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Abstract

:

Nanoparticles are uniquely suited for the study and development of potential therapies against atherosclerosis by virtue of their size, fine-tunable properties, and ability to incorporate therapies and/or imaging modalities. Furthermore, nanoparticles can be specifically targeted to the atherosclerotic plaque, evading off-target effects and/or associated cytotoxicity. There has been a wealth of knowledge available concerning the use of nanotechnologies in cardiovascular disease and atherosclerosis, in particular in animal models, but with a major focus on imaging agents. In fact, roughly 60% of articles from an initial search for this review included examples of imaging applications of nanoparticles. Thus, this review focuses on experimental therapy interventions applied to and observed in animal models. Particular emphasis is placed on how nanoparticle materials and properties allow researchers to learn a great deal about atherosclerosis. The objective of this review was to provide an update for nanoparticle use in imaging and drug delivery studies and to illustrate how nanoparticles can be used for sensing and modelling, for studying fundamental biological mechanisms, and for the delivery of biotherapeutics such as proteins, peptides, nucleic acids, and even cells all with the goal of attenuating atherosclerosis. Furthermore, the various atherosclerosis processes targeted mainly for imaging studies have been summarized in the hopes of inspiring new and exciting targeted therapeutic and/or imaging strategies.
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1. Introduction


Cardiovascular disease is responsible for the deaths of more than 17 million people worldwide and this rate is expected to grow to over 23 million by the year 2030 [1]. More strikingly, it is estimated that there is a death every 40 s attributable to cardiovascular disease [2]. Atherosclerosis is the root cause of the majority of cardiovascular clinical manifestations, which have been significantly curbed due to breakthroughs in drug therapy. However, advanced tools, increasing interest in nanotechnology, and further understanding of the pathology of atherosclerosis elucidated by various animal studies have recently placed researchers in prime position to tackle the complex manifestations of atherosclerosis on a more specific and molecular level.



Atherosclerosis has typically been viewed as a dietary and lipid accumulation disorder. While lipids certainly play a role in lesion formation, they cannot account for all the concerns of atherosclerosis. It is now known that atherosclerosis begins with endothelial damage that can arise as early as adolescence. Lipids such as apolipoprotein B have special affinity for the basal membrane revealed in areas of damaged endothelium [3]. These regions are well conserved in humans and various animal models and typically occur in curved or branched arteries, which experience disturbed or oscillatory flow dynamics and low shear stress [4].



Endothelial damage permits the accumulation and retention of lipids within the subendothelial space where they can be oxidized by oxidative stress-induced molecules and enzymatic products [5]. Oxidized lipids act as a danger signal to the endothelial cells lining the vessel and the cells begin to increase expression of the inflammatory cell recruitment receptors vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), P-selectin, and E-selectin through inflammatory signaling pathways, such as nuclear factor-κB (NF-κB) [6,7]. These receptors are used as binding moieties by circulating immune cells such as monocytes, which express conjugate ligands such as very late antigen 4 (VLA-4) for VCAM-1 and lymphocyte function-associated antigen 1 (LFA-1) for ICAM-1 [8,9]. The expression of these inflammatory cell recruitment receptors and the production of chemoattractant chemokines lead to increased infiltration of circulating monocytes, which will also express cytokines, thus perpetuating a positive feedback loop.



Upon entering the plaque, monocytes differentiate into macrophages and become activated under the influences of macrophage colony stimulating factor (M-CSF) and tumor necrosis factor-α (TNF-α), both of which are upregulated in plaque cells [10]. These activated macrophages ingest large amounts of lipids via upregulation of scavenger receptors [11], eventually becoming foam cells [12]. These foam cells are prone to apoptosis, releasing damaging cytokines and enzymes that exacerbate the immune response, recruiting more inflammatory cells that amplify the process of plaque formation.



Defective efferocytosis of lipid-laden apoptotic cells also aggravates the situation. Eventually, the formation of a necrotic core, often characterized by the accumulation of cholesterol crystals, marks the transition to a vulnerable plaque that is prone to rupture. In addition to this molecular based degradation, physical destabilization and degradation of the fibrous cap is a consequence of pro-inflammatory signaling. The fibrous cap is composed mostly of collagen secreted by vascular smooth muscle cells migrating into the plaque from the medial layer of the vessel [13]. The upregulation of matrix metalloproteinases (MMP-3 and -9) leads to the degradation of the collagenous cap [10]. These cumulative events are all a result of chronic and non-resolving inflammation [14] that can be countered by anti-inflammatory cytokines, such as interleukin-10 (IL-10) [15]. IL-10 and other anti-inflammatory cytokines help to influence the ratio of activated pro-inflammatory “M1” macrophages to pro-healing “M2” macrophages via the janus kinase/signal transducers and activators of transcription (JAK-STAT) signaling pathway [16]. In the event that the thinned fibrous cap ruptures, damaging lipids, enzymes, cytokines, calcium, and dead cell fragments are released into the blood, stimulating the formation of a thrombus that can quickly occlude the artery, leading to acute clinical events [17,18].



Interest in the potential to apply nanotechnology to cardiovascular disease has been high for some years [19], allowing for developments using nanoparticle research specifically for atherosclerosis. Nanoparticles (NPs) are uniquely suited to combat atherosclerosis given their ability to encapsulate various therapeutics such as nucleic acids, drugs, proteins, and even cells. Encapsulation serves two purposes in the field of nanomedicine: firstly, it protects the in vivo environment from harmful drugs or off-target effects by ensuring that drug release is controlled via material properties and/or targeted to the affected area via surface properties. Secondly, encapsulation protects labile cargo from degradation and/or other unwanted modifications. In addition, the high surface area to volume ratio of nanoparticles makes them ideal for surface functionalization for the purpose of targeting plaque components and/or evading the body’s immune system and clearance. The two most popular moieties incorporated onto nanoparticles are targeting ligands (antibodies, peptides, aptamers, or small molecules) specific for plaque components and PEGylation, which confers stealth and stability in vivo.



Many of the applications of NPs in atherosclerosis have focused on imaging (Figure 1). Ultrasound imaging using contrast-enhancing agents such as gas-filled particles or microbubbles has been ongoing for decades [20]. Though not quite using nanoparticles, ultrasound imaging has nevertheless inspired numerous nano-scale imaging and treatment options, and has been used for atherosclerosis [21,22]. However, there have also been interesting less conventional uses of nanoparticles in modelling, sensing, and elucidating the biology of plaque progression in atherosclerotic mice and hyperlipidemic rabbits. NPs may even participate in the treatment of atherosclerosis, acting by virtue of their material-based natural interactions with plaque components rather than by the delivery of therapeutics. Nanoparticles vary in their molecular makeup, with inorganic components being more useful for studies involving physical phenomena (imaging, photodynamic therapy, etc.) and organic materials being typically chosen for their ability to interact with cargo (protection, encapsulation, controlled release, etc.) and for their increased biocompatibility and biodegradability. However, NPs made of both materials can be targeted to the plaque by fine tuning their size, shape, surface properties, and ligand coating. Exploring these various phenomena can add exciting perspective to the numerous reviews discussing experimental nanoparticle interventions for atherosclerosis, which have focused on imaging or drug delivery [23,24,25]. Thus, this review article illustrates how nanoparticles are advancing the research of atherosclerosis using animal models through the probing of fundamental biological interactions, delivering therapeutics, and reporting back to researchers via imaging or sensing modalities as a function of the materials chosen.




2. Influence of Material Properties on NPs Used for Atherosclerosis


In general, the application will guide the choice of material to use for nanoparticle-mediated treatment with two types of interventions relative to atherosclerosis: (1) the delivery of therapeutics and (2) the visualization of plaque and its processes.



2.1. Materials Used for Fabrication of Nanoparticles


2.1.1. Polymers


Polymers make up one of the most common groups of materials used to fabricate nanoparticles. This is in part because of their diverse range of fine-tunable properties allowing researchers to control their hydrophobicity, charge, degradability, and many more features. Accordingly, their use in fabricating nanoparticles for atherosclerosis research has experienced an exponential increase and they seem to be the material of choice for therapeutic delivery applications (Table 1). The main attractions for polymers are their typically lower toxicity than metals and the availability of chemically active sites for the functionalization of fluorescent dyes and targeting moieties. They also have an increased carrying capacity for cargo (drugs, proteins, nucleic acids, etc.) related to their biodegradable, polar, charged, and somewhat hydrophobic properties responsible for polymer interaction with, protection of, and controlled release of therapeutics (Figure 2). Some common examples include poly(lactic-co-glycolic acid) (PLGA), polyethylenimine (PEI), poly(L-lysine) (PLL), poly(lactic acid) (PLA), poly(aspartic acid) (PAA), chitosan, gelatin, alginate, and many others and are particularly useful to complex with, protect, and deliver charged polar cargo such as proteins and DNA [26]. A polymer of the monomers lactic and glycolic acid, PLGA is widely used and approved by the U.S. Food and Drug Administration (FDA) and European Medicine Agency (EMA) for some applications [27]. PLGA is biodegradable via hydrolysis of the ester bonds linking monomers and its rate of degradation can be tuned by the percentages of the two monomers. This naturally lends itself to the controlled delivery of therapeutics, an advantageous strategy capable of recapitulating the complex spatio-temporal patterns of signaling within the in vivo plaque environment.



There are also polymers whose function depends on their hydrophobicity and charge but are not biodegradable. These underline the complex array of interactions possible between a nanocarrier and its delivery cargo or imaging modality. This example is best illustrated with polymers formed via stable covalent bonds such as the amide bonds in polyamidoamine (PAMAM) and polyethylenimine (PEI) nanoparticles. These polymers are highly cationic and the long polymer chains render them slightly hydrophobic as well. Their electrostatic binding to anionic plasmid DNA for example is efficient to protect it from degradation, yet it is also desirable to release this DNA once inside the cells so that it can be transcribed into protein. This is why cationic polymers with more biodegradable ester bonds can have increased transfection efficiencies. Though non-viral gene delivery has yet to break into the world of atherosclerosis, biodegradable polymers have high potential [28,29]. However, biodegradability is less important to consider for therapeutics that only have to enter the cell cytoplasm to act such as for RNA interference (RNAi) and even less important for those therapies that can be released outside the cells, such as drugs acting on receptors or being internalized on their own. Thus, the application is the most important factor to consider in choosing a material for NPs. However, the fine-tunability of polymers make them adaptable for many functions within that space and will be discussed more in upcoming sections. For a more complete review of polymers within the context of atherosclerosis, the reader is referred to Lewis et al. [30].




2.1.2. Lipids


Lipid nanoparticles have been around for decades and were some of the first examples of drug delivery tools used by researchers. Typically made from amphiphilic materials, liposome-forming lipids have a long hydrophobic tail of 10–20 carbon atoms sometimes with unsaturated bonds. Emulsification of these lipids with hydrophobic drugs encapsulates them into self-assembled spheres with the hydrophobic lipid tail in the core and typically charged hydrophilic polar head residing in the outer aqueous environment. Thus, the charge and hydrophobic nature of lipids is important for NP formation (Figure 2). Included in the emulsion are often ‘spacer lipids’ such as cholesterol, as in cell membranes. These spheres can be unilamellar or multilamellar depending on post-formation processing techniques. Although most often used to encapsulate hydrophobic imaging agents, drugs, and proteins, there are examples of liposomes for gene delivery, typically by absorbing nucleic acids onto the charged exterior [31]. Furthermore, there is a wide variety of lipids available with already functionalized head groups for the covalent linking of targeting peptides and stealth groups such as polyethylene glycol (PEG). The ratios of all these components are important and must be screened as they often depend on cell type. For example, a targeting ligand density of 1–2.5 mol % of the total lipids used to form particles was found optimal to target cancer cells in vitro and in vivo in a mouse model of human gastric cancer [32].



Liposomes have found particular success for use in atherosclerosis imaging and therapeutic delivery because of their lipid-like properties. The accumulation of low density lipoprotein (LDL) is an initiating event for atherosclerosis inflammation. However, high density lipoprotein (HDL) is athero-protective through an unknown mechanism of transporting lipids and cholesterol from foamy macrophages into the liver for processing [33]. Liposomes have been used to mimic the structure and function of HDL [34,35].





2.2. Nanoparticles for Investigating Atherosclerosis


2.2.1. Polystyrene


Polystyrene (PS) is a model biomaterial in terms of its widespread use. It is biocompatible as it is the culture substrate of choice for a wide array of cells. This use has translated to its selection as a nanoparticle material that is stable, relatively inert, and cheap to work with. It can be used to optimize many fine-tunable parameters such as the coating density of targeting ligands onto nanoparticles, helping to isolate the effect of the coating independent of material effects. PS nanoparticles are often commercially made with monodisperse diameters and are available with the chemical functional group of choice already present for linking targeting and imaging moieties. However, even the relatively hydrophobic nature of PS allows for direct adsorption of proteins without the need for chemical functionalization. For example, Pacheco et al. adsorbed specific amounts of Fc receptor ligands onto PS spheres ranging in size from 0.5–2 μm to study the effects of NP size and ligand density on uptake by macrophages [79].



