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Abstract 
Cardiovascular disease (CVD) 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 (MRI) have been 

developed to image atherosclerotic plaques and thrombosis due to its high spatial resolution 

and safety. The sensitivity of MRI 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 studies have shown their effectiveness, many are yet to undertake comprehensive testing 

of biocompatibility. There are still potential hazards to address and complications to diagnosis, 

therefore strategies for overcoming these challenges are required. 
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1. Introduction  
CVD is the leading cause of morbidity and mortality worldwide, with an estimated 31% of 

global deaths(1). 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 

(1-3). This is caused by the localized clotting of blood occurring in the arterial and venous 

circulation referred as thrombosis (4).  

Arterial thrombosis often results from thromboembolism or a complication of atherosclerosis, 

a multifactorial immunoinflammatory disease characterized by lesions in aortic tissue caused 

by LDL-cholesterol retention to proteoglycans (5). Macrophages uptake ox-LDL and 

contribute to foam cell formation (6). The death of these cells results in apoptotic cores full of 

thrombotic material. Rupture of unstable plaques releases these materials, activating the 

coagulation cascade and resulting in thrombus formation, which can lead to myocardial 

infarction (MI) (Figure 1A) (2,3,7,8) and an ischemic stroke (9).  

Venous thromboembolism (VTE) can be divided into deep-vein thrombosis (DVT) and 

pulmonary embolism (PE) (10). DVT describes thrombus in the deep venous system (Figure 

1B). The majority of deep-vein thrombi originate from thigh and lower leg veins. PE occurs 

when a deep-vein thrombus detaches and reaches the lungs. The embolus subsequently impairs 

the gas exchange and circulation in the lung (11). This causes ventilation-perfusion mis-match 

in the alveoli, and the activated platelets release serotonin and thromboxane (12). These 

changes trigger vasoconstriction in the unaffected areas, increasing the pulmonary artery 

systolic pressure and right ventricular after load, leading to right ventricular failure (10).  

Thrombosis can range from an asymptomatic condition to a medical condition of swelling, 

edema, reddish discolouration and discomfort, which hampers a clinical evaluation and 

diagnosis based on symptomatology (13). Symptoms of MI include chest pain, shortness of 

breath, and abnormal heart beating (14). Atherosclerosis is asymptomatic in early stages until 

the plaques grow and arterial lumen is reduced (15). Early diagnosis and rapid treatment of 

CVDs is fundamental to decrease mortality and recurrence (14). Diagnosis of CVDs is 

achieved by cardiovascular imaging using techniques like ultrasound, angiography, 

venography, optical coherence tomography, and computer tomography (CT) (16).These 

techniques are associated 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 (17,18).  

Contrast agents could be labelled 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 (19-23). IONPs are 

also known as supermagnetic iron oxide nanoparticles (SPIONs) because of their excellent 

magnetic applications (24-28). SPIONs can alter the intrinsic contrast properties of biological 

tissues (1) directly by changing the proton density of a tissue, and (2) indirectly 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 T2 values (16,24,29). In T2-

weighted imaging, the magnetic moments of unpaired electrons from the MRI contrast agents 

alter the local magnetic field strength, resulting in faster dephasing due to spin-spin effects, 

hence a shorter T2 value. Relaxivity is a measure of the change in the relaxation rate of 

hydrogen protons as a function of contrast agent’s concentration and it is required to compare 

the efficacy of different IONPs as MRI contrast agents (30). Here, we summarize the 
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paramount findings in molecular imaging of atherosclerosis, thrombosis and MI using IONPs 

as targeted contrast agents. 

2. 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 (31). Studies in ApoE (-/-) mice demonstrate uptake of IONPs by 

macrophages. Macrophage uptake of citrate-coated IONPs was assessed at different stages of 

plaque development in the brachiocephalic artery (32). Citrate-IONPs were injected 24 and 

48h prior to the scans. Susceptibility gradient mapping magnetic resonance imaging (SGM-

MRI) showed an increase of citrate-IONPs uptake with the progression of plaque development. 

Similar data were obtained from histology and mass spectroscopy analyses.  

