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Arteriosclerosis, Thrombosis, and Vascular Biology

BRIEF REVIEW

Targeted Molecular Imaging of Cardiovascular
Diseases by Iron Oxide Nanoparticles

Karla X. Vazquez-Prada, Jacinta Lam, Danielle Kamato®, Zhi Ping Xu, Peter J. Little, Hang T. Ta

ABSTRACT: Cardiovascular disease is one of the major contributors to global disease burden. Atherosclerosis is an inflammatory
process that involves the accumulation of lipids and fibrous elements in the large arteries, forming an atherosclerotic plaque.
Rupture of unstable plaques leads to thrombosis that triggers life-threatening complications such as myocardial infarction.
Current diagnostic methods are invasive as they require insertion of a catheter into the coronary artery. Molecular imaging
techniques, such as magnetic resonance imaging, have been developed to image atherosclerotic plaques and thrombosis
due to its high spatial resolution and safety. The sensitivity of magnetic resonance imaging can be improved with contrast
agents, such as iron oxide nanoparticles. This review presents the most recent advances in atherosclerosis, thrombosis,
and myocardial infarction molecular imaging using iron oxide-based nanoparticles. While some‘i}u@;qenhave shown their
effectiveness, many are yet to undertake comprehensive testing of biocompatibility. There are'stil*pétential hazards to
address and complications to diagnosis, therefore strategies for overcoming these challenges are required.
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morbidity and mortality worldwide, with an estimated

31% of global deaths.! The underlying causes of
mortality in CVD include heart attacks and strokes, which
are caused by a vascular blockage ‘that prevents blood
from flowing to the heart or brain.'"® This is caused by
the localized clotting of blood occurring in the arterial and
venous circulation referred as thrombosis.*

Arterial thrombosis often results from thromboembo-
lism or a complication of atherosclerosis, a multifactorial
immunoinflammatory disease characterized by lesions in
aortic tissue caused by LDL (low-density lipoprotein)-
cholesterol retention to proteoglycans® Macrophages
uptake ox-LDL (oxidized LDL) and contribute to foam
cell formation.® The death of these cells results in apop-
totic cores full of thrombotic material. Rupture of unstable
plaques releases these materials, activating the coagula-
tion cascade and resulting in thrombus formation, which
can lead to myocardial infarction (MI; Figure [A])2%"8 and
an ischemic stroke.®

Venous thromboembolism can be divided into deep
vein thrombosis and pulmonary embolism.’® Deep vein
thrombosis describes thrombus in the deep venous

Cardiovascular disease (CVD) is the leading cause of

system (Figure [B]). The majority of deep-vein thrombi
originate from thigh and lower leg veins. Pulmonary
embolism occurs when a deep-vein thrombus detaches
and reaches the lungs. The embolus subsequently
impairs the gas exchange and' circulation in the lung."
This causes ventilation-perfusion mis-match in the alve-
oli,’and the activated' platelets release serotonin and
thromboxane.'? These changes trigger vasoconstriction
in the unaffected areas, increasing the pulmonary artery
systolic pressure and right ventricular after load, leading
to right ventricular failure.'

Thrombosis can range from an asymptomatic condi-
tion to a medical condition of swelling, edema, reddish
discoloration and discomfort, which hampers a clini-
cal evaluation and diagnosis based on symptomatol-
ogy.'® Symptoms of Ml include chest pain, shortness of
breath, and abnormal heart beating.'* Atherosclerosis
is asymptomatic in early stages until the plaques grow,
and arterial lumen is reduced.” Early diagnosis and rapid
treatment of CVDs is fundamental to decrease mortal-
ity and recurrence.'* Diagnosis of CVDs is achieved by
cardiovascular imaging using techniques like ultrasound,
angiography, venography, optical coherence tomography,
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Nonstandard Abbreviations and Acronyms

Highlights

CLIO cross-linked iron oxide nanoparticles

CvD cardiovascular disease

DCION2(+)  dual contrast iron oxide nanoparticles

EC endothelial cell

EGFP-EGF1 fluorescent protein-epidermal growth
factor 1

FibPeps fibrin-binding peptides

HA-NWs hyaluronan nanoworms

HUVEC human endothelial umbilical vein cells

IONP iron oxide nanoparticle

LDL low-density lipoprotein

MCP-1 chemoattractant protein 1

Mmi myocardial infarction

MRI magnetic resonance imaging

ox-LDL oxidized low-density lipoprotein

PEG polyethylene glycol

PLGA poly(lactic-co-glycolic acid)

RGO reduced graphene oxide

ScFv single-chain antibody

SPION small supermagnetic iron oxide
nanoparticle

USPIO ultra-small supermagnetic iron oxide
nanoparticle

VEGFR2 vascular endothelial growth factor
receptor 2

VSMC vascular smooth muscle cell

and computer tomography.'® These techniques are asso-
ciated with disadvantages such as invasiveness, the use
of ionizing radiation and toxic contrasts that can cause
side effects like nephropathies. Moreover, images can
only be reconstructed for a selected phase of the cardiac
cycle or have limited accuracy and specificity.'"'®
Contrast agents could be labeled with targeting
molecules that can specifically bind to biomarkers of
the biological processes or disease sites, allowing low
dose molecular imaging solutions and enhancing lesion
detectability. Iron oxide nanoparticles (IONPs) have
been widely studied and developed as imaging agents
for diagnosis of diseases.'2% IONPs are also known as
supermagnetic IONPs (SPIONs) because of their excel-
lent magnetic applications.?*?® SPIONs can alter the
intrinsic contrast properties of biological tissues' directly
by changing the proton density of a tissue, and? indi-
rectly by altering the relaxation properties of surrounding
hydrogen protons, changing local magnetic field or the
resonance properties of a tissue and hence its relaxation
time T, values.'®**? In T -weighted imaging, the mag-
netic moments of unpaired electrons from the magnetic
resonance imaging (MRI) contrast agents alter the local
magnetic field strength, resulting in faster dephasing due
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+ Current imaging methods to detect cardiovascu-
lar diseases such as atherosclerotic plaques and
thrombosis are mostly invasive.