Ligand-coated PS NPs are also internalized by endothelial cells, a process depending in part on the diameter of nanoparticles and density of surface ligands [80]. Chacko et al. described how functionalizing polystyrene NPs with a diameter around 180 nm with antibodies specific for different domains of the platelet endothelial cell adhesion molecule receptor PECAM-1 (CD31) enhances NP uptake in vitro in human umbilical vein endothelial cells (HUVECs) and in vivo in female C57BL/6 mice [81]. They found that binding of a first antibody, added in solution, induces a conformational change in PECAM-1 and that this change unveils a high-affinity domain for the second antibody, coated on NPs, increasing uptake. This process is highly sequence specific as binding of the two antibodies in the reverse order does not show similar success. Nevertheless, the strategy of functionalizing multivalent ligands to NPs typically synergistically enhances their binding to and uptake by endothelial cells, even when targeting different receptors with the same NP [22,63,69]. Thus, polystyrene NPs can be made with discrete diameters and functionalized either physically (adsorption) or chemically (cross-linking) with targeting ligands and fluorescent moieties. However, they offer little in terms of cargo carrying capacity (Figure 2), an important application of nanoparticles. In addition, PS NPs are not used in the clinic due to their inability to biodegrade within the body among other reasons. Still, they are a useful tool to survey in vitro and experimental in vivo binding dynamics and biodistribution [82].




2.2.2. Metallic and Inorganic Materials


One of, if not the most widely used applications of metallic and inorganic material nanoparticles for atherosclerosis is for imaging. Magnetic resonance imaging (MRI) is the classical modality due to the wide availability of both MRI machines and magnetic nanoparticles, typically ultrasmall superparamagnetic nanoparticles of iron oxide (USPIOs) or gadolinium (Gd)-based materials. Studies involving positron emission tomography (PET), computer tomography (CT), ultrasound, and fluorescent/infrared imaging are becoming more common, sometimes in combination with MRI, with potential applications dictated by the choice of NP material.



An advantage of inorganic NPs for imaging is their often smaller size (tens of nm) relative to organic-based NPs, allowing for increased passive uptake. Such a strategy was utilized by Palekar et al. in trying to establish a correlation between the uptake of perfluorocarbon (PFC) NPs as a result of the damaged endothelium and the risk of thrombosis [54]. By incorporating this PFC, the authors were able to do MRI imaging in both the hydrogen and fluorine channels, leading to increased perspectives for detection. Furthermore 3D 2-photon microscopy on en face aortic segments revealed the depth of penetration of the NPs into the plaques of ApoE−/− mice. The accumulation of nano-sized particles via the enhanced permeabilization and retention (EPR) effect is often cited in NP use for various cancers and could be the reason non-targeted imaging NPs have had success already in atherosclerosis. However, researchers are moving toward more specific targeting of plaque components. One recent example of this is an in-depth study by Qiao et al., who used up-converting gadolinium NPs targeted to the plaques of ApoE−/− mice [83]. Coated with an osteopontin antibody, these MRI-detectable NPs localize to macrophages within the plaque. The specific targeting of plaque macrophages has been difficult because they are not very different than macrophages present throughout the body. However, the authors identified osteopontin as a secreted marker of macrophages, particularly foamy cells within the plaque. The nanoformulation was able to resolve small distances live in vivo via up-conversion luminescence imaging in an arterial cuff model capable of recapitulating low and oscillatory shear stresses in the vessel.



Interest is on the rise in targeting the plaque specifically. Many studies have identified possible targets that are overexpressed or disproportionately expressed at the plaque. In addition, advances in chemistry, nanotechnology, and biological knowledge have allowed for the development of specific probes to illuminate some of the processes that drive plaque progression. These are summarized in Table 2.





2.3. Therapeutic Strategies Reliant on Nanoparticle Material Properties


There are a few interesting and recent examples of nanoparticles that exert their therapeutic potential by virtue of just their material properties (i.e., there is no delivered therapeutic). Many studies have devised strategies to interfere with the uptake of low density lipoprotein (LDL) by macrophages. As described above, this is a key event in the progression of atherosclerosis. Macrophages take up oxidized LDL via scavenger receptor-A (SR-A) and scavenger receptor B (CD36). Petersen et al. developed amphiphilic nanoparticles with hydrophobic cores composed of mucic acid and polystyrene as well as amphiphilic core-shell NPs consisting of mucic acid-functionalized PEG and polystyrene in vitro in human monocyte-derived macrophages [105]. The lipid-like hydrophobic core-containing NPs act at two different levels to prevent the uptake of lipids. First, they directly compete with the uptake of oxidized LDL via scavenger receptors SR-A and CD36. Secondly, NP uptake led to a decrease in the surface and gene expression of one or both of these receptors for 48h after incubation with the nanoparticles in vitro (Figure 3A). Though the authors did not check how this impacted the formation of foam cells specifically, the processes diminished by NPs (LDL uptake and scavenger receptor expression) are what give rise to foam cells in vivo. The authors further pointed out that the result is similar to the effects of α-tocopherol, though the pathways for this molecule are not well known. Still these are relatively safe materials (although polystyrene could be substituted for a more biodegradable polymer in the future) and represent an interesting strategy to deal with a major issue in atherosclerosis. Other attempts for this strategy have been documented as well [106,107]. However, longer term studies should be performed with this strategy and in vivo to ensure that NP uptake is not mimicking the effects of LDL uptake, just substituting one molecule for another.



Lipid transport primarily occurs in macrophages and other professional phagocytic cells, however, vascular smooth muscle cells (VSMCs) also contribute significantly to lipid accumulation in plaques [13]. A recent study actually targeted VSMCs with copper sulfate (CuS) nanoparticles that acted as a photothermal switch inducing autophagy [108]. Coating the NPs with an antibody against TRPV1, a cation channel, allowed the CuS NPs to specifically accumulate in VSMCs expressing TRPV1 in vitro. Upon irradiation with NIR light, a local increase in temperature was seen due to the NP materials. The heat-activated channel allowed an influx of calcium ions, which activates autophagy, a mechanism by which modified LDL is converted back into free cholesterol for efflux from the cell. Injection of the NPs in vivo in ApoE−/− mice followed by irradiation greatly reduced plaque formation as evidenced by Oil Red O staining (Figure 3B). This simple yet highly effective strategy demonstrated precise in vivo targeting and control of a cellular process that is important in the progression of atherosclerosis, namely the processing of lipids.



Foam cells of macrophage or VSMC origin are characterized by the ingestion of lipids that render them vulnerable to apoptosis and necrosis. In conditions of defective efferocytosis, excessive extracellular cholesterol may lead to the formation of crystal structures, which can activate complex inflammation pathways [14]. In a recent interesting approach to attenuate inflammation, Zimmer et al. delivered cyclodextrin to the plaques of ApoE−/− mice in an attempt to increase cholesterol solubility and removal from the plaque through classical pathways [109]. Though this strategy involved free cyclodextrin oligosaccharides, it could be reimagined to encapsulate cyclodextrin as a therapeutic within a nanoparticle or use it as a component to fabricate the nanoparticle itself as cyclodextrin is widely used to formulate NPs [56,110].





3. Nanoparticle-Mediated Delivery of Therapeutics in Atherosclerosis


3.1. Delivery of Biotherapeutics


Nanocarriers are increasingly being incorporated into imaging and drug delivery in cardiovascular disease [111,112]. Moreover, there is a burgeoning area of therapeutic delivery including nucleic acids, proteins, and more recently cells (Figure 4) that could be deemed biotherapeutic delivery. Nanoparticles can bring the promises of non-invasive and safe gene therapy, cellular repopulation, and protein delivery to fruition for atherosclerosis. Many significant challenges remain to delivering these biotherapeutics; each cargo comes with its own unique set of design criteria and constraints. However, these strategies hold the most promise for novel effective treatments as evidenced by extensive plaque regression and reduction in typical inflammatory markers after treatment in animal models (Table 3).



3.1.1. RNA Delivery


Kheirolomoom et al. devised a liposome formulation encapsulating anti-micro RNA 712 (miR-712) for targeted delivery to the plaques of ApoE−/− mice. The encapsulation allowed for potent in vivo downregulation of miR-712, whose main target is matrix metalloproteinase (MMP) activity, at a dose 80% lower than if given freely without lipid NP encapsulation [51]. MMPs are enzymes produced by immune and other cells to degrade extracellular matrix (ECM) components. Typically, after an inflammatory reaction has occurred, the pro-healing remodeling response requires MMPs [113]. However, in the case of atherosclerosis, a thick and stable fibrous cap over the plaque prevents rupture and subsequent thrombosis, so MMP activity is associated with vulnerable plaques. To target the plaque, the authors made use of the validated VHPK peptide [114], which targets endothelial VCAM-1 and helps to increase not only binding of the NPs to endothelial cells but also their internalization. Nanoparticle-mediated delivery of anti-miR-712 greatly reduced atheroma formation associated with a stable collagen cap (Figure 5A).



In another interesting work, miRNA-146a and -181b were packaged into PEG-PEI NPs that were then loaded into a multistage silicon microporous vessel conjugated with E-selectin targeting aptamers [60]. These specific miRNAs are downregulated in the atherosclerotic inflammatory condition, prompting their selection as therapeutics. The miRNA delivery in male ApoE−/− mice led to a decrease in the expression of chemokines CCL2, 5, 8, and 9 as well as CXCL9. These are well known downstream products of the inflammatory NF-κB signaling pathway, which these miRNAs are reported to inhibit. The authors reported decreased monocyte adhesion to the endothelium and fewer pro-inflammatory immune cells populating and perpetuating inflammation at the plaque site as evidenced by reduced expression of monocyte lineage marker CD68 (Figure 5B). Hence, miRNAs are attractive options for therapeutics and new information is continuously bringing to light their role in atherosclerosis [115].



Short interfering RNA (siRNA) is another type of RNA interference strategy used to regulate protein expression that shows great promise in translation to the clinic. Using a lipid-like nanoparticle formulated from low molecular weight PEI, PEG, and epoxide-terminated hydrophobic polymers [116], Dahlman et al. targeted the endothelium for the delivery of siRNA that downregulated the endothelial cell receptors VE-cadherin and ICAM-2 [67]. Though not specifically targeted to endothelial biomarkers, one hydrophobic polymer nanoparticle formulation was able to accumulate preferentially in the endothelium of C57BL/6 mice. This was reportedly one of many formulations tested in an initial high-throughput in vitro screen in HeLa, murine endothelioma, and pooled human dermal microvascular endothelial cells for RNA knockdown efficiency. The formulation derived from a copolymerization of PEI600 and an epoxide-functionalized C13 chain. Epoxide ring opening links the hydrophobic chain to PEI amine groups, thus it is not necessarily a co-polymer but rather a long chain cationic lipid. This is confirmed by the multilamellar vesicle (MLV) arrangement of lipids, PEG, and siRNA. The authors reported high efficiency of protein knockdown with the nanoparticle vehicle allowing for measurable therapeutic interventions with as little siRNA as 2 nM. The siRNA decreased infiltration of immune cells into the plaques. One thing to note was this formulation was used in the healthy endothelium of mice, which is significantly different than the damaged and activated endothelial cells lining plaques. It will be interesting to see if this success translates to the athero-prone endothelium.



Using a similar nanoparticle formulation, but focusing more on specific targeting, Chung et al. used in vivo phage display technology to identify peptides that bind activated endothelial cells under oscillatory, or disturbed, flow conditions [59]. Using a partial carotid artery ligation surgery in male C57BL/6 mice, the authors identified peptides that localize more specifically to the ligated artery experiencing oscillatory flow than the non-ligated control. This ensured that the targeting peptides purified through multiple phage pannings of the ligated artery would target only endothelium experiencing disturbed flow. By conjugating these peptides to a PEG-g-PEI copolymer nanoparticle encapsulating siRNA against ICAM-1, they reduced ICAM-1 mRNA expression by a third in vivo. As with many nanoparticle-based strategies, there was accumulation in the spleen and kidney. The authors have also shown a likely target of the discovered peptides to be non-muscle myosin heavy chain IIA (NMHCIIA), which is upregulated in the case of disturbed flow. The protein is known for its binding to and regulation of actin in cell migration and adhesion [117] and thus has implications for the cytoskeletal organization of ECs. Morphological changes in endothelial cells arise from their adaptation and remodeling in response to mechanical stimuli such as cyclic stretch and shear stress within the blood vessels [118,119].




3.1.2. Plasmid DNA (pDNA) Delivery


DNA-based gene therapy is one of the few newcomers to atherosclerosis research and has the potential to increase the expression of proteins involved in anti-inflammatory, lipid processing, or other pathways involved in plaque progression. pDNA offers many advantages to delivering proteins. DNA plasmids are easier and cheaper to work with than proteins and if delivered properly can ensure that the protein is produced endogenously where it often needs to be transiently expressed at low doses (pg/mL). DNA delivery held enormous promise at its inception but has faced significant challenges moving past experimental treatments in animal models. There are unique challenges to the delivery of DNA, mainly its need to cross both the cellular and nuclear membrane. Of course, viruses can be counted on to properly perform this task with high efficiency, but there is still apprehension limiting their widespread use including a low cargo carrying capacity, safety concerns, and the possibility for mutation and oncogenesis. Two recent investigations into viral mediated gene therapy in vivo were successful after pre-suppressing the immune system to the virus [120,121], a strategy that could hamper translation of this therapy. However, viruses have been useful to identify potential therapeutic proteins involved in atherosclerosis [122]. For these reasons, researchers have been turning to synthetic and natural polymer-derived nanoparticles for gene delivery [123] and applying insight gained from siRNA delivery to DNA [124].



