
Calcium-binding nanoparticles for vascular disease

Deborah D. China, Sampreeti Chowdhuria, and Eun Ji Chunga,b,c,d,e,f

aDepartment of Biomedical Engineering, University of Southern California, Los Angeles, CA, USA

bDepartment of Chemical Engineering and Materials Science, University of Southern California, 
Los Angeles, CA, USA

cEli and Edythe Broad Center for Regenerative Medicine and Stem Cell Research, Keck School of 
Medicine, University of Southern California, Los Angeles, CA, USA

dDivision of Nephrology and Hypertension, Department of Medicine, Keck School of Medicine, 
University of Southern California, Los Angeles, CA, USA

eDivision of Vascular Surgery and Endovascular Therapy, Department of Surgery, Keck School of 
Medicine, University of Southern California, Los Angeles, CA, USA

fNorris Comprehensive Cancer Center, Keck School of Medicine, University of Southern 
California, Los Angeles, CA, USA

Abstract

Cardiovascular disease (CVD) including atherosclerosis is the leading cause of death worldwide. 

As CVDs and atherosclerosis develop, plaques begin to form in the blood vessels and become 

calcified. Calcification within the vasculature and atherosclerotic plaques have been correlated 

with rupture and consequently, acute myocardial infarction. However, current imaging methods to 

identify vascular calcification have limitations in determining plaque composition and structure. 

Nanoparticles can overcome these limitations due to their versatility and ability to incorporate a 

wide range of targeting and contrast agents. In this review, we summarize the current 

understanding of calcification in atherosclerosis, their role in instigating plaque instability, and 

clinical methodologies to detect and analyze vascular calcification. In addition, we highlight the 

potential of calcium-targeting ligands and nanoparticles to create novel calcium-detecting tools.

Lay Summary

Atherosclerosis is one of the major contributors of ischemic heart disease and stroke, which 

remain the world’s leading cause of death. Atherosclerosis is characterized by the chronic buildup 

of plaque and occlusion of the arteries. Over time, blood vessels become calcified, losing the 

elasticity and compliance that is critical to vascular health. Current diagnostic methods to detect 

calcification are limited to invasive imaging procedures with potentially fatal complications or 

methods with inadequate sensitivity in identifying plaque composition. Notably, recent work in 

calcium-detecting nanoparticles show promise as useful diagnostic tools for cardiovascular 

disease. In this review, we discuss the role of calcification in cardiovascular diseases, current 
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imaging technologies for the detection of calcification, and the potential of nanoparticles as 

diagnostic and therapeutic agents.
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1. Introduction

Cardiovascular disease (CVD) is a growing burden in the westernized world and is 

associated with events such as stroke and cardiac arrest [1]. In 2015, CVDs accounted for 

31% of deaths globally and is estimated to claim 23.6 million lives in 2030 [2]. With CVDs 

affecting such a wide scope of the global population, the economic burden is tremendous. 

The total medical cost for CVD-related treatment is expected to be $1.1 trillion by 2035 [2]. 

Unfortunately, diagnostic techniques for CVDs are limited to blood tests and imaging 

procedures such as angiograms that often miss early stages of the disease. As such, it is 

crucial to invest in research focusing on the earlier diagnosis and reliable detection of CVDs 

in order to improve patient prognosis and quality of life.

A major CVD is atherosclerosis, a chronic, inflammatory disease of the arteries that leads to 

the buildup of plaques and occlusion of the vasculature. Atherosclerotic plaques initiate as 

low density lipoproteins, macrophages, and smooth muscle cells accumulate and migrate 

into the subendothelium. Eventually, the luminal surface of the blood vessel develops into 

fatty streaks that consist of lipid-loaded macrophages called foam cells. A layer of fibrous 

connective tissue, or fibrous cap, forms around the fatty streak and surrounds mature plaques 

that contain a necrotic core filled with apoptotic cells, lipids, cholesterol, and calcification. 