* Molecular imaging techniques have been developed
as a noninvasive approach to image cardiovascular
diseases due to its high spatial resolution and safety.

* A number of studies have shown the effectiveness
of iron oxide as single- or multi-modality contrast
agents in molecular imaging of atherosclerosis,
thrombosis, and myocardial infarction.

+ Targeting biomarkers on endothelial cells and vas-
cular smooth muscle cells represents a promising
strategy for the diagnosis of atherosclerosis while
targeting activated platelets and fibrin is promising
for thrombosis imaging.

* Many of the studies are yet to undertake compre-
hensive testing of biocompatibility. There are still
potential hazards to address and complications
to diagnosis, therefore, strategies for overcoming
these challenges are required.

to spin-spin effects, hence a shorter T, value. Relaxivity is
a measure of the change in the relaxation rate of hydro-
gen protons as a function of contrast agent's concentra-
tion, and it is required to compare the efficacy of different
IONPs as MRI contrast agents.®® Here, we summarize
the paramount findings in molecular imaging of athero-
sclerosis, thrombosis, and Ml using IONPs as targeted
contrast agents.

PASSIVELY TARGETED, IONPS AS
CONTRAST AGENTS.FOR MOLECULAR
IMAGING OF ATHEROSCLEROSIS AND
THROMBOSIS

IONPs are eliminated by phagocytosis via the monocyte-
macrophage system, suggesting they could accumulate
where inflammatory responses are present, such as
human atherosclerotic plaques and thrombi®' Studies
in ApoE™~ mice demonstrate uptake of IONPs by mac-
rophages. Macrophage uptake of citrate-coated IONPs
was assessed at different stages of plaque develop-
ment in the brachiocephalic artery® Citrate-lONPs
were injected 24 and 48 hours before the scans. Sus-
ceptibility gradient mapping MRI showed an increase
of citrate-lIONPs uptake with the progression of plaque
development. Similar data were obtained from histology
and mass spectroscopy analyses.

The coating of IONPs is of tremendous impor-
tance for the circulating time of the nanoparticles.®®
Generally, it was found that coating the nanomateri-
als with polyethylene glycol (PEG) shielded the sur-
face from aggregation, opsonization, and phagocytosis,
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Figure. A, Development of atherothrombosis.

LDL (low-density lipoprotein)-cholesterol damages the endothelium and extravasates to the intima, accumulate in proteoglycans, and become
oxidized.! Oxidation stimulates the endothelial cells (ECs) to produce adhesion molecules? that recruit monocytes.® M-CSF stimulates

the differentiation of monocytes into macrophages that ex press SR-A and CD36. Macrophages recognize ox-LDLs (oxidized low-density
lipoproteins) and phagocytize them, generating foam cells.* Smooth muscle cells may migrate to the intima and contribute to foam cells’
formation.® The death of foam cells forms a mass of extracellular lipids and a fibrous cap of smooth muscle cell (SMC), collagen, and elastin.
These lead to a necrotic and apoptotic core. If the plaque ruptures, the thrombogenic material is exposed to the lumen, platelets will activate,
and adhere to the endothelium, forming a thrombus.?3¢-¢ B, Development of venous thrombosis. Slow blood flow in the veins might lead to
endothelial dysfunction and, therefore, expression of cell adhesion molecules such as VCAM1 (vascular cell adhesion protein 1), P-selectin,
and E-selectin. This might lead to recruitment and activation of leukocytes to the vessel wall, downregulating antithrombotic factors, releasing
neutrophil extracellular traps (NETs) upregulating inhibitor 1 (PAI1), and TF (tissue factor). These events trigger the coagulation cascade and
accumulation of red blood cells and fibrin, blocking the vessel, and causing venous thrombosis.'?

prolonging systemic circulation time of the materi-
als.3* Surprisingly, in the study of Ishida et al,® coat-
ing with PEG has shown to increase the accelerated
blood clearance effect. In a murine model of peripheral
arterial disease, PEGylated reduced-graphene oxide
IONPs (reduced graphene oxide [RGOJ-IONP-PEG)

Arterioscler Thromb Vasc Biol. 2021;41:00-00. DOI: 10.1161/ATVBAHA.120.3156404

were used as carriers of ®Cu, a radioisotope for posi-
tron emission tomography.*® Positron emission tomog-
raphy imaging was performed at longitudinally after
inducing hindlimb ischemia in the mice. Animals were
subdivided into mice that were used at each time point
(naive group), and mice that were repeatedly injected
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with the nanoparticles. Results showed effective accu-
mulation of %*Cu-RGO-IONP-PEG in the ischemic
hindlimb at 24-hour postinjection. After 10 and 17
days postsurgery, the naive group showed prolonged
blood pool uptake while the treated group rapidly
cleared up the nanoparticles from circulation. In addi-
tion, the uptake of ®*Cu-RGO-IONP-PEG in the dis-
ease site was lower in reinjected mice, and there was
higher liver uptake in the reinjected group compared
with the naive group. The re-exposure of PEGylated
RGO-IONP induces the accelerated blood clearance
phenomenon and decreases the circulation half-life
and passive targeting capabilities of #Cu-RGO-IONP-
PEG. Hematoxylin and eosin staining revealed that the
nanoparticles accumulated in the Kupffer cells and
other phagocytic cells of the liver was much higher
in the reinjected group. This is likely explained by the
anti-PEG IgM and complement activation-mediated
clearance of PEGylated nanomaterials. Production of
anti-PEG IgM occurs in response to the injection of
64Cu-RGO-IONP-PEG. When the mice were reinjected
with the 8*Cu-RGO-IONP-PEG, the nanoparticles are
quickly recognized by the anti-PEG IgM, resulting in
complement activation and removal of the nanomateri-
als by the phagocytic system.

Another follow-up study®” assessed the enhanced
permeability and retention effect in peripheral arterial dis-
ease using a similar ischemia model. Positron emission
tomography imaging showed that nanoparticle accumu-
lation was the highest at day 3 and the lowest at day
177, while serial laser Doppler imaging showed that blood
perfusion in the femoral artery decreased at day 3 and 10
but was improved at day 17 postsurgery. The nanopar-
ticles accumulated.in ischemic tissues via enhanced per-
meability and retention effect, which reduced as blood
flow was normalized. These studies revealed that passive
targeting of RGO-IONPs is a promising approach for
multimodal imaging of CVDs.

