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Abstract:



Atherosclerosis is a multifactorial inflammatory disease that may progress silently for long period, and it is also widely accepted as the main cause of cardiovascular diseases. To prevent atherosclerotic plaques from generating, imaging early molecular markers and quantifying the extent of disease progression are desired. During inflammation, circulating monocytes leave the bloodstream and migrate into incipient lipid accumulation in the artery wall, following conditioning by local growth factors and proinflammatory cytokines; therefore, monocyte accumulation in the arterial wall can be observed in fatty streaks, rupture-prone plaques, and experimental atherosclerosis. In this work, we synthesized monocyte-targeting iron oxide magnetic nanoparticles (MNPs), which were incorporated with the peptides derived from the chemokine receptor C-C chemokine receptor type 2 (CCR2)-binding motif of monocytes chemoattractant protein-1 (MCP-1) as a diagnostic tool for potential atherosclerosis. MCP-1-motif MNPs co-localized with monocytes in in vitro fluorescence imaging. In addition, with MNPs injection in ApoE knockout mice (ApoE KO mice), the well-characterized animal model of atherosclerosis, MNPs were found in specific organs or regions which had monocytes accumulation, especially the aorta of atherosclerosis model mice, through in vivo imaging system (IVIS) imaging and magnetic resonance imaging (MRI). We also performed Oil Red O staining and Prussian Blue staining to confirm the co-localization of MCP-1-motif MNPs and atherosclerosis. The results showed the promising potential of MCP-1-motif MNPs as a diagnostic agent of atherosclerosis.






Keywords:


iron oxide magnetic nanoparticle; monocytes; MCP-1; atherosclerosis












1. Introduction


Atherosclerosis, the primary cause of cardiovascular diseases, is a chronic inflammatory disorder in the walls of large arteries or the medium and intima of large arteries. Inflammation is the immune system’s response to injury and has been implicated in the pathogeneses of aortas. After lipid-rich plaques and cholesterol particles accumulate within the artery wall, endothelial cell dysfunction/activation is then triggered by the accumulation of low-density lipoprotein (LDL) and other lipoproteins. Afterward, the inflamed endothelial cells and oxidized lipids induce the excretion of chemokines, cytokines, and mediators of inflammation into the bloodstream for monocytes and other immune cells recruitment to the site. As the monocytes migrate into the aorta wall, they differentiate into dendritic cells, macrophages, or foam cells [1,2]. At the same time, the continued recruitment and accumulation of leukocytes is associated with the development of vulnerable plaques. The plaques can become unstable and thus rupture, leading to thrombosis, myocardial infarction, or stroke. In addition, the invasion and accumulation of white blood cells create atheromatous plaques, which make the artery walls lose their flexibility and obstruct blood circulation [3,4]. Also, the inflammation hypothesis has recently been proved by genetic evidence. The latest research has shown the relation between coronary artery disease and the transendothelial pathway by genetic evidence [5,6].



Chemokines play important roles in atherosclerotic vascular disease. They are also expressed by cells of the vessel wall [7]. As endothelial cells undergo inflammatory activation, the increased expression of cell adhesion molecules, such as vascular cell adhesion molecule-1 and intercellular adhesion molecule-1, promotes the adherence of monocytes. Furthermore, the monocytes migration is controlled by the concentration gradient of monocytes chemoattractant protein-1, a chemokine that binds to the C-C chemokine receptor named CCR2. Then, monocytes transmigrate into the innermost layer of the arterial wall, pass between the endothelial cells to differentiate into macrophages, and transform into foam cells [8,9].



In atherosclerotic arteries and atheromatous plaques, MCP-1 can be found in endothelial cells, macrophages, and vascular smooth muscle cells. MCP-1 recruits monocytes into the subendothelial cell layer and thus advances the development of atherosclerosis [10,11].



Due to the internal filters in the human body such as the liver, kidneys, and lymph nodes, site-specific delivery by the conjugation of the modification of ligands can provide stable routes to avoid damaging normal tissue and enhance therapeutic efficiency. Pan et al. developed VCAM-1-targeting nanocarriers with a four-fold aggregation in the aortas of atherosclerosis model mice compared to control model mice [12]. Chung et al. developed peptide amphiphile micelles incorporated with the chemokine receptor CCR2-binding motif of MCP-1 for atherosclerosis targeting. The results showed that MCP-1 peptide amphiphile micelles (PAMs) bind with monocytes in vitro and can be detected in early-stage atherosclerotic aortas [13].



Nanoparticles have been used for various applications in the biomedical field. The increasing permeability allows more small sized particles to migrate into the intimal layer, resulting in enhanced permeability and retention (EPR) effect [14,15]. When atherosclerosis lesions develop, endothelial cells are prone to be leaky and fragile, which enhances the EPR effect.



Iron oxide magnetic nanoparticles possess superior physical and chemical properties, such as superparamagnetism and the quantum tunneling of magnetization. Additionally, iron oxide magnetic nanoparticles (MNPs) are also non-toxic, biocompatible, and easy to separate under external magnetic fields. Owing to their unique properties, such as superparamagnetism, high surface area, large surface-to-volume ratio, low toxicity, and easy separation under external magnetic fields, iron oxide MNPs have enormous potential in fields such as magnetic resonance imaging (MRI), bioseparation, environmental treatment, fluorescence labeling, and biomedical and bioengineering usage [16,17].



Although Fe3O4 MNP is a promising drug carrier, there are still drawbacks to its use, such as aggregation and oxidation to γ-Fe2O3. Therefore, polymer coatings are usually applied to modify its surface characteristics [18]. In recent years, the common reagents employed for the modification of iron oxide MNPs have included surfactants, polymers, and natural dispersants [19,20,21,22]. Nevertheless, the most used modification for medical applications is dextran, a biocompatible derivative. In aqueous solutions, dextran interacts with metals and covers its surface, yielding aggregates with hydrodynamic diameters between 20 nm and 150 nm [23,24].



In this work, iron oxide MNPs and MCP-1-motif iron oxide MNPs were stained with Cyanine 5 (Cy5) in fluorescence microscopy. The properties of MNPs were characterized. For in vitro cell experiments, cell viability was measured by the MTT assay and Live/Dead staining. To test the spatial distribution of cells and MCP-1-motif iron oxide MNPs, two types of cells, including 3T3 cells and WEHI 274.1 monocytes [13], were cultivated with iron oxide MNPs.



Apolipoprotein E-knockout (ApoE KO) mice, which are the most commonly used and well-characterized animal model of atherosclerosis, were treated with a high-fat diet for further plaque development and the monocytes accumulation was continuous and proportional to disease progression [25,26,27].



Through the in vivo test, ApoE KO mice fed a high-fat diet and C57BL/6 wild-type mice fed a normal diet for four weeks made up the atherosclerosis model and control group, respectively. Mice were injected with iron oxide MNPs through the tail vein and the nanoparticle distribution was observed by magnetic resonance imaging (MRI) and in vivo imaging system (IVIS). Figure 1 gives a representative scheme of this research.