As atherosclerosis advances, plaques become susceptible to rupture and transition into 

“vulnerable plaques”. Vulnerable plaques are unstable plaques with a thin fibrous cap (<65 

μm) that are prone to rupture (Fig. 1) [3]. When a fibrous cap ruptures, a combination of 

inflammatory reactions, macrophage accumulation, and thrombosis can result, which will 

signficantly exacerbate blood flow and can cause a myocardial infarction.

Although in the past few decades, studies have focused primarily on identifying fibrous cap 

thickness and the degree of luminal stenosis to predict the onset of fatal cardiac incidences, 

their correlation in inducing fatal cardiac incidences has become less clear in recent years 

[5]. In a study published by Stone et al., fibroatheromas with thin fibrous caps (<65 μm) 

were not at risk of rupture and were reported to account for only 4.9% of major adverse 

cardiac events within a 3.4 year follow-up period [6]. In addition, increasing evidence 

suggests that the degree of luminal stenosis alone is not a good indicator of rupture 

likelihood [7]. In many cases, adverse cardiac events occur in arteries with less than 50% 

stenosis, with the majority occurring in plaques with only 32% stenosis [3, 6]. As such, 

simple identification of a thin fibrous cap and the degree of luminal stenosis may not be 

sufficient to predict cardiac incidence or plaque rupture. Hence, investigations focusing on 

plaque composition and structure and its role in promoting rupture have been of recent 

interest.
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In particular, over the past few decades, vascular calcification has been correlated with 

diminished cardiovascular health and considered a significant predictor of adverse cardiac 

events [8]. Calcium buildup within the vasculature can lead to serious diseases such as 

calcific aortic valve disease and atherosclerotic calcification [9]. Clinically, calcium is used 

as a gauge of atherosclerosis disease progression and recent assessment of atherosclerosis 

has correlated calcification with increased plaque instability and risk of myocardial 

infarctions [10-12].

Specifically, calcification within atherosclerotic plaques decreases mechanical stability [13]. 

In many cases, the orientation, size, and distribution of calcium nodules within the plaque 

can dictate the likelihood of rupture [12, 14, 15]. Consequently, the relationship between 

calcific plaque morphology and plaque rupture has gained much interest, but current clinical 

imaging methods have limitations in sensitivity and resolution for reliable calcium detection 

[16]. The problems associated with these methods include difficulty in distinguishing 

between noise and positive signals, as well as the inability to image calcium deposits that are 

deeply embedded within plaques.

Detection of cardiovascular calcification allows for clinicians to provide treatments and 

preventative therapies to mitigate further calcium formation [17-19]. Hormone therapy [18] 

and calcium channel blockers [17] have been shown to reduce coronary artery calcification 

in patients. Further, studies by Seo et al. and Khattab et al. utilizing drug-eluting stents 

reported decreases in incidences of myocardial infarction and death [20, 21]. Although 

treatment efficacy depends on the circumstances of each patient, diagnosis of arterial 

calcification early on could be used to prompt lifestyle modifications that improve patient 

outcomes [22]. As such, there is a need for accurate and reliable detection of atherosclerotic 

calcification in order to provide viable treatment options based on diagnoses.

Towards this goal, nanoparticles have emerged as promising tools for diagnostics and 

imaging. Nanoparticles are comprised of a variety of materials including lipids, metals, and 

polymers and can be engineered to have different size, shape, charge, and pharmacokinetic 

profiles [23-25]. Nanoparticles can have multimodal functionalities to simultaneously target 

and image a region of interest [26]. Increasingly, nanoparticles are being used as noninvasive 

drug delivery systems for targeted delivery of therapeutics [27]. Significant progress has 

been made in developing nanoparticles for targeting macrophages in atherosclerosis [28-31], 

for therapeutics and imaging of vascular disease [32-35], and treatment using endothelial 

cell targets [36, 37], which is further described elsewhere [38-42].