ACTIVELY TARGETED IONPS

FOR MOLECULAR IMAGING OF
ATHEROSCLEROSIS, THROMBOSIS, AND
MI

The surface of IONPs can be conjugated with ligands to
enable site-specific interactions and enhance its deliv-
ery to the target of interest® While passive targeting
relies on the leakiness of blood vessels and passive dif-
fusion, active targeting employs the attachment of bind-
ing ligands on the surface of the materials, allowing their
specific binding to the surface markers of a target cell
or tissue, improving specificity and efficiency of the con-
trast3® Recently, enormous progress has been made for
targeting nanocarriers to improve therapeutic outcome
and decrease systemic toxicity.
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Targeting Monocytes/Macrophages With
Dextran

Infiltration and accumulation of macrophages happen
during the progression of atherosclerosis, thrombosis,
and MI, making them a potential target for noninvasive
techniques.”'® Targeting macrophages is often achieved
by surface modification of IONPs with dextran, leverag-
ing the expression of dextran-binding C-type lectins on
the macrophage surface.®

Ferumoxytol is used for the treatment of anemia but
has gained interest as contrast agent for MRL*! Yilmaz et
al*! evaluated whether ferumoxytol allows a better MRI
characterization of infarct pathology than gadolinium-
based agents in a clinical trial for 14 patients with acute
MI. Baseline cardiac magnetic resonance was performed
within 48 hours to 7 days after the cardiac symptoms.
Patients in this study had acute ST-segment—elevationM|
caused by coronary artery occlusion or plaque rupture
and an ischemic cause of myocardial damage. Ferumoxy-
tol was intravenously administéﬁéd@gﬁr}«? mL ferumoxytol
containing 510 mg Fe) 24 hours aftér the baseline car-
diac magnetic resonance study. Then, patients under-
went postferumoxytol studies 48 hours after ferumoxytol
administration. Analyses suggest that ferumoxytol gave
a more detailed analysis of M| mainly by macrophage
infiltration and hence might provide a better profile for
evaluating Ml than Gd-based agents.

Sosnovik et al*? showed that imaging of macro-
phages was possible in mice using magneto fluorescent
nanoparticles (cross-linked iron oxide [CLIO]-Cy5.5)
made of dextran-CLIO and Cy5.5. Ml was induced by
ligation of the'left coronary arteryin 12 mice, and sham
surgery was performed in 7 mice as a control. CLIO-
Cyb.5 were injected after surgery, and fluorescence
tomography and MRI were performed 48-hour postin-
jection. MR images showed an increase in contrast-to-
noise ratio in the infarcted mice (23.0+£2.7), but not in
the sham-operated mice (5.43+2.4). The fluorescence
intensity of the infarcted mice (19.1£5.2) was greater
than that of the control (5.311.4). CLIO have also been
used as carriers of CyAm7*® for detecting vulnerable
atherosclerotic plaques with near-infrared fluorescence
microscopy. CLIO-CyAm7 accumulated in the superfi-
cial intima and within plaque macrophages, endothelial
cells (ECs), and SMCs with impaired endothelial bar-
rier function, suggesting that vulnerable plaques exhibit
impaired endothelial permeability, leading to higher
nanoparticle uptake. Histology findings are also consis-
tent with the uptake of CLIO-Cyb.5 by tissue macro-
phages as the excised hearts revealed the infiltration
of inflammatory cells into the infarcted myocardium on
hematoxylin and eosin staining.

Dextran-IONPs as carriers of iodine-125 for digi-
tal autoradiography of atherosclerotic plaques was
also studied in ApoE™~ mice** The nanoparticles
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demonstrated high radiolabeling stability and long blood
circulation time, leading to higher uptake in the heart
of ApoE™~ mice compared with control. Digital autora-
diography exhibited enhanced signals from the heart of
ApoE~~ mice, peaking at 72 hours after administration of
the nanoparticles.

Kao et al*® used MCP-1 (monocyte chemoattractant
protein 1) motif to coat spherical iron oxide magnetic
nanoparticles and target monocytes in atherosclerotic
plagues. MRI was performed in ApoE™~ mice 40-hour
postadministration. In vivo images of the aorta showed
an increase in the degree of darkness in mice fed with a
high-fat diet for a longer time. A decrease of pixel den-
sity in nonfat fed mice of 25.4% and 26.56% (wild-type
mice and ApoE~~ mice, respectively) was shown while
a decrease of 38.1% and 40.9% ApoE~~ mice fed with
high-fat diet for 2 and 4 days, respectively) was observed.
Histology data confirmed that the kidney was the major
organ employed for excreting the nanoparticles and that
MCP-1-motif MNPs accumulated in vulnerable ath-
erosclerotic plaques, indicating the potential affinity of
MCP-1-motif MNPs in the atherosclerosis model.

Targeting Monocytes/Macrophages With Other
Moieties

Active targeting of macrophages can be accomplished
by conjugation with osteopontin targeting agents.
Osteopontin is overexpressed by foamy macrophages
in atherosclerotic plagues.*® Qiao et al*” developed
Cyb.b-labeled = osteopontin  antibody-DMSA-coated
IONPs (Cy5.5-OPN-DMSA-IONPs) _for MRI/optical
dual-modality imaging. Hematoxylin and eosin, Masson
trichrome, and immunofluorescence. staining. revealed
the expression of OPN .in".atherosclerotic plaques:
These nanoparticles enhanced T, contrast in vivo in
ApoE~" mice with a mean post/presignal ratio of 0.64
compared with the control.