Figure 1. Scheme of the experiment.
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2. Materials and Methods


2.1. Materials


MCP-1 peptides (YNFTNRKISVQRLASYRRITSSK) were purchased from Yao-Hong Biotechnology (New Taipei, Taiwan). Iron oxide nanoparticles and the conjugation of MCP-1 peptides and iron nanoparticles were obtained from MagQu (Taipei, Taiwan). 3T3 cells and WEHI 274.1 monocytes were purchased from American Type Culture Collection (ATCC). Cyanine 5 NHS Ester were purchased from Lumiprobe (Hunt Valley, MD, USA). Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG), 2-mercaptoethanol (β-ME), thiazolyl blue tetrazolium bromide (MTT solvent), and Oil Red O were purchased from Thermo (Waltham, MA, USA). Fetal bovine serum (FBS) and antibiotic antimycotic solution (penicillin/streptomycin/amphotericinβ) were purchased from Biological (Cromwell, CT, USA).




2.2. Characterization of Iron Oxide MNPs


The structure of iron oxide MNPs were characterized by scanning electron microscopy (SEM) (J NanoSEM 230, Nova, Pallini, Greece) and transmission electron microscopy (TEM) (H-7650, Hitachi, Tokyo, Japan). Particle size and zeta potential were measured in a Zetasizer nanosystem (Zetasizer Nano, Malvern, UK). Iron oxide MNPs solution was stored at −20 °C overnight and then moved to a freeze dryer overnight to remove all water. The iron oxide MNPs powders were investigated by X-ray photoelectron spectroscopy (XPS) (Theta Probe, Thermo Scientific, Waltham, MA, USA) for composition synthesis (carbon, nitrogen, and oxygen) and by a magnetometer (MPMS7, Quantum Design, San Diego, CA, USA) for magnetic hysteresis loop.




2.3. Cell Culture


WEHI 274.1 monocytes (ATCC, Manassas, VA, USA) were cultured in DMEM-HG culture medium supplemented with 10% fetal bovine serum, 1% antibiotic-antimycotic solution, and 0.05 mM 2-mercaptoethanol for in vitro testing. The cells were cultured on a T75 flask at 37 °C in a humidified incubator under 5% CO2. After two days of cultivation, the medium with suspended monocytes was moved to a centrifuge tube and centrifuged at 100 relative centrifugal force (rcf) for 5 min. Then the supernatant was removed to eliminate the wastes and the monocytes were resuspended in culture medium. To estimate the number of the cells, trypan blue was used to mark the dead cells and hemocytometer was used to evaluate the number of viable cells. The suspended cells were prepared for the use of the following experiments.



3T3 cells were cultured in DMEM-HG culture medium with 10% FBS and 1% antibiotic-antimycotic solution for in vitro testing. First, the cells were seeded on a 10-cm culture dish at 37 °C in a humidified incubator under 5% CO2. After washing with PBS, trypsin-EDTA was added and incubated with cells for 4 min at 37 °C to detach cells from the culture plate. Then, culture medium was added to the dish. The medium with suspended cells was centrifuged at 100 rcf for 5 min. Then the supernatant was removed and the cells were resuspended in culture medium. To estimate the number of the cells, trypan blue was used to mark the dead cells and hemocytometer was used to evaluate the number of viable cells. The suspended cells were prepared for the use of the following experiments.




2.4. Cell Viability Evaluation


2.4.1. MTT Assay


3T3 cells were cultivated with different concentrations (0.1, 0.2, and 0.3 mg Fe/mL culture medium) of iron oxide MNPs for four days. Cell viability was investigated on days 1 and 4 via MTT assay. Prior to use, MTT stock solution was diluted to 0.5 mg/mL with cell culture medium. After removing the original medium and PBS buffer washing, 500 μL MTT working solution was added to each well and the mixture was placed in an incubator for 3 h. Finally, the MTT solution was replaced with the same volume of DMSO and the mixture was shaken for 30 min. The absorbance value of the product solution was observed at 570 nm. The whole process was operated without light exposure.




2.4.2. Live/Dead Assay


After WEHI 274.1 monocytes and 3T3 cells were cultivated with different concentrations (0.1, 0.2, and 0.3 mg Fe/mL culture medium) of iron oxide MNPs for four days, the samples were stained by Live/Dead dye to check cell viability. Live cells were stained fluorescent green due to reveal intracellular esterase activity that deacetylated fluorescein diacetate to a green fluorescent product. Dead cells were stained fluorescent red, as their compromised membranes were permeable to nucleic acid stain (propidium iodide). Photos were taken by an inverted fluorescence microscope (Olympus, IX-71, Tokyo, Japan).





2.5. In Vitro Imaging of Nanoparticles


First of all, MCP-1-motif iron oxide MNPs were stained with Cy5 fluorescence and the composition of the reaction was as follows: 2 μL MCP-1-motif iron oxide MNPs solution (8.2 mg Fe/mL), 10 μL Cy5 solution (1 mg/mL), and 90 μL sodium bicarbonate solution (0.1 M, pH 8.3). The reaction occurred at 4 °C refrigerator overnight with shaking. After the reaction, the solution was centrifuged 110 rcf for 10 min and the supernatant was removed in order to remove excess Cy5 fluorescence. The process was repeated twice to avoid excess Cy5 reacting with cells. The Cy5-MCP-1-motif iron oxide MNPs were refilled in PBS for future use.



Thirty thousand monocytes were cultured in 48-well plates and incubated with Cy5-MCP-1-motif iron oxide MNPs suspension for 1 h at 37 °C in a humidified incubator under 5% CO2. Finally, DAPI was used for nucleus staining and the results were achieved with an inverted fluorescence microscope. 3T3 cells with same quantities were used for control cells.




2.6. Animal Model


ApoE KO mice (male, 7 weeks old) and C57BL/6 wild-type mice (male, 7 weeks old) were given a high-fat diet (HFD, 45% fat, 35% carbohydrate, 20% protein) and/or a normal diet (ND, 10% fat, 70% carbohydrate, 20% protein) in National Yang-Ming University, Taipei, Taiwan (for MRI) and Laboratory Animal Center, National Taiwan University College of Medicine, Taipei, Taiwan (for IVIS). The animal protocol was approved by National Taiwan University College of Medicine Laboratory Animal Center (#20160214) (Effective dates: 2016/07/01 ~ 2020/06/30).



The high-fat diet and gene deficiency promoted atherosclerosis plaque progression. Mice were shaved and the tail veins were dilated and sterilized with 70% ethanol before iron oxide nanoparticles injection (10 μg/g mice). The injection detail and mice choice are shown in Table 1 and Table 2.


Table 1. Experimental design of animal model for magnetic resonance imaging (MRI).





	Mice
	Diet
	Nanoparticle Injection





	Wild-type
	Four weeks ND
	MCP-1-motif MNPs



	ApoE KO
	Four weeks ND
	MCP-1-motif MNPs



	ApoE KO
	Two weeks ND and two weeks HFD
	MCP-1-motif MNPs



	ApoE KO
	Four weeks HFD
	MCP-1-motif MNPs







Normal diet (ND), High fat diet (HFD), monocytes chemoattractant protein-1 (MCP-1), magnetic nanoparticles (MNP).







Table 2. Experimental design of animal model for in vivo imaging system (IVIS).





	Mice
	Diet
	Nanoparticle Injection





	Wild-type
	Four weeks ND
	PBS



	Wild-type
	Four weeks ND
	MNPs



	Wild-type
	Four weeks ND
	MCP-1-motif MNPs



	ApoE KO
	Four weeks HFD
	PBS



	ApoE KO
	Four weeks HFD
	MNPs



	ApoE KO
	Four weeks HFD
	MCP-1-motif MNPs










2.7. Nuclear Magnetic Resonance Imaging (MRI)


All of the mice were anesthetized by ether and were measured using a T2*-contrast (axial view) FLASH sequence 7.0 T imaging (BRUKER BIOSPEC 70/30 MRI, Billerica, MA, USA) for every 2-mm sectioning thickness. (Repetition time (TR) = 200 ms, Echo time (TE) = 5 ms, Matrix 256 × 256 pixel, Field of view (FOV) = 4 × 4 cm, Flip angle = 30°) Images were acquired at 40 h after nanoparticles injection [28].