In an older but interesting strategy immunizing male New Zealand white rabbits on a high cholesterol diet against atherosclerosis, Yuan et al. used chitosan nanoparticles to deliver DNA encoding cholesterylester transfer protein (CETP), which is responsible for transferring lipids between lipoproteins [44]. Chitosan is a natural cationic polysaccharide derived from chitin, present in shellfish, with primary amine groups. It is biodegradable, biocompatible, and even has purported anti-inflammatory properties [125], making it a desirable candidate for biotherapeutic delivery [126]. The authors took advantage of the cationic and mucoadhesive properties of chitosan to craft a nanoparticle vaccine to be delivered intranasally. Vaccinated rabbits mounted an effective immune response against CETP and helped lower its activity for 21 weeks, reducing plaque formation. This initial promising study highlighted the potential of DNA delivery for atherosclerosis, but there is much work to be done with non-viral pDNA gene therapy before reaching the success observed with RNAi-based interventions.



More in vitro characterization of the transfection capabilities and cytotoxicity of cationic polymers must be performed in cells relevant for atherosclerosis. Self-assembled PEI end-capped amphiphilic copolymers made of lactic acid and 2,5-morpholinedione were capable of condensing and delivering DNA to HUVECs [71]. The authors reported little to no cytotoxicity, a common concern with polymer materials, and a biodegradation rate better than that of polylactic acid, a prototypical cationic biopolymer. They claimed the depsipeptide (amide and ester bond donors) bonds within the polymer helped to prolong release of pDNA and contributed to its overall biocompatibility. As mentioned previously, the inclusion of ester bonds in cationic polymers seems to be a key feature allowing for DNA plasmid delivery. Besides the intelligent design of biodegradable gene delivery polymers, a high expression and non-immunogenic plasmid construct known as minicircle DNA (mcDNA) has outperformed traditional therapeutic pDNA in non-viral carriers [127,128], implying that low transgene expression is not as much a concern anymore for non-viral methods.




3.1.3. Protein Delivery


Until the potential of pDNA gene therapy is fully realized, studies delivering the protein itself can offer unique insights into the bioactivity and dosing regimens required for robust in vivo responses. Some early evidence of success comes from Muro et al. who delivered acid sphingomyelinase (ASM) as a treatment for lysosomal storage disease. Though not specifically for atherosclerosis processes, they used fluorescently labeled polystyrene beads with a diameter of 200–300 nm coated with recombinant ASM and an ICAM-1 antibody. The NPs specifically bound to and were taken up by two types of ICAM-1 expressing cells, HUVECs and fibroblasts from patients with Niemann-Pick disease (NPD), and reduced the uptake of lipids [61].



Recently, more advanced and fine-tunable nanoparticles have been devised for the controlled release of targeted protein therapeutics at the site of the plaque. Kamaly et al. utilized a three-channel microfluidic device to fabricate PLGA-PLA copolymer nanoparticles coated with PEG and a collagen IV-binding peptide for targeting [39]. These NPs were able to encapsulate interleukin-10 (IL-10), the potent anti-inflammatory cytokine, for therapeutic delivery to the plaque. The biodegradable NPs were capable of reducing plaque development, necrotic core size, and lowering reactive oxygen species (ROS) in an atherosclerosis mouse model (ldlr−/− on a high fat diet) (Figure 5C). This study adds to the research underlining IL-10 as important in curbing the immune response [129] particularly in atherosclerosis [122,130]. The same collagen-binding peptide was used to target NPs delivering an inflammation resolving peptide mimic of the protein Annexin A1 [38] to ldlr−/− mice on a high fat diet. Targeted delivery of the peptide, known as Ac2–26, increased collagen deposition and established a thick fibrous cap, among other markers indicating a stable plaque. These studies highlight the high therapeutic potential of targeted anti-inflammatory or pro-healing nanoparticle therapeutics in resolving inflammation, a key step absent in atherosclerosis [131]. Being that there are few viable options for anti-inflammatory therapy in clinical trials thus far, the most promising is a non-targeted antibody against the pro-inflammatory IL-1β [132], there is room for targeted nanotherapies to address non-resolving inflammation in atherosclerosis in the future.




3.1.4. Cell Delivery


Alternatively, Adamo et al. investigated the delivery of cells as therapeutics. By introducing biodegradable PLA-based magnetic nanoparticles in vitro into rat aortic endothelial cells, the authors were able to load ECs with nanomagnets [75]. The treatment was intended for mechanical injury following stent implantation that can often leave the endothelium damaged but this work could be applicable for atherosclerosis. The complex shear stress profile around plaques coupled with the body’s immune response has complicated targeting plaques [133]. Fifteen minutes of magnetic field was capable of holding the cells in place to withstand the forces of blood flow, allowing the cells to attach and repopulate the damaged area in male Lewis rats. This early study shows potential in targeting cells themselves to the plaques using nanoparticles.





3.2. Delivery of Drugs


Nanoparticle encapsulation of drugs has many benefits including protecting molecules from degradation, solubilizing hydrophobic or pH-sensitive drugs, ensuring molecules are locally concentrated where they are needed, reducing off-target effects, and lowering the overall dose required for activity. These possibilities greatly increase the potential for small molecule treatments in atherosclerosis, especially at a time when an estimated 70% of cardiovascular clinical events cannot be prevented with available drugs [134]. Thus far, the majority of small molecule interventions in atherosclerosis have been limited to lipid-lowering statins, the clinical gold standard for treatment. However, through the unique properties conferred by nanoparticles, a wider range of molecules are becoming suitable candidates such as anti-inflammatory steroids [49,135]. One advantage driving these strategies forward is the increased fine-tunability of therapeutic delivery enabled by nanoparticles and their unique material properties. These are typically lipid or polymer-based formulations that do not require inorganic regions such as in most NPs used for imaging. Natural and synthetic polymers can be designer-functionalized through a wide range of chemistries to produce the ideal formulations capable of immune cell evasion (an increasing standard for in vivo studies), targeting, and even more complex stimuli-responsive results (pH, shear stress, etc.) as discussed earlier. A brief discussion of exciting breakthroughs in NP-mediated drug delivery will follow but more extensive reviews dedicated to this topic can be found [24,112].



One prominent example of NP-mediated drug delivery is for methotrexate, which is typically used as a chemotherapeutic for cancer at higher doses but is widely used as a suppressor of inflammation at lower doses (10–25 mg/week) [136]. This naturally lends itself to nanoparticle-encapsulated delivery. Bulgarelli et al. packaged methotrexate within a lipid nanoemulsion resembling low density lipoprotein (LDL) in New Zealand rabbits. The rabbits were fed a high cholesterol diet for 60 days and received NPs for the last 30 days [47]. The authors reported a decrease in the number of characteristic pro-inflammatory proteins (TNF-α, MCP-1, MMP-9, etc.) within the intimal blood vessel layer along with an upregulation of IL-10, further distinguishing this approach as an anti-inflammatory treatment. The NP-encapsulated methotrexate treatment was as effective as that given in a commercial solution but can potentially avoid toxic side effects sometimes seen with low-dose methotrexate [136].



Similarly, encapsulating prostacycline (PGI2), an inhibitor of platelet aggregation, within novel nucleoside-liposomes allowed Oumzil et al. to lower the dosage of this powerful molecule [50]. The authors encapsulated both PGI2 and an iron oxide MRI contrast agent for simultaneous therapy and in vivo tracking within solid lipid nanoparticles (SLN), making this a hybrid organic/inorganic theranostic formulation (Figure 6A). Such solid lipid nanoparticles showed successful inhibition of clotting in human blood from healthy volunteers and better magnetic relaxivity properties as compared to commercial MRI contrast agent Feridex®, a superparamagnetic iron oxide (SPIO) colloidal formulation [137]. The in vitro/ex vivo NP therapy inhibited platelet aggregation when platelet-rich plasma (PRP) was incubated with clotting agonists adenosine 5′-diphosphate (ADP) and thrombin receptor-activating peptide-6 (TRAP-6).



Dou et al. also encapsulated a potent anti-inflammatory drug typically used in post-transplantation therapy in a novel acetalated β-cyclodextrin formulation [56]. By varying the degree of acetalation, the authors exhibited control over the release of rapamycin (Figure 6B). These rapamycin-releasing NPs led to a significant decrease in aortic lesions in atherosclerotic mice. The authors also noted other typical markers of atherosclerosis that were reduced (MMP-9, macrophage content, plaque area, and necrotic core) while markers of plaque stability were increased (smooth muscle cell infiltration, collagen deposition, and relative lumen area).



Red blood cells (RBCs), an integral component of blood responsible for the transportation of oxygen to all tissues, could be an important delivery tool to shuttle therapeutics to the site of growing plaque. Chen et al. absorbed nanoparticles, formulated between heparin and thiol-functionalized PLL [55], onto red blood cells isolated from female BALB/c mice. The added thiol groups enabled spontaneous cross-linking via the formation of disulfide bonds without the need for other reactants. Instead of incorporating PEG, the authors reasoned that ‘hitching a ride’ on long-circulating RBCs could impart on the absorbed particles a significantly increased bioavailability. Furthermore, at the elevated shear stress level of 10 Pa typical around stenosed vessels, the authors noted an increased release of the nanoparticles from the cell surface as compared to a pressure of 1 Pa, typical in non-occluded vessels. Biodegradation of the polymers resulted in free heparin available, a well-known anti-coagulant. Furthermore, macrophage uptake of RBC-absorbed NPs was reduced in vitro, suggesting that incorporating NPs onto cells could possibly help to evade recognition by the immune system (Figure 6C); especially as concerns begin to rise about the immunogenicity of PEG coatings [138].



Thus, as we learn more about the molecular biology of atherosclerosis, we can ‘smart design’ NP properties based on their materials to exploit certain stimuli in the disease of interest, such as the relationships between oscillatory flow, increased plaque formation, and uptake of shear stress responsive nanoparticles.





4. Other Promising Approaches for Atherosclerosis Using Nanoparticles


4.1. Nanoparticles as Sensors and Detectors of Atherosclerosis Progression


The detection of vulnerable plaques has become a sought-after goal for quite some time in atherosclerosis research, especially using noninvasive or radiation-free techniques. Nanoparticles have been used for sensing and/or detecting various aspects of atherosclerosis progression and as above, many of these responses are direct results of the material chosen to fabricate the nanoparticle. The simplest process to quantify seems to be the uptake of lipids by professional phagocytes. This is the ongoing process associated with plaque growth and necrotic core enlargement. Ankri et al. used gold nanorods to visualize phagocytes [139]. Gold nanorod uptake by macrophages, derived from human monocytes, increases the absorption coefficient of the tissue and decreases the amount of reflected light. Thus, the signal from diffusion reflectance (DR) imaging between healthy and balloon-injured rat arteries was significant. The increased uptake of nanorods within the injured artery was directly verified by ex vivo imaging via computer tomography. A similar method was used by de Oliveira et al., only substituting the pure gold nanoparticles for aminolevulinic acid-functionalized gold NPs. This agent becomes fluorescent through a biosynthetic pathway, providing an increased level for detection [140].



Fluorescence molecular tomography (FMT) represents an alternative technology to detect plaques at risk of rupture. Nahrendorf et al. coated polymer nanoparticles with enzyme-digestible probes that became fluorescent after enzymatic activity [141]. The authors were able to pinpoint vulnerable plaques in ApoE−/− mice that showed increased activity of MMPs in a whole mouse imaged non-invasively. To increase resolution, however, they included CT imaging capabilities as well. This study could be useful in providing a framework for the non-invasive imaging and quantification of vulnerable plaques as well as in monitoring the success of a treatment, as the authors show can be done after administering atorvastatin. These exciting results raise the potential for smart-designed nanoparticles in the simultaneous diagnosis and tracking of treatments in atherosclerosis.




4.2. Nanoparticle-Assisted Modelling of Atherosclerosis Progression


The advancements made in imaging, sensing, and detection of plaques and the blood flow patterns contributing to atherosclerosis have also allowed for gains to be made in the field of modelling. Gitsioudis et al. combined high resolution MRI imaging with computed tomography angiography (CTA) to image complex flow patterns in the vessels and differentiate between low and high shear stresses in thoracic arteries of hyperlipidemic rabbits [76]. The dynamic data they received from these imaging methods was used to create 3D models of fluid flow within the arteries, which the authors then used to predict atherosclerosis progression and general vascular inflammation based on low endothelial shear stresses. Models could be used in conjunction with other methods mentioned above to track plaque development over time [142]. Especially if done non-invasively, data could be generated for each patient so that truly personalized medicine approaches can be investigated.



Modelling can also uncover the physics governing nanoparticle uptake and this information is directly applicable to future strategies. For example, the size of nanoparticles, which varies considerably depending upon the material (tens of nm for inorganic materials to hundreds of nm or even microns for polymers), can significantly influence NP dynamics within the vessels [143] as well as NP uptake by cells once particles arrive at the target site. Gonzalez-Rodriguez et al. probed these interactions in a computational model developed to show how nanoparticles coated with an ICAM-1 antibody would be taken up by endothelial cells [80]. ICAM-1 is activated by inflammation in the plaque and then differentially expressed by endothelial cells lining the plaque (20- to 100-fold increase over quiescent endothelial cells). Thus, it is a good marker and target for the inflamed endothelium and indeed appears often in Table 2.