Tenascin-C, highly expressed in monocytes and mac-
rophages, leads to inflammation and plaque rupture.*®
Li et al*® developed antitenascin-C antibody ultra-small
supermagnetic iron oxide nanoparticles (USPIOs) for
evaluating the vulnerability of atherosclerotic plaques
in ApoE™~ mice. Mice were either injected with antite-
nascin-C USPIO or with nontargeted USPIO. The MR
images were taken before injection and after 16 and 24
weeks. At 16 weeks, the relative signal intensity in the
targeted group was reduced by 15.7% which was more
than that of the control group (reduced by 3.4%). Similar
results were seen at 24 weeks, where the relative signal
intensity changes in the targeted and the control group
were —26.4% and —11.1%, respectively. Histopathologic
analyses demonstrated atherosclerotic plaque forma-
tion and confirmed that tenascin-C expression of the
plagues at 24 weeks was higher than that at 16 weeks
(0.22£0.04 versus 0.13+0.02, P<0.05).
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Hyaluronan is an endogenous ligand for CD44, an
adhesion protein expressed on cells involved in ath-
erosclerosis such as macrophages.®® The effect of the
morphology of hyaluronan-conjugated iron oxide nano-
worms (HA-NWSs) and hyaluronan-conjugated SPIONs
(HA-SPIONSs) on inflammatory responses of atheroscle-
rotic plaques was studied in ApoE™~~ mice.®’ HA-NW has
an elongated shape whereas HA-SPIONSs is a spheri-
cal. The mice were injected with HA-SPIONs and HA-
NWs, and T,-weighted images were obtained before
and postinjection. Administration of HA-NW caused T,
signal intensity of the aorta wall to reduce by 20% of
preinjection levels at 20 minutes after injection and this
effect was sustained for over 120 minutes. HA-SPIONs
caused significant MR signal losses and the intensities
of lumen did not recover even after 140 minutes, pre-
venting the detection of plaques on aorta walls due to a
lack of MR contrasts between the lumen and aorta walls.
The result indicated that nanomaterial shape is impor-
tant for targeting to blood vessekwall, which is consistent
with other reports.®? HA-NWsf W@ré“ﬂé@s toxic as shown
by lower cytokine levels in RAW 364.7 cells, probably
because low molecular weight HA can produce inflam-
matory responses, while the high molecular weight HA
are anti-inflammatory. CD44 binding affinity to HA is
dependent on the molecular weight and it significantly
increases with higher molecular weight of HA. Consid-
ering that one nanoworm consists of multiple SPIONS,
it is possible that the elongated structure of the SPI-
ONs arranged together can better mimic high molecular
weight HA and reduce the inflammatory responses gen-
erated by the iron oxide core of the nanoprobes. These
results indicate ‘that HA-NWs were not only safer, but
also._more superior imaging agents than HA-SPIONSs.

CD163 is_a membrane receptor expressed by mac-
rophages and is associated with plaque progression in
atherosclerotic lesions. CD163-targeted gold-coated-
IONPs were tested as contrast agents for detection of
atherosclerotic plaques in ApoE™~ mice.®® Imunohisto-
chemistry validation confirmed all the mice had athero-
sclerotic lesions in the MRI scanned area and that the
plagues were composed by a layer of smooth muscle
cells with small lipid deposits and infiltrated macro-
phages. MRI was performed before and after administra-
tion. The MR images showed a decrease in T, signal at
24 hours, which became significant at 48 hours, provid-
ing evidence that the nanoparticles were able to enhance
the visualization of atherosclerotic plaques and their tar-
geting of macrophages with CD163 was successful.

Annexin V is used to target apoptotic macrophages
in vulnerable plaques, as it binds to phosphatidylserine.?
Cheng et al*® reported a hybrid-nanosystem for imaging
using a single-photon-emission computed tomography/
MRI multimodal probe. The nanosystem consisted of
PEG-USPIOs functionalized with diethylenetriamine-
pentacetate acid for (99 m)Tc coordination and annexin
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V (99mTc—DTPA—USPIO—annexin V) for targeting pur-
poses. Single-photon-emission computed tomography
and MRl images in mice were consistent and showed an
accumulation of the probes in vulnerable atherosclerotic
plaques. Absorption of 99mTc—DTPA—USPIO—annexin
V by apoptotic macrophages lead to an enhancement
of T,-weighted MRI. A signal change of atheroscle-
rotic plaques can be observed at 8-hour postinjection.
Lesions in the aorta can be outlined when integrated
with the MR images taken before the injection, improv-
ing the focal localization, and volumetry of atheroscle-
rotic plaques. Moreover, radioactive signals detected by
single-photon-emission computed tomography facili-
tated focus recognition and quantification of vulner-
able atherosclerotic plaques. Targeting effects were
further confirmed by CD-68 and transferase dUTP nick
end labeling staining. Results suggest that the annexin
V-modified hybrid nanoparticle system specifically tar-
geted the vulnerable atherosclerotic plaques containing
apoptotic macrophages.

Mannose receptors are overexpressed in some acti-
vated macrophages in rupture-prone atherosclerotic
plaques and can potentially be used for effective tar-
geting.5® Babi¢ et al®’ tested different nanoparticles
(Resovist, y-Fe,0,, and y-Fe,Q,) coated with either
D-mannose or poly(L-lysine). In vitro MRI showed an
increase in relaxivity after incubating the macrophages
in nanoparticle-containing medium for 3 hours, which
continued to increase until 24 hours. Intraperitoneal
injection with D-mannose and poly(L-lysine)-y-Fe,O,
nanoparticles in Prague hereditary hypercholesterol-
emic rats exhibited signal loss iin the abdominal cavity
immediately but disappeared 24 hours after administra-
tion. Even though viability. and relaxivity of both.nanopar-
ticles were similar, poly(L-lysine)-y-Fe, O, nanoparticles
were considered optimal, as'the D-mannose might be
more easily metabolized, exposing the uncoated iron
oxide cores to the cell environment.