The coating of IONPs is of tremendous importance for the circulating time of the nanoparticles 

(33). Generally, it was found that coating the nanomaterials with polyethylene glycol (PEG) 

shielded the surface from aggregation, opsonization and phagocytosis, prolonging systemic 

circulation time of the materials (34). Surprisingly, in the study of Ishida et al., coating with 

PEG has shown to increase the accelerated blood clearance effect (ABC) (35). In a murine 

model of peripheral arterial disease, PEGylated reduced-graphene oxide iron oxide 

nanoparticles (RGO-IONP-PEG) were used as carriers of 64Cu, a radioisotope for positron 

emission tomography (PET) (36). PET imaging was performed at longitudinally after inducing 

hind limb ischemia in the mice.  Animals were subdivided into mice that were used at each 

time point (naïve group), and mice that were repeatedly injected with the nanoparticles. Results 

showed effective accumulation of 64Cu-RGO-IONP-PEG in the ischemic hindlimb at 24h post-

injection. After 10 and 17 days post-surgery, the naïve group showed prolonged blood pool 

uptake while the treated group rapidly cleared up the nanoparticles from circulation. In 

addition, the uptake of 64Cu-RGO-IONP-PEG in the disease site was lower in re-injected mice, 

and there was higher liver uptake in the reinjected group compared to the naïve group. The re-

exposure of PEGylated RGO-IONP induces the ABC phenomenon and decreases the 

circulation half-life and passive targeting capabilities of 64Cu-RGO-IONP-PEG. Hematoxylin 

and eosin (H&E) staining revealed that the nanoparticles accumulated in the Kupffer cells and 

other phagocytic cells of the liver was much higher in the re-injected group.  This is likely 

explained by the anti-PEG immunoglobulin M (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 re-injected with the 64Cu-RGO-

IONP-PEG, the nanoparticles are quickly recognized by the anti-PEG IgM, resulting in 

complement activation and removal of the nanomaterials by the phagocytic system. 

Another follow-up study (37) assessed the enhanced permeability and retention (EPR) effect 

in peripheral arterial disease using a  similar ischemia model. PET imaging showed that 

nanoparticle accumulation was the highest at day 3 and the lowest at day 17, 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 post-surgery. The nanoparticles accumulated in ischemic tissues 

via EPR 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.  
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3. Actively targeted IONPs for molecular imaging of atherosclerosis, 

thrombosis and myocardial infarction      
The surface of IONPs can be conjugated with ligands to enable site-specific interactions and 

enhance its delivery to the target of interest.  (38). While passive targeting relies on the 

leakiness of blood vessels and passive diffusion, active targeting employs the attachment of 

binding 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 contrast (39). 

Recently, enormous progress has been made for targeting nanocarriers to improve therapeutic 

outcome and decrease systemic toxicity. 

3.1 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 non-invasive techniques (7,13). 

Targeting macrophages is often achieved by surface modification of IONPs with dextran, 

leveraging the expression of dextran-binding C-type lectins on the macrophage surface (40).   

Ferumoxytol (FH) is used for the treatment of anaemia, but has gained interest as contrast agent 

for MRI (41). Yilmaz et al. (41) evaluated whether FH allows a better MRI characterization of 

infarct pathology than Gadolinium-based agents in a clinical trial for fourteen patients with 

acute MI. Baseline CMR was performed within 48 h to 7 days after the cardiac symptoms. 

Patients in this study had acute ST-elevation myocardial infarction caused by coronary artery 

occlusion or plaque rupture and an ischaemic cause of myocardial damage. FH was 

intravenously administered (17 mL FH containing 510 mg Fe) 24 h after the baseline CMR 

study. Then, patients underwent post-FH studies 48 h after FH administration. Analyses 

suggest that FH gave a more detailed analysis of MI mainly by macrophage infiltration, and 

hence might provide a better profile for evaluating MI than Gd-based agents.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Sosnovik et al. (42) showed that imaging of macrophages was possible in mice using magneto 

fluorescent nanoparticles (CLIO-Cy5.5) made of dextran-cross-linked iron oxide (CLIO) and 

Cy5.5. MI was induced by ligation of the left coronary artery in 12 mice and sham surgery was 

performed in 7 mice as a control. CLIO-Cy5.5 were injected after surgery and fluorescence 

tomography and MRI were performed 48 h post injection. 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 (5.3±1.4).  CLIO have also been used as carriers of CyAm7 (43) for detecting 

vulnerable atherosclerotic plaques with near-infrared fluorescence (NIRF) microscopy. CLIO-

CyAm7 accumulated in the superficial intima and within plaque macrophages, ECs and SMCs 

with impaired endothelial barrier function, suggesting that vulnerable plaques exhibit impaired 

endothelial permeability, leading to higher nanoparticle uptake. Histology findings are also 

consistent with the uptake of CLIO-Cy5.5 by tissue macrophages as the excised hearts revealed 

the infiltration of inflammatory cells into the infarcted myocardium on H&E staining.   

