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A novel reconstituted high-density lipoprotein (rHDL)
nanocomposite has been prepared for high-sensitive magnetic
resonance (MR)-fluorescence multimodal imaging. Such
nanocomposite is able to enhance the MR sensitivity up to 129
folds in comparison to the traditional small molecule MRI
agent based on paramagnetic chemical exchange saturation
transfer (PARACEST). It has also been demonstrated the
specific targeting to macrophage cells, which shows great
potential for the detection of atherosclerosis.

Protein-nanoparticles has gained an important place for biological
imaging and drug delivery given their high payloads, improved
detection sensitivity, long circulation times and the ease of
integrating multiple properties. In respect to large protein family,
lipoprotein-like nanoparticles offer further advantages for biological
targeting'. Lipoproteins are a family of plasma nanoparticles
responsible for the transportation of lipids throughout the body.
High-density lipoprotein (HDL), the smallest of the lipoprotein
family, is a complex of lipids (phospholipids, cholesterol, etc.) and
apolipoproteins with size of 7-13 nm. The HDL carries various
apolipoproteins, and the most abundant protein components are
apolipoprotein A-I (ApoA-I) and apolipoprotein A-II (ApoA-II). The
apolipoprotein reduces the surface pressure on the lipoprotein,
thereby stabilizing it. More importantly, the HDL plays the main
actor in the process known as reverse cholesterol transportation
(RCT), in which the HDL promotes the transportation of excess
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cholesterol from extra-hepatic or peripheral tissue to the liver for
elimination through the biliary system. Reverse efflux of cholesterol
from plaque macrophages has an important protective effect in
atherosclerosis, and the HDL is believed to have other
atheroprotective properties as well>. In the last decade, reconstituted
HDL (rHDL) has been developed to contrast agent nanocarrier in
MRI> # CT°, fluorescence®, etc. Several multimodal agents were
also developed', mainly due to the flexibility of the rHDL to be
modified. Moreover, the rHDL processes specificity to macrophages
due to the HDL receptor. Because of the link between macrophage
density and high-risk atherosclerotic plaque’ or other inflammatory
diseases®, imaging of macrophage is always an attractive goal’.

Paramagnetic ~ chemical  exchange  saturation  transfer
(PARACEST) agents are a unique class of magnetic resonance
imaging (MRI) contrast agents (CAs) that are currently under intense
scrutiny for MR molecular imaging and MR image-guided drug
delivery applications. The peculiarity of PARACEST agents is a
frequency-encoding mechanism of contrast generation that can be
switched on at will by irradiating, with a selective radio frequency
(RF) field, the exchangeable water protons of the agent'.
PARACEST agents hold promise as sensors for measuring various
parameters of their biological environment, such as pH',
temperature’?, metabolite’® or metal ion concentration',
PARACEST probes are ideally suited for molecular imaging since,
as opposed to gadolinium based MRI agents, the contrast can be
switched on and off at will. They cause paramagnetically shifted
mobile protons in slow exchange with bulk water. The irradiation of
these protons affects the magnetic resonance signal of water protons
through the chemical exchange. PARACEST agents have strong
potential to improve the specificity of MRI diagnoses. For instance,
the chemical exchange of amide protons is base-catalyzed and
therefore PARACEST agents with amides can be used to measure
pH and detect tumor acidosis", which may improve specificity for
detecting tumors relative to normal tissues.

Unfortunately, the Achilles’ heel of PARACEST agents is its
relatively modest sensitivity. Typically millimolar concentrations of
the agent are required'®, and the PARACEST detection of target
molecules is not possible at low concentration. To improve the
detection sensitivity, PARACEST agents have been conjugated to
nanocarriers such as dendrimers'’, linear polymers'®, liposomes'
and other nano carriers®®?"** to increase the number of exchangeable
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sites per agent. We took rHDL in consideration as a PARACEST
agent candidate mainly because one particle contains hundreds of
lipids, which can be substituted by PARACEST active lipid, and
thus the exchangeable sites are able to be increased.