Targeting Endothelial Cells

ECs constitute one of the essential components of the
circulatory system and thus are an important element
to consider for targeting CVDs. E-selectin, an adhesion
protein expressed only on ECs activated by cytokines,
was used to target ECs.58 CLIO nanoparticles were con-
jugated with an anti-human E-selectin (CD62E) F(ab’)
(,) fragment to form CLIO-F(ab)(,). Feasibility of CLIO-
F(ab’)(,) as MRI endothelial proinflammatory markers
in vitro using human endothelial umbilical vein cells
(HUVEC) was assessed. HUVECs were implanted in
athymic mice in matrigel solution and were treated with
IL-1B (interleukin-1B) and to express E-selectin. The
formation of HUVEC-containing vessels was confirmed
by histology and microscopy. Vessels that were highly
positively stained for iron were detected only in matrigel
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implants initially seeded with HUVECs. Treated HUVECs
showed 100 to 200x higher binding to the nanoparticles
than control cells. MRI showed that the cells treated with
IL-1B also had a specific T,-weighted signal darkening,
suggesting that the system could be of potential use in
monitoring diseases such as atherosclerosis.

Ex vivo MRI of CLIO-F(ab)(,) was tested using
a model of HUVEC transfer to test specific imaging
probes for human vascular disease.®® Animals harbour-
ing HUVEC-containing matrigel implants and blank
matrigel implants were euthanized longitudinally after
implantation. The implants were dissected without perfu-
sion and analyzed by histology and microscopy. Immuno-
histochemical staining for VEGFR2 (vascular endothelial
growth factor receptor 2) and CD31 indicated the suc-
cessful and specific conjunction of anti-VEGFR2 anti-
bodies onto the nanoparticles. The CLIO-F(ab')(,) were
injected following the induction of E-selectin expression
with IL-1p and hypointensity was found only if treated
with the interleukin. MRl imagesswere taken preinjection
and postinjection of CLIO-Fa(@:Analyses showed
a 3-fold decrease in T2* images measured in HUVEC
implants in response to IL-1f treatment. These observa-
tions support the in vitro findings and suggest that IL-13-
induced E-selectin expression in this HUVEC model is
detectable by MRI using CLIO-F(ab')(,).

VEGFR2 stimulates neoangiogenesis, which pro-
motes infiltration of macrophages, thickening of the
vessel wall, deposition of lipids, inflammation, athero-
sclerotic plaque progression, and rupture.f® A nanosys-
tem consisting of VEGFR2-targeted perfluorocarbon
magnetic nanocapsules was designed for dual-modality
imaging of atherosclerotic neovasculature.®' In the study,
perfluorooctyl bromide was used as an ultrasound con-
trast agent. Ultrasound imaging was performed before
and after injecting the nanocapsules in atherosclerotic
rats. MR images were obtained before and postinjec-
tion. Ultrasound images showed echogenicity in the
atherosclerotic/targeted group (65.1 dB) but not in
the atherosclerotic/nontargeted (46.7 dB) or control/
targeted group (46.0 dB). Similarly, the nanocapsules
significantly attenuated the MRI contrast-to-noise ratio
in the atherosclerotic/targeted group (74.2) but not in
the atherosclerotic/nontargeted (48.9) or control/tar-
geted group (46.9).

Targeting VSMCs

Vascular smooth muscle cell (VSMCs) are another com-
ponent of the vascular wall with a key role in the progres-
sion of many CVDs. Targeting VSMCs can be achieved
by targeting profilin-1, an actin-binding protein that regu-
lates VSMCs' proliferation and migration. Notably, its
overexpression can lead to atherosclerosis.?? Profilin-1
targeted IONPs (PC-NPs) were synthesized for MR and
fluorescence dual-modality imaging.®® In vivo MR and
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near-infrared fluorescence imaging were performed in
ApoE™~ mice before and 36 hours after administration
of nanoparticles. Compared with the nontargeted group,
the fluorescence signal of the carotid artery was signifi-
cantly higher in the targeted group. Similarly, the T, sig-
nal was significantly attenuated 36-hour postinjection,
and the contrast to noise ratio was significantly reduced
in the targeted group (31.7%) compared with the non-
targeted group (9.47%). Histology verification showed
more nanoparticles deposited in atherosclerotic lesions
of targeted group than those in other groups.

Targeting Activated Platelets

Platelets contribute to not only thrombus formation, but
also the inflammatory processes that affect atheroscle-
rotic plaque development.'? Targeting activated platelets
for molecular imaging was explored by Ta et al.2%6475¢
They developed a 2-step chemoenzymatic coupling
method for site-specific conjugation of a single-chain
antibody (scFv) against LIBS epitopes on glycoprotein
lIb/Illa. In vitro adhesion assays and in vivo experiments
in C57BL/6 wild-type mice suggest that the scFv was
successfully conjugated to the particles. Flow cytometry
assays confirmed the specific binding of scFv to acti-
vated platelets and nonbinding to nonactivated platelets.
Furthermore, there was an enhancement in T2*-weighed
images for the detection of thrombosis in mice. Histolog-
ical analysis of the injured carotid artery demonstrated
MPIOs that bound on the induced thrombus.

Multimodal IONPs for targeted MRI of atherothrom=
bosis was developed recently.'® The dual. contrast
IONPs (DCION2[+]) ‘acted as positive and negative
contrast agents. DCION2(+) were functionalized with
scFv directed against activated platelets for molecular
MRI and labeled with fluorescent molecules for opti-
cal imaging purposes. The targeting of DCION2(+) to
activated GPIIb/llla receptors was demonstrated in vitro
with receptor-expressing CHO cells and with activated
platelets. Results show that DCION2(+) were able to
shorten both T.- and T, -relaxation times. MR imaging
of the thrombi in vitro showed contrast in T,- and T,-
weighted imaging and demonstrated the efficient bind-
ing of DCION2(+) on the thrombi. The dual contrast was
shown by a bright ring around the thrombi in T,-weighted
images and by a dark ring around the thrombi in T,-
weighted images. In vivo MRI showed the largest change
in signal at 70-minute postinjection and a gradual decline
after this time point. Ex vivo fluorescence imaging con-
firmed the specific binding of DCION2(+) to thrombus.