Dextran-IONPs as carriers of iodine-125 for digital autoradiography of atherosclerotic plaques 

was also studied in ApoE(-/-) mice (44). The nanoparticles demonstrated high radiolabelling 

stability and long blood circulation time, leading to higher uptake in the heart of ApoE (-/-) 

mice compared to control. Digital autoradiography exhibited enhanced signals from the heart 

of ApoE (-/-) mice, peaking at 72h after administration of the nanoparticles.  

Kao et al. (45) used monocyte chemoattractant protein-1 (MCP-1) motif to coat spherical iron 

oxide magnetic nanoparticles and target monocytes in atherosclerotic plaques. MRI was 

performed in ApoE (-/-) mice 40 h post-administration. 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 
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of pixel density in non-fat fed mice of 25.4% and 26.5% (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 atherosclerotic plaques, indicating the potential affinity of MCP-1-

motif MNPs in the atherosclerosis model. 

3.2 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 

plaques (46).  Qiao et al. (47) developed Cy5.5-labeled osteopontin antibody-DMSA-coated 

IONPs (Cy5.5-OPN-DMSA-IONPs for MRI/optical dual-modality imaging. H&E, Masson's 

trichrome and immunofluorescence staining revealed the expression of OPN in atherosclerotic 

plaques. These nanoparticles enhanced T2 contrast in vivo in ApoE (-/-) mice with a mean 

post/pre signal ratio of 0.64 compared to the control.  

Tenascin-C, highly expressed in monocytes and macrophages, leads to inflammation and 

plaque rupture (48). Li et al. (49) developed anti-tenascin-C antibody USPIOs for evaluating 

the vulnerability of atherosclerotic plaques in ApoE (-/-) mice. Mice were either injected with 

anti-tenascin-C USPIO or with non-targeted 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. Histopathological analyses 

demonstrated atherosclerotic plaque formation and confirmed that Tenascin-C expression of 

the plaques at 24 weeks was higher than that at 16 weeks (0.22 ± 0.04 vs. 0.13 ± 0.02, P < 0.05). 

Hyaluronan is an endogenous ligand for CD44, an adhesion protein expressed on cells involved 

in atherosclerosis such as macrophages (50).  The effect of the morphology of hyaluronan-

conjugated iron oxide nanoworms (HA-NWs) and hyaluronan-conjugated-SPIONs (HA-

SPIONs)on inflammatory responses of atherosclerotic plaques was studied in ApoE(-/-) mice 

(51). HA-NW has an elongated shape whereas HA-SPIONs is a spherical. The mice were 

injected with HA-SPIONs and HA-NWs and T2*-weighted images were obtained before and 

post-injection. Administration of HA-NW caused T2* signal intensity of the aorta wall to 

reduce by 20% of pre-injection levels at 20 min after injection and this effect was sustained for 

over 120 min. HA-SPIONs caused significant MR signal losses and the intensities of lumen 

did not recover even after 140 min, preventing 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 important for targeting to blood vessel wall, which is consistent with other reports 

(52). HA-NWs were less toxic as shown by lower cytokine levels in RAW 364.7 cells, probably 

because low molecular weight HA can produce inflammatory 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. 

Considering that one nanoworm consists of multiple SPIONs, it is possible that the elongated 

structure of the SPIONs arranged together can better mimic high molecular weight HA and 

reduce the inflammatory responses generated 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-SPIONs. 

CD163 is a membrane receptor expressed by macrophages and is associated with plaque 

progression in atherosclerotic lesions. CD163-targeted gold-coated-IONPs were tested as 
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contrast agents for detection of atherosclerotic plaques in ApoE(-/-) mice (53). 

Imunohistochemistry validation confirmed all the mice had atherosclerotic lesions in the MRI 

scanned area and that the plaques were composed by a layer of smooth muscle cells with small 

lipid deposits and infiltrated macrophages. MRI was performed before and after administration. 

The MR images showed a decrease in T2 signal at 24h, which became significant at 48h, 

providing evidence that the nanoparticles were able to enhance the visualization of 

atherosclerotic plaques and their targeting of macrophages with CD163 was successful.  