Internalization time for NPs ranged between 2 and 3 s for NPs with diameters of 50 to roughly 220 nm according to the authors. The time increases for smaller NPs as they are probably taken up by a different mechanism than CAM-mediated endocytosis. Similarly, particles larger than 220 nm saw increased internalization times due to the difficulty of cell membrane deformation and the physical accommodations that the cell had to make to take in large particles. However, the model predicts that NPs up to around 1 μm may enter endothelial cells through some type of membrane wrapping [80]. The internalization time is also dependent on bond formation time between the NP ligand and cell receptor, which could also direct investigators to vary surface ligand density as a strategy for increased uptake as mentioned in previous sections. This study explores some fundamental boundary conditions that must be met for successful NP-mediated therapeutic targeting.



The integration of these modelling and sensor approaches could culminate in one of the latest trends in in vitro cell culture technology; recapitulating complex cell-cell and cell-material interactions using microfluidics. The so-called disease-on-a-chip model may still be far off for atherosclerosis, but complex processes especially those involving flow and shear stress, can be successfully modelled. Zheng et al. developed a culture platform for endothelial cells wherein they could vary both fluid shear stress and cyclic stretch, as is often experienced by ECs stimulated by underlying vascular muscle tissue, to have a more physiological or pathological environment using a microfluidic chip [118]. The device gives vascular endothelial cells a much-needed upgrade in in vitro culture conditions that more resemble their natural in vivo environment. The potential applications begin with probing the endothelium for more physiologically relevant answers and extends right through to evaluating new drugs and experimental nanomedicines. The authors report that platinum nanoparticles (PtNPs), which are capable of reducing ROS, showed similar effects on their chip as in vivo. These PtNPs have shown promising experimental results, yet their clinical safety and applicability remains unknown, making them an ideal candidate for chip-based experiments.





5. Conclusions and Perspectives for Future Work


Many types of nanoparticles have made their way into all areas of research into atherosclerosis including its pathology, sensing, therapeutic delivery strategies, imaging, and development of more physiologically relevant models. From a bioengineering perspective, the convergence of advancements in both atherosclerosis pathology and nanoparticle materials research provides a unique nano-sized window through which we can see the future of diagnosis and treatment. In fact, the gamut of advanced nanoparticle formulations available today is so wide that researchers seem to be able to therapeutically intervene in atherosclerosis at every stage of disease progression (Figure 7). With the advances in materials that allow for fine tuning of NP properties, tracking, reporting, and sensing, it will not be long before nanoparticles become standard tools to uncover the underlying events in atherosclerosis progression. At the same time, researchers have found and continue to find new and interesting therapeutics to encapsulate within NPs for delivery, each with its own unique set of design criteria and constraints. Furthermore, NPs can be evaluated on smaller and smaller microfluidic models as we approach true disease-on-a-chip models.



The delivery of biotherapeutics seems uniquely suited to addressing the underlying inflammation at the heart of atherosclerosis. The aforementioned strategies involving the delivery of RNAi, which led to an increased deposition of collagen and stable fibrous cap, were promising. Furthermore, the delivery of biotherapeutics has the potential to extend into the exciting areas of gene editing, whole genome, and personalized medicine strategies in the context of atherosclerosis. However, there are still relatively few studies and more work needs to be done to corroborate these findings in more and larger animal models.



The translational potential of NP-mediated strategies remains unknown as regulatory agencies must adapt novel methods of evaluation for these complex technologies. What seems necessary for new strategies to succeed is interdisciplinary cooperation between research fields. It is no longer enough to design and synthesize novel NPs and evaluate their efficacy/safety in one cell type in a petri dish. They must be tested in vivo or in as close to an in vivo environment as possible on microchips or in silico. The importance of screening NP materials for toxicity during experiments in vitro and in vivo should not be overlooked as well. Targeting the endothelium in a safe and effective way is the ultimate goal for NP-mediated therapies [133], but it may induce added damage, which can accelerate atherosclerosis lesion formation [144].



There is no shortage of constraints in using nanotechnology for any purpose in biology. However, researchers continue to identify novel targets for imaging, diagnosing, and treating atherosclerosis using nanoparticles. With the recent combination of therapeutics delivered directly and specifically to the vulnerable plaque, a targeted NP-based theranostic treatment based on NP-elucidated pathologies is becoming more possible.







Funding


This research was funded by an NSERC Discovery grant. In addition, SL is the recipient of a Canada Research Chair in Cardiovascular Physiology and is funded by the Canadian Institutes for Health Research (CIHR).




Acknowledgments


The authors thank the Canadian Institutes for Health Research (CIHR) and Natural Sciences and Engineering Research Council (NSERC) for funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Adamson, P.D.; Dweck, M.R.; Newby, D.E. The vulnerable atherosclerotic plaque: In vivo identification and potential therapeutic avenues. Heart 2015, 101, 1755–1766. [Google Scholar] [CrossRef] [PubMed]

	



Chung, E.J.; Tirrell, M. Recent Advances in Targeted, Self-Assembling Nanoparticles to Address Vascular Damage Due to Atherosclerosis. Adv. Healthc. Mater. 2015, 4, 2408–2422. [Google Scholar] [CrossRef] [PubMed]

	



Boren, J.; Olin, K.; Lee, I.; Chait, A.; Wight, T.N.; Innerarity, T.L. Identification of the principal proteoglycan-binding site in LDL. A single-point mutation in apo-B100 severely affects proteoglycan interaction without affecting LDL receptor binding. J. Clin. Investig. 1998, 101, 2658–2664. [Google Scholar] [CrossRef] [PubMed]

	



Chiu, J.-J.; Chien, S. Effects of disturbed flow on vascular endothelium: Pathophysiological basis and clinical perspectives. Physiol. Rev. 2011, 91, 327–387. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, G.K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 2005, 352, 1685–1695. [Google Scholar] [CrossRef] [PubMed]

	



Gareus, R.; Kotsaki, E.; Xanthoulea, S.; van der Made, I.; Gijbels, M.J.; Kardakaris, R.; Polykratis, A.; Kollias, G.; de Winther, M.P.; Pasparakis, M. Endothelial cell-specific NF-kappaB inhibition protects mice from atherosclerosis. Cell Metab. 2008, 8, 372–383. [Google Scholar] [CrossRef] [PubMed]

	



Sehnert, B.; Burkhardt, H.; Wessels, J.T.; Schroder, A.; May, M.J.; Vestweber, D.; Zwerina, J.; Warnatz, K.; Nimmerjahn, F.; Schett, G.; et al. NF-kappaB inhibitor targeted to activated endothelium demonstrates a critical role of endothelial NF-kappaB in immune-mediated diseases. Proc. Natl. Acad. Sci. USA 2013, 110, 16556–16561. [Google Scholar] [CrossRef] [PubMed]

	



Elices, M.J.; Osborn, L.; Takada, Y.; Crouse, C.; Luhowskyj, S.; Hemler, M.E.; Lobb, R.R. VCAM-1 on activated endothelium interacts with the leukocyte integrin VLA-4 at a site distinct from the VLA-4/fibronectin binding site. Cell 1990, 60, 577–584. [Google Scholar] [CrossRef]

	



Marlin, S.D.; Springer, T.A. Purified intercellular adhesion molecule-1 (ICAM-1) is a ligand for lymphocyte function-associated antigen 1 (LFA-1). Cell 1987, 51, 813–819. [Google Scholar] [CrossRef]

	



Shalhoub, J.; Viiri, L.E.; Cross, A.J.; Gregan, S.M.; Allin, D.M.; Astola, N.; Franklin, I.J.; Davies, A.H.; Monaco, C. Multi-analyte profiling in human carotid atherosclerosis uncovers pro-inflammatory macrophage programming in plaques. Thromb. Haemost. 2016, 115, 1064–1072. [Google Scholar] [CrossRef] [PubMed]

	



You, D.G.; Saravanakumar, G.; Son, S.; Han, H.S.; Heo, R.; Kim, K.; Kwon, I.C.; Lee, J.Y.; Park, J.H. Dextran sulfate-coated superparamagnetic iron oxide nanoparticles as a contrast agent for atherosclerosis imaging. Carbohydr. Polym. 2014, 101, 1225–1233. [Google Scholar] [CrossRef] [PubMed]

	



Buono, C.; Anzinger, J.J.; Amar, M.; Kruth, H.S. Fluorescent pegylated nanoparticles demonstrate fluid-phase pinocytosis by macrophages in mouse atherosclerotic lesions. J. Clin. Investig. 2009, 119, 1373–1381. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, M.R.; Sinha, S.; Owens, G.K. Vascular Smooth Muscle Cells in Atherosclerosis. Circ. Res. 2016, 118, 692–702. [Google Scholar] [CrossRef] [PubMed]

	



Duewell, P.; Kono, H.; Rayner, K.J.; Sirois, C.M.; Vladimer, G.; Bauernfeind, F.G.; Abela, G.S.; Franchi, L.; Nunez, G.; Schnurr, M.; et al. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature 2010, 464, 1357–1361. [Google Scholar] [CrossRef] [PubMed]

	



Gurung, P.; Li, B.; Subbarao Malireddi, R.K.; Lamkanfi, M.; Geiger, T.L.; Kanneganti, T.D. Chronic TLR Stimulation Controls NLRP3 Inflammasome Activation through IL-10 Mediated Regulation of NLRP3 Expression and Caspase-8 Activation. Sci. Rep. 2015, 5, 14488. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Qin, H.; Holdbrooks, A.T.; Liu, Y.; Reynolds, S.L.; Yanagisawa, L.L.; Benveniste, E.N. SOCS3 deficiency promotes M1 macrophage polarization and inflammation. J. Immunol. 2012, 189, 3439–3448. [Google Scholar] [CrossRef] [PubMed]

	



Skeoch, S.; Bruce, I.N. Atherosclerosis in rheumatoid arthritis: Is it all about inflammation? Nat. Rev. Rheumatol. 2015, 11, 390–400. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, G.K.; Libby, P.; Tabas, I. Inflammation and plaque vulnerability. J. Intern. Med. 2015, 278, 483–493. [Google Scholar] [CrossRef] [PubMed]

	



Godin, B.; Sakamoto, J.H.; Serda, R.E.; Grattoni, A.; Bouamrani, A.; Ferrari, M. Emerging applications of nanomedicine for the diagnosis and treatment of cardiovascular diseases. Trends Pharmacol. Sci. 2010, 31, 199–205. [Google Scholar] [CrossRef] [PubMed]

	



Cosgrove, D. Ultrasound contrast agents: An overview. Eur. J. Radiol. 2006, 60, 324–330. [Google Scholar] [CrossRef] [PubMed]

	



Steinl, D.C.; Kaufmann, B.A. Ultrasound imaging for risk assessment in atherosclerosis. Int. J. Mol. Sci. 2015, 16, 9749–9769. [Google Scholar] [CrossRef] [PubMed]

	



Ferrante, E.A.; Pickard, J.E.; Rychak, J.; Klibanov, A.; Ley, K. Dual targeting improves microbubble contrast agent adhesion to VCAM-1 and P-selectin under flow. J. Control. Release 2009, 140, 100–107. [Google Scholar] [CrossRef] [PubMed]

	



Lobatto, M.E.; Fuster, V.; Fayad, Z.A.; Mulder, W.J. Perspectives and opportunities for nanomedicine in the management of atherosclerosis. Nat. Rev. Drug Discov. 2011, 10, 835–852. [Google Scholar] [CrossRef] [PubMed]

	



Psarros, C.; Lee, R.; Margaritis, M.; Antoniades, C. Nanomedicine for the prevention, treatment and imaging of atherosclerosis. Maturitas 2012, 73, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Mulder, W.J.; Jaffer, F.A.; Fayad, Z.A.; Nahrendorf, M. Imaging and nanomedicine in inflammatory atherosclerosis. Sci. Transl. Med. 2014, 6, 239sr231. [Google Scholar] [CrossRef] [PubMed]

	



Menon, J.U.; Ravikumar, P.; Pise, A.; Gyawali, D.; Hsia, C.C.; Nguyen, K.T. Polymeric nanoparticles for pulmonary protein and DNA delivery. Acta Biomater. 2014, 10, 2643–2652. [Google Scholar] [CrossRef] [PubMed]

	



Danhier, F.; Ansorena, E.; Silva, J.M.; Coco, R.; Le Breton, A.; Preat, V. PLGA-based nanoparticles: An overview of biomedical applications. J. Control. Release 2012, 161, 505–522. [Google Scholar] [CrossRef] [PubMed]

	



Shmueli, R.B.; Sunshine, J.C.; Xu, Z.; Duh, E.J.; Green, J.J. Gene delivery nanoparticles specific for human microvasculature and macrovasculature. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 1200–1207. [Google Scholar] [CrossRef] [PubMed]

	