Versatile ultra-small super-paramagnetic nanopar-
ticles differ from SPIONs by its functionalization with
aminated polysiloxane film grafted on their surface and
embedded in a dextran corona. versatile ultra-small
super-paramagnetic nanoparticles were functionalized
with recombinant human IgG4 antibody (rlgG4 TEG4) to
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target platelet membrane glycoproteins allB and 3.5
Staining of macrophages by anti-CD68 antibody was
performed to show the localization of platelets. Results
show an accumulation of nanoparticles in areas of foam
cells and platelet-leucocytes-aggregates. Transversal
relaxivity of the nanoparticles was found to be 273 mmol/
L= s7" in the presence of platelets and 257 mmol/L™
s~ when measured alone. Ex vivo MRI of the aorta of
mice injected with the TEG4-versatile ultra-small super-
paramagnetic nanoparticle showed a selective binding of
TEG4-versatile ultra-small super-paramagnetic nanopar-
ticle on atheroma plaques which induced a loss of MRI
signal, whereas no loss of signal was observed in mice
injected with IgG-USPIOs.

Another platelet-targeting IONPs were coated with
fucoidan (USPIO-FUCO), a sulphated polysaccharide
having high affinity for P-selectin.®® Suzuki et al®® syn-
thesized USPIO-FUCO and found that the nanopar-
ticles bound to P-selectin in vitro. In vivo thrombi
could be evidenced by MRI omr animals injected with
the USPIO-FUCO. Importantly,f‘ﬁhgggié;i”xvas no variation
in signal postinjection with control USPIO nanopar-
ticles after 2 hours. MRI of thrombi were correlated
with P-selectin immunostaining and USPIO detection
by electron microscopy. Data suggest that an effective
targeting to activated platelets was achieved in in vivo
MRI thrombi imaging.

Arg-Gly-Asp (RGD) domain is a cell adhesion motif
present in many integrins and matrix molecules, including
Gllb/Gllla.™ Targeting activated platelets through Gllb/
Gllla with cRGD conjugated PLGA-IONPs for detection
of thrombosis was reported.”” The PLGA-IONPs-cRGD
were tested in vivo using a rat model of FeCl_-induced
abdominal aorta thrombosis. In_vivo and ex vivo biodis-
tribution indicated that the nanoparticles accumulated
selectively on the surface of the thrombi and were
internalized by macrophages in the liver and the spleen.
Moreover, in vivo MRI data showed a decrease in T,
signal at the thrombus 10 minutes after injection and a
gradual increase until 50 minutes, suggesting that this
nanosystem might represent a promising contrast agent
for specific detection of thrombosis.

Fusion proteins such as EGFP-EGF1 (enhanced
green fluorescent protein-epidermal growth factor 1)
have recently gained interest as they can be conjugated
in nanomaterials with the purpose of providing targeting
moieties and contrast ability,. EGF1 binds to the tissue
factor present in activated platelets whereas EGFP pro-
vides fluorescence. Hu et al™ synthesized EGFP-EGF1
to target activated platelets for dual molecular imaging of
cerebral thrombosis.™ In vivo multispectral fluorescence
imaging validated the targeting efficiency of EGFP-
EGF1-IONPs. The nanoparticles were mainly accumu-
lated in the tissue factor exposure region of the brain,
suggesting EGFP-EGF1-IONPs might be a feasible con-
trast agent for the early diagnosis of cerebral thrombosis.
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Although the authors did not present any data of MR
studies, it might be worth conducting MRI analyses in a
follow-up study, as the nanosystem is based on IONPs,
which are known to be contrast agents for MRI.

Targeting Fibrin

Fibrin is a key component of thrombi and a crucial fac-
tor in atherosclerosis.” An IONP-micelle system was
functionalized with FibPeps (fibrin-binding peptides)
for the detection of thrombi™ Thrombus detection by
FibPep-ION-Micelles was studied in a mouse model of
carotid artery thrombosis with in vivo quantitative MRI.
Histological analysis confirmed the occlusion of the
injured carotid arteries and the absence of occlusion
in the contralateral, noninjured carotid arteries. Throm-
bus uptake of FibPep-ION-Micelles and measurements
of the carotid arteries were performed ex vivo using a
magnetic particle spectrometer. FibPep-ION-Micelles
showed decreased T, value in the thrombus area
(22.7£1.5 ms) in comparison with the preinjection value
(26.5+2.6 ms). Ex vivo magnetic particle spectrometer
confirmed an increased thrombus signal compared
with the noninjured control. In contrast, there was no
increase in magnetic particle spectrometer thrombus
signal for the FibPep-ION-Micelles when compared with
the nontargeted micelles, suggesting the uptake of the
nanoparticles by the thrombi might be due to entrap-
ment. Thus nontargeted ION-Micelles might be of value
for diagnosis of thrombosis.

One of the peptide molecules used to target fibrin
is CREKA due to its_interactions with fibrin-fibronec-
tin complexes.™ ‘Spherical hybrid metal" oxide-peptide
amphiphile micelles were developed for molecular MRI
of human clots.” The micelles consisted of an iron oxide
core and were functionalized with fibrin-targeting peptide
amphiphiles with the sequence CREKA. Studies with in
vitro clots showed that the signal intensity of MR images
with targeted micelles was 65% compared with 35% for
nontargeted, exhibiting a 2-fold T, signal enhancement.

Ta et al”® designed a MRI nanosensor to distinguish
age of thrombus. The nanosensor consisted of IONPs
coated with a detachable layer of Gd and functionalized
with peptide targeting fibrin, which is present on both
fresh and old thrombi. If the nanosensor binds to a fresh
thrombus, thrombin (present only in fresh thrombus) will
release the Gd from the IONPs, restoring T, signal. On
the contrary, if the thrombus is old it will remain intact and
it will possess T, signal. Results show that the absence
of thrombin generated low r, values while in the pres-
ence of thrombin, r, increased significantly. In addition,
the absence of thrombin exhibited high r, values, show-
ing that IONPs are useful not only to detect thrombi, but
also to estimate its age.

In summary, these studies demonstrate that IONPs can
be functionalized with ligands to target different features
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of atherosclerotic plaques and thrombotic events, includ-
ing VSMCs, ECs, monocytes, macrophages, platelets,
and fibrin. The targeted IONPs successfully accumulate
in the region of interest and can enhance MR images by
significantly inducing contrast.