Annexin V is used to target apoptotic macrophages in vulnerable plaques, as it binds to 

phosphatidylserine (54). Cheng et al. (55) reported a hybrid-nanosystem for imaging using a 

single-photon-emission computed tomography (SPECT)/MRI multimodal probe. The 

nanosystem consisted of PEG-USPIOs functionalized with diethylenetriaminepentacetate acid 

for (99m)Tc coordination and Annexin V (99mTc−DTPA−USPIO−Annexin V) for targeting 

purposes. SPECT and MRI 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 T2-weighted MRI. A signal change of 

atherosclerotic plaques can be observed at 8h post-injection. Lesions in the aorta can be 

outlined when integrated with the MR images taken before the injection, improving the focal 

localization and volumetry of atherosclerotic plaques. Moreover, radioactive signals detected 

by SPECT facilitated focus recognition and quantification of vulnerable atherosclerotic 

plaques. Targeting effects were further confirmed by CD-68 and TUNEL staining. Results 

suggest that the Annexin V-modified hybrid nanoparticle system specifically targeted the 

vulnerable atherosclerotic plaques containing apoptotic macrophages. 

Mannose receptors are over-expressed in some activated macrophages in rupture-prone 

atherosclerotic plaques and can potentially be used for effective targeting (56). Babič et al. (57) 

tested different nanoparticles (Resovist®, γ-Fe2O3, and γ-Fe2O3) coated with either D-mannose 

or poly(L-lysine) (PLL). In vitro MRI showed an increase in relaxivity after incubating the 

macrophages in nanoparticle-containing medium for 3h, which continued to increase until 

24h). Intraperitoneal injection with D-mannose and (PLL)--Fe2O3 nanoparticles in Prague 

hereditary hypercholesterolemic (PHHC) rats exhibited signal loss in the abdominal cavity 

immediately but disappeared 24h after administration. Even though viability and relaxivity of 

both nanoparticles were similar, PLL‐γ‐Fe2O3 nanoparticles were considered optimal, as the 

D-mannose might be more easily metabolized, exposing the uncoated iron oxide cores to the 

cell environment.  

3.3 Targeting Endothelial Cells (ECs) 
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 

conjugated with an anti-human E-selectin (CD62E) F(ab')(2) fragment to form CLIO-F(ab')(2). 

Feasibility of CLIO-F(ab')(2) as MRI endothelial pro-inflammatory 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 interleukin 1 beta (IL-1) 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 implants initially seeded with HUVECs. Treated HUVECs showed 100-200 times 

higher binding to the nanoparticles than control cells. MRI showed that the cells treated with 

IL-1 also had a specific T2-weighted signal darkening, suggesting that the system could be of 

potential use in monitoring diseases such as atherosclerosis.  
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 Ex vivo MRI of CLIO-F(ab')(2) was tested  using a model of HUVEC transfer to test specific 

imaging probes for human vascular disease (59). Animals harbouring HUVEC-containing 

matrigel implants and blank matrigel implants were sacrificed longitudinally after 

implantation. The implants were dissected without perfusion and analysed by histology and 

microscopy. Immunohistochemical staining for VEGFR-2 and CD31 indicated the successful 

and specific conjunction of anti-VEGFR-2 antibodies onto the nanoparticles. The CLIO-

F(ab')(2) were injected following the induction of E-selectin expression with IL-1 and 

hypointensity was found only if treated with the interleukin. MRI images were taken pre- and 

post-injection of CLIO-F(ab')(2). Analyses showed a three-fold decrease in T2* images 

measured in HUVEC implants in response to IL-1 treatment. These observations support the 

in vitro findings and suggest that IL-1-induced E-selectin expression in this HUVEC model 

is detectable by MRI using CLIO-F(ab')(2). 

Vascular endothelial growth factor receptor 2 (VEGFR2) stimulates neoangiogenesis, which 

promotes infiltration of macrophages, thickening of the vessel wall, deposition of lipids, 

inflammation, atherosclerotic plaque progression and rupture (60). A nanosystem consisting of 

VEGFR2-targeted perfluorocarbon magnetic nanocapsules was designed for dual-modality 

imaging of atherosclerotic neovasculature (61). In the study, perfluorooctyl bromide (PFOB) 

was used as an ultrasound contrast agent. Ultrasound imaging was performed before and after 

injecting the nanocapsules in atherosclerotic rats. MR images were obtained prior to and post-

injection. Ultrasound images showed echogenicity in the atherosclerotic/targeted group (65.1 

dB) but not in the atherosclerotic/non-targeted (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/non-targeted (48.9) or 

control/targeted group (46.9).  