Smith, T.T.; Stephan, S.B.; Moffett, H.F.; McKnight, L.E.; Ji, W.; Reiman, D.; Bonagofski, E.; Wohlfahrt, M.E.; Pillai, S.P.S.; Stephan, M.T. In situ programming of leukaemia-specific T cells using synthetic DNA nanocarriers. Nat. Nanotechnol. 2017, 12, 813–820. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, D.R.; Kamisoglu, K.; York, A.W.; Moghe, P.V. Polymer-based therapeutics: Nanoassemblies and nanoparticles for management of atherosclerosis. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2011, 3, 400–420. [Google Scholar] [CrossRef] [PubMed]

	



Magalhaes, S.; Duarte, S.; Monteiro, G.A.; Fernandes, F. Quantitative evaluation of DNA dissociation from liposome carriers and DNA escape from endosomes during lipid-mediated gene delivery. Hum. Gene Ther. Methods 2014, 25, 303–313. [Google Scholar] [CrossRef] [PubMed]

	



Wonder, E.; Simon-Gracia, L.; Scodeller, P.; Majzoub, R.N.; Kotamraju, V.R.; Ewert, K.K.; Teesalu, T.; Safinya, C.R. Competition of charge-mediated and specific binding by peptide-tagged cationic liposome-DNA nanoparticles in vitro and in vivo. Biomaterials 2018, 166, 52–63. [Google Scholar] [CrossRef] [PubMed]

	



Lusis, A.J. Atherosclerosis. Nature 2000, 407, 233–241. [Google Scholar] [CrossRef] [PubMed]

	



Frias, J.C.; Ma, Y.; Williams, K.J.; Fayad, Z.A.; Fisher, E.A. Properties of a versatile nanoparticle platform contrast agent to image and characterize atherosclerotic plaques by magnetic resonance imaging. Nano Lett. 2006, 6, 2220–2224. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Fay, F.; Cormode, D.P.; Sanchez-Gaytan, B.L.; Tang, J.; Hennessy, E.J.; Ma, M.; Moore, K.; Farokhzad, O.C.; Fisher, E.A.; et al. Single step reconstitution of multifunctional high-density lipoprotein-derived nanomaterials using microfluidics. ACS Nano 2013, 7, 9975–9983. [Google Scholar] [CrossRef] [PubMed]

	



Palumbo, F.S.; Rigogliuso, S.; Ghersi, G.; Pitarresi, G.; Fiorica, C.; Di Stefano, M.; Giammona, G. Dexamethasone dipropionate loaded nanoparticles of alpha-elastin-g-PLGA for potential treatment of restenosis. Mol. Pharm. 2013, 10, 4603–4610. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.Q.; Even-Or, O.; Xu, X.; van Rosmalen, M.; Lim, L.; Gadde, S.; Farokhzad, O.C.; Fisher, E.A. Nanoparticles containing a liver X receptor agonist inhibit inflammation and atherosclerosis. Adv. Healthc. Mater. 2015, 4, 228–236. [Google Scholar] [CrossRef] [PubMed]

	



Fredman, G.; Kamaly, N.; Spolitu, S.; Milton, J.; Ghorpade, D.; Chiasson, R.; Kuriakose, G.; Perretti, M.; Farokhzad, O.; Tabas, I. Targeted nanoparticles containing the proresolving peptide Ac2-26 protect against advanced atherosclerosis in hypercholesterolemic mice. Sci. Transl. Med. 2015, 7, 275ra220. [Google Scholar] [CrossRef] [PubMed]

	



Kamaly, N.; Fredman, G.; Fojas, J.J.; Subramanian, M.; Choi, W.I.; Zepeda, K.; Vilos, C.; Yu, M.; Gadde, S.; Wu, J.; et al. Targeted Interleukin-10 Nanotherapeutics Developed with a Microfluidic Chip Enhance Resolution of Inflammation in Advanced Atherosclerosis. ACS Nano 2016, 10, 5280–5292. [Google Scholar] [CrossRef] [PubMed]

	



Tadin-Strapps, M.; Peterson, L.B.; Cumiskey, A.M.; Rosa, R.L.; Mendoza, V.H.; Castro-Perez, J.; Puig, O.; Zhang, L.; Strapps, W.R.; Yendluri, S.; et al. siRNA-induced liver ApoB knockdown lowers serum LDL-cholesterol in a mouse model with human-like serum lipids. J. Lipid Res. 2011, 52, 1084–1097. [Google Scholar] [CrossRef] [PubMed]

	



Tadin-Strapps, M.; Robinson, M.; Le Voci, L.; Andrews, L.; Yendluri, S.; Williams, S.; Bartz, S.; Johns, D.G. Development of lipoprotein(a) siRNAs for mechanism of action studies in non-human primate models of atherosclerosis. J. Cardiovasc. Transl. Res. 2015, 8, 44–53. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, A.; Shaporev, A.; Nosoudi, N.; Lei, Y.; Vertegel, A.; Lessner, S.; Vyavahare, N. Nanoparticle targeting to diseased vasculature for imaging and therapy. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 1003–1012. [Google Scholar] [CrossRef] [PubMed]

	



Hong, Z.; Xu, Y.; Yin, J.F.; Jin, J.; Jiang, Y.; Du, Q. Improving the effectiveness of (−)-epigallocatechin gallate (EGCG) against rabbit atherosclerosis by EGCG-loaded nanoparticles prepared from chitosan and polyaspartic acid. J. Agric. Food Chem. 2014, 62, 12603–12609. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Yang, X.; Cai, D.; Mao, D.; Wu, J.; Zong, L.; Liu, J. Intranasal immunization with chitosan/pCETP nanoparticles inhibits atherosclerosis in a rabbit model of atherosclerosis. Vaccine 2008, 26, 3727–3734. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.; Hong, H.Y.; Moon, H.J.; Lee, B.H.; Kim, I.S.; Kwon, I.C.; Rhee, K. A new atherosclerotic lesion probe based on hydrophobically modified chitosan nanoparticles functionalized by the atherosclerotic plaque targeted peptides. J. Control. Release 2008, 128, 217–223. [Google Scholar] [CrossRef] [PubMed]

	



Park, D.; Cho, Y.; Goh, S.H.; Choi, Y. Hyaluronic acid-polypyrrole nanoparticles as pH-responsive theranostics. Chem. Commun. (Camb.) 2014, 50, 15014–15017. [Google Scholar] [CrossRef] [PubMed]

	



Bulgarelli, A.; Leite, A.C., Jr.; Dias, A.A.; Maranhao, R.C. Anti-atherogenic effects of methotrexate carried by a lipid nanoemulsion that binds to LDL receptors in cholesterol-fed rabbits. Cardiovasc. Drugs Ther. 2013, 27, 531–539. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Gu, W.; Chen, L.; Xu, Z.; Li, Y. The role of daidzein-loaded sterically stabilized solid lipid nanoparticles in therapy for cardio-cerebrovascular diseases. Biomaterials 2008, 29, 4129–4136. [Google Scholar] [CrossRef] [PubMed]

	



Lobatto, M.E.; Calcagno, C.; Otten, M.J.; Millon, A.; Ramachandran, S.; Paridaans, M.P.; van der Valk, F.M.; Storm, G.; Stroes, E.S.; Fayad, Z.A.; et al. Pharmaceutical development and preclinical evaluation of a GMP-grade anti-inflammatory nanotherapy. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 1133–1140. [Google Scholar] [CrossRef] [PubMed]

	



Oumzil, K.; Lorenzato, C.; Hemadou, A.; Laroche Traineau, J.; Jacobin, M.J.; Mornet, S.; Roy, C.E.; Kauss, T.; Gaudin, K.; Clofent-Sanchez, G.; et al. Solid Lipid Nanoparticles for image-guided therapy of atherosclerosis. Bioconjug. Chem. 2016, 27, 569–575. [Google Scholar] [CrossRef] [PubMed]

	



Kheirolomoom, A.; Kim, C.W.; Seo, J.W.; Kumar, S.; Son, D.J.; Gagnon, M.K.J.; Ingham, E.S.; Ferrara, K.W.; Jo, H. Multifunctional Nanoparticles Facilitate Molecular Targeting and miRNA Delivery to Inhibit Atherosclerosis in ApoE(−/−) Mice. ACS Nano 2015, 9, 8885–8897. [Google Scholar] [CrossRef] [PubMed]

	



Briley-Saebo, K.C.; Amirbekian, V.; Mani, V.; Aguinaldo, J.G.; Vucic, E.; Carpenter, D.; Amirbekian, S.; Fayad, Z.A. Gadolinium mixed-micelles: Effect of the amphiphile on in vitro and in vivo efficacy in apolipoprotein E knockout mouse models of atherosclerosis. Magn. Reson. Med. 2006, 56, 1336–1346. [Google Scholar] [CrossRef] [PubMed]

	



Lowell, A.N.; Qiao, H.; Liu, T.; Ishikawa, T.; Zhang, H.; Oriana, S.; Wang, M.; Ricciotti, E.; FitzGerald, G.A.; Zhou, R.; et al. Functionalized low-density lipoprotein nanoparticles for in vivo enhancement of atherosclerosis on magnetic resonance images. Bioconjug. Chem. 2012, 23, 2313–2319. [Google Scholar] [CrossRef] [PubMed]

	



Palekar, R.U.; Jallouk, A.P.; Goette, M.J.; Chen, J.; Myerson, J.W.; Allen, J.S.; Akk, A.; Yang, L.; Tu, Y.; Miller, M.J.; et al. Quantifying progression and regression of thrombotic risk in experimental atherosclerosis. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 3100–3109. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Li, S.; Liu, K.; Ma, G.; Yan, X. Co-Assembly of Heparin and Polypeptide Hybrid Nanoparticles for Biomimetic Delivery and Anti-Thrombus Therapy. Small 2016, 12, 4719–4725. [Google Scholar] [CrossRef] [PubMed]

	



Dou, Y.; Guo, J.; Chen, Y.; Han, S.; Xu, X.; Shi, Q.; Jia, Y.; Liu, Y.; Deng, Y.; Wang, R.; et al. Sustained delivery by a cyclodextrin material-based nanocarrier potentiates antiatherosclerotic activity of rapamycin via selectively inhibiting mTORC1 in mice. J. Control. Release 2016, 235, 48–62. [Google Scholar] [CrossRef] [PubMed]

	



Feng, S.; Hu, Y.; Peng, S.; Han, S.; Tao, H.; Zhang, Q.; Xu, X.; Zhang, J.; Hu, H. Nanoparticles responsive to the inflammatory microenvironment for targeted treatment of arterial restenosis. Biomaterials 2016, 105, 167–184. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, S.; Bedja, D.; Amuzie, C.; Foss, C.A.; Pomper, M.G.; Bhattacharya, R.; Yarema, K.J.; Chatterjee, S. Improved intervention of atherosclerosis and cardiac hypertrophy through biodegradable polymer-encapsulated delivery of glycosphingolipid inhibitor. Biomaterials 2015, 64, 125–135. [Google Scholar] [CrossRef] [PubMed]

	



Chung, J.; Shim, H.; Kim, K.; Lee, D.; Kim, W.J.; Kang, D.H.; Kang, S.W.; Jo, H.; Kwon, K. Discovery of novel peptides targeting pro-atherogenic endothelium in disturbed flow regions-Targeted siRNA delivery to pro-atherogenic endothelium in vivo. Sci. Rep. 2016, 6, 25636. [Google Scholar] [CrossRef] [PubMed]

	



Ma, S.; Tian, X.Y.; Zhang, Y.; Mu, C.; Shen, H.; Bismuth, J.; Pownall, H.J.; Huang, Y.; Wong, W.T. E-selectin-targeting delivery of microRNAs by microparticles ameliorates endothelial inflammation and atherosclerosis. Sci. Rep. 2016, 6, 22910. [Google Scholar] [CrossRef] [PubMed]

	



Muro, S.; Schuchman, E.H.; Muzykantov, V.R. Lysosomal enzyme delivery by ICAM-1-targeted nanocarriers bypassing glycosylation- and clathrin-dependent endocytosis. Mol. Ther. 2006, 13, 135–141. [Google Scholar] [CrossRef] [PubMed]

	



Namdee, K.; Thompson, A.J.; Golinski, A.; Mocherla, S.; Bouis, D.; Eniola-Adefeso, O. In vivo evaluation of vascular-targeted spheroidal microparticles for imaging and drug delivery application in atherosclerosis. Atherosclerosis 2014, 237, 279–286. [Google Scholar] [CrossRef] [PubMed]

	



Papademetriou, I.; Tsinas, Z.; Hsu, J.; Muro, S. Combination-targeting to multiple endothelial cell adhesion molecules modulates binding, endocytosis, and in vivo biodistribution of drug nanocarriers and their therapeutic cargoes. J. Control. Release 2014, 188, 87–98. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.; Simmons, R.; Huo, D.; Pang, B.; Jo, H.; Xia, Y. Targeted Delivery of Anti-miR-712 by VCAM1-Binding Au Nanospheres for Atherosclerosis Therapy. ChemNanoMat 2016. [Google Scholar] [CrossRef]

	



Qin, J.; Peng, C.; Zhao, B.; Ye, K.; Yuan, F.; Peng, Z.; Yang, X.; Huang, L.; Jiang, M.; Zhao, Q.; et al. Noninvasive detection of macrophages in atherosclerotic lesions by computed tomography enhanced with PEGylated gold nanoparticles. Int. J. Nanomed. 2014, 9, 5575–5590. [Google Scholar]

