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Molecular Imaging

Intraperitoneal Injection Improves the Uptake
of Nanoparticle-Labeled High-Density Lipoprotein
to Atherosclerotic Plaques Compared With
Intravenous Injection
A Multimodal Imaging Study in ApoE Knockout Mice
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Background—The aim of this study was to assess whether high-density lipoprotein (HDL) labeled with superparamagnetic
iron oxide nanoparticles (SPIOs) and quantum dots was able to detect atherosclerotic lesions in mice after intravenous
and intraperitoneal injection by multimodal imaging.

Methods and Results—Nanoparticle-labeled HDLs (NP-HDLs) were characterized in vitro by dynamic light scattering and
size exclusion chromatography with subsequent cholesterol and fluorescence measurements. For biodistribution and blood
clearance studies, NP-HDL_,,  radiolabeled with *Fe (NP-HDL_, . ) were injected intravenously or intraperitoneally
into ApoE knockout mice (n=06), and radioactivity was measured using a gamma counter. NP-HDL accumulation within
atherosclerotic plaques in vivo and ex vivo was estimated by MRI at 7 Tesla, ex vivo confocal fluorescence microscopy,
x-ray fluorescence microscopy, and histological analysis (n=3). Statistical analyses were performed using a 2-tailed
Student #-test. In vitro characterization of NP-HDL confirmed properties similar to endogenous HDL. Blood concentration
time curves showed a biexponential decrease for the intravenous injection, whereas a slow increase followed by a steady
state was noted for intraperitoneal injection. Radioactivity measurements showed predominant accumulation in the liver
and spleen after both application approaches. NP-HDL,. ., uptake into atherosclerotic plaques increased significantly
after intraperitoneal compared with intravenous injection (P<0.01). In vivo MRI showed an increased uptake of NP-HDL
into atherosclerotic lesions after intraperitoneal injection, which was confirmed by ex vivo MRI, x-ray fluorescence
microscopy, confocal fluorescence microscopy, and histological analysis.

Conclusions—In vivo MRI and ex vivo multimodal imaging of atherosclerotic plaque using NP-HDL is feasible, and
intraperitoneal application improves the uptake within vessel wall lesions compared with intravenous injection. (Circ
Cardiovasc Imaging. 2014;7:303-311.)
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therosclerosis remains the main cause of morbidity and

mortality in industrialized and developing nations.'
Growing evidence suggests that the decisive factor determin-
ing atherosclerotic plaque vulnerability is the plaque configu-
ration rather than the degree of luminal narrowing.’

Molecular imaging may offer a new diagnostic tool to dis-
criminate stable and vulnerable atherosclerotic plaques at an
early stage of disease and to improve the detection of morpho-
logical and functional abnormalities within the vessel wall.>#
The major hallmarks of early atherosclerotic lesion formation

are endothelial dysfunction and accumulation of large amounts
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the vessel wall.’ Because high-density lipoprotein (HDL) plays
a key factor in the transportation of cholesterol and removes
cholesterol from macrophages in atherosclerotic plaques,®’
lipoprotein-based nanoparticles mimicking HDL are a promis-
ing tool to specifically target atherosclerosis.>® The character-
istics of HDL, that is, its small size, role in reverse cholesterol
transport, and inhibition of oxidation and inflammation, make
it the best candidate among other lipoproteins.®!° Various HDL
particles such as radioactively labeled HDL,! reconstituted
HDL," synthetic HDL," and HDL nanoparticles' have been
reported and used for the imaging of vulnerable atheroscle-
rotic plaques. Furthermore, HDL has been labeled with gold
for CT,"* with quantum dots (QDs) for fluorescent micros-
copy,” and with gadolinium or superparamagnetic iron oxide
nanoparticles (SPIOs)"* for MRI.

As far as contrast agents are concerned, the detection of early
atherosclerotic plaques in vivo by MRI using SPIO-labeled
HDL is still a challenge. The MRI signal within plaques of
preclinical mouse models is often difficult to depict clearly
because of the small amount of accumulated HDL, , the
small size of the mouse aorta, and the protracted peak of accu-
mulation that starts =24 hours after intravenous injection.'*!