2.8. Non-Invasive In Vivo Imaging System (IVIS)


For IVIS, iron oxide MNPs all had been modified with Cy5 fluorescence and the imaging time spots of IVIS were 0, 2, 8, 24, 48, 72 h after nanoparticles injection [29]. Mice were anesthetized with 2.5% isoflurane in O2 and whole-body fluorescence imaging was conducted by IVIS. The emission at 680 nm was measured with an optimal excitation wavelength of 640 nm (FOV: 12.5, f2, 0.75 s). Mice were then euthanized via CO2 overdose and the aorta, heart, liver, spleen, lung, and kidney were harvested. The aorta and organs fluorescence were also conducted using IVIS. After imaging, all were immersed in 5% formaldehyde for fixation and preservation [13].




2.9. Histology Staining


Freshly dissected tissues were covered with enough O.C.T for a few minutes in a labeled small weigh boat. Then the prepared sample was placed in a metal beaker filled 2/3 full with isopentane and subsequently placed in a Dewar of liquid nitrogen. Samples (6–8 μm) were cryosectioned and stained with hematoxylin for 1 min, or Prussian Blue staining for iron oxide MNPs for 30 min, or Oil Red O staining for atherosclerosis for 5 min, depending on the investigation [30,31,32,33].




2.10. Statistical Analysis


All data are expressed as means ± standard deviation. A comparison of different groups was determined using Student’s t-test and significant difference was assumed at p-value ≤ 0.05. The statistical data was analyzed using ORIGIN® 8.6 (OriginLab Corp., Northampton, MA, USA).





3. Results and Discussion


3.1. Characterization of Iron Oxide MNPs


TEM and SEM images were employed to observe the structures of iron oxide MNPs and MCP-1-motif MNPs. The SEM images reveal that most of the nanoparticles are quasi-spherical and attempt to aggregate in the solid state because of their high surface energy [34] (Figure S1). Due to peptide surface modification, peptides derived from MCP-1 might have physical, such as Van der Waals force, and chemical interactions, such as NH⋯OH-bonds, with each other and thus impede nanoparticles dispersion [35,36].



Also, the TEM images show the size and the structure of the iron oxide MNPs (Figure 2). Comparing the size of two types of MNPs, MCP-1-motif MNPs formed a larger morphology and shape that is more irregular. The diameter of MCP-1-motif MNPs and MNPs were approximately 20 ± 3 nm and 10 ± 3 nm in a spherical shape, respectively.


Figure 2. Characterization of (a) magnetic nanoparticles (MNPs) and (b) monocytes chemoattractant protein-1 (MCP-1)-motif MNPs using TEM.
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Moreover, the hydrodynamic diameter of the iron oxide MNPs was measured by the dynamic light scattering (DLS) method to test aqueous properties (Table 3). In the results of DLS, the peaks of the diameter were approximately 90 nm and 300 nm (Figure S2). The higher value in particle size determined by the DLS method compared to the TEM image was attributed to the interaction of water molecules in the aqueous solution [37]. Furthermore, the zeta potential value of MNPs (−14.1 mV) and MCP-1-motif MNPs (−17.6 mV) were higher than −20 mV, which indicated that the dispersion was relatively stable [38]. Therefore, the nanoparticles solution would be sonicated before the experiment.


Table 3. Dynamic light scattering (DLS) results of MNPs and MCP-1-motif MNPs (n = 3).





	Nanoparticles
	Zeta Potential (mV)
	Hydrodynamic Diameter (nm)





	MNPs
	−14.1 ± 0.16
	90.0 ± 4.90



	MCP-1-motif MNPs
	−17.6 ± 0.25
	323.8 ± 12.17









XPS measurements were made to quantify the element composition of nanoparticles, and the results are shown in Figure 3. Three bands of the XPS survey spectrum at around 285, 397.5, and 532.5 eV represented C1s, N1s, and O1s, respectively. In Figure 3a,b, the C1s XPS spectra had a large peak at 284.5 eV, corresponding to sp2 hybridized carbon (C-C bonds), as well as two small peaks at 286.0 and 288.0 eV, which could be ascribed to C-O bonds and C=O bonds [39,40]. On the other hand, the N1s XPS spectra in Figure 3c,d all exhibited a major peak at around 400.0 eV. The binding energies at 398.8 and 400.0 eV, respectively, were attributed to N atoms bonded with sp3-hybridized C atoms (N-sp3C, N(H)-C bonds) and N atoms bonded with sp2-hybridized C atoms (N-sp2C, N(C)-C bonds) [41,42]. Figure 3e,f show the O1s XPS spectra of iron oxide MNPs and the two major peaks were located at around 530.0 and 535 eV. The O1s peaking at 532.0 and 533.3 eV could be assigned to oxygen in the form of O=C bonds and C-O bonds. In addition, the binding energies at 529.7 eV and 535.3 eV represented Fe3O4 and H2O, respectively [43,44].


Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of (a,c,e) MNPs and (b,d,f) MCP-1-motif MNPs.
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Table 4 and Table S1 show the compositions of different kinds of bonds and the chemical elements of iron oxide MNPs. MNPs only had dextran shell modification, which had a large quantity of C-C bonds. Moreover, the hydroxyl bond was replaced with an amine bond, so no signal (C-O bonds) could be found in the C1s XPS spectrum of MNPs. Also, we observed that the C1s XPS spectrum of MCP-1-motif MNPs had peaks at the C-O bonds and C=O bonds because of the peptide sequence. According to the description above, the amine bond was the major composition in the MNPs consistent with the N1s XPS spectrum. On the other hand, both N(C)-C bonds and N(H)-C bonds could be found in the results of MCP-1-motif MNPs. Through the oxygen analysis, two kinds of nanoparticles presented Fe3O4 and H2O. With the C=O bonds existing on the shell of the nanoparticles, the ratio of Fe3O4 and H2O decreased compared to the control group.


Table 4. Chemical element composition ratio of iron oxide MNPs.










	
	MNPs
	MCP-1-Motif MNPs





	C1s
	54.25%
	40.32%



	N1s
	5.44%
	2.14%



	O1s
	40.31%
	57.55%









Table 4 shows the chemical element composition of two iron oxide MNPs. MNPs had dextran shells, a kind of organic compound, so carbon was the major element in the composition. On the other hand, the peptides sequence and iron oxide core presented oxygen, so the ratio of oxygen was higher than those of the other two elements.




3.2. Magnetic Measurements


To make sure that the magnetic properties remained after dextran coating and peptide grafting, a superconducting interference magnetometer was applied. Figure 4 shows the M-H Curve/Hysteresis Loop of MNPs (2.2 mg) and MCP-1-motif MNPs (9.0 mg). The operation temperature was 310 K and the magnetic field range was ±7.0 Tesla.