Calcium, or hydroxyapatite (HA), binding nanoparticles have been developed for a wide 

variety of purposes ranging from anticancer polymer drug carriers to bone-targeting gold 

nanoparticles [43, 44]. HA is a nonorganic calcium phosphate mineral that is prevalent in 

bone, teeth, and calcified vasculature. HA binding ligands including glutamic acid, 

phosphonic acid, and bisphosphonate, as well as peptides discovered through phage display 

or derived from bone-binding proteins have been used to functionalize nanoparticles to 

specifically target HA [43, 45]. Mineral-binding proteins commonly have polyacidic regions 

that facilitate electrostatic interactions with mineral surfaces [46]. Hence, several studies 

have included polyglutamic acid motifs in nanoparticles to facilitate HA binding [47-50]. 
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Due to the parallels found in bone development and vascular calcification, bone-targeting 

agents can be adapted for use in vascular calcification disease for early detection and 

intervention.

In this review, we summarize the process of calcification in vascular disease and provide a 

brief overview of current clinical practice for imaging calcification. In addition, we highlight 

existing nanoparticles developed for vascular calcification detection, as well as discuss 

future approaches that can be adapted from bone applications.

2. Calcification in Vascular Disease

2.1 Vascular Smooth Muscle Cells in Calcification

Vascular calcification was previously believed to be an unregulated, passive process that 

occurred due to tissue degeneration [1]. However, recent evidence suggests that calcification 

is highly regulated through the activation of cellular signaling pathways such as Wnt 

signaling and the expression of Runt-related transcription factor 2 (Runx2) [1,9, 51-54]. 

Vascular calcification is marked by the growth of bone-like ossifications that propagate 

within the intima and medial layer of vessels [55]. The degree of vascular calcification 

increases with age, and ossification has been found in 15% of carotid atherosclerotic plaques 

[56]. However, vascular calcification is not limited to atherosclerosis and is also 

characteristic to chronic kidney disease and diabetes mellitus [57].

While not fully characterized, much of the pathogenesis of vascular calcification parallels 

signaling processes of skeletal bone formation [55]. During vascular calcification, vascular 

smooth muscle cells (VSMCs) differentiate into osteoblast-like phenotypes [9]. 

Inflammatory markers such as tumor necrosis factor-α (TNF-α) activate bone morphogenic 

proteins (BMP) which, subsequently, trigger the Msx2-Wnt signaling cascade [1, 58]. The 

Msx2-Wnt signaling cascade increases expression of Runx2, which promotes the production 

of bone formation regulators, osteocalcin, osterix, and osteopontin, as well as alkaline 

phosphatase activity [55, 59]. This leads to HA deposition by osteoblasts and VSMCs, 

creating calcified tissue [60].

In non-diseased states, the vasculature is regulated by mineralization inhibitors. One such 

inhibitor is matrix-Gla protein (MGP). Normally, healthy VSMCs express MGP which binds 

to intracellular calcium and inactivates BMP-2. However, MGP is downregulated during 

vascular calcification [61]. In MGP-knockout mice, severe vascular calcification and 

enhanced expression of Runx2 was found, indicating the critical role of MGP in inhibiting 

vascular calcification [62].

2.2. Extracellular Vesicles in Calcification

Throughout calcification, VSMCs release extracellular vesicles (EVs), typically 200 nm in 

diameter, that contain trace amounts of HA (Fig. 2) [63]. This mechanism of calcium release 

through EVs is believed to be a self-regulating process for cells to reduce high levels of 

intracellular calcium [64]. EVs contain approximately 79 different proteins including 

calcium-binding annexins. Annexins are triggered by high cytosolic calcium content and 

play a role in EV transportation and HA nucleation in the extracellular matrix (ECM) [54, 
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65-67]. These nucleation points start as spotty calcifications similar to those seen in Fig. 1a. 

Over time, EVs accumulate and aggregate into larger calcium nodules which result in 

hardened and calcified atherosclerotic plaques and vessels.