Multimodal imaging has emerged as a novel concept that
combines  different imaging methodologies to  provide
complementary information in biological studies and medical
diagnostics. Optimally, multimodal probes integrate, within the same
molecular entity, reporters for each of the techniques, enabling the
visualization of identical biodistribution”. Furthermore, a
multimodal contrast agent can be designed to exploit the strengths of
two complimentary imaging modalities, which can multiply the
value of the agent for biomedical imaging. MRI is often used for
presurgical planning to identify the macroscopic features of
pathological tissues, and fluorescence imaging is emerging as a
useful intrasurgical tool to identify microscopic margins of
pathological tissues®*. Therefore, conjugating fluorescent agents and
PARACEST agents to rHDL nanoparticles would be a synergistic
approach.
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Fig. 1 The scheme of preparation and functioning of dual-modal contrast agent,
Eu-Rhod-rHDL. The dual-modal rHDL was prepared via a self-assembly process.
The Eu-DOTA-3AmMCE-DMPE produced the CEST effect of MRI, while fluorescence
imaging was achieved due to Rhod-DMPE. The Eu-Rhod-rHDL enhanced the
PARACEST detection sensitivity up to 129 folds compared to the conventional
small molecular agent, and it could specifically image macrophages.

Here we designed and prepared a high-payload PARACEST and
fluorescence dual-modal contrast agent based on rHDL. The
PARACEST MR-fluorescence rHDL was prepared via a self-
assembly process’™ *. To make rHDL PARACEST active, a
phospholipid linked with Eu-DOTA derivant was synthesized and
introduced in the particle. A phospholipid linked with rhodamine
was also introduced to achieve fluorescence imaging (Fig. 1). After
that, we used a cell model to verify the specificity of rHDL for
atherosclerotic plaques, and fluorescence imaging was conducted to
confirm the cell intake of the rHDL. The high-payload of
PARACEST agents can improve the CEST detection sensitivity.
Therefore, the development of a high-payload, dual-modality MRI
contrast agent would have good utility for the detection of
atherosclerotic plaques, and may improve treatment planning.

The rHDL was prepared following the well-established
protocols® %%, This method is based on the self-assembly of lipid and
apolipoprotein. In this case, ApoA-I apolipoprotein was used.
PARACEST phospholipid Eu-DOTA-3AmCE-DMPE, fluorescent
phospholipid Rhod-DMPE and DPPC were mixed and dissolved in
PBS within cholate sodium. Then, the solution was incubated with
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ApoA-I in 37 °C for 12 h. After dialysis to PBS, Eu-labeled
fluorescent rHDL (Eu-Rhod-rHDL) was produced and subsequently
characterized. Control group rHDL (Rhod-rHDL) was prepared
similarly expect Eu-DOTA-3AmCE-DMPE was substituted by
equivalent DMPE (see ESI for details).

The mean size of Eu-Rhod-rHDL determined by the DLS was
14.3 nm in aqueous solution, which was a little larger than the size
of Rhod-rHDL of 8.8 nm. It results from the increase of occupied
space of Eu labeled phospholipid Eu-DOTA-3AmCE-DMPE than
DMPE. (see ESI, Fig. S3a)The polydispersity index (PDI) of Eu-
Rhod-rHDL and Rhod-rHDL are 0.268 and 0.194, relatively. The
increase of PDI of Eu-Rhod-rHDL is mainly because of the
introducing of Eu-labeled phospholipid. The result of TEM
confirmed that the Eu-Rhod-rHDL had a size of ~10 nm and
relatively uniform diameter distribution (see ESI, Fig. S3b). Still, the
size of Eu-Rhod-rHDL and Rhod-rHDL are both among the typical
size range of previously reported rHDLs*. The zeta potential of Eu-
Rhod-rHDL and Rhod-rHDL were -2.8° mV and -23 mV,
respectively, due to the introducing of Eu (IIT) chelate.