Figure 4. M-H curve/hysteresis loop of iron oxide MNPs.
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The hysteresis loops were normal and tight with no remnant magnetization, indicating a typical superparamagnetic behavior. In general, iron oxide MNPs, whose size was smaller than 20 nm, were supposed to be superparamagnetic at room temperature. Hence, from Figure 4, we could observe that the saturation magnetization values of MNPs and MCP-1-motif MNPs were 15.5 and 31.0 emu/g, respectively, due to the size difference of the two types of nanoparticles [45,46,47].



Paramagnetic materials had unpaired electrons, such as atomic or molecular orbitals. Therefore, superparamagnetic nanoparticles were free to align their magnetic moment in any direction. When an external magnetic field was applied, these magnetic moments would tend to align themselves in the same direction as the applied field. In addition, peptides derived from MCP-1 also contained free electrons and might enhance the magnetic moments in the applied magnetic field, promoting high saturation magnetization values [48].




3.3. Cytotoxicity


The MTT assay was conducted with 3T3 cells incubated with different concentrations of MCP-1-motif MNPs for one day and four days. The result is shown in Figure 5a and could estimate the cytotoxicity of the nanoparticles. The normal Fe concentration of the injection solution was 0.2 mg Fe/mL. The lower and higher Fe concentrations were also investigated in the MTT assay. The percentages were calculated by comparing the 3T3 cells without iron oxide MNPs. The cytotoxicity of MCP-motif MNPs under three concentrations did not have a negative effect on cell proliferation. Even after four days of incubation, the cell viability still reached around 100%.


Figure 5. (a) MTT assay of 3T3 cells with different concentration of MCP-1-motif MNPs; (b–i) Live/Dead staining of WEHI 274.1 monocytes (b–e), and 3T3 cells (f–i) in 0 and 0.3 mg Fe/mL at day 1 (D1) (b,c,f,g) and day 4 (D4) (d,e,h,i) (n = 4).
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Figure 5b, Figure S3 and S4 are the Live/Dead staining images. The counting results are shown in Figure S5. WEHI 274.1 monocytes and 3T3 cells were also incubated with different concentrations of MCP-1-motif MNPs for one day and four days. The monocytes all maintained a round shape and the quantities were consistent with the control group. Similarly, 3T3 cells were still in elongation and proliferated stably in all groups.




3.4. In Vitro Imaging of MCP-1-Motif MNPs


Figure S6a is the fluorescence image of Cy5-MCP-1-motif MNPs; the further conformation can be observed through the merged image in Figure S6b. WEHI 274.1 monocytes were cultured with Cy5-MNPs or Cy5-MCP-1-motif MNPs after 1 h and stained with DAPI (Figure 6). After cultivation, the nanoparticles in solution were removed by centrifugation. Whether in the fluorescence or the bright image, there was no Cy5 signal, which represented MNPs co-localized with WEHI 274.1 monocytes. However, monocytes stained by DAPI (blue) had a spherical shape and the surfaces were overlapped with Cy5-MCP-1-motif MNPs (red), indicating the potential affinity to monocytes of peptides derived from MCP-1. Moreover, 3T3 cells were also cultured with MCP-1-motif MNPs, but no nanoparticle seemed to attach on the cell surface (Figure S7). Therefore, we could conclude that the binding ability of MCP-1 was preserved and MCP-1-motif MNPs had the ability to target monocytes.


Figure 6. Overlaid image (fluorescence and bright) of WEHI 274.1 monocytes cultured with (a) Cy5-MNPs or (b) Cy5-MCP-1-motif MNPs.
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3.5. Nuclear Magnetic Resonance Imaging (MRI)


Magnetic resonance microscopy permitted to us obtain high-resolution images of the aorta in mice at the level of the abdominal aorta. Figure 7a–h show the MRI abdomen axial cross-sectional anatomy of wild-type mice and ApoE KO mice. The upper side of the images is anterior and the lower side is posterior. Before the nanoparticle injection, all mice were scanned for baseline, which are recorded in Figure 7a–d. The red arrowhead symbol indicates the abdominal aortic walls of mice and the light color represents the hollow structure.


Figure 7. (a–h) Magnetic resonance images of mice injected with MCP-1-motif MNPs before and after experiments (wks = weeks); (i) Diagram of pixel density throughout the aorta area (n = 3) (* p < 0.05, compared to the same group of baseline).
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Figure 7e–h are the images of magnetic resonance images of mice injected with MCP-1-motif MNPs after 40 h. Bright aortic lumen and wall indicated that there was no significant iron oxide MNPs accumulation in wild-type mice (Figure 7e). Besides, ApoE KO mice with four weeks of high-fat diet had dark aorta walls, as shown in Figure 7h, indicating that the aorta was full of MCP-1-motif MNPs. The degree of darkness in the aorta was more obvious when mice were fed a high-fat diet for a longer period of time [49,50,51].



Figure 7i shows the pixel density of aorta (area = 41.31 mm2), which stood for the degree of light color. The values of pixel density of all groups decreased because of the existence of iron oxide MNPs. The ratio of pixels decreased after injections: 25.43% (wild-type mice ND4), 26.51% (ApoE KO mice ND4), 38.14% (ApoE KO mice ND2 + HFD2), 40.86% (ApoE KO mice HFD4). This indicated that MCP-1-motif MNPs in the blood flow obviously attached to the monocytes during the formation of atherosclerosis plaques in ApoE mice compared to the other three groups. The MRI results concluded that the MCP-1-motif MNPs would accumulate in the aorta in the atherosclerosis model.




3.6. Non-Invasive In Vivo Imaging System


The IVIS spectrum system confirmed the existence of Cy5 MNPs and Cy5-MCP-1-motif MNPs in the bloodstream of mice in 72 h through a background level of fluorescence throughout the body. Figure 8 and Figure S8 show the body fluorescence images of ApoE mice as well as wild-type mice injected with iron oxide MNPs, respectively. Body fluorescence decreased due to nanoparticles being excreted when the time reached 48 or 72 h. The fluorescence distribution in MCP-1-motif MNPs (Figure 8) tended to accumulate at the backbone of the body, which might indicate the aggregation of iron oxide MNPs in the aorta. Compared to the experimental groups, MNPs distributed randomly throughout the body.


Figure 8. (a–d) IVIS body fluorescence of ApoE KO mice, wild-type mice injected with Cy5-MCP-1-motif MNPs and Cy5-MNPs; (e) average radiant efficiency at 0 h of IVIS body fluorescence (n = 3) (* p < 0.05 compared with ApoE KO, MCP-1 NPs at the same injection time; ** p < 0.01 compared with ApoE KO, MCP-1 NPs at the same injection time).
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Figure 8e shows the backbone fluorescence at any time point compared to the 0-h backbone fluorescence. The fluorescence of ApoE KO mice with MCP-1-motif MNPs still maintained over 90% at 2 h compared to the other test groups. On the other hand, the fluorescence of MNPs in the two types of mice all reduced to under 80% at 2 h, and the two wild-type groups were significantly different from the ApoE KO mice with the injection of MCP-1-motif MNPs. This might result from the retention ability of MCP-1-motif MNPs in the atherosclerosis model. After the 24-h injection, the signals all decreased to about 30–40%, and they declined to under 20% in 72 h [52].



After the 72-h injection, mice were sacrificed and the aorta, heart, liver, spleen, lung, and kidney were harvested. The aorta and organs fluorescence conducted by IVIS are shown in Figure 9. From the results of different organs, the presence of iron oxide MNPs was detected in the kidney of all types of mice, indicating that mice would excrete the nanoparticles in urine through the kidney and the bladder. However, the aorta of the atherosclerosis model injected with MCP-1-motif MNPs had notable fluorescence signals, confirming the longer retention time of MCP-1-motif MNPs to atherosclerosis plaque in the aorta.