Similarly, in skeletal bone formation, osteoclasts and osteoblasts remodel the bone through 

active deposition of unmineralized bone matrix and release of matrix vesicles [68]. Like 

osteoblasts, VSMCs release many proteins that are associated with bone formation such as 

BMPs, osteopontin, and osteocalcin [1, 69, 70]. Due to their similarities, understanding the 

mechanism of bone formation will also be beneficial in aiding the design and development 

of novel diagnostic and therapeutic technologies for vascular calcification.

2.3. Role of Calcification in Atherosclerotic Plaque Stability

Clinical evidence suggests a strong correlation between atherosclerotic plaque calcification 

and acute myocardial infarction. However, the morphology, shape, size, location and total 

mass of calcified nodules within an atherosclerotic plaque can individually affect plaque 

stability and determine the overall risk for acute myocardial infarction [71]. While any 

development of vascular calcification is detrimental to vascular health, some morphologies 

may be worse than others. Plaque instability from calcifications is hypothesized to occur due 

to the mismatch in tissue stresses between the soft noncalcified regions and hard calcified 

nodules within plaques [71]. These tissue interfaces have large circumferential stress, which 

upon exceeding the critical peak, can cause plaque rupture [72]. Total hard/soft tissue 

interface area between hard calcium nodules and soft tissue in an atherosclerotic plaque is 

affected by a combination of the size, morphology, structure, and location of calcified 

nodules.

Spotty calcifications increase interfacial area and cause higher circumferential stress (Fig. 3c 

and d) [9]. When calcification nodules reach a size of 5-60 μm, local stresses can increase 

five-fold, destabilizing the plaques and predisposing them to rupture [74]. In a study by 

Maldonado et al., the fibrous cap of ruptured atheromas were embedded with 

microcalcifications smaller than 60 μm [75]. In contrast, larger, aggregated calcium nodules 

greater than 60 μm have less interfacial surface area as seen from the total perimeter 

surrounding the white regions in Fig. 3b compared to that of the spotty calcifications in Fig. 

3d. Less interfacial area is hypothesized to cause lower levels of local stresses, which in turn 

stabilizes the plaque (Fig. 3b) [71]. In addition to size, the location of the calcification within 

the plaque can cause varying levels of stress. For instance, since pulsating arteries are 

subject to longitudinal stretching, smaller nodules less than 5 μm located at the longitudinal 

ends of the plaque have been reported to cause increased stress and rupture [63, 76]. 

However, determining the critical size and structure of calcifications that make plaques 

susceptible to rupture remains difficult clinically, due to the limitations in imaging 

technology and the lack of consensus in the field regarding the size and effects of 

calcifications [12, 63, 76-78]. As such, developing better tools to identify and visualize 

calcifications within the plaque can help bridge this gap.
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3. Vascular Calcification Imaging and Diagnosis

In clinical practice, the presence of calcium, especially in the coronary arteries, is evaluated 

using varying methods that give equally varying results [76]. As such, diagnostic calcium 

scores can change depending on how the data is analyzed and interpreted [3]. Here, we 

discuss commonly used imaging modalities for vascular calcification detection such as 

computed tomography (CT), intravascular ultrasound (IVUS), magnetic resonance imaging 

(MRI), optical coherence tomography (OCT), and positron emission topography (PET).

3.1. Computed Tomography

Cardiac CT can be used to noninvasively image thin slices of the heart and coronary arteries 

through x-ray measurements. Cardiac CT can acquire 2.5- to 3-mm thick axial or horizontal 

cross-sectional images. Electron beam-CT, a form of CT designed specifically for imaging 

the heart, can measure aortic valve calcification [79]. However, EB-CT has been shown to 

have poor reproducibility between scans, with 14% to 51% variability, making accurate 

diagnoses difficult [80].