3.4 Targeting Vascular Smooth Muscle Cells (VSMCs) 
VSMCs are another component of the vascular wall with a key role in the progression of many 

CVDs. Targeting VSMCs can be achieved by targeting profilin-1, an actin-binding protein that 

regulates VSMCs’ proliferation and migration. Notably, its overexpression can lead to 

atherosclerosis (62). Profilin-1 targeted IONPs (PC-NPs) were synthesized for MR and 

fluorescence dual-modality imaging (63). In vivo MR and NIRF imaging were performed in 

ApoE (-/-) mice before and 36h after administration of nanoparticles. Compared to the non-

targeted group, the fluorescence signal of the carotid artery was significantly higher in the 

targeted group. Similarly, the T2 signal was significantly attenuated 36h post injection and the 

contrast to noise ratio (CNR) was significantly reduced in the targeted group (31.7%) compared 

to the non-targeted group (9.47%). Histology verification showed more nanoparticles deposited 

in atherosclerotic lesions of targeted group than those in other groups. 

3.5 Targeting Activated platelets 
Platelets contribute to not only thrombus formation, but also the inflammatory processes that 

affect atherosclerotic plaque development (12). Targeting activated platelets for molecular 

imaging was explored by Ta et al. (29,64-66). They developed a two-step chemoenzymatic 

coupling method for site-specific conjugation of a single-chain antibody (scFv) against LIBS 

epitopes on glycoprotein IIb/IIIa. 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 activated platelets and nonbinding 

to nonactivated platelets.  Furthermore, there was an enhancement in T2*-weighed images for 

the detection of thrombosis in mice. Histological analysis of the injured carotid artery 

demonstrated MPIOs that bound on the induced thrombus. 
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Multimodal IONPs for targeted MRI of atherothrombosis was developed recently (16). The 

dual contrast IONPs (DCION2(+)) acted as positive and negative contrast agents. DCION2(+) 

were functionalized with single-chain antibodies (scFv) directed against activated platelets for 

molecular MRI and labelled with fluorescent molecules for optical imaging purposes. The 

targeting of DCION2(+) to activated GPIIb/IIIa receptors was demonstrated in vitro with 

receptor-expressing CHO cells and with activated platelets. Results show that DCION2(+) 

were able to shorten both T1- and T2 relaxation times. MR imaging of the thrombi in vitro 

showed contrast in T1- and T2-weighted imaging and demonstrated the efficient binding of 

DCION2(+) on the thrombi. The dual contrast was shown by a bright ring around the thrombi 

in T1-weighted images, and by a dark ring around the thrombi in T2-weighted images. In vivo 

MRI showed the largest change in signal at 70 min post-injection and a gradual decline after 

this time point. Ex vivo fluorescence imaging confirmed the specific binding of DCION2(+) 

to thrombus. 

VUSPIOs 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 (VUSPIOs were functionalized with recombinant human IgG4 antibody (rIgG4 

TEG4) to target platelet membrane glycoproteins αIIB and β3 (67). Staining of macrophages 

by anti-CD68 antibody was performed to show the localisation 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 mM-1 s-1 in the presence of 

platelets and 257 mM-1 s-1 when measured alone. Ex vivo MRI of the aorta of mice injected 

with the TEG4-VUSPIO showed a selective binding of TEG4-VUSPIO 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 (68). Suzuki et al. (69) synthesized USPIO-

FUCO and found that the nanoparticles bound to P-selectin in vitro. In vivo thrombi could be 

evidenced by MRI on animals injected with the USPIO-FUCO. Importantly, there was no 

variation in signal post-injection with control USPIO nanoparticles after 2 h. 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 (Figure 3). 

Arg-Gly-Asp (RGD) domain is a cell adhesion motif present in many integrins and matrix 

molecules, including GIIb/GIIIa (70). Targeting activated platelets through GIIb/GIIIa with 

cRGD conjugated PLGA-IONPs for detection of thrombosis was reported (71). The PLGA-

IONPs-cRGD were tested in vivo using a rat model of FeCl3-induced abdominal aorta 

thrombosis. In vivo and ex vivo biodistribution 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 T2 signal at the thrombus 10 min 

after injection and a gradual increase until 50 min, suggesting that this nanosystem might 

represent a promising contrast agent for specific detection of thrombosis. 