IN VITRO AND IN VIVO TOXICITY OF IONPs

IONPs are the most used nanoparticles for biomedical
purposes, including the diagnosis of disease. Nonethe-
less, the understanding of their interactions with biologi-
cal systems, toxicity, and uptake mechanisms is limited
and is a field of major interest. The toxicity and biocom-
patibility of most of the nanoparticles reviewed above
has been assessed in vitro and in vivo.

Murine 4T1 breast cancer cells were used to test in
vitro toxicity of passive-targeted RGO—-IONP-PEG using
the MTT assay. The cells were incubated for 24 hours
with different concentrations of RGO-IONP-PEG, and
no obvious toxicity was seen Reactive oxygen species
were measured by dichlorodihydrofitierescein diacetate
staining and used as an indicator of oxidative stress in
RGO-IONP—-PEG incubated cells. Results showed no
generation of reactive oxygen species even at the high-
est concentration tested (200 ug-mL="). Moreover, mice
treated with RGO=IONP=PEG (200 pL, 2 mg-mL~") after
photothermal therapy survived over a period of 40 days
without a single death, showing no sign of toxicity nor
significant body weight loss.™® Histological examination
of major organs showed no apparent damage or abnor-
mality, suggesting that RGO—-IONP-PEG was not toxic
to'mice with these concentrations.'On the contrary, other
studies suggest that RGO may have potential interac-
tion with serum proteins and induce intracellular reactive
oxygen species, which has limited the clinical translation
of this nanoplatform.®

Cytotoxicity of dextran-IONPs such as ferumoxytol
and ferucarbotran has been assessed in vitro.*" Incuba-
tion of macrophages for 24 hours with ferumoxytol (0.5
mg Fe/mL) and the lower concentration ferucarbotran
(0.25 mg Fe/mL) did not result in significant morpho-
logical changes and was not toxic, whereas incubation
with higher concentration ferucarbotran (0.5 mg Fe/
mL) resulted in rapid cell death. Biodistribution study
of dextran-IONPs as carriers of iodine-125 target-
ing mouse atherosclerotic plaques (100 pL, 10 pCi,
0.2 mg Fe/mL) show that the nanoparticles remained
in the site while they were cleared in the healthy tis-
sues.** MCP-1 magnetic nanoparticles viability assays
(0.1,0.2,and 0.3 mg Fe/mL culture medium) also show
that these dextran-IONPs do not affect the viability of
monocytes and 3T3 cells.*

Toxicity and biocompatibility studies of IONPs
targeting monocytes-macrophages with other moi-
eties yielded similar results as dextran-lONPs.
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Cyb.5-OPN-DMSA-IONPs had low cytotoxicity from 5
to 50 pg/mL on 265.7 macrophages. Additionally, termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
and flow cytometry assays showed that the nanoprobes
had insignificant influence on the apoptosis of macro-
phages.”” CellTiter 96 AQueous one solution cell prolif-
eration assay (MTS) suggested that HA-NWs (0.0625,
0.125, 0.25, 0.5, 1 mg/mL) did not affect viability of
vascular endothelial EAhy926 cells. Furthermore, bio-
compatibility and histopathologic analysis performed
postinjection (8 mg Fe/kg) of the nanowires did not
show any signs of toxicity on mouse major organs.®’

MTT assays of IONPs targeting VSMCs through
profilin-1 showed no significant effect on VSMCs and
macrophage viability after 24 hours incubation, even
at concentrations as high as 0.5 mg/mL.5® Promising
results have been obtained from toxicity assays per-
formed with activated platelet targeted IONPs.”'7 In vivo
toxicity studies of Fe,O,-PLGA-cRGD in rats (1 mL, 1
mg/mL) obtained no evident effect on blood composi-
tion, liver, or kidney function postinjection.” In vitro cyto-
toxicity of EGFP-EGF1-IONPs was determined using
CCK-8 assay on US7MG cells and HUVECs. Results
suggest that there was no obvious cytotoxicity on both
cell types in the studied concentration range (protein or
iron 0-50 pg/mL).°

In vitro and in vivo studies reviewed herein provide
evidence that IONPs were well-tolerated by a variety
of cell lines and were, therefore, nontoxic under condi-
tions tested. However, other targeted IONPs should also
be investigated to ensure safety and further studies are
needed to evaluate long-term effects.

CONCLUSIONS AND PERSPECTIVES

The unique properties of IONPs 'such as paramagnet-
ism, high surface-to-volume ratio, and biocompatibility
has led to extensive research for biomedical applications.
This review presented the most recent advances in the
molecular imaging of atherosclerosis, thrombosis, and Ml
using IONPs (Table). Overall, IONPs reviewed are non-
toxic under conditions tested and have been conjugated
with different probes to develop single or bimodal con-
trast agents for molecular imaging. Most of the research
on IONPs as contrast agents has been focused on MRI.
The relaxivity of IONPs critically depends on size, shape,
and coating. The IONPs discussed had a size range of 6
to 404.4 nm and ar, and r, range of 20.1 to 489 mmol/
L~'s™" and 5.3 to 44.6 mmol/L~"s™, respectively.
Comparing different IONPs has proved to be chal-
lenging in this review as not all studies have provided
data on the relaxivity of the nanoparticles. While most
studies provided information about the signal change,
different measures were used, including post/presignal
ratio, relative signal intensity change, contrast to noise
ratio, and signal brightness intensity. Therefore, as more
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novel IONPs are developed, it is important that research-
ers provide these data with a qualitative and standardized
measurement of signal intensity change.

Most of the IONPs have been designed to target
the monocyte-macrophage system, either passively or
by targeting macrophages with dextran, D-mannose,
poly(L-lysine), and antibodies. There are concerns of
misleading diagnosis in the clinic since macrophages will
localize to most inflammatory responses within the body,
which could be reduced by the development of IONPs
with dual targeting systems to improve the targeting
efficacy. Studies reviewed have shown that targeting
ECs through E-selectin and VEGFR2, as well as target-
ing VSMCs via profilin-1 represent promising strategies
for the diagnosis of atherosclerosis. Moreover, activated
platelets and fibrin are the most common target markers
for thrombosis. Activated platelets have shown to be tar-
geted either through glycoproteins with peptides (RGD)
or antibodies (scFv and anti-IgG4), or through other pro-
teins such as P-selectin and tissue factor with fucoidan
and EGF respectively. Peptideé;iiaﬁfgigﬁpg fibrin include
CREKA and FibPeps. Activated platelets and fibrin have
demonstrated to not only be promising targets to diag-
nose thrombosis but also rate the degree and the age of
thrombus, making it easier for clinicians to provide the
correct treatment for each patient.