Investing the fluorescence properties of rHDLs, the conjugation of
rhodamine to rHDL shifted the emission wavelength by 12 nm,
relative to the corresponding bands for the free dye. When Eu (III)
labeled phospholipid was introduced, a 70 nm red shift was observed
in the Eu-Rhod-rHDL (see ESI, Fig. S3c). However, quenching was
not observed from the rhodamine in Eu-Rhod-rHDL compared with
the free dye. This verified that it is negligible of the potential
fluorescence quenching generated by Eu (III).

The number of Eu (III) per Eu-Rhod-rHDL particle was ~155,
which was determined by the ratio of the concentration of Eu (IIT)
and ApoA-I. The concentration of Eu (III) was obtained by ICP-
AES. Generally, the traditional single molecular PARACEST agent
required a working concentration of at least 10 mM to produce
notable CEST effect'®. By using rHDL as a carrier, the working
concentration of PARACEST agent was excepted be reduced two
orders of magnitude, down to sub millimolar level compared with
traditional agents.
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Fig. 2 The laser scanning confocal microscopy photographs of RAW 264.7 and
WI-38 cells. Murine macrophage RAW 264.7 and WI-38 cells were incubated in
20 pg mL " Eu-Rhod-rHDL solution for 4 h. Cells were stained with DAPI (blue) to
show the nuclei and Eu-Rhod-rHDL was shown in red. The microscopy
photogrophs demonstrated that the Eu-Rhod-rHDL was able to enter
macrophages specfically. The scale bar represents 20 um.

The atherosclerosis develops from the macrophages entering the
artery wall and natural high-density lipoprotein can target the
macrophages due to the HDL receptor. Thus, macrophages can be
used as a model to testify the specificity of atherosclerosis agents.
The ApoA-I protein on the Eu-Rhod-rHDL particle could also play a
dominant role in facilitating receptor-mediated endocytosis. To
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evaluate the efficiency and specific cellular uptake for the Eu-Rhod-
rHDL, murine macrophage RAW 264.7 cells were incubated in 20
pg mL" Eu-Rhod-rHDL solution for 4 h, and normal cells WI-38
were processed under the same procedure. Afterwards the nuclei
were stained by DAPI (blue). Then the intake of the macrophage was
investigated by the laser scanning confocal microscopy (Fig. 2). In
the confocal photographs, the Eu-Rhod-rHDL, represented by red
color indicated by the rhodamine on the particle, can be clearly
observed in the cytoplasm in the macrophages, while almost none
observed of the normal cells. These results clarified that more Eu-
Rhod-rHDL entered macrophages in the incubation process, while
little entered the normal cells. Therefore, the specificity of Eu-Rhod-
rHDL to macrophages like natural high-density lipoproteins was
verified, and further demonstrated that the Eu-Rhod-rHDL could be
treated as a contrast agent for atherosclerosis.

The chemical exchange saturation transfer property of the agent
was investigated by aquiring CEST Z-spectra on a 500 MHz NMR
spectrometer at 298 K (Fig. 3a), and 9 % CEST effect was observed
at the concentration of 77.4 uM for the Eu-Rhod-rHDL. This CEST
effect was generated from the bound water on the Eu (III) chelate.
When deployed a selective saturation pulse at the frequency of
bound water, the signal of bulk water decreased due to the chemical
exchange with bound water. Thus the signal of bound water was
amplified and bound water was detected indirectly. The exchange
site of bound water was found at +49 ppm, which is agreeable to
previous small molecule Eu (III) PARACEST agents of ~50 ppm
reported before?’.
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Fig. 3 The chemical exchange saturation transfer effect of Eu-Rhod-rHDL. (a) The
CEST spectrum of Eu-Rhod-rHDL at the concentration of 77.4 uM for Eu-Rhod-
rHDL generated a CEST effect at +49 ppm, and the CEST% was 9%. (b) The CEST
spectra of comparison between Eu-Rhod-rHDL, Rhod-rHDL and small molecule
PARACEST agents Eu-DOTA-4AmCE. The concentration of Eu-Rhod-rHDL, Rhod-
rHDL and Eu-DOTA-4AmCE were 77.4 uM, 80 uM and 10 mM, respectively. Eu-
Rhod-rHDL and Eu-DOTA-4AmCE generated similar CEST effect, which
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demonstrated that our developed nanocomposite is able to enhance the MR
sensitivity up to 129 folds in comparison to the traditional small molecule
PARACEST agent.