Figure 9. IVIS organ fluorescence of ApoE KO mice injected with (a) PBS; (b) MCP-1-motif MNPs; (c) MNPs, and wild-type mice injected with (d) PBS; (e) MCP-1-motif MNPs; (f) MNPs. (g) Average radiant efficiency diagram of IVIS organ fluorescence (n = 3).
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3.7. Iron and Oil Drops in Specific Organs


After in vivo imaging, kidneys were cut into 6–8 μm cross-sections and the tissue sections were stained with hematoxylin and Prussian Blue (Figure S9). Blue precipitation found in the kidney tissue due to the injection of iron oxide MNPs confirmed that the kidney was the major organ employed for excreting nanoparticles [31]. For further confirmation of MCP-1-motif MNPs in the atherosclerosis model, the vessel wall of aorta was stained with Oil Red O, which illustrated atherosclerotic lesions, and Prussian Blue, which illustrated precipitations of iron oxide MNPs (Figure 10). The staining results showed the co-localization of MCP-1-motif MNPs and plaques. Oil drops and Prussian Blue are all observed in Figure 10c, indicating the potential affinity of MCP-1-motif MNPs in the atherosclerosis model [53,54,55].


Figure 10. Prussian Blue and Oil Red O staining of the aorta of ApoE KO mice with injection of (a) PBS, (b)MNPs, and (c) MCP-1-motif MNPs (scale bar = 50 μm).
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4. Conclusions


In this work, the characteristics of iron oxide MNPs were measured and analyzed. Electron microscope images showed the quasi-spherical shape of nanoparticles and XPS spectra further confirmed that the MCP-1 peptides conjugated on the iron oxide MNPs. They were relatively stable in aqueous solution and dispersive when stirred.



Then, the following in vitro experiment was examined. We developed the cell viability process of iron oxide MNPs, including an MTT assay and a Live/Dead assay. Whether in WEHI 274.1 monocytes or 3T3 cells, MCP-1-motif MNPs exhibited a cell viability around 100% compared to the control group. Next, we successfully attached Cy5 fluorescence to iron oxide MNPs using an amine-ester reaction. With different types of cells incubated with iron oxide MNPs for 1 h, we observed that MCP-1-motif MNPs co-localized with WEHI 274.1 monocytes, indicating a potential tool for tracking early-stage atherosclerosis lesions in aorta, usually aggregated with large quantities of monocytes.



Next, iron oxide MNPs were injected into wild-type mice, for the control group, and ApoE KO mice, a widely-used atherosclerosis model, and in vivo imaging was performed. First, MRI showed that MCP-1-motif MNPs were obviously accumulated in the abdomen aorta of ApoE KO mice fed a high-fat diet for four weeks compared to other experimental groups. Second, we also found that the average radiant efficiency of Cy5-MCP-1-motif MNPs nearby the backbone of the atherosclerosis model mice was still 90% after 2 h. In addition, organs harvested after 72 h showed that nanoparticles accumulated in the kidney for excretion in all mice injected with nanoparticles. Above all, Cy5-MCP-1-motif MNPs largely aggregated in the aorta of atherosclerosis model mice, confirming the co-localization of aorta plaque and MCP-1-motif MNPs. Finally, vital organs tissues were stained with Prussian Blue and Oil Red O, which identified that the MCP-1-motif MNPs have the potential ability to track aorta lesions and can be a promising targeting tool for early-stage atherosclerosis.



In conclusion, from the in vitro test and in vivo test, we observed that MCP-1-motif MNPs could interact with monocytes and accumulate in the aorta of an atherosclerosis model, indicating a potential targeting tool for early-stage atherosclerosis.








Supplementary Materials


The following are available online at http://www.mdpi.com/1999-4923/10/2/62/s1, Figure S1: Characterization of (a) MNPs and (b) MCP-1-motif MNPs using SEM, Figure S2: Hydrodynamic distribution of (a) MNPs and (b) MCP-1-motif MNPs by DLS, Figure S3: Live/Dead assay of cells with MCP-1-motif MNPs at day 1, Figure S4: Live/Dead assay of cells with MCP-1-motif MNPs at day 4, Figure S5: Cell counting of (a) WEHI 274.1 monocytes and (b) 3T3 cells. (n = 3), Figure S6: (a) Fluorescence image and (b) merged image of the Cy5-MCP-1-motif MNPs, Figure S7: Fluorescence image of (a) 3T3 cells and (b) WEHI 274.1 monocytes cultured with Cy5-MCP-1-motif MNPs, Figure S8: IVIS body fluorescence of ApoE KO mice and wild-type mice injected with PBS from 0- to 72-h injection, Figure S9: Prussian Blue and hematoxylin staining of kidney of (a–c) ApoE KO mice and (d–f) wild-type mice (scale bar = 50 μm), Table S1. Bond composition ratios of the iron oxide MNPs.





Author Contributions


C.-W.K. and P.-T.W. conducted the experiments and wrote the manuscript. M.-Y.L. provided technical support for the nanoparticles characterization. I.-J.C. assisted on the data curation of MRI imaging. K.-C.Y. and W.-Y.I.T. provided the disease model and supervision of the in vivo study. J.Y. designed and investigated the study.




Funding


This research was funded by Molecular Imaging Center, National Taiwan University, Taipei, Taiwan.




Acknowledgments


This work was supported by Molecular Imaging Center, which is funded by The Aim for The Top University Project, Ministry of Education, Taiwan. We would like to acknowledge the useful discussion and technical service and assistance provided by the NTU Instrumentation Center, Technology Commons, College of Life Science, and Department of Biochemical Science and Technology, National Taiwan University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Woollard, K.J.; Geissmann, F. Monocytes in atherosclerosis: Subsets and functions. Nat. Rev. Cardiol. 2010, 7, 77–86. [Google Scholar] [CrossRef] [PubMed]

	2. 
Moss, J.W.E.; Ramji, D.P. Cytokines: Roles in atherosclerosis disease progression and potential therapeutic targets. Future Med. Chem. 2016, 8, 1317–1330. [Google Scholar] [CrossRef] [PubMed]

	3. 
Libby, P.; Ridker, P.M.; Maseri, A. Inflammation and Atherosclerosis. Circulation 2002, 105, 1135–1143. [Google Scholar] [CrossRef] [PubMed]

	4. 
Mlinar, L.B.; Chung, E.J.; Wonder, E.A.; Tirrell, M. Active targeting of early and mid-stage atherosclerotic plaques using self-assembled peptide amphiphile micelles. Biomaterials 2014, 35, 8678–8686. [Google Scholar] [CrossRef] [PubMed]

	5. 
Klarin, D.; Zhu, Q.M.; Emdin, C.A.; Chaffin, M.; Horner, S.; McMillan, B.J.; Leed, A.; Weale, M.E.; Spencer, C.C.A.; Aguet, F.; et al. Genetic analysis in UK Biobank links insulin resistance and transendothelial migration pathways to coronary artery disease. Nat. Genet. 2017, 49, 1392. [Google Scholar] [CrossRef] [PubMed]

	6. 
Howson, J.M.M.; Zhao, W.; Barnes, D.R.; Ho, W.-K.; Young, R.; Paul, D.S.; Waite, L.L.; Freitag, D.F.; Fauman, E.B.; Salfati, E.L.; et al. Fifteen new risk loci for coronary artery disease highlight arterial-wall-specific mechanisms. Nat. Genet. 2017, 49, 1113. [Google Scholar] [CrossRef] [PubMed]