Fusion proteins such as enhanced fluorescent protein-epidermal growth factor 1 (EGFP-EGF1) 

have recently gained interest as they can be conjugated in nanomaterials with the purpose of 

providing targeting moieties and contrast ability. Epidermal growth factor 1 (EGF1) binds to 

the tissue factor present in activated platelets whereas enhanced green fluorescent protein 

(EGFP) provides fluorescence. Hu et al. (72) synthesized EGFP-EGF1 to target activated 

platelets for dual molecular imaging of cerebral thrombosis (72). In vivo multispectral 

https://www.sciencedirect.com/topics/medicine-and-dentistry/polysiloxane
https://www.sciencedirect.com/topics/medicine-and-dentistry/dextran
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fluorescence imaging (MSFI) validated the targeting efficiency of EGFP-EGF1-IONPs. The 

nanoparticles were mainly accumulated in the tissue factor exposure region of the brain, 

suggesting EGFP-EGF1-IONPs might be a feasible contrast agent for the early diagnosis of 

cerebral thrombosis. Although the authors did not present any data of MRI 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. 

3.6 Targeting Fibrin 
Fibrin is a key component of thrombi and a crucial factor in atherosclerosis (73). An IONP-

micelle system was functionalized with fibrin-binding peptides (FibPeps) for the detection of 

thrombi (74). 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, non-

injured carotid arteries. Thrombus uptake of FibPep-ION-Micelles and measurements of the 

carotid arteries were performed ex vivo using a magnetic particle spectrometer (MPS). FibPep-

ION-Micelles showed decreased T2 value in the thrombus area (22.7 ± 1.5 ms) in comparison 

with the pre-injection value (26.5 ± 2.6 ms). Ex vivo MPS confirmed an increased thrombus 

signal compared with the non-injured control. In contrast, there was no increase in MPS 

thrombus signal for the FibPep-ION-Micelles when compared to the non-targeted micelles, 

suggesting the uptake of the nanoparticles by the thrombi might be due to entrapment. Thus 

non-targeted 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-

fibronectin complexes (75). Spherical hybrid metal oxide-peptide amphiphile micelles  were 

developed for molecular MRI of human clots (76). 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 to 35% for non-targeted, exhibiting a two-fold T2 signal enhancement. 

Ta et al. (77,78) 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 T1 signal. On the other hand, if the thrombus is old it will remain intact and it will 

possess T2 signal. Results show that the absence of thrombin generated low r1 values while in 

the presence of thrombin, r1 increased significantly. In addition, the absence of thrombin 

exhibited high r2 values, showing 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 of atherosclerotic plaques and thrombotic events, including 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.  

4. In vitro and In vivo Toxicity of IONPs 
IONPs are the most used nanoparticles for biomedical purposes, including the diagnosis of 

disease. Nonetheless, the understanding of their interactions with biological systems, toxicity, 

and uptake mechanisms is limited and is a field of major interest. The toxicity and 

biocompatibility of most of the nanoparticles reviewed above has been assessed in vitro and in 

vivo.  
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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 24h with different 

concentrations of RGO–IONP–PEG and no obvious toxicity was seen. Reactive oxygen 

species (ROS) were measured by dichlorodihydrofluorescein diacetate staining and used as an 

indicator of oxidative stress in RGO–IONP–PEG incubated cells. Results showed no 

generation of ROS even at the highest concentration tested (200 μg.mL−1). Moreover, mice 

treated with RGO–IONP–PEG (200 μL, 2 mg.mL−1) after photothermal therapy survived over 

a period of 40 days without a single death, showing no sign of toxicity nor significant body 

weight loss (79). Histological examination of major organs showed no apparent damage or 

abnormality, suggesting that RGO–IONP–PEG was not toxic to mice with these 

concentrations. On the other hand, other studies suggest that RGO may have potential 

interaction with serum proteins and induce intracellular ROS, which has limited the clinical 

translation of this nanoplatform (36). 

Cytotoxicity of dextran- IONPs such as FH and FC has been assessed in vitro (41). Incubation 

of macrophages for 24h with FH (0.5 mg Fe/mL) and the lower concentration FC (0.25 mg 

Fe/mL) did not result in significant morphological changes and was not toxic, whereas 

incubation with higher concentration FC (0.5 mg Fe/mL) resulted in rapid cell death. 

Biodistribution study of dextran-IONPs as carriers of iodine-125 targeting mouse 

atherosclerotic plaques (100 μL, 10 μCi, 0.2 mg Fe/mL) show that the nanoparticles remained 

in the site while they were cleared in the healthy tissues (44). 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 (45). 

Toxicity and biocompatibility studies of IONPs targeting monocytes-macrophages with other 

moieties yielded similar results as dextran-IONPs. Cy5.5-OPN-DMSA-IONPs had low 

cytotoxicity from 5-50 μg/mL on 265.7 macrophages. Additionally, terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL)   and   flow   cytometry   assays   showed  that 

the nanoprobes had insignificant  influence  on  the  apoptosis  of  macrophages (47). CellTiter 

96® AQueous one solution cell proliferation assay (MTS) suggested that HA-NWs (0.0625, 

0.125, 0.25, 0.5, 1 mg/mL) did not affect viability of vascular endothelial EA.hy926 cells. 