To improve imaging modalities, we reconstituted human
HDL and replaced the hydrophobic core of HDL with either
QDs or SPIOs. To the best of our knowledge, the embedding
of nanoparticles into reconstituted human HDL has not been
reported previously and has only been described using syn-
thetic HDL. By comparing 2 different application approaches,
that is, intravenous and intraperitoneal injection, the aims of
this study were:

1. to synthesize and establish HDL for nanoparticle
transport;

2. to evaluate the biodistribution by different imaging tech-
niques and by colabeling with *Fe;

3. to investigate whether intraperitoneal injection of NP-HDL
increases the accumulation of NP-HDL within the athero-
sclerotic plaque compared with intravenous injection using
various in vivo and ex vivo imaging techniques, including
x-ray fluorescence microscopy (XRF); and

4. to evaluate MR relaxometry for the quantitative determi-
nation of NP-HDL accumulation compared with

3 L 59Fe-SPIO
¥Fe radioactivity measurements.

Methods

Synthesis of Nanoparticles

The synthesis of CdSe/CdS/ZnS nanoparticles (QDs) with a core size
of 5 to 6 nm was performed by the injection of H,S gas'® in a typi-
cal procedure as described previously.!” QDs were kindly provided
by Prof. A. Eychmiiller from the Institute of Physical Chemistry and
Electrochemistry, TU Dresden, Germany. SPIOs with a core size of 7
nm were synthesized as described previously.'

HDL Nanoparticles

Human HDL was isolated from normal human plasma (approved by
Arztekammer Hamburg, Germany) by sequential density gradient ul-
tracentrifugation, and lipid concentrations were determined using com-
mercial lipid detection kits (Roche Diagnostics GmbH, Mannheim,
Germany). Then, 5 mg of lipids was extracted using 1 mL of chloro-
form/methanol (8:5 v/v) by vigorous shaking. Apolipoproteins were
pelleted by centrifugation at 18 000g for 10 minutes. Supernatants

were harvested and the solvent removed under an ambient flow of
nitrogen. For embedding, 10 mg of the lipid extract was dissolved
in chloroform and mixed with 0.4 mg iron oxide nanoparticles, or
with 5 nmol CdSe/CdS/ZnS core-shell-shell nanoparticles, or with
%Fe oxide nanoparticles (200 KBq/10 mg lipid)." The solvent was
removed and the NP-HDLs were resuspended in 4 mL PBS at 65°C,
and 0.5 mg deoxycholic acid was added. NP-HDLs were formed by
sonication 3 times for 4 minutes in 4 mL PBS. Aggregates were re-
moved by filtration, first using a 450-nm filter followed by a 220-nm
filter (Merck Millipore, Darmstadt, Germany). The NP-HDLs were
concentrated using Amicon Ultra-4 Centrifugal Filter Units (Merck
Millipore). An overview of the NP-HDL composition (cores: QD/
SPIO/*Fe-SPIO), imaging modalities, and detection methods are
provided in Figure 1.

Characterization of NP-HDL

For lipoprotein profiling, plasma or isolated HDLs were separated
by FPLC using S6-superose columns (GE Healthcare), and the lipid
levels were analyzed in each fraction. In the case of QD-labeled NP-
HDL, individual fractions were collected after separating the nanopar-
ticles by gradient density centrifugation, and the cholesterol and
triglyceride concentrations in each fraction were analyzed by enzy-
matic lipid determination. To verify the incorporation of QDs into the
lipid core, the fluorescence in the fractions of HDLs was measured af-
ter UV excitation. The hydrodynamic diameter of the NP-HDLs was
determined by dynamic light scattering (DLS; Malvern Zeta Sizer
Nano-ZS; Malvern Instruments Limited, Malvern, Worcestershire,
United Kingdom). The integrity and structure of the iron oxide par-
ticles and the QDs have been described and shown recently by elec-
tron microscopy.'’

Animals

All B6.129P2-apoE™!n<! (C57BL/6J background) mice (ApoE~")
were purchased from Charles River Laboratories/Jackson
Laboratories, Bar Harbor, ME, and were bred within the Animal
Unit of the University Hospital Hamburg Eppendorf. To develop
atherosclerotic plaques, 12-month-old (mean age, 12+2 months)
ApoE™ mice were exposed to a Western-type diet (EF R/M
TD88137; ssniff GmbH) for >30 weeks (mean, 40+10 weeks) be-
fore the imaging experiments were performed. ApoE~~ mice for
radioactive biodistribution analysis were 8 months old and did not
receive a Western-type diet.