	7. 
Zernecke, A.; Weber, C. Chemokines in Atherosclerosis. Proc. Resumed 2014, 34, 742–750. [Google Scholar] [CrossRef]

	8. 
Libby, P. Current Concepts of the Pathogenesis of the Acute Coronary Syndromes. Circulation 2001, 104, 365–372. [Google Scholar] [CrossRef] [PubMed]

	9. 
Szmitko, P.E.; Wang, C.-H.; Weisel, R.D.; de Almeida, J.R.; Anderson, T.J.; Verma, S. New Markers of Inflammation and Endothelial Cell Activation: Part I. Circulation 2003, 108, 1917–1923. [Google Scholar] [CrossRef] [PubMed]

	10. 
Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An overview. J. Interferon Cytokine Res. 2009, 29, 313–326. [Google Scholar] [CrossRef] [PubMed]

	11. 
Taub, D.D. Chemokine-leukocyte interactions. The voodoo that they do so well. Cytokine Growth Factor Rev. 1996, 7, 355–376. [Google Scholar] [CrossRef]

	12. 
Pan, H.; Myerson, J.W.; Hu, L.; Marsh, J.N.; Hou, K.; Scott, M.J.; Allen, J.S.; Hu, G.; San Roman, S.; Lanza, G.M.; et al. Programmable nanoparticle functionalization for in vivo targeting. FASEB J. 2013, 27, 255–264. [Google Scholar] [CrossRef] [PubMed]

	13. 
Chung, E.J.; Nord, K.; Sugimoto, M.J.; Wonder, E.; Tirrell, M.; Mlinar, L.B.; Alenghat, F.J.; Fang, Y. Monocyte-Targeting Supramolecular Micellar Assemblies: A Molecular Diagnostic Tool for Atherosclerosis. Adv. Healthc. Mater. 2015, 4, 367–376. [Google Scholar] [CrossRef] [PubMed]

	14. 
Zhang, J.; Zu, Y.; Dhanasekara, C.S.; Li, J.; Wu, D.; Fan, Z.; Wang, S. Detection and treatment of atherosclerosis using nanoparticles. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017, 9. [Google Scholar] [CrossRef] [PubMed]

	15. 
Kim, Y.; Lobatto, M.E.; Kawahara, T.; Lee Chung, B.; Mieszawska, A.J.; Sanchez-Gaytan, B.L.; Fay, F.; Senders, M.L.; Calcagno, C.; Becraft, J.; et al. Probing nanoparticle translocation across the permeable endothelium in experimental atherosclerosis. Proc. Natl. Acad. Sci. USA 2014, 111, 1078–1083. [Google Scholar] [CrossRef] [PubMed]

	16. 
Popescu, R.C.; Andronescu, E.; Grumezescu, A.M. In vivo evaluation of Fe3O4 nanoparticles. Rom. J. Morphol. Embryol. 2014, 55, 1013–1018. [Google Scholar] [PubMed]

	17. 
Bietenbeck, M.; Florian, A.; Faber, C.; Sechtem, U.; Yilmaz, A. Remote magnetic targeting of iron oxide nanoparticles for cardiovascular diagnosis and therapeutic drug delivery: Where are we now? Int. J. Nanomed. 2016, 11, 3191–3203. [Google Scholar] [CrossRef]

	18. 
Jadhav, N.V.; Prasad, A.I.; Kumar, A.; Mishra, R.; Dhara, S.; Babu, K.R.; Prajapat, C.L.; Misra, N.L.; Ningthoujam, R.S.; Pandey, B.N.; et al. Synthesis of oleic acid functionalized Fe3O4 magnetic nanoparticles and studying their interaction with tumor cells for potential hyperthermia applications. Colloids Surf. B Biointerfaces 2013, 108, 158–168. [Google Scholar] [CrossRef] [PubMed]

	19. 
Chen, L.; Xu, Z.; Dai, H.; Zhang, S. Facile synthesis and magnetic properties of monodisperse Fe3O4/silica nanocomposite microspheres with embedded structures via a direct solution-based route. J. Alloys Compd. 2010, 497, 221–227. [Google Scholar] [CrossRef]

	20. 
Yang, J.; Zou, P.; Yang, L.; Cao, J.; Sun, Y.; Han, D.; Yang, S.; Wang, Z.; Chen, G.; Wang, B.; et al. A comprehensive study on the synthesis and paramagnetic properties of PEG-coated Fe3O4 nanoparticles. Appl. Surf. Sci. 2014, 303, 425–432. [Google Scholar] [CrossRef]

	21. 
Lüdtke-Buzug, K.; Biederer, S.; Sattel, T.; Knopp, T.; Buzug, T.M. Preparation and Characterization of Dextran-Covered Fe3O4 Nanoparticles for Magnetic Particle Imaging. In Proceedings of the 4th European Conference of the International Federation for Medical and Biological Engineering: ECIFMBE, Antwerp, Belgium, 23–27 November 2008; Vander Sloten, J., Verdonck, P., Nyssen, M., Haueisen, J., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 2343–2346. [Google Scholar]

	22. 
Xu, J.K.; Zhang, F.F.; Sun, J.J.; Sheng, J.; Wang, F.; Sun, M. Bio and nanomaterials based on Fe3O4. Molecules 2014, 19, 21506–21528. [Google Scholar] [CrossRef] [PubMed]

	23. 
Bautista, M.C.; Bomati-Miguel, O.; Zhao, X.; Morales, M.P.; González-Carreño, T.; Alejo, R.P.d.; Ruiz-Cabello, J.; Veintemillas-Verdaguer, S. Comparative study of ferrofluids based on dextran-coated iron oxide and metal nanoparticles for contrast agents in magnetic resonance imaging. Nanotechnology 2004, 15, S154. [Google Scholar] [CrossRef]

	24. 
Carmen Bautista, M.; Bomati-Miguel, O.; del Puerto Morales, M.; Serna, C.J.; Veintemillas-Verdaguer, S. Surface characterisation of dextran-coated iron oxide nanoparticles prepared by laser pyrolysis and coprecipitation. J. Magn. Magn. Mater. 2005, 293, 20–27. [Google Scholar] [CrossRef]

	25. 
Nakashima, Y.; Plump, A.S.; Raines, E.W.; Breslow, J.L.; Ross, R. ApoE-deficient mice develop lesions of all phases of atherosclerosis throughout the arterial tree. Arterioscler. Thromb. 1994, 14, 133–140. [Google Scholar] [CrossRef] [PubMed]

	26. 
Swirski, F.K.; Pittet, M.J.; Kircher, M.F.; Aikawa, E.; Jaffer, F.A.; Libby, P.; Weissleder, R. Monocyte accumulation in mouse atherogenesis is progressive and proportional to extent of disease. Proc. Natl. Acad. Sci. USA 2006, 103, 10340–10345. [Google Scholar] [CrossRef] [PubMed]

	27. 
Li, Y.; Zhang, G.C.; Wang, X.H.; Liu, D.H. Progression of atherosclerosis in ApoE-knockout mice fed on a high-fat diet. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 3863–3867. [Google Scholar] [PubMed]