Furthermore, biocompatibility and histopathological analysis performed post-injection  (8 mg 

Fe/kg) of the nanowires did not show any signs of toxicity on mouse major organs (51). 

MTT assays of IONPs targeting VSMCs through Profilin-1 showed no significant effect on 

VSMCs and macrophage viability after 24h incubation, even at concentrations as high as 0.5 

mg/mL (63). Promising results have been obtained from toxicity assays performed with 

activated platelet targeted IONPs (71,72). In vivo toxicity studies of Fe3O4-PLGA-cRGD in 

rats (1 mL, 1mg/mL) obtained no evident effect on blood composition, liver or kidney function 

post-injection (71). In vitro cytotoxicity of EGFP-EGF1-IONPs was determined using CCK-8 

assay on U87MG 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 µg/mL) (80).  

In vitro and in vivo studies reviewed herein provide evidence that IONPs were well-tolerated 

by a variety of cell lines and were therefore non-toxic under conditions tested. However, other 

targeted IONPs should also be investigated to ensure safety and further studies are needed in 

order to evaluate long-term effects. 

5. Conclusions and perspectives  
The unique properties of IONPs such as paramagnetism, 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 
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and MI using IONPs (Table 1). Overall, IONPs reviewed are non-toxic under conditions tested 

and have been conjugated with different probes in order to develop single or bimodal contrast 

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 6-404.4 nm and a r2 and r1  range of 20.1-489 mM-1s-1 and 

5.3-44.6 mM-1s-1, respectively.  

Comparing different IONPs has proved to be challenging 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/pre-signal ratio, relative 

signal intensity change, contrast to noise ratio and signal brightness intensity. Therefore, as 

more novel IONPs are developed, it is important that researchers provide these data with a 

qualitative and standardised 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, PLL, 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 endothelial cells through E-selectin and VEGFR2, as well as targeting 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 targeted either through glycoproteins with peptides (RGD) or 

antibodies (scFv and anti-IgG4), or through other proteins such as P-selectin and Tissue Factor 

with fucoidan and EGF, respectively. Peptides targeting fibrin include CREKA and FibPeps. 

Activated platelets and fibrin have demonstrated to not only be promising targets to diagnose 

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 MRI, the only active IONPs currently being 

used as MRI contrast agent for the cardiovascular system is ferumoxtran-10 (81,82). 

Ferumoxides and ferucarbotran were designed for MRI of the liver but have also been tested as 

cardiovascular MRI contrast agents. Ferumoxides caused severe back pain during 

administration and was discontinued in 2008 (82).  Ferucarbotran was discontinued in 2009 

because its enhancement was less efficient than Gadolinium-based agents (83).  Ferumoxytol 

is currently used for treatment of anaemia and under ongoing FDA clinical trials for an 

alternative contrast medium for MRI. Despite the label change and the FDA’s boxed warning 

added to the Feraheme (ferumoxytol) label in March 2015, radiologists have shown increasing 

interest in using ferumoxytol as a supplement or alternative to gadolinium. Recent clinical trials 

data suggest ferumoxytol is a safe and promising contrast agent for MRI, especially for imaging 

the nervous and the cardiovascular system (84). Serious adverse events appear to be rare. With 

proper precautions, ferumoxytol may be a valuable MR imaging 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 complications 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 in enough quantities 

to enable imaging. Therefore, strategies for overcoming these challenges are required. By 

understanding these clinically observed limitations, ongoing research and clinical trials are 

currently being performed to design improved IONPs. As a consequence, limitations are being 

reduced and clinical acceptance is expected to increase. 
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Highlights 
• Current imaging methods to detect CVDs such as atherosclerotic plaques and thrombosis are 

mostly invasive.  

• Molecular imaging techniques have been developed as a non-invasive approach to image 

CVDs 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 vascular 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 comprehensive testing of biocompatibility. There are 

still potential hazards to address and complications to diagnosis, therefore strategies for overcoming 

these challenges are required. 
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Figure 1 A) Development of atherothrombosis. LDL-cholesterol damages the endothelium 

and extravasates to the intima, accumulate in proteoglycans, and become oxidized (1). 

Oxidation stimulates the ECs to produce adhesion molecules (2) that recruit monocytes (3). 