The comparison of CEST performance of different CEST agents
was shown in Fig. 3b. Eu-DOTA-4AmCE is a small molecule
PARACEST agent with four AmCE groups conjugated to —-COOH of
DOTA®, which is similar to Eu (IIT) labeled phospholipid Eu-DOTA-
3AmCE-DMPE with three AmCE groups. CEST Z-spectrum of Eu-
DOTA-4AmCE with concentration of 10 mM for Eu (III) was
conducted in the same acquisition condition relative to the Eu-Rhod-
rHDL, and 9 % CEST effect was observed. Same CEST effects were
observed in the Eu-Rhod-rHDL with similar concentration for Eu
(1) (12 mM) while no CEST effect was found in rHDL, which
confirms that the Eu-Rhod-rHDL has almost the same CEST
performance. Accordingly, the sensitivity was improved in about 129
folds (on per particle basis) with 155 Eu-labeled phospholipids on
the Eu-Rhod-rHDL. This presents that the CEST effect almost scaled
with the concentration of the Eu (III), while small decrement of the
CEST effect may be caused by the diminishment of the exchange
rate of bound water in the nano structure of the Eu-Rhod-rHDL.

In order to get further understanding of the CEST property of the
Eu-Rhod-rHDL, the CEST MRI (Fig. 4) was conducted. With a
saturation pulse of 8 uT at +50 ppm for 5 s, the Eu-Rhod-rHDL
sample with the concentration of 77.4 uM generated a mean 8%
CEST effect. To produce the equivalent CEST effect (~8%) in the
cell pellet imaging, the concentration of Eu-Rhod-rHDL in the
macrophages should be at least 77.4 uM. Based on the macrophage’s
volume and the number of Eu(Ill) per Eu-Rhod-rHDL, the amount
of the nanocomposites per macrophage required for the pellet CEST
imaging is about 1.9x10® particles. Compared with the acquisition
condition of the CEST spectra above, the images with lower
saturation pulse showed the similar CEST property, and no obvious
decrement of the CEST effect was observed. The elevation of
sensitivity expanded the range of use of PARACEST agents
compared to traditional ones, and macrophages can be probed using
the Eu-Rhod-rHDL. Furthermore, this agent showed potential in the
application of the detection of atherosclerotic plaques in vivo.

CEST %

2 Rhod-rHDL

3 Eu-Rhod-rHDL

Fig. 4 Chemical exchange saturation transfer MRI of (1) PBS at pH 7.4, (2) Rhod-
rHDL with a concentration of 80 uM and (3)Eu-Rhod-rHDL with a concentration
of 77.4 uM. TR/TE=5012 ms/6 ms, 128x128 matrix, FOV 20x20 mm?, saturation
pulse 8 uM at +50 ppm for 5 s.
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Conclusions

In conclusion, we have developed a dual-modality imaging contrast
agent that used the rHDL platform to carry a PARACEST agent and
a fluorescent tag. The Eu-Rhod-rHDL was shown a 129 folds
sensitivity enhancement of the CEST effect in comparison to the
conventional small molecule PARACEST agent, which is crucial for
the detection of low concentration molecular markers in MRI-based
molecular imaging studies. The phospholipids on the surface of the
nanoparticles provide broad flexibility to the rHDL platform, and it
can be exploited not only for MRI but also for fluorescent imaging.
More importantly, the rHDL nanoparticles specific uptake by
macrophages shows great potential in the detection of atherosclerosis
using such nanocomposite.
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