Determination of Blood Clearance and
Biodistribution of NP-HDL by Radioactive
Measurements

For the gamma activity measurements performed in Hamburg, a
whole-body radioactivity counter (HAMCO)* was used. The iron ox-
ide core was prelabeled with *Fe (NP-HDL,,. ). NP-HDL_ .
(400 pL) was injected either intraperitoneally (n=6) or intravenously
into the tail vein (n=6) of ApoE”~ mice. The total amount of ap-
plied radioactivity was measured immediately after injection. Blood
samples were taken 1, 5, 20, 40, 60, 90, 120, 180, and 220 minutes
after injection to determine blood clearance. For the biodistribution
of NP-HDL, ..., the mice were perfused with 4% paraformalde-
hyde 220 minutes postinjection, and activity measurements were
performed on the aorta, spleen, kidney, lung, muscle, heart, liver,
peritoneal macrophages, and femur.

MR Image Analysis

MR image analysis was performed using ImageJ (Image Processing
and Analysis in Java, version 1.44p; National Institutes of Health,
Bethesda, MD). To evaluate the signal enhancement index (SEI) of
the aortic wall, liver, and spleen quantitatively, the percent decrease
(%SEIL ) in relation to muscle tissue was calculated according to the
equation, %SEI_=(SR _ /SR —1)x100, with SR=SI /SI and

aortic wall muscle’

was determined from the sigr;)al ratio (SR) of the signal intensities (SI).
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Figure 1. Schematic composition of imaging
and detection methods for NP-HDL. Nanopar-

e i) iron oxides (SPIO) RRESEIO ticles (QD, SPIOs, or 59Fe-SPIOs) were embed-
ded into the lipid core of HDL by sonification.
% = xw\ The different nanoparticle properties demand
s §§/ Phospholipids ‘i: & Triglycerides U:j Eholestarel specific imaging_ mod_alities and dete_ctipn meth-
= = ods for the confirmation of NP-HDL in tissues.
HDL indicates high-density lipoprotein; NP-HDL,
nanoparticle-labeled HDL; QD, quantum dots; and
Optical imaging MRI SPIO, superparamagnetic iron oxide nanoparticles.
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These calculations were performed on the T2*-weighted MR image
of the T2*-weighted MR relaxometry using the third echo (TE=2.97
ms). T2* MR relaxometry maps were generated using a custom-made
software plugin for ImageJ.”! AR2* was assessed by the following
equation: AR2*=R2* —R2* with R2*[s™']=1/T2*[ms]x1000.

Statistical Analysis

Data are presented as mean+SD. For statistical analyses of pre and
post images, a paired #-test was used. For all other statistical analyses,
a 2-tailed unpaired Student #-test was performed. A value of P<0.05
was considered statistically significant.

Ethical Statement

All animal experiments were supervised by the institutional ani-
mal welfare officer and approved by the local licensing authority
(Behorde fiir Soziales, Familie, Gesundheit und Verbraucherschutz;
Amt fiir Gesundheit und Verbraucherschutz, Hamburg, Germany;
project no. 33/10).

The methods used for cell incubation and competitive inhibition
experiments, isolation of peritoneal macrophages, MRI, histological
analysis, fluorescence microscopy, XRF, and transmission electron
microscopy are described in the Data Supplement.

Results

Characterization of NP-HDL

As seen from the FPLC profile of human plasma and isolated
HDLs, the concentration gradient of cholesterol and triglyc-
eride of the isolated HDL fraction overlapped with the HDL
gradient from human plasma (Figure 2A and 2B). No contam-
ination with other lipoproteins such as low-density lipoprotein
was detected.

After separating NP-HDL by density gradient ultracentri-
fugation, individual fractions were collected and cholesterol
was quantified. The cholesterol measurements of NP-HDLs
corresponded to those from loaded HDLs. Next to some bigger
aggregates, a cholesterol peak was detected in HDL fractions

(fraction =15; Figure 2C). The measured fluorescence after
UV excitation in the HDL fraction indicates the successful
incorporation of QDs into the recombinant HDL, whereas no
fluorescent signal was obtained from HDL fractions prepared
without QDs (Figure 2D).