	28. 
Wen, S.; Liu, D.F.; Cui, Y.; Harris, S.S.; Chen, Y.C.; Li, K.C.; Ju, S.H.; Teng, G.J. In vivo MRI detection of carotid atherosclerotic lesions and kidney inflammation in ApoE-deficient mice by using LOX-1 targeted iron nanoparticles. Nanomedicine 2014, 10, 639–649. [Google Scholar] [CrossRef] [PubMed]

	29. 
Wu, S.C.; Chen, Y.J.; Wang, H.C.; Chou, M.Y.; Chang, T.Y.; Yuan, S.S.; Chen, C.Y.; Hou, M.F.; Hsu, J.T.; Wang, Y.M. Bispecific Antibody Conjugated Manganese-Based Magnetic Engineered Iron Oxide for Imaging of HER2/neu- and EGFR-Expressing Tumors. Theranostics 2016, 6, 118–130. [Google Scholar] [CrossRef] [PubMed]

	30. 
Liu, D.; Chen, C.; Hu, G.; Mei, Q.; Qiu, H.; Long, G.; Hu, G. Specific targeting of nasopharyngeal carcinoma cell line CNE1 by C225-conjugated ultrasmall superparamagnetic iron oxide particles with magnetic resonance imaging. Acta Biochim. Biophys. Sin. 2011, 43, 301–306. [Google Scholar] [CrossRef] [PubMed]

	31. 
Koiwaya, H.; Sasaki, K.; Ueno, T.; Yokoyama, S.; Toyama, Y.; Ohtsuka, M.; Nakayoshi, T.; Mitsutake, Y.; Imaizumi, T. Augmented neovascularization with magnetized endothelial progenitor cells in rats with hind-limb ischemia. J. Mol. Cell. Cardiol. 2011, 51, 33–40. [Google Scholar] [CrossRef] [PubMed]

	32. 
Andres-Manzano, M.J.; Andres, V.; Dorado, B. Oil Red O and Hematoxylin and Eosin Staining for Quantification of Atherosclerosis Burden in Mouse Aorta and Aortic Root. Methods Mol. Biol. 2015, 1339, 85–99. [Google Scholar] [CrossRef] [PubMed]

	33. 
Mohanta, S.; Yin, C.; Weber, C.; Hu, D.; Habenicht, A.J.R. Aorta Atherosclerosis Lesion Analysis in Hyperlipidemic Mice. Bio Protocol. 2016, 6, e1833. [Google Scholar] [CrossRef] [PubMed]

	34. 
Khalkhali, M.; Rostamizadeh, K.; Sadighian, S.; Khoeini, F.; Naghibi, M.; Hamidi, M. The impact of polymer coatings on magnetite nanoparticles performance as MRI contrast agents: A comparative study. DARU J. Pharm. Sci. 2015, 23, 45. [Google Scholar] [CrossRef] [PubMed]

	35. 
Adhikari, U.; Scheiner, S. Preferred Configurations of Peptide–Peptide Interactions. J. Phys. Chem. A 2013, 117, 489–496. [Google Scholar] [CrossRef] [PubMed]

	36. 
Vallee, A.; Humblot, V.; Pradier, C.-M. Peptide Interactions with Metal and Oxide Surfaces. Acc. Chem. Res. 2010, 43, 1297–1306. [Google Scholar] [CrossRef] [PubMed]

	37. 
Souza, T.G.F.; Ciminelli, V.S.T.; Mohallem, N.D.S. A comparison of TEM and DLS methods to characterize size distribution of ceramic nanoparticles. J. Phys. Conf. Ser. 2016, 733, 012039. [Google Scholar] [CrossRef]

	38. 
Bhattacharjee, S. DLS and zeta potential—What they are and what they are not? J. Controll. Release 2016, 235, 337–351. [Google Scholar] [CrossRef] [PubMed]

	39. 
Li, G.; Sun, J.; Hou, W.; Jiang, S.; Huang, Y.; Geng, J. Three-dimensional porous carbon composites containing high sulfur nanoparticle content for high-performance lithium–sulfur batteries. Nat. Commun. 2016, 7, 10601. [Google Scholar] [CrossRef] [PubMed]

	40. 
Liu, Y.; Williams, M.G.; Miller, T.J.; Teplyakov, A.V. Nanoparticle layer deposition for highly controlled multilayer formation based on high- coverage monolayers of nanoparticles. Thin Solid Films 2016, 598, 16–24. [Google Scholar] [CrossRef] [PubMed]

	41. 
Zhao, M.; Cao, Y.; Liu, X.; Deng, J.; Li, D.; Gu, H. Effect of nitrogen atomic percentage on N(+)-bombarded MWCNTs in cytocompatibility and hemocompatibility. Nanoscale Res. Lett. 2014, 9, 142. [Google Scholar] [CrossRef] [PubMed]

	42. 
Liu, Y.; Yu, H.; Quan, X.; Chen, S.; Zhao, H.; Zhang, Y. Efficient and durable hydrogen evolution electrocatalyst based on nonmetallic nitrogen doped hexagonal carbon. Sci. Rep. 2014, 4, 6843. [Google Scholar] [CrossRef] [PubMed]

	43. 
Gharbi, A.; Legigan, T.; Humblot, V.; Papot, S.; Berjeaud, J.-M. Surface functionalization by covalent immobilization of an innovative carvacrol derivative to avoid fungal biofilm formation. AMB Express 2015, 5, 9. [Google Scholar] [CrossRef] [PubMed]

	44. 
Wang, Q.; Zhang, C.; Shen, G.; Liu, H.; Fu, H.; Cui, D. Fluorescent carbon dots as an efficient siRNA nanocarrier for its interference therapy in gastric cancer cells. J. Nanobiotechnol. 2014, 12, 58. [Google Scholar] [CrossRef] [PubMed]

	45. 
Liang, P.C.; Chen, Y.C.; Chiang, C.F.; Mo, L.R.; Wei, S.Y.; Hsieh, W.Y.; Lin, W.L. Doxorubicin-modified magnetic nanoparticles as a drug delivery system for magnetic resonance imaging-monitoring magnet-enhancing tumor chemotherapy. Int. J. Nanomed. 2016, 11, 2021–2037. [Google Scholar] [CrossRef]

	46. 
Bumb, A.; Brechbiel, M.W.; Choyke, P.L.; Fugger, L.; Eggeman, A.; Prabhakaran, D.; Hutchinson, J.; Dobson, P.J. Synthesis and characterization of ultra-small superparamagnetic iron oxide nanoparticles thinly coated with silica. Nanotechnology 2008, 19, 335601. [Google Scholar] [CrossRef] [PubMed]

	47. 
Ho, D.; Sun, X.; Sun, S. Monodisperse Magnetic Nanoparticles for Theranostic Applications. Acc. Chem. Res. 2011, 44, 875–882. [Google Scholar] [CrossRef] [PubMed]

	48. 
Mohapatra, J.; Mitra, A.; Bahadur, D.; Aslam, M. Surface controlled synthesis of MFe2O4 (M = Mn, Fe, Co, Ni and Zn) nanoparticles and their magnetic characteristics. CrystEngComm 2013, 15, 524–532. [Google Scholar] [CrossRef]

	49. 
Yao, Y.; Wang, Y.; Zhang, Y.; Li, Y.; Sheng, Z.; Wen, S.; Ma, G.; Liu, N.; Fang, F.; Teng, G.-J. In Vivo Imaging of Macrophages during the Early-Stages of Abdominal Aortic Aneurysm Using High Resolution MRI in ApoE−/− Mice. PLoS ONE 2012, 7, e33523. [Google Scholar] [CrossRef] [PubMed]