	



Wang, B.; Yantsen, E.; Larson, T.; Karpiouk, A.B.; Sethuraman, S.; Su, J.L.; Sokolov, K.; Emelianov, S.Y. Plasmonic intravascular photoacoustic imaging for detection of macrophages in atherosclerotic plaques. Nano Lett. 2009, 9, 2212–2217. [Google Scholar] [CrossRef] [PubMed]

	



Dahlman, J.E.; Barnes, C.; Khan, O.F. In vivo endothelial siRNA delivery using polymeric nanoparticles with low molecular weight. Nat. Nanotechnol. 2014, 9, 648–655. [Google Scholar] [CrossRef] [PubMed]

	



Leuschner, F.; Dutta, P.; Gorbatov, R.; Novobrantseva, T.I.; Donahoe, J.S.; Courties, G.; Lee, K.M.; Kim, J.I.; Markmann, J.F.; Marinelli, B.; et al. Therapeutic siRNA silencing in inflammatory monocytes in mice. Nat. Biotechnol. 2011, 29, 1005–1010. [Google Scholar] [CrossRef] [PubMed]

	



Sager, H.B.; Dutta, P.; Dahlman, J.E.; Hulsmans, M.; Courties, G.; Sun, Y.; Heidt, T.; Vinegoni, C.; Borodovsky, A.; Fitzgerald, K.; et al. RNAi targeting multiple cell adhesion molecules reduces immune cell recruitment and vascular inflammation after myocardial infarction. Sci. Transl. Med. 2016, 8, 342ra380. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Li, Q.; Shi, C.; Zhang, W.; Behl, M.; Lendlein, A.; Feng, Y. Nanoparticles complexed with gene vectors to promote proliferation of human vascular endothelial cells. Adv. Healthc. Mater. 2015, 4, 1225–1235. [Google Scholar] [CrossRef] [PubMed]

	



Majmudar, M.D.; Keliher, E.J.; Heidt, T.; Leuschner, F.; Truelove, J.; Sena, B.F.; Gorbatov, R.; Iwamoto, Y.; Dutta, P.; Wojtkiewicz, G.; et al. Monocyte-directed RNAi targeting CCR2 improves infarct healing in atherosclerosis-prone mice. Circulation 2013, 127, 2038–2046. [Google Scholar] [CrossRef] [PubMed]

	



Qin, H.; Zhou, T.; Yang, S.; Chen, Q.; Xing, D. Gadolinium(III)-gold nanorods for MRI and photoacoustic imaging dual-modality detection of macrophages in atherosclerotic inflammation. Nanomedicine (Lond.) 2013, 8, 1611–1624. [Google Scholar] [CrossRef] [PubMed]

	



Xing, H.; Zhang, S.; Bu, W.; Zheng, X.; Wang, L.; Xiao, Q.; Ni, D.; Zhang, J.; Zhou, L.; Peng, W.; et al. Ultrasmall NaGdF4 nanodots for efficient MR angiography and atherosclerotic plaque imaging. Adv. Mater. 2014, 26, 3867–3872. [Google Scholar] [CrossRef] [PubMed]

	



Adamo, R.F.; Fishbein, I.; Zhang, K.; Wen, J.; Levy, R.J.; Alferiev, I.S.; Chorny, M. Magnetically enhanced cell delivery for accelerating recovery of the endothelium in injured arteries. J. Control. Release 2016, 222, 169–175. [Google Scholar] [CrossRef] [PubMed]

	



Gitsioudis, G.; Chatzizisis, Y.S.; Wolf, P.; Missiou, A.; Antoniadis, A.P.; Mitsouras, D.; Bartling, S.; Arica, Z.; Stuber, M.; Rybicki, F.J.; et al. Combined non-invasive assessment of endothelial shear stress and molecular imaging of inflammation for the prediction of inflamed plaque in hyperlipidaemic rabbit aortas. Eur. Heart J. Cardiovasc. Imaging 2017, 18, 19–30. [Google Scholar] [CrossRef] [PubMed]

	



Millon, A.; Dickson, S.D.; Klink, A.; Izquierdo-Garcia, D.; Bini, J.; Lancelot, E.; Ballet, S.; Robert, P.; Mateo de Castro, J.; Corot, C.; et al. Monitoring plaque inflammation in atherosclerotic rabbits with an iron oxide (P904) and (18)F-FDG using a combined PET/MR scanner. Atherosclerosis 2013, 228, 339–345. [Google Scholar] [CrossRef] [PubMed]

	



Sigovan, M.; Boussel, L.; Sulaiman, A.; Sappey-Marinier, D.; Alsaid, H.; Desbleds-Mansard, C.; Ibarrola, D.; Gamondes, D.; Corot, C.; Lancelot, E.; et al. Rapid-clearance iron nanoparticles for inflammation imaging of atherosclerotic plaque: Initial experience in animal model. Radiology 2009, 252, 401–409. [Google Scholar] [CrossRef] [PubMed]

	



Pacheco, P.; White, D.; Sulchek, T. Effects of microparticle size and Fc density on macrophage phagocytosis. PLoS ONE 2013, 8, e60989. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Rodriguez, D.; Barakat, A.I. Dynamics of receptor-mediated nanoparticle internalization into endothelial cells. PLoS ONE 2015, 10, e0122097. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chacko, A.M.; Han, J.; Greineder, C.F.; Zern, B.J.; Mikitsh, J.L.; Nayak, M.; Menon, D.; Johnston, I.H.; Poncz, M.; Eckmann, D.M.; et al. Collaborative Enhancement of Endothelial Targeting of Nanocarriers by Modulating Platelet-Endothelial Cell Adhesion Molecule-1/CD31 Epitope Engagement. ACS Nano 2015, 9, 6785–6793. [Google Scholar] [CrossRef] [PubMed]

	



Bhowmick, T.; Berk, E.; Cui, X.; Muzykantov, V.R.; Muro, S. Effect of flow on endothelial endocytosis of nanocarriers targeted to ICAM-1. J. Control. Release 2012, 157, 485–492. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, R.; Qiao, H.; Zhang, Y.; Wang, Y.; Chi, C.; Tian, J.; Zhang, L.; Cao, F.; Gao, M. Molecular Imaging of Vulnerable Atherosclerotic Plaques in Vivo with Osteopontin-Specific Upconversion Nanoprobes. ACS Nano 2017, 11, 1816–1825. [Google Scholar] [CrossRef] [PubMed]

	



Smith, B.R.; Heverhagen, J.; Knopp, M.; Schmalbrock, P.; Shapiro, J.; Shiomi, M.; Moldovan, N.I.; Ferrari, M.; Lee, S.C. Localization to atherosclerotic plaque and biodistribution of biochemically derivatized superparamagnetic iron oxide nanoparticles (SPIONs) contrast particles for magnetic resonance imaging (MRI). Biomed. Microdevices 2007, 9, 719–727. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, D.; Li, X.; Zhang, C.; Tan, H.; Wang, C.; Pang, L.; Shi, H. Detection of vulnerable atherosclerosis plaques with a dual-modal single-photon-emission computed tomography/magnetic resonance imaging probe targeting apoptotic macrophages. ACS Appl. Mater. Interfaces 2015, 7, 2847–2855. [Google Scholar] [CrossRef] [PubMed]

	



Burtea, C.; Ballet, S.; Laurent, S.; Rousseaux, O.; Dencausse, A.; Gonzalez, W.; Port, M.; Corot, C.; Vander Elst, L.; Muller, R.N. Development of a magnetic resonance imaging protocol for the characterization of atherosclerotic plaque by using vascular cell adhesion molecule-1 and apoptosis-targeted ultrasmall superparamagnetic iron oxide derivatives. Arterioscler. Thromb. Vasc. Biol. 2012, 32, e36–e48. [Google Scholar] [CrossRef] [PubMed]

	



Marrache, S.; Dhar, S. Biodegradable synthetic high-density lipoprotein nanoparticles for atherosclerosis. Proc. Natl. Acad. Sci. USA 2013, 110, 9445–9450. [Google Scholar] [CrossRef] [PubMed]

	



Winter, P.M.; Caruthers, S.D.; Allen, J.S.; Cai, K.; Williams, T.A.; Lanza, G.M.; Wickline, S.A. Molecular imaging of angiogenic therapy in peripheral vascular disease with alphanubeta3-integrin-targeted nanoparticles. Magn. Reson. Med. 2010, 64, 369–376. [Google Scholar] [PubMed]

	



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. Chemistry 2015, 21, 10450–10456. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, S.; Schnorr, J.; Ludwig, A.; Stangl, V.; Ebert, M.; Hamm, B.; Taupitz, M. Contrast-enhanced MR imaging of atherosclerosis using citrate-coated superparamagnetic iron oxide nanoparticles: Calcifying microvesicles as imaging target for plaque characterization. Int. J. Nanomed. 2013, 8, 767–779. [Google Scholar]

	



Luehmann, H.P.; Detering, L.; Fors, B.P.; Pressly, E.D.; Woodard, P.K.; Randolph, G.J.; Gropler, R.J.; Hawker, C.; Liu, Y. PET/CT Imaging of Chemokine Receptors in Inflammatory Atherosclerosis Using Targeted Nanoparticles. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2016, 57, 1124–1129. [Google Scholar] [CrossRef] [PubMed]

	



Lee, G.Y.; Kim, J.H.; Choi, K.Y.; Yoon, H.Y.; Kim, K.; Kwon, I.C.; Choi, K.; Lee, B.H.; Park, J.H.; Kim, I.S. Hyaluronic acid nanoparticles for active targeting atherosclerosis. Biomaterials 2015, 53, 341–348. [Google Scholar] [CrossRef] [PubMed]

	



Dellinger, A.; Olson, J.; Link, K.; Vance, S.; Sandros, M.G.; Yang, J.; Zhou, Z.; Kepley, C.L. Functionalization of gadolinium metallofullerenes for detecting atherosclerotic plaque lesions by cardiovascular magnetic resonance. J. Cardiovasc. Magn. Reson. Off. J. Soc. Cardiovasc. Magn. Reson. 2013, 15, 7. [Google Scholar] [CrossRef] [PubMed]

	



Uchida, M.; Kosuge, H.; Terashima, M.; Willits, D.A.; Liepold, L.O.; Young, M.J.; McConnell, M.V.; Douglas, T. Protein cage nanoparticles bearing the LyP-1 peptide for enhanced imaging of macrophage-rich vascular lesions. ACS Nano 2011, 5, 2493–2502. [Google Scholar] [CrossRef] [PubMed]

	



Iverson, N.M.; Plourde, N.M.; Sparks, S.M.; Wang, J.; Patel, E.N.; Shah, P.S.; Lewis, D.R.; Zablocki, K.R.; Nackman, G.B.; Uhrich, K.E.; et al. Dual use of amphiphilic macromolecules as cholesterol efflux triggers and inhibitors of macrophage athero-inflammation. Biomaterials 2011, 32, 8319–8327. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.B.; Park, K.; Ryu, J.; Lee, J.J.; Lee, M.W.; Cho, H.S.; Nam, H.S.; Park, O.K.; Song, J.W.; Kim, T.S.; et al. Intravascular optical imaging of high-risk plaques in vivo by targeting macrophage mannose receptors. Sci. Rep. 2016, 6, 22608. [Google Scholar] [CrossRef] [PubMed]

	



Terashima, M.; Uchida, M.; Kosuge, H.; Tsao, P.S.; Young, M.J.; Conolly, S.M.; Douglas, T.; McConnell, M.V. Human ferritin cages for imaging vascular macrophages. Biomaterials 2011, 32, 1430–1437. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Cormode, D.P.; Vengrenyuk, Y.; Herranz, B.; Feig, J.E.; Klink, A.; Mulder, W.J.; Fisher, E.A.; Fayad, Z.A. Collagen-specific peptide conjugated HDL nanoparticles as MRI contrast agent to evaluate compositional changes in atherosclerotic plaque regression. JACC Cardiovasc. Imaging 2013, 6, 373–384. [Google Scholar] [CrossRef] [PubMed]

	



Jacobin-Valat, M.J.; Deramchia, K.; Mornet, S.; Hagemeyer, C.E.; Bonetto, S.; Robert, R.; Biran, M.; Massot, P.; Miraux, S.; Sanchez, S.; et al. MRI of inducible P-selectin expression in human activated platelets involved in the early stages of atherosclerosis. NMR Biomed. 2011, 24, 413–424. [Google Scholar] [CrossRef] [PubMed]

	



Bala, G.; Blykers, A.; Xavier, C.; Descamps, B.; Broisat, A.; Ghezzi, C.; Fagret, D.; Van Camp, G.; Caveliers, V.; Vanhove, C.; et al. Targeting of vascular cell adhesion molecule-1 by 18F-labelled nanobodies for PET/CT imaging of inflamed atherosclerotic plaques. Eur. Heart J. Cardiovasc. Imaging 2016, 17, 1001–1008. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Xiong, X.; Zhang, L.; Wu, C.; Liu, Y. Adhesion of bio-functionalized ultrasound microbubbles to endothelial cells by targeting to vascular cell adhesion molecule-1 under shear flow. Int. J. Nanomed. 2011, 6, 2043–2051. [Google Scholar]