DLS revealed that empty NP-HDL had similar size com-
pared with native HDL (8-12 nm; Figure 2E). After incorpo-
ration of QDs or SPIOs into the lipid core, NP-HDL particles
were slightly bigger in terms of the hydrodynamic diameter.
Moreover, TEM analysis determined that if the lipid envelope
stayed stable during TEM preparation, only 1 single nanocrys-
tal was embedded into the lipidcore of NP-HDL,, . (Figure I
in the Data Supplement).

Cell incubation experiments illustrated the uptake of
NP—HDLQD in murine macrophages in vitro (Figure II in the
Data Supplement). The fluorescence signal of NP-HLDQD
decreased by competitive inhibition in the presence of a 20x
higher concentration of unlabeled NP-HDL.

SPIO

MRI In Vivo Biodistribution
In T2*-weighted MR images, the intravenously administered
NP-HDL, , were detected in the liver and spleen and led to a
reduced signal, resulting in a shortening of T2* relaxation time
(P<0.001; Figure 3; see Table). A signal decrease in the liver
and spleen was also observed after intraperitoneal injection of
NP-HDL, ,, and a shortening of T2* relaxation time was noted
(P<0.001). The calculated AR2* of the liver was significantly
lower (P<0.05) when particles were injected intraperitoneally.
No significant difference in AR2* was detected in the spleen.
MR measurements were confirmed by histology showing
that the particles had lodged within the liver and the spleen
after intravenous and intraperitoneal injection. To investigate
the lower uptake of NP-HDL into the liver after intraperitoneal
application, *Fe radioactive measurements were performed.
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Determination of Blood Clearance and
Biodistribution by Radioactive Measurements

The activity in blood after intravenous injection of
NP-HDL,,, .., into the tail vein showed a biphasic profile
over time (Figure 4A). In the first 30 minutes, rapid clearance
occurred with <10% of the activity remaining in the blood
by that time point, followed by delayed clearance during the
second and third hour.

When NP-HDL, ..., were injected intraperitoneally, the
activity in blood increased far more slowly, reaching the same
level when applied intravenously, but not until 40 minutes
postinjection. The second part of the curve declined in parallel
to the intravenous injection activity curve, resulting in similar
blood clearance.

The final biodistribution pattern of NP-HDL,,_ ., after intra-
venous and intraperitoneal application in mice looked similar
(Figure 4B). The highest activity uptake was measured in the liver
and spleen, followed by the femur, aorta, and in the peritoneal
macrophages in the case of intraperitoneal injection. However,
some differences were detected depending on the mode of appli-
cation in the liver, where the uptake was significantly higher after
intravenous application (P<0.001), and in the aorta with a signifi-
cant higher uptake of NP-HDL,, ., after intraperitoneal appli-
cation (P<0.01; Figure 4C). The increased accumulation within
the spleen after intraperitoneal injection was not significant.

Fluorescence Microscopy
Figure 5 shows the biodistribution of NP-HDL ,; after intrave-
nous and intraperitoneal application using ex vivo fluorescence

ding of QD or SPIO into the lipid core

of NP-HDL increased the mean diam-
eter up to 18 to 20 nm. HDL indicates
high-density lipoprotein; NP-HDL,
nanoparticle-labeled HDL; QD, quantum
dots; and SPIO, superparamagnetic iron
oxide nanoparticles.

microscopy. Twenty-four hours post—intravenous or intraperi-
toneal injection, confocal microscopy revealed that when NP-
HDL,, was applied intraperitoneally, the fluorescent signal
increased in peritoneal macrophages (Figure 5E, indicated in
red) compared with the intravenous delivery of NP-HDL
(Figure 5A). Nevertheless, after both application approaches,
NP-HDL,,, was found in the spleen (Figure 5B and 5F), in the
liver (Figure 5C and 5G), and in atherosclerotic lesions. In
Figure 5D and 5H, the view into the abdominal aorta is shown
with the atherosclerotic plaque bulging out into the lumen. No
red fluorescence was detectable in the spleen, liver, and ath-
erosclerotic plaque when saline was injected (Figure III in the
Data Supplement).

MR Plaque Imaging

Figure 6 shows an example of in vivo MR plaque imaging,
in which the uptake of NP-HDL,,  into an atherosclerotic
lesion is demonstrated after intraperitoneal application.
Because of the T2/T2* properties of NP-HDL, , a signal
drop occurred in the aortic wall with a mean signal drop of
10+11.7% (Figure 6A and 6E). However, the measured SRpre
and SR were not significantly different. Atherosclerotic
lesions after intravenous application could not be detected by
MRI (data not shown).

