surface modification by Cls-PEG-RGD (Figure 1a, c). It is
noteworthy that a series of nanoemulsions with different sizes
were prepared by tuning the ratio between PFOB and
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phospholipid and sonicating or extruding the emulsion through
membrane (detailed in the Supporting Information).

Fluorescent imaging was first employed to investigate the
nanoemulsions’ cancer cells selectivity. Laser confocal
microscopy images showed big differences in cellular uptake
selectivity between nanoemulsions NEs and NEs-RGD (Figure
2a, b). Interestingly, high uptake by normal human lung cells
(WI-38) and murine macrophage (RAW 264.7) and
neglectable uptake by human lung cancer cells (A549) were
observed in NEs treated cells. High uptake was only observed
in NEs-RGD treated A549 cells. After being blocked with RGD
molecule, the AS549 cells shows low uptake of NEs-RGD
(Figure SS). The result reflects that high cancer cell selectivity
of NEs-RGD is a result of molecular recognition between
targeting peptide RGDyc and overexpressed integrin avf3 in
AS49 cells. The stealthy effect of PEGs may hamper the NEs-
RGD uptake by WI-38 cells and RAW 264.7 cells. Structure
illumination microscopy indicated that nanoemulsion NEs-
RGD was evenly distributed in the cytoplasm of AS549 cells
(Figure 2c). MTT cytotoxicity assay on AS49 cells and human
breast cancer cells (MCF-7) showed low toxicity of NEs and
NEs-RGD (Figure S6).

To prove the feasibility of *?Xe hyper-CEST MRI, we
investigated ??Xe Z-spectrum of '*’Xe-treated nanoemulsions
NEs and NEg-RGD. Beside the aqueous 'Xe signal at 195
ppm, a CEST signal from exchangeable '**Xe in the fluorous
phase is crucial for achieving '*Xe hyper-CEST MRI. The Z-
spectrum of '*’Xe-treated NEs indeed showed a new signal at
106 ppm from the PFOB-dissolved '*Xe. But the signal
intensity is highly dependent on the particle size of NEs, i.e., an
obvious signal can be detected when particle size is larger than
250 nm. It is probably because the smaller NEs have a faster
chemical exchange (Figure 3a). Even at pM level, the NEs
concentration-dependent '*Xe CEST signal intensity was
observed (Figure 3b). On cellular level, the '??Xe CEST effects
showed high cells selectivity. On the one hand, only NEs-
RGD-treated AS49 cells can generate the '*?Xe CEST signal
and no "?’Xe CEST signal was observed from A549 cells alone
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Figure 4. (a) '?Xe hyper-CEST MRI and (b) '°F MRI of NEs or NEs-RGD-treated A549 cells, WI-38 cells, and RAW264.7 cells as indicated.
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Figure 5. (a) Photo, (b) "H MR, (c) "F MR], and (d) overlay of '"H MRI and '°F MRI of an AS49 xenograft nude mouse with NEs-RGD

intratumoral injection.

(Figure 3c). On the other hand, the '**Xe CEST signal was not
found in NEs-RGD-treated WI-38 cells but in NEs-RGD-
treated AS49 cells (Figure 3d). Therefore, PFCs nanoemulsion
provide a perfect platform for generating '*’Xe CEST signal
and Cls-PEG-RGD modification of the nanoemulsion achieves
high cancer cells selectivity for potential '*’Xe hyper-CEST
MRIL

2Xe hyper-CEST MRI and "F MRI dual-image for
selective detection of cancer cells were carried out. First,
2Xe hyper-CEST MRI shows high selectivity on NEs-RGD
treated AS49 cells (Figure 4a). With a RARE sequence, NEs-
RGD (diameter of 200 nm) treated AS49 cells showed a high
CEST signal of 54%, while NEs treated AS549 cells showed a
CEST enhancement of only 17%. Under the same condition,
NEs-RGD treated WI-38 cells showed a neglectable CEST
enhancement of 3%. Second, ’F MRI shows even higher
selectivity on these cells (Figure 4b). A clear image was
obtained from 'F MRI of NEs-RGD-treated AS49 cells,
whereas very obscure images were obtained from either NEs
treated A549 cells or NEs-RGD-treated WI-38 cells. Third, the
F MRI of RAW264.7 cells after being treated with NEs and
NEs-RGD once again shows that PEGylation may reduce the
NEs-RGD uptake by RAW 264.7 cells. These results are
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consistent with the fluorescent images and '**Xe Z-spectrum of
cells. In the study, '*’Xe hyper-CEST MRI and F MRI
exhibited not only high selectivity on cancer cells but also high
sensitivity at a low nanoemulsion concentration of 26 pM.

Finally, a proof of concept in vivo study on the
biocompatibility of NEs-RGD and its selective 'F MRI
tumor detection was carried out. No acute toxicity was
observed when NEs-RGD was intravenously injected to nude
mice at a dose of 1780 mg/kg. Accumulation of NEs-RGD in
liver was found through histopathological study. With 'H MRI
as the background, intratumoral injection of NEs-RGD to an
AS49 xenograft nude mouse provided a hot spot 'F MRI
image of the location and anatomy of tumor (Figure S).

In summary, we have developed PFOB nanoemulsions with
controllable particle sizes and multifunctionality for selective
and sensitive detection of tumor cells with '**Xe hyper-CEST
MRI, F MRI, and fluorescent imaging. The imaging system
takes the advantage of high '*Xe solubility in PFOB and
therefore generates '*?Xe CEST signal. By integrating the
highly sensitive '*?Xe hyper-CEST MRI, highly selective '°F
MRI, and convenient fluorescent imaging, the multimodal
imaging system selectively and sensitively detects tumors cells
in a versatile way on molecular, cellular, and animal levels. The
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PFOB-based multimodal imaging system may provide a new
strategy for accurate cancer diagnosis and therapy.
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