	



Maiseyeu, A.; Badgeley, M.A.; Kampfrath, T.; Mihai, G.; Deiuliis, J.A.; Liu, C.; Sun, Q.; Parthasarathy, S.; Simon, D.I.; Croce, K.; et al. In vivo targeting of inflammation-associated myeloid-related protein 8/14 via gadolinium immunonanoparticles. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 962–970. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Guo, D.; Zhang, Y.; Wu, W.; Ran, H.; Wang, Z. Construction and evaluation of Fe(3)O(4)-based PLGA nanoparticles carrying rtPA used in the detection of thrombosis and in targeted thrombolysis. ACS Appl. Mater. Interfaces 2014, 6, 5566–5576. [Google Scholar] [CrossRef] [PubMed]

	



Palekar, R.U.; Jallouk, A.P.; Myerson, J.W.; Pan, H.; Wickline, S.A. Inhibition of Thrombin With PPACK-Nanoparticles Restores Disrupted Endothelial Barriers and Attenuates Thrombotic Risk in Experimental Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 446–455. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, L.K.; York, A.W.; Lewis, D.R.; Ahuja, S.; Uhrich, K.E.; Prud’homme, R.K.; Moghe, P.V. Amphiphilic nanoparticles repress macrophage atherogenesis: Novel core/shell designs for scavenger receptor targeting and down-regulation. Mol. Pharm. 2014, 11, 2815–2824. [Google Scholar] [CrossRef] [PubMed]

	



Poree, D.E.; Zablocki, K.; Faig, A.; Moghe, P.V.; Uhrich, K.E. Nanoscale amphiphilic macromolecules with variable lipophilicity and stereochemistry modulate inhibition of oxidized low-density lipoprotein uptake. Biomacromolecules 2013, 14, 2463–2469. [Google Scholar] [CrossRef] [PubMed]

	



Plourde, N.M.; Kortagere, S.; Welsh, W.; Moghe, P.V. Structure-activity relations of nanolipoblockers with the atherogenic domain of human macrophage scavenger receptor A. Biomacromolecules 2009, 10, 1381–1391. [Google Scholar] [CrossRef] [PubMed]

	



Gao, W.; Sun, Y.; Cai, M.; Zhao, Y.; Cao, W.; Liu, Z.; Cui, G.; Tang, B. Copper sulfide nanoparticles as a photothermal switch for TRPV1 signaling to attenuate atherosclerosis. Nat. Commun. 2018, 9, 231. [Google Scholar] [CrossRef] [PubMed]

	



Zimmer, S.; Grebe, A.; Bakke, S.S.; Bode, N.; Halvorsen, B.; Ulas, T.; Skjelland, M.; De Nardo, D.; Labzin, L.I.; Kerksiek, A.; et al. Cyclodextrin promotes atherosclerosis regression via macrophage reprogramming. Sci. Transl. Med. 2016, 8, 333ra350. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Zhang, Y.M.; Chen, Y.; Chen, J.T.; Liu, Y. Polysaccharide-based Noncovalent Assembly for Targeted Delivery of Taxol. Sci. Rep. 2016, 6, 19212. [Google Scholar] [CrossRef] [PubMed]

	



Douma, K.; Megens, R.T.; van Zandvoort, M.A. Optical molecular imaging of atherosclerosis using nanoparticles: Shedding new light on the darkness. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2011, 3, 376–388. [Google Scholar] [CrossRef] [PubMed]

	



Maranhao, R.C.; Tavares, E.R. Advances in non-invasive drug delivery for atherosclerotic heart disease. Expert Opin. Drug Deliv. 2015, 12, 1135–1147. [Google Scholar] [CrossRef] [PubMed]

	



Nathan, C.; Ding, A. Nonresolving Inflammation. Cell 2010, 140, 871–882. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, K.A.; Nahrendorf, M.; Yu, A.M.; Reynolds, F.; Weissleder, R. In vivo phage display selection yields atherosclerotic plaque targeted peptides for imaging. Mol. Imaging Biol. MIB Off. Publ. Acad. Mol. Imaging 2006, 8, 201–207. [Google Scholar] [CrossRef] [PubMed]

	



Andreou, I.; Sun, X.; Stone, P.H.; Edelman, E.R.; Feinberg, M.W. miRNAs in atherosclerotic plaque initiation, progression, and rupture. Trends Mol. Med. 2015, 21, 307–318. [Google Scholar] [CrossRef] [PubMed]

	



Love, K.T.; Mahon, K.P.; Levins, C.G.; Whitehead, K.A.; Querbes, W.; Dorkin, J.R.; Qin, J.; Cantley, W.; Qin, L.L.; Racie, T.; et al. Lipid-like materials for low-dose, in vivo gene silencing. Proc. Natl. Acad. Sci. USA 2010, 107, 1864–1869. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Arora, P.; McCulloch, C.A.; Vogel, W.F. The collagen receptor DDR1 regulates cell spreading and motility by associating with myosin IIA. J. Cell Sci. 2009, 122, 1637–1646. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, W.; Huang, R.; Jiang, B.; Zhao, Y.; Zhang, W.; Jiang, X. An Early-Stage Atherosclerosis Research Model Based on Microfluidics. Small 2016, 12, 2022–2034. [Google Scholar] [CrossRef] [PubMed]

	



Lehoux, S.; Tedgui, A. Signal transduction of mechanical stresses in the vascular wall. Hypertension 1998, 32, 338–345. [Google Scholar] [CrossRef] [PubMed]

	



Miao, W.; Roohi Ahangarani, R.; Carlier, V.; Vander Elst, L.; Saint-Remy, J.M. Suppression of Immune Response to Adenovirus Serotype 5 Vector by Immunization with Peptides Containing an MHC Class II Epitope and a Thio-Oxidoreductase Motif. Hum. Gene Ther. 2016, 27, 230–243. [Google Scholar] [CrossRef] [PubMed]

	



Hardet, R.; Chevalier, B.; Dupaty, L.; Naimi, Y.; Riou, G.; Drouot, L.; Jean, L.; Salvetti, A.; Boyer, O.; Adriouch, S. Oral-tolerization Prevents Immune Responses and Improves Transgene Persistence Following Gene Transfer Mediated by Adeno-associated Viral Vector. Mol. Ther. 2016, 24, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Li, D.; Chen, J.; Xie, J.; Bandyopadhyay, S.; Zhang, D.; Nemarkommula, A.R.; Liu, H.; Mehta, J.L.; Hermonat, P.L. Inhibition of atherogenesis in LDLR knockout mice by systemic delivery of adeno-associated virus type 2-hIL-10. Atherosclerosis 2006, 188, 19–27. [Google Scholar] [CrossRef] [PubMed]

	



Theoharis, S.; Manunta, M.; Tan, P.H. Gene delivery to vascular endothelium using chemical vectors: Implications for cardiovascular gene therapy. Expert Opin. Biol. Ther. 2007, 7, 627–643. [Google Scholar] [CrossRef] [PubMed]

	



Scholz, C.; Wagner, E. Therapeutic plasmid DNA versus siRNA delivery: Common and different tasks for synthetic carriers. J. Control. Release 2012, 161, 554–565. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, M.I.; Santos, S.G.; Oliveira, M.J.; Torres, A.L.; Barbosa, M.A. Chitosan drives anti-inflammatory macrophage polarisation and pro-inflammatory dendritic cell stimulation. Eur. Cells Mater. 2012, 24, 136–152, discussion 152–133. [Google Scholar] [CrossRef]

	



Buschmann, M.D.; Merzouki, A.; Lavertu, M.; Thibault, M.; Jean, M.; Darras, V. Chitosans for delivery of nucleic acids. Adv. Drug Deliv. Rev. 2013, 65, 1234–1270. [Google Scholar] [CrossRef] [PubMed]

	



Dietz, W.M.; Skinner, N.E.; Hamilton, S.E.; Jund, M.D.; Heitfeld, S.M.; Litterman, A.J.; Hwu, P.; Chen, Z.Y.; Salazar, A.M.; Ohlfest, J.R.; et al. Minicircle DNA is superior to plasmid DNA in eliciting antigen-specific CD8+ T-cell responses. Mol. Ther. 2013, 21, 1526–1535. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, A.R.; Chari, D.M. Part I: Minicircle vector technology limits DNA size restrictions on ex vivo gene delivery using nanoparticle vectors: Overcoming a translational barrier in neural stem cell therapy. J. Control. Release 2016, 238, 289–299. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, M.D.; Bobinski, F.; Sato, K.L.; Kolker, S.J.; Sluka, K.A.; Santos, A.R. IL-10 cytokine released from M2 macrophages is crucial for analgesic and anti-inflammatory effects of acupuncture in a model of inflammatory muscle pain. Mol. Neurobiol. 2015, 51, 19–31. [Google Scholar] [CrossRef] [PubMed]

	



Mallat, Z.; Besnard, S.; Duriez, M.; Deleuze, V.; Emmanuel, F.; Bureau, M.F.; Soubrier, F.; Esposito, B.; Duez, H.; Fievet, C.; et al. Protective role of interleukin-10 in atherosclerosis. Circ. Res. 1999, 85, e17–e24. [Google Scholar] [CrossRef] [PubMed]

	



Fredman, G.; Spite, M. Specialized pro-resolving mediators in cardiovascular diseases. Mol. Asp. Med. 2017, 58, 65–71. [Google Scholar] [CrossRef] [PubMed]

	



Weber, C.; von Hundelshausen, P. CANTOS Trial Validates the Inflammatory Pathogenesis of Atherosclerosis: Setting the Stage for a New Chapter in Therapeutic Targeting. Circ. Res. 2017, 121, 1119–1121. [Google Scholar] [CrossRef] [PubMed]

	



Kiseleva, R.Y.; Glassman, P.M.; Greineder, C.F.; Hood, E.D.; Shuvaev, V.V.; Muzykantov, V.R. Targeting therapeutics to endothelium: Are we there yet? Drug Deliv. Transl. Res. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Klingenberg, R.; Hansson, G.K. Treating inflammation in atherosclerotic cardiovascular disease: Emerging therapies. Eur. Heart J. 2009, 30, 2838–2844. [Google Scholar] [CrossRef] [PubMed]

	



Joner, M.; Morimoto, K.; Kasukawa, H.; Steigerwald, K.; Merl, S.; Nakazawa, G.; John, M.C.; Finn, A.V.; Acampado, E.; Kolodgie, F.D.; et al. Site-specific targeting of nanoparticle prednisolone reduces in-stent restenosis in a rabbit model of established atheroma. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1960–1966. [Google Scholar] [CrossRef] [PubMed]

	



Kivity, S.; Zafrir, Y.; Loebstein, R.; Pauzner, R.; Mouallem, M.; Mayan, H. Clinical characteristics and risk factors for low dose methotrexate toxicity: A cohort of 28 patients. Autoimmun. Rev. 2014, 13, 1109–1113. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.X.J. Superparamagnetic iron oxide based MRI contrast agents: Current status of clinical application. Quant. Imaging Med. Surg. 2011, 1, 35–40. [Google Scholar] [PubMed]

	



Yang, Q.; Lai, S.K. Anti-PEG immunity: Emergence, characteristics, and unaddressed questions. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2015, 7, 655–677. [Google Scholar] [CrossRef] [PubMed]

	



Ankri, R.; Leshem-Lev, D.; Fixler, D.; Popovtzer, R.; Motiei, M.; Kornowski, R.; Hochhauser, E.; Lev, E.I. Gold nanorods as absorption contrast agents for the noninvasive detection of arterial vascular disorders based on diffusion reflection measurements. Nano Lett. 2014, 14, 2681–2687. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira Goncalves, K.; da Silva, M.N.; Sicchieri, L.B.; de Oliveira Silva, F.R.; de Matos, R.A.; Courrol, L.C. Aminolevulinic acid with gold nanoparticles: A novel theranostic agent for atherosclerosis. Analyst 2015, 140, 1974–1980. [Google Scholar] [CrossRef] [PubMed]

	



Nahrendorf, M.; Waterman, P.; Thurber, G.; Groves, K.; Rajopadhye, M.; Panizzi, P.; Marinelli, B.; Aikawa, E.; Pittet, M.J.; Swirski, F.K.; et al. Hybrid in vivo FMT-CT imaging of protease activity in atherosclerosis with customized nanosensors. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 1444–1451. [Google Scholar] [CrossRef] [PubMed]

	



Hossain, S.S.; Zhang, Y.; Fu, X.; Brunner, G.; Singh, J.; Hughes, T.J.; Shah, D.; Decuzzi, P. Magnetic resonance imaging-based computational modelling of blood flow and nanomedicine deposition in patients with peripheral arterial disease. J. R. Soc. Interface R. Soc. 2015, 12, 20150001. [Google Scholar] [CrossRef] [PubMed]

	



Kelley, W.J.; Safari, H.; Lopez-Cazares, G.; Eniola-Adefeso, O. Vascular-targeted nanocarriers: Design considerations and strategies for successful treatment of atherosclerosis and other vascular diseases. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2016, 8, 909–926. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.T.; Wang, B.; Wang, Y.; Yuan, L.; Wang, H.J.; Wang, M.; Ouyang, H.; Chai, Z.F.; Feng, W.Y.; Zhao, Y.L. Endothelial dysfunction and inflammation induced by iron oxide nanoparticle exposure: Risk factors for early atherosclerosis. Toxicol. Lett. 2011, 203, 162–171. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 11 00754 g001 550] 