To verify the uptake of NP-HDL_, , into the vessel wall
after intraperitoneal injection, aortas were removed and
imaged ex vivo by MRI. The T2-weighted images showed
a clear decrease in signal intensity in the aortic wall of the

aorta post-NP-HDL,  in comparison to the uninjected aorta
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Figure 3. Biodistribution of NP-HDL, , after intravenous (iv) and intraperitoneal (ip) application analyzed by T2*-weighted MRI, T2* MR
relaxometry, and Prussian blue staining. A to F, T2*-weighted MRI and corresponding T2* relaxometry map before (A and B) and 24 h
after (C and D) the iv application of NP-HDL,, showed a strong signal decrease in liver and spleen, as confirmed with histological sec-
tions of the spleen (E) and liver (F) after Prussian blue staining, where the intracellular iron oxide aggregates of NP-HDL,,, appear blue
(ki indicates kidneys; li, liver; sp, spleen; and st, stomach). G to L, After ip application of NP-HDL,,,, a similar effect could be observed

by T2*weighted MRI and T2* relaxometry map before (G and H) and 24 h after (I and J) inoculation with a decrease in signal intensity

in the spleen and liver. Corresponding histological sections after Prussian blue staining revealed a similar intracellular accumulation of
NP-HDL,, in spleen (K) and liver (L). M and N, T2" relaxation times of the liver tissue showed a stronger decrease after iv (pre: 8.7+0.9
ms; post: 3.3+0.3 ms) than after ip injection (pre: 7.9+0.6 ms; post: 4.1+0.4 ms), whereas the reduction in T2* values in the spleen was
comparable for both application approaches (iv—pre: 9.1+0.4 ms; post: 3.6+0.6 ms; ip—pre: 8.5+3.2 ms; post: 3.3+0.5 ms). O, Resulting
AR2* of the liver was significantly higher for iv than ip injection (P<0.05), whereas AR2* of the spleen showed no significant differences
(mean+SD; *P<0.05; n.s. indicates not significant). NP-HDL indicates nanoparticle-labeled high-density lipoprotein; and SPIO, superpara-
magnetic iron oxide nanoparticles.

(Figure 6B and 6F). The T2* relaxation map showed a signifi- in SPIO appeared as a blue stain within the aortic plaque
cantly (P<0.01) shorter T2* relaxation time post—intraperito- (Figure 6H), the control (saline only) showed no staining
neally injected aorta (6.9+1.19 ms) than the uninjected aorta (Figure 6D).

(9.4+0.95 ms; Figure 6C and 6G).
Prussian blue staining confirmed the successful uptake

of NP-HDL, , into atherosclerotic lesions. Although iron

X-Ray Fluorescence Microscopy
When XRF was performed, selenium was clearly detected
within the atherosclerotic lesion after injection of NP-HDL,,

Table.  MRI Analyses (Figure 7A), whereas no selenium signal was generated when

SEl, % T2*, ms AR2*, mmol/s NP-HDL,, , was applied. The background signal of zinc and
Intravenous sulfur naturally distributed in the tissue was too strong to sepa-
Liver 799499 Pre 8.7+0.9 189436.3 rate from the signal enhancement created by NP-HDL, (Fig-
Post 3.3+0.3 ure 7). Similar to zinc and sulfur, the basic iron background
Spleen 173469 Pre 9.'1 ;04 1824463 in tissue was too high to Vis.ualize and.clearly distinguish by
XRF the accumulation of iron resulting from NP-HDL,
Post 3.6+0.6 S . SPIO
injection (Figure 7B).
Intraperitoneal
Liver 56.9+2.7 Pre 7.9+0.6 129+211 Discussion
Post4.1+0.4 In this study, we established the preparation of recombinant
Spleen 64.8+11.9 Pre 8.5+3.2 181+58.1