Within the clinical landscape of IONPs used for MR,
the only active IONPs currently being used as MRI
contrast agent for the cardiovascular system is feru-
moxtran-10.8'82 Ferumoxides and ferucarbotran were
designed for MRI of the liver but have also been tested
as. cardiovascular. MRl contrast agents. Ferumoxides
caused severe back pain during administration and was
discontinued.in 200882 Ferucarbotran was discontinued
in 12009 because its enhancement was less efficient
than gadolinium-based agents.2 Ferumoxytol is currently
used for treatment of anemia and under ongoing Food
and Drug Administration clinical trials for an alterna-
tive contrast medium for MRI. Despite the label change
and the Food and Drug Administration's boxed warn-
ing added to the Feraheme (ferumoxytol) label in March
2015, radiologists have shown increasing interest in
using ferumoxytol as a supplement or alternative to gad-
olinium. Recent clinical trials data suggest ferumoxytol is
a safe and promising contrast agent for MR, especially
for imaging the nervous and the cardiovascular system.®
Serious adverse events appear to be rare. With proper
precautions, ferumoxytol may be a valuable MRI agent.

While some studies have shown their effectiveness
as contrast agents in molecular imaging, many of the
studies are yet to undertake in vivo or in vitro testing for
biocompatibility. There are potential hazards and compli-
cations to address. The potential impact of accumulation
of these agents in tissues and their elimination routes
have not been studied thoroughly yet. In addition, one of
the biggest hurdles for any of these agents is the delivery
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Table. IONPs Developed for Molecular Imaging of Atherosclerosis, Thrombosis, and Myocardial Infarction
E Target Size, nm Relaxivity Binding ligand Target marker Imaging modality | Ref.
: Passive targeting 7 r,.=20.1 mmol/L™'s™ Citrate Macrophage-monocyte SGM-MRI 32
= 1
% r,=37.1 mmol/L™'s™" system
= 93 PEG Macrophage-monocyte PET 36
[T
L system NIRF
[~
«a Macrophages and mono- | 30 r,=15 mmol/L-'s™" Dextran Dextran-binding C-type MRI 41
cytes with r,=89 mmol/L~'s™" lectins cine-CMR
dextran 2
Dextran Dextran-binding C-type Fluorescence 42
lectins tomography
MRI
30 Dextran Dextran-binding C-type Digital autoradiog- | 44
lectins raphy
MRI
20-30 Dextran Dextran-binding C-type NIRF 43
lectins MRI
20-150 Dextran and MCP-1 Dextran-binding C-type MRI 45
lectins and CCR2
Macrophages and mono- | 7.3 r,=135.2 mmol/L™"'s™" OPN antibody Osteopontin «# | Fluorescence 47
cytes with other moieties o L ,mixr*i\aging
9 .ssﬁiﬁilon
47 r,=168.24 mmol/L"'s™" | Tenascin-C antibody Tenascin-C MRI 49
HA-SPION20 Hyaluronan CD44 MRI 51
HA-NW65
6 CD163 CD163 MRI 53
antibody
20 r,=8.2 mmol/L™'s™ Annexin V Phosphatidyl-serine SPECT 55
O
g r,=20.1 mmol/L's™ MRI
% 180 D-mannose Mannose receptors MRI 57
8
Q PLL
g Endothelial cells 40.6 E-selectin antibody E-selectin MRI 58,59
3
= 404.4 VEGFR2 antibody VEGFR2 Ultrasound MRI 61
g Vascular smooth muscle 30.2 r,=184.5 mmol/L""'s™" Profilin-1 antibody Profilin-1 NIRF 63
. cells
%' MRI
= Activated platelets scFv LIBS epitopes on glyco- | MRI 29
3 protein lIb/llla
o
é 7.7 r,=5.3 mmol/L™'s™ scFv LIBS epitopes on glyco- | MRI 16
g r,=73.4 mmol/L~'s™" protein lIb/llla
o
> 7.5 r,=273 mmol/L"'s™" rigG4 TEG4 antibody Glycoproteins allB and MRI 67
§ B3
c
3 33.8 r,=37.5 mmol/L~'s™' Fucoidan P-selectin MRI 69
N
w r,=137 mmol/L~'s™"
N
§ 368 cRGD Glycoprotein llb/llla MRI 71
Tissue factor 100 EGFP-EGF1 Tissue factor MSFI 72
MRI
Fibrin 40 r,=5.6 mmol/L™'s™ FibPep Fibrin MRI 74
r,=207 mmol/L~'s™' (Cyclic RWQPCPAESWT-
Cha-CWDP)
20-30 r,=457 mmol/L~'s™' CREKA Fibrin MRI 76
160 r.=44.6 mmol/L™"s™" FibPep Fibrin MRI 77
r,=489 mmol/L™'s™" (GPRPPGGSILys(TMR)]GC)

CMR indicates cardiac magnetic resonance; EGFP-EGF1, fluorescent protein-epidermal growth factor 1; IONRP, iron oxide nanoparticle; MCP-1, chemoattractant pro-
tein 1; MRI, magnetic resonance imaging; MSFI, multispectral fluorescence imaging; NIFR, near-infrared fluorescence; PEG, polyethylene glycol; PET, positron emission
topography; PLL, poly(L-lysine); SGM-MRI, susceptibility gradient mapping magnetic resonance imaging; SPECT, single-photon-emission computed tomography; and
VEGFR2, vascular endothelial growth factor receptor 2.
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in enough quantities to enable imaging. Therefore, strat-
egies for overcoming these challenges are required. By
understanding these clinically observed limitations, ongo-
ing research and clinical trials are currently being per-
formed to design improved IONPs. As a consequence,
limitations are being reduced, and clinical acceptance is
expected to increase.
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