Figure 1. Overall analysis of literature examples chosen for this review. Inset shows percentages of delivered therapeutic in studies for burgeoning field of biotherapeutic delivery with high potential in atherosclerosis research. 
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Figure 2. Analysis of Table 1 showing importance of the characteristics of certain materials used to fabricate nanoparticles for atherosclerosis research. 
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Figure 3. Nanoparticle strategies arising from material properties. (A) Core-shell formulations of PEG, polystyrene, and mucic acid of varying compositions modulate physical properties. Increasing hydrophobic cores mimic modified LDL and can compete with its uptake via scavenger receptors, ultimately reducing macrophage lipid uptake. (*) indicates statistical significance from oxLDL control (p ≤ 0.05). Reproduced (adapted) with permission from [105]; (B) CuS nanoparticles act as infrared thermotransducers to control cationic channels important for atherosclerosis processes. Upon irradiation, CuS NPs targeted to TRPV1 heat up and trigger the cation channel to open, allowing a flood of calcium and activation of autophagy processes, preventing atherosclerosis in the aortic root as well as in the entire aorta. Reproduced (adapted) from [108]. 
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Figure 4. Recent examples of nanoparticle biotherapeutics and their targets in preventing atherosclerosis. Insights and techniques gained from siRNA studies has led to the delivery of larger and more complex molecules even up to cells. 
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Figure 5. Targeted delivery of biotherapeutics from various nanoparticle formulations. (A) Surgical models of atherosclerosis lead to disturbed blood flow in ligated artery (LCA) vs. non-surgery control normal flow (RCA) resulting in overexpression of VCAM-1 used by targeted lipoparticles delivering miRNA. Targeted liposomes (VHPK-CCL anti-miR-712) resulted in decreased plaque size, collagen content, and other markers of inflammation (* p < 0.05). Reprinted (adapted) with permission from [51]; (B) PEI-mediated delivery of athero-protective miRNA encapsulated in silica microparticles targeting E-selectin reduced overall macrophage content within plaques, marking a reduced inflammatory response. Reprinted (adapted) from [60]; (C) Collagen-IV targeted PLGA NPs encapsulating anti-inflammatory cytokine IL-10 also localized to the plaque and reduced necrotic core size and generation of ROS. Reprinted (adapted) with permission from Kamaly, N. et al. Targeted Interleukin-10 Nanotherapeutics Developed with a Microfluidic Chip Enhance Resolution of Inflammation in Advanced Atherosclerosis. ACS Nano 2016, 10, 5280–5292. Copyright 2016 American Chemical Society. 
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Figure 6. Recent nanoparticle formulations enhancing drug delivery properties in atherosclerosis. (A) Solid lipid nanoparticles (SLN) are typically formed by lipids in various phases, however, the novel use of nucleolipids allows for added fine-tunability and stability, leading to the ability to encapsulate active principal ingredients (API) such as the platelet inhibitor prostacyclin (PGI2) and imaging modalities (MRI contrast agents). Reprinted (adapted) with permission from Oumzil, K. et al. Solid Lipid Nanoparticles for Image-Guided Therapy of Atherosclerosis. Bioconjug Chem 2016, 27, 569–575. Copyright 2016 American Chemical Society. (B) hydrophobic pockets within β-cyclodextrin (BCD) molecules allow for the encapsulation of potent drugs, such as rapamycin (RAP). The low toxicity and wide range of functionalization possibilities make BCD a promising tool for many studies. Reproduced (adapted) with permission from [56]. (C) Disulfide-linked Poly(l-lysine) (PLL) and heparin, a well-known natural anti-coagulant, form cationic nanoparticles that can adhere to red blood cells and ‘hitch a ride’ to the site of thrombus formation, releasing heparin as the particles degrade. Reproduced (adapted) with permission from [55]. 
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Figure 7. Summary of selected nanoparticle strategies capable of intervening at any stage of atherosclerosis. I—Lipid Accumulation NPs passively accumulate as well as lipids because of their size and surface functional chemistries and can even be made to mimic LDL. In addition, they can carry imaging contrast agents, drugs to lower cholesterol levels, and even nucleic acids to genetically regulate expression of cholesterol ester transfer proteins (CETPs). II—Non-resolving inflammation (A) NPs can target inflammatory recruitment receptors with conjugated moieties (peptides, aptamers, antibodies) and enter the plaque to deliver therapeutic nucleic acids, drugs, and/or imaging agents. (B) They can also interfere with macrophage uptake of oxLDL to form foam cells via competitive interaction with scavenger receptors. (C) Passive accumulation in the spleen allows for therapeutic delivery to the progenitor cells and macrophages that would normally egress to populate the plaque. III—Plaque cap destabilization NPs targeting damaged and exposed components of the fibrous cap (collagen/elastin) can deliver therapeutics and/or imaging agents as in panel II. These can lower destructive activity of cytokines and enzymes secreted by macrophages and help to stabilize the cap by inducing an anti-inflammatory environment (T regulatory and helper cells and M2 macrophages) through localized immunomodulation or pro-healing enzymes such as tissue inhibitor of metalloproteinases (TIMPs). IV—Thrombosis NPs can target receptors expressed on platelets as well as on activated endothelial cells such as P-selectin. These can deliver anti-thrombogenic drugs locally or be used to image thrombus formation via contrast agents. Advanced cholesterol crystals can also be dissolved in an attempt to decrease the dangerous lipids resident in the plaque. 
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Table 1. Summary of common materials used to fabricate NPs used in atherosclerosis research studies selected for this review.
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	Common NP Materials
	Drug Delivery
	Cell/Gene/Protein Delivery
	Imaging





	PLA/PLGA
	[36,37]
	[38,39,40,41]
	[42]



	Chitosan
	[43]
	[44]
	[45]



	Hyaluronic Acid
	-
	-
	[46]



	Liposomal Lipids a
	[47,48,49,50]
	[51]
	[52,53,54]



	PLL
	[55]
	-
	-



	Cyclodextrin
	[56,57]
	-
	-



	PAA
	[43]
	-
	-



	PEG b
	[58]
	[38,39,59,60]
	-



	Sebacic Acid
	[58]
	-
	-



	Polystyrene
	-
	[61]
	[62,63]



	α-Elastin
	[37]
	-
	-



	Polypyrrole
	-
	-
	[46]



	Gold
	-
	[64]
	[65,66]



	Synthetic Polymer 7C1
	-
	[67,68,69]
	-



	Perfluorocarbon
	-
	-
	[54,70]



	PEI
	-
	[59,60,71]
	-



	Silicon
	-
	[60]
	-



	Gadolinium
	-
	[72]
	[52,53,73,74]



	Iron Oxide
	-
	[75]
	[76,77,78]







a Typical liposomal lipids include cholesterol, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium (DOTAP), phosphotidylcholine, and those similar. b PEG in this table includes incorporation as a main functional component (i.e., co-polymer) rather than surface coating.
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Table 2. A non-exhaustive list of targets recently identified through various NP-mediated targeting of atherosclerosis, mainly for imaging purposes.
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Process

	
Target

	
Targeting Moiety

	
Vehicle

	
In Vivo Study

	
Reference






	
Apoptosis

	
Phosphatidyl serine

	
Annexin V

	
SPION

	
Hyperlipidemic Rabbit

	
[84]




	
USPIO

	
ApoE−/− mice

	
[85]




	
Peptide R826

	
USPIO

	
ApoE−/− mice

	
[86]




	
Membrane Potential (ΔΨm)

	
Triphenyl phosphonium (TPP) cation

	
HDL-inspired polymer-lipid hybrid NP

	
Rat

	
[87]




	
Angiogenesis

	
αVβ3

	
Peptidomimetic antagonist

	
PFC-lipid NPs

	
Hyperlipidemic Rabbit

	
[88]




	
Calcification

	
Ca2+

	
Succinate derivatives

	
IONP

	
ApoE−/− mice

	
[89]




	
Citrate coating

	
VSOP

	
Hyperlipidemic Rabbit

	
[90]




	
Leukocyte infiltration

	
C-C chemokine receptors

	
64Cu-labelled vMIP-II

	
PMMA/PEG core-shell NPs

	
ApoE−/− mice

	
[91]




	
Macrophage activity

	
CD44 or Stablin-2

	
Hyaluronic Acid (HA)

	
Hydrophobically modified HA NPs

	
ApoE−/− mice

	
[92]




	
CD36

	
Specific oxidized phospholipids

	
Gd-entrapped carbon cage within liposome

	
ApoE−/− mice

	
[93]




	
p32

	
Lyp-1 peptide

	
HSP-1 self-assembled cage

	
Arterial ligation surgery in mice

	
[94]




	
Scavenger receptor SRA-1

	
Inherent ability of polymers

	
PEGylated aliphatic mucic acid derivatives

	
Rats

	
[95]




	
Mannose receptor

	
Mannose

	
Hydrophobically modified glycol chitosan NPs

	
ApoE−/− mice

	
[96]




	
Unknown

	
Inherent ability of protein cage

	
Human recombinant protein cage

	
FVB mice

	
[97]




	
Fibrous cap formation

	
Collagen

	
EP-3533 peptide

	
PEGylated HDL-like NPs

	
Reversa mice

	
[98]




	
Elastic lamina damage

	
Elastin

	
Antibody

	
PLA NPs

	
ApoE−/− mice

	
[42]




	
Endothelial inflammation

	
E-selectin/VCAM-1

	
Antibodies

	
Commercial polystyrene NPs

	
ApoE−/− mice

	
[62]




	
P-Selectin/VCAM-1

	
Synthetic polymer targeting P-selectin (PAA-sLex) and VCAM-1 antibody

	
PFC-filled lipid microbubbles

	
NA

	
[22]




	
P-selectin

	
Antibody

	
PEGylated dextran/IONP

	
ApoE−/− mice

	
[99]




	
VCAM-1

	
Nano antibody fragment

	
18F-labelled antibody

	
ApoE−/− mice

	
[100]




	
Peptide R832

	
USPIO

	
ApoE−/− mice

	
[86]




	
Peptide VHPKQHR

	
PFC core w/lipid surfactant

	
ApoE−/− mice

	
[70]




	
Antibody

	
PFC-filled ultrasound microbubbles

	
NA

	
[101]




	
General inflammation

	
IL-4 receptor

	
IL-4 analogous peptide

	
Hydrophobically modified glycol chitosan NPs

	
Ldlr−/−

	
[45]




	
MRP8/14 (calprotectin)

	
Antibody

	
Gadolinium-loaded liposomes

	
ApoE−/− mice

	
[102]




	
Thrombosis

	
Platelets

	
RGD Peptide

	
IONP-loaded PLGA-chitosan core-shell NPs

	
Sprague-Dawley rats

	
[103]




	
Thrombin

	
PPACK (Thrombin inhibitor)

	
PFC core with phospholipid surfactant

	
ApoE−/− mice

	
[104]
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Table 3. Overview of highlights in NP-mediated targeted delivery of biotherapeutics recently used to attenuate atherosclerosis.
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	Biotherapeutic Delivered (Target)
	NP Targeting Moiety
	NP Material
	Result
	Reference





	siRNA (ICAM-1)
	in vivo phage display-identified peptide targeting NMHC IIA
	B-PEI crosslinked with added disulfide bonds and conjugated to peptide via heterobifunctional PEG
	NPs target athero-prone regions and lead to ICAM-1 knock-down
	[59]



	siRNA (ICAM-2)
	None, but preferentially accumulates in pulmonary ECs
	Hydrophobically modified (C13) PEI formed into liposome-like NPs with PEG incorporated
	Significant in vitro and in vivo mRNA silencing in endothelial cells for a variety of vascular pathologies, particularly Lewis Lung Carcinoma (LLC).
	[67]



	Ac2-26 peptide from Annexin A1 (N-formyl peptide receptor FPR2/ALX)
	Collagen IV-binding peptide
	PLGA bioconjugated to PEG and peptide
	NPs target athero-prone regions and reduce lesion size, oxidative stress, increase collagen, and enhance athero-protective effects.
	[38]



	Interleukin-10 (IL-10 receptor)
	Collagen IV-binding peptide
	PLGA-PLA copolymer with PEG coating and bioconjugated peptide
	NPs target athero-prone regions and reduce lesion size, cap thickness, neutrophil infiltration, and immune cell responses to inflammatory stimuli.
	[39]



	Anti-miRNA (miR-712, known association with MMPs)
	VCAM-1 targeting peptide
	Liposomes formed from cationic lipids, PEG-lipids, and peptide-PEG-lipids
	Specific targeting of ECs in vivo under oscillatory/low shear stress leading to decreased plaque size, increased cap size, and decreased destructive enzymatic activity.
	[51]



	MiRNA (miR-146a and miR-181b)
	E-selectin targeting peptide
	PEG-g-PEI:miRNA NPs encapsulated within silicon microparticles
	Improved relaxation of vascular endothelium ex vivo, reduced chemotactic ligand expression/monocyte adhesion in addition to lesion/collagen area and macrophage, while increasing SMC migration.
	[60]











© 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/).
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