NP-HDL based on human lipoproteins, which were similar
Post 3.3+0.5 to native HDLs with regard to lipid composition and size.
SEl indicates signal enhancement index. Organ biodistribution and blood clearance of the nanoparticles
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A, After intravenous (iv) injection, blood concentration showed a

biphasic decrease with an accelerated clearance in the first 30 min, followed by a slowdown up to 60 min. In contrast, intraperitoneal (ip)

injection showed a slow increase up to 1 h. Both application approaches resulted in a nearly steady-state concentration of NP-HDL

for 23 h. B, The highest uptake of NP-HDL,

59FeSPIO

59FeSPIO

could be measured in the liver, followed by the spleen. Statistically significant differ-

ences (**) in the uptake between iv and ip application were detectable in liver, peritoneal macrophages, and aorta. C, After cleaning the

aorta from surrounding connective tissue, the uptake of NP-HDL,

9FeSPIO

was significant higher after ip than iv injection (**). (mean+SD;

**P<0.01; **P<0.001). NP-HDL indicates nanoparticle-labeled high-density lipoprotein; and SPIO, superparamagnetic iron oxide

nanoparticles.

after intravenous and intraperitoneal injections were analyzed
using Fe-labeled NP-HDL_, . A significantly higher uptake
of NP-HDL,, . into the atherosclerotic lesions in ApoE~~ mice
was achieved after intraperitoneal injection. The uptake of
NP-HDLQD and NP-HDL, , into the organs after intraperito-
neal application was visualized by fluorescence microscopy
and MRI. Although in vivo MRI of NP-HDL, = within ath-
erosclerotic lesions is still challenging, ex vivo MRI, XREF,
confocal fluorescence microscopy (CFM), and Prussian blue
staining of aortic specimens clearly indicated the uptake of
NP-HDL into the atherosclerotic lesions. Therefore, the visu-
alization of plaques using NP-HDLs by different imaging

modalities is feasible.

peritoneal
macrophages

spleen

plagques (H). Red fluorescence signal represents NP-HDL .,

B C
S
30 ym 50 ym

Figure 5. Biodistribution of NP-HDL  after intravenous and mtraperltoneal application using ex vivo fluorescence microscopy. A to D,

24 h after intravenous application, no accumulation of NP-HDL , could be detected in peritoneal macrophages (A), whereas the particles
accumulated in spleen (B), liver (C), and atherosclerotic plaques (D). E to H, 24 h after intraperitoneal application, NP-HDL ,, was taken up
by peritoneal macrophages (E). Comparable to intravenous injection, NP-HDL ,, accumulated in spleen (F), liver (G), and atherosclerotic

The physical properties of recombinant NP-HDLs are
very similar to those of endogenous HDL. The detection of
fluorescence in the same fraction as native HDL indicates
the correct incorporation of QDs into the prepared NP-HDL.
Nevertheless, some material was also detected in the fractions
containing larger-sized particles. Similar results have also
been described by Frias et al*> and can be explained by the
fusion of HDL micelles. Because of the preparation process,
it is possible to embed >1 nanoparticle into the hydrophobic
core of HDL. This can lead to bigger micelles containing HDL
lipid components. To separate these bigger HDL micelles
from NP-HDL, filtration was performed before NP-HDLs
were used in experiments. DLS analysis revealed that loaded

liver aortic plaque

100 pm
——y

green signal the autofluorescence of the tissue; peritoneal macrophages

are stained with DAPI (blue). L indicates aortic lumen; P, atherosclerotic plaque; S, liver sinosuid; and W, aortic wall. NP-HDL indicates

nanoparticle-labeled high-density lipoprotein; and QD, quantum dots.
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Figure 6. MRI and MR relaxometry of ath-
erosclerotic plaques in vivo and ex vivo

in comparison to histology. T2*-weighted
MRI of the aortic arch of ApoE~- mice
before (A) and 24 h post-intraperitoneal
injection (E) of NP-HDL, Arrows indi-

SPIO"

cate signal decrease within the aortic wall
T because of the uptake of NP-HDL, .. Ex
ey v vivo T2*-weighted transverse MRI of the
T aorta before (B) and after (F) NP-HDL,,

application and corresponding T2*
relaxation time maps (C and G). After

! NP-HDL,,, injection, the aorta showed
a stronger signal decrease with short-
ened T2* values (G). Prussian blue stains
of aortic sections of mice injected with
NP-HDL, , revealed the presence of par-
ticles within the atherosclerotic plaques
of the aortic vessel wall (H), whereas no

iron appears in the aortic wall of uninjected mice (D). NP-HDL indicates nanoparticle-labeled high-density lipoprotein; and SPIO, super-

paramagnetic iron oxide nanoparticles.