M-CSF stimulates the differentiation of monocytes into macrophages that ex press SR-A and 

CD36. Macrophages recognize ox-LDLs and phagocytize them, generating foam cells (4). 

Smooth muscle cells may migrate to the intima and contribute to foam cells’ formation (5). 

The death of foam cells forms a mass of extracellular lipids, and a fibrous cap of 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 (6) (2,3,7,8). 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 vascular cell adhesion protein 1 (VCAM1), 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 tissue factor (TF). These events trigger the coagulation 

cascade and accumulation of red blood cells and fibrin, blocking the vessel and causing 

venous thrombosis (13). 
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Table 1. IONPs developed for molecular imaging of atherosclerosis, thrombosis and 

myocardial infarction 

Target 
Size 

(nm) 
Relaxivity 

Binding 

ligand 

Target 

marker 

Imaging 

modality 
Ref. 

Passive 

targeting 

7 
r1=20.1 mM-1s-1 

r2=37.1 mM-1s-1 
citrate 

Macrophage-

monocyte 

system 

SGM-MRI (32) 

93 - PEG 

Macrophage-

monocyte 

system 

PET 

NIRF 
(36) 

Macrophages 

and 

monocytes 

with 

dextran 

30 
r1=15 mM-1s-1 

r2=89 mM-1s-1 
dextran 

dextran-

binding C-

type lectins 

MRI 

cine-CMR 
(41) 

- - dextran 

dextran-

binding C-

type lectins 

Fluorescence 

tomography 

MRI 

(42) 

30 - dextran 

dextran-

binding C-

type lectins 

Digital 

autoradiography 

MRI 

(44) 

20-30 - 
dextran 

 

dextran-

binding C-

type lectins 

 

NIRF 

MRI 
(43) 

20-150 - 

Dextran 

and 

MCP-1 

 

dextran-

binding C-

type lectins 

and 

CCR2 

 

MRI (45) 

Macrophages 

and 

monocytes 

with other 

moieties 

7.3 r2= 135.2 mM-1s-1 
OPN 

antibody 
Osteopontin 

Fluorescence 

imaging 

MRI 

(47) 

47 r2= 168.24 mM-1s-1 
Tenascin-C 

antibody 
Tenascin-C MRI (49) 

HA-

SPION 

20 

HA-

NW 

65 

- Hyaluronan CD44 MRI (51) 

6 - 
CD163  

antibody 
CD163 MRI (53) 

20 
r1= 8.2 mM-1s-1 

r2= 20.1 mM-1s-1 
Annexin V 

Phosphatidyl-

serine 

SPECT 

MRI 
(55) 

180 - 
D-mannose Mannose 

receptors 
MRI (57) 

PLL 

Endothelial 

cells 

40.6 - 
E-selectin 

antibody 
E-selectin MRI 

(58,5

9) 

404.4 - 
VEGFR2 

antibody 
VEGFR2 

Ultrasound 

MRI 
(61) 

Vascular 

Smooth 

Muscle cells 

30.2 r2= 134.5 mM-1s-1 
Profilin-1 

antibody 
Profilin-1 

NIRF 

MRI 
(63) 

Activated 

platelets 
- - scFv 

LIBS 

epitopes on 

glycoprotein 

IIb/IIIa 

MRI (29) 



21 
 

7.7 
r1= 5.3 mM-1s-1  

r2= 73.4 mM-1s-1 
scFv 

LIBS 

epitopes on 

glycoprotein 

IIb/IIIa 

MRI (16) 

7.5 r2= 273 mM-1s-1 
rIgG4 TEG4 

antibody 

glycoproteins 

αIIB and β3 
MRI (67) 

33.8 
r1= 37.5 mM-1s-1 

r2= 137 mM-1s-1 
Fucoidan P-selectin MRI (69) 

368 - cRGD 
glycoprotein 

IIb/IIIa 
MRI (71) 

Tissue factor 100 - EGFP-EGF1 Tissue factor 
MSFI 

MRI 
(72) 

Fibrin 

40 
r1=  5.6 mM-1s-1 

 r2=  207 mM-1s-1 

FibPep 
(cyclic 

RWQPCPAE

SWT-Cha-

CWDP) 

Fibrin MRI (74) 

20-30 r2= 457  mM-1s-1 CREKA Fibrin MRI (76) 

160 
r1=  44.6 mM-1s-1 

r2=  489 mM-1s-1 

FibPep 
(GPRPPGGS[

Lys(TMR)]G

C) 

Fibrin MRI (77) 

 

 

 

 