	50. 
Kitagawa, T.; Kosuge, H.; Uchida, M.; Iida, Y.; Dalman, R.L.; Douglas, T.; McConnell, M.V. RGD targeting of human ferritin iron oxide nanoparticles enhances in vivo MRI of vascular inflammation and angiogenesis in experimental carotid disease and abdominal aortic aneurysm. J. Magn. Reson. Imaging 2017, 45, 1144–1153. [Google Scholar] [CrossRef] [PubMed]

	51. 
Salinas, B.; Ruiz-Cabello, J.; Lechuga-Vieco, A.V.; Benito, M.; Herranz, F. Surface-Functionalized Nanoparticles by Olefin Metathesis: A Chemoselective Approach for In Vivo Characterization of Atherosclerosis Plaque. Chem. A Eur. J. 2015, 21, 10450–10456. [Google Scholar] [CrossRef] [PubMed]

	52. 
Braidwood, L.; Learmonth, K.; Graham, A.; Conner, J. Potent efficacy signals from systemically administered oncolytic herpes simplex virus (HSV1716) in hepatocellular carcinoma xenograft models. J. Hepatocell. Carcinoma 2014, 1, 149–161. [Google Scholar] [PubMed]

	53. 
Langheinrich, A.C.; Kampschulte, M.; Scheiter, F.; Dierkes, C.; Stieger, P.; Bohle, R.M.; Weidner, W. Atherosclerosis, inflammation and lipoprotein glomerulopathy in kidneys of apoE−/−/LDL−/− double knockout mice. BMC Nephrol. 2010, 11, 18. [Google Scholar] [CrossRef] [PubMed]

	54. 
Yoo, M.-K.; Park, I.-K.; Lim, H.-T.; Lee, S.-J.; Jiang, H.-L.; Kim, Y.-K.; Choi, Y.-J.; Cho, M.-H.; Cho, C.-S. Folate–PEG–superparamagnetic iron oxide nanoparticles for lung cancer imaging. Acta Biomater. 2012, 8, 3005–3013. [Google Scholar] [CrossRef] [PubMed]

	55. 
Lee, B.-S.; Choi, J.Y.; Kim, J.Y.; Han, S.H.; Park, J.E. Simvastatin and losartan differentially and synergistically inhibit atherosclerosis in apolipoprotein e(−/−) mice. Korean Circ. J. 2012, 42, 543–550. [Google Scholar] [CrossRef] [PubMed]





































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Baseline. Injection

Wild Type,
4wks ND

ApoE KO,
4wks ND

APOE KO,
2wks ND
2 wks HFD

ApOE KO,
4 wks HED

@ Wild Type, 4ND
= Apok KO, 4ND

5000 = Apok: KO, 2ND42HFD
Apof: KO, H1FD

Bascline Injection

5000

000






media/file4.png





media/file18.png
Heart Liver Spleen Lung Kidney Aorta

W\
v
.
v (g)
L 8 -
1.0x10" 7 m ApoE KO, PBS
e ® ApoE KO, MCP-1 MNPs |
7," s | ®ApoE KO, MNPs
b o 8.0x10° | mwild Type, PBS
= ® Wild Type, MCP-1 MNPs
Nt : ® Wild Type, MNPs
{: 2 6.0x10”
% 5
2
= 4.0x107 1

{ ot
e & 0 '

d E 2.0x107 - B | ] T
o X ' - rlr
| I = 1
\ 5 0.0 .. N I B II ‘ “

Heart Liver Spleen Lung Kidney Aorta





media/file3.jpg





media/file19.jpg
MCP-1-motif MNPs






media/file7.jpg





media/file10.png
(a) 150

(%)

Relative Cell Viability

100

-4

-

®0 mg Fe/mL

B0.1 mg Fe/mL
0.2 mg Fe/mL
B0.3 mg Fe/mL

¢

Day 1

Day 4

WEHI 274.1 monocytes 3T3 cells

0 mg Fe/mL

0.3 mg Fe/mL

0 mg F¢/mL

0.3 mg Fe/mL

© 200 um






media/file14.png
Baseline [njection

Wild Type,
4 wks ND

ApoE KO,
4 wks ND

ApoE KO,
2 wks ND +
2 wks HFD

ApoE KO,
4 wks HFD

U000 5 5y ® Wild Type, 4ND

m ApoE KO, 4ND

25000 | ®m ApoE KO, 2ND+2HFD
® ApoE KO, 4HFD

20000

215000

= 10000

Pixel Density (pixel/41.31 mm?)

W
S
-
S

Baseline [njection





media/file11.jpg





media/file6.png
Intensity (Counts / s) Intensity (Counts / s)

Intensity (Counts / s)

290 285 280

275

Binding Energy (eV)
T
= Fit
e N(H)-C

——N(C)-C

400 395
Binding Energy (eV)

390

535 530 525
Binding Energy (eV)

520

(b)

Cls

Intensity (Counts / s)

(d)

Nl1s

Intensity (Counts / s)

()

Ols

Intensity (Counts / s)

290 285 280
Binding Energy (eV)

e ——

405 400 395 390
Binding Energy (eV)

e Fc304
H20

\

540 535 530 o P
Binding Energy (eV)





media/file15.jpg
Ohr  2hrs 8hrs 24hrs d8hes T2hrs.

ApoE KO,
s
it M
ApoE KO,
= Apok: KO, MCP-1 NPs
cisanes S0 Apok: KO, Non NPs
~Wild Type, MCP-1 NPs
50 +Wild Type, Non NPs
Wi e,
0 |
it M o
2
Wi e,
s @ i
I OHR 2HR SHR 2HR 4SHR 7






nav.xhtml


  pharmaceutics-10-00062


  
    		
      pharmaceutics-10-00062
    


  




  





media/file16.png
ApoE KO,
Cy5-MCP-1-

motif MNPs

ApoE KO,

Cy5-MNPs

Wild type,
Cy5-MCP-1-

motif MNPs

Wild type,

Cy5-MNPs

0 hr

2 hrs

R hrs

24 hrs 48 hrs 72 hrs

Average Radiant Efficiency to 0 hr(%) <

100 -

80

60

40

20

= ApoE KO, MCP-1 NPs
ApoE KO, Non NPs
+Wild Type, MCP-1 NPs

+Wild Type, Non NPs

OHR

2HR

8HR

24HR 48HR

72HR





media/file2.png
2. in vitro test

%

1. Characterization

dextran  MCP-1 g WEHI 274.1 monocyte

3. in vivo test






media/file20.png
MCP-1-motif MNPs
(o) i '






media/file5.jpg





media/file1.jpg





media/file12.png
“a (b)r

-~ I’
' 4
o7
r
”
2% 2
f
p V-
¢
'
{
& a -

50 pm

," 4 *—‘






media/file9.jpg
'WEHI 274.1 monocytes
bl [6)

0mg Felmi

(@ [T

03 mg Feimt

D4

0mg Ferml

03 mg FeimL

373 cells






media/file0.png





media/file8.png
Magnetic Field (Tesla)

*  Non-modified MNPs
e  MCP-1-modified MNPs

DC Moment Fixed Ctr (emu/g)

30— ..............0.........

i

20 -1

10 <

1

(@)
1

o
1

)

h 5:.- o |

\®)
~
(@)






media/file17.jpg
(@






media/file21.png