NP-HDL was slightly larger than unloaded HDL because
of the core size of incorporated nanoparticles (QD, 5-6 nm;
SPIO, 7 nm). Nevertheless, the lipid configuration and the
surface of NP-HDLs were similar to endogenous HDL, and
the slightly larger size should not be detrimental to plaque
penetration, because even larger nanoparticle contrast agents
(eg, 38-nm magnetic nanoparticles)* and larger biomolecules
such as low-density lipoproteins (=20 nm) can penetrate the
endothelial barrier.

The rapid plasma clearance of NP-HDL after intravenous
application in the first 30 minutes is in accordance with previ-
ous studies.!! Nevertheless, =5% of the injected dose of radio-
activity was still present in the plasma 3 hours after injection,
which may be because of free radioactive iron as well as redis-
tribution between different organs. Although the initial biodis-
tribution data after intravenous and intraperitoneal application
look similar in our experiments, we observed a significantly
higher uptake of NP-HDL within the liver (P<0.001) after
intravenous injection. The higher uptake of intravenously
injected NP-HDL into the liver led to a more rapid degra-
dation of NP-HDL in the liver. It has been shown by previ-
ous studies' that when radioactive-labeled SPIOs prepared
in the same way as the present study were embedded into
triglyceride-rich lipoproteins, lipoproteins underwent faster
degradation in the liver. We assume that the radioactivity we
observed in the blood 40 minutes after intravenous applica-
tion was because of free circulating iron. After intraperitoneal

overlay
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>
D
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injection, blood levels initially rose as NP-HDL found their
way into the blood, and we observed a slower uptake of
NP-HDL into the bloodstream, such that NP-HDLSs were not
dismantled as quickly by the liver, and most of the particles
remained embedded in the lipid core of HDL 40 minutes after
injection. This resulted in a significantly higher uptake of
NP-HDL in the atherosclerotic lesions (P<0.01) after intra-
peritoneal administration. Similar pharmacokinetics of intra-
peritoneal and intravenous administration were observed by
Allen et al** and van Zanten-Przybysz et al.”® However, Allen
et al used liposomes 100 to 150 nm in size for the therapeu-
tic application of liposomal drug delivery systems, whereas
van Zanten-Przybysz analyzed the route of administration of
a monoclonal antibody (MOv 18) to target ovarian cancer.
Allen et al reported that intraperitoneal injection of liposomes
resulted in almost constant blood liposome levels for a period
of several hours, which makes desirable the use of liposomes
as a sustained-release system in vivo.?

Using T2* relaxometries for biodistribution analysis by
MRI enabled us not only to visualize but also to quantify the
accumulation of NP-HDL, , in the liver and spleen. MRI
results confirmed the lower uptake of NP-HDL,, . in the liver
by the significantly lower AR2* relaxation rate (P<0.01) after
intraperitoneal application.

The uptake of NP-HDL into the atherosclerotic lesions
was demonstrated by different imaging techniques, that is,
ex vivo MRI, XRF, CFM, and light microscopy of Prussian

Figure 7. X-ray fluorescence maps of 20-pm
cross-sections of mice aorta after 24 h in vivo
treatment with NP-HDL , (A) and NP-HDL,, (B)
recorded at photon energy of 13.4 keV. The first col-
umn shows the distribution of 3 analyzed elements
within the aortic wall in overlay mode: selenium
(red), zinc (blue), and iron (green) in A and sulfur
(red), zinc (blue), and iron (green) in B. Selenium

as part of the hydrophobe CdSe/CdS/ZnS core-
shell-shell nanoparticle of QD was detectable with
increased concentrations within the plaque only
after NP-HDL , injection, whereas Zn, S, and Fe as
natural elements of the aortic wall were not clearly
distinguishable from the applied particles. Image
sizes: 900x840 um (A), 1120x1080 um (B). Pixel size
corresponds to 10x10 um, and dwell time 1 s per
pixel. Color bar represents the number of counts.

Fe)
0 4
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blue—stained aorta specimens. Despite respiratory and pulse
oximetry gating to minimize motion artefacts for in vivo MRI
analysis to obtain improved image quality, the noninvasive
detection of NP-HDL, | by in vivo MRI remains challenging.
Previous studies have attempted to visualize the in vivo uptake
of SPIO-labeled HDL into plaques by MRI."* However, these
studies did not use ex vivo MRI to confirm the data and did
not quantify the signal drop by estimating the T2* time. Signal
differences in our study for vessel wall lesions in pre- and
post-MR in vivo images were not significant. Motion and sus-
ceptibility artefacts caused by breathing, vessel pulsation, and
gut movement made R2 and R2* quantification in vivo very
difficult, in particular for small regions of interest such as ath-
erosclerotic plaques in ApoE”~ mice.” By using ex vivo MRI,
movement artefacts can be avoided and the results obtained in
vivo can be easily validated. Moreover, ex vivo MRI allows
for a longer scan time to achieve a higher signal-to-noise
ratio and a greater resolution, resulting in better detection
of plaques and better quantification of NP-HDL_,  uptake
within the plaque.

XRF analysis provided a precise elemental distribution of
aorta tissues in high spatial resolution and could be obtained
solely by synchrotron techniques. It is feasible to achieve an
elemental map distribution in sub-ppm concentrations. This
approach shows the colocalization of selenium, exclusively
present in NP-HDLQD and, when incorporated, in atheroscle-
rotic plaques (Figure 7A). Moreover, the XRF approach con-
firmed the results obtained by MRI, CFM, and Prussian blue
staining.

Several limitations influenced the outcome of the present
study. To generate severe atherosclerotic lesions in living ani-
mals, ApoE~~ mice were used at an old age and had to be fed
a Western-type diet. It is known that a long-term Western diet
use will lead to the calcification of plaques.”® Calcium carbon-
ate exhibits a short T2 and T2* time by itself. If the plaques
were already calcified at the time of NP-HDL, , injection,
the T2 and T2* time would be too short to observe an effect
because of SPIOs in NP-HDL, ,. Although resembling an
important aspect of human pathology, this effect could inter-
fere with T2* measurements. Moreover, as the number of ani-
mals for MR analysis was relatively small, resulting in high
standard deviations, the detection of atherosclerotic lesions
after NP-HDL_, , application by MRI should be presently
seen only as a proof of concept.

To summarize, we have successfully prepared NP-HDLs
for the detection of atherosclerotic plaques under multi-
modal imaging. We have shown that NP-HDLs have simi-
lar characteristics as endogenous HDL. Nanoparticles (QD
and SPIO) were incorporated successfully into the hydro-
phobic core, and the labeled NP-HDL had desired lipid
composition such that it mimicked the native HDL. Using
NP-HDL,,_ ..., Wwe were able to investigate blood clear-
ance and biodistribution of injected NP-HDL, and even
more importantly, we quantified the accumulation of radio-
labeled nanoparticles within the atherosclerotic plaques. In
addition, we confirmed the uptake of NP-HDL using MRI,
XRF, CFM, and light microscopy. Moreover, the estimation
of T2* and AR2* allowed the quantification of signal drop

due to the accumulation of NP-HDL, . This is also the first

SPIO

report showing the detection of elements of NP-HDL in ath-
erosclerotic lesions by XRF.
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CLINICAL PERSPECTIVE

Atherosclerosis is the primary cause of heart disease and stroke, and it accounts for 50% of all deaths in Western societies.
Furthermore, despite pharmacological intervention and lifestyle changes, cardiovascular disease continues to be the prin-
cipal cause of death in the United States, Europe, and much of Asia. Given these severe health threats of atherosclerosis,
noninvasive detection and characterization of plaques may be useful to detect patients at risk, or to monitor the efficacies
of therapies. Growing evidence suggests that the decisive factor determining atherosclerotic plaque vulnerability is more
dependent on the plaque configuration than on the degree of luminal narrowing. For this, it is necessary to develop new imag-
ing strategies. Especially molecular imaging has the potential to identify vulnerable and high-risk plaques by diagnosing
early atherosclerotic lesions and by accurately determining plaque composition. In this study, we used high-density lipopro-
tein (HDL) as contrast agent. Nanoparticle-labeled HDL takes the advantage of HDL’s physiological role in participating
in cholesterol efflux from tissues, including atheromatous plaques in vessels, and migrating in and out of atherosclerosis
to provide contrast enhancement on MRI. By intraperitoneal injection, a higher accumulation in atherosclerotic vessel wall

lesions could be observed.