Currently, systematic assessment of calcium risk is determined by a coronary artery calcium 

score, or CAC, calculated from CT images [81]. Briefly, CAC is derived via the Agatston 

method which multiplies the affected area by a weighting factor based on the density of 

detected calcium deposits called the Hounsfield unit [80]. Because the Hounsfield unit 

density factor increases step-wise using values between 1 and 4, changes in the CAC may 

not accurately account for minor but destabilizing fluctuations in coronary calcium over 

time. Additionally, the CAC score does not take into account differences in thickness of the 

axial images that are taken [82]. In contrast, the calcium volume score (CVS), which 

represents the volume of calcium present, is considered to be a better representation of 

coronary calcium because it has better reproducibility and less variability than the Agatston 

score [83]. However, there are drawbacks to CVS as well, namely that it can be inaccurately 

inflated as the CT signal obtained is operator-dependent [82]. Hence, current scoring 

methods utilizing CT images may not accurately reflect the amount of existing vascular 

calcification.

3.2. Magnetic Resonance Imaging (MRI)

MRI is a noninvasive imaging method that does not expose the patient to ionizing radiation 

[84]. One study evaluating the ability of MRI to quantify carotid atherosclerotic plaque 

components in vivo confirmed histology-matching results showed 84% sensitivity and 91% 

specificity for calcification [85]. There was a strong correlation between MRI and histology 

area measurements for calcification (r = 0.74; P < 0.001). However, calcification 

measurements differed significantly from histology results when measured as a percentage 

of wall area (9.4 versus 5%, P < 0.001) [85]. Further, while some studies show MRI can 

differentiate the fibrous cap and lipid core of an atherosclerotic plaque, limited spatial 

resolution makes reliable identification of calcium structures difficult [86]. As such, MRI 

alone without calcium-targeting contrast agents may not be sufficient in accurately 

identifying vascular calcification.
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3.3. Intravascular Ultrasound (IVUS)

Another medical imaging method for vascular disease is IVUS. IVUS is an invasive imaging 

method that allows for the visualization of calcium in plaques by using miniaturized probes 

attached to catheters. The ultrasound catheter is guided into the blood vessel and emits and 

receives reflected sound waves. IVUS has been used to visualize the amount of plaque in the 

arteries and the degree of luminal stenosis, and has been shown to have up to 90% sensitivity 

and 100% specificity for identifying coronary calcium [87]. IVUS has been reported to 

reliably and accurately identify atherosclerotic plaque components including spotty patterns 

of calcification (Fig. 3) [12]. However, the lengthy and costly procedure can trigger acute 

cardiac events due to the invasive approach [88].

3.4. Optical Coherence Tomography (OCT)

OCT is a catheter-based invasive imaging system that produces high resolution tomographic 

images of internal vessel microstructure based on the echo time delay and magnitude of 

backscattered light. Because the wavelength of the imaging light is much shorter than 

ultrasound, OCT offers significantly improved imaging resolution over IVUS (10 – 40 μm 

axial resolution vs. 100-300 μm, respectively; Table 1) [89]. In one study assessing the 

accuracy of OCT imaging for characterizing atherosclerotic plaque, 357 OCT images 

obtained at autopsy demonstrated a sensitivity of 96% and a specificity of 97% for the 

detection of fibrocalcific plaques [90]. In addition, OCT images showed more accurate 

plaque microstructure and degree of calcification when compared to IVUS imaging [91]. 

While IVUS cannot penetrate calcified deposits, OCT has the ability to do so; hence, OCT is 

able to assess calcium thickness, area, and volume. OCT provides a higher resolution of 

imaging compared to other imaging modalities, but the invasive nature of the imaging 

procedure makes it less than ideal for use in high risk patients with vulnerable plaques.

3.5 Positron Emission Topography (PET)

PET measures gamma ray emissions from a positron-emitting tracer molecule that is 

injected into subjects. For imaging atherosclerosis, the most common radioactive tracers 

used are 2-deoxy-2-18F-fluoro-D-glucose (18F-FDG) and fluorine 18-sodium fluoride (18F-

NaF). These tracers are able to accumulate in atherosclerotic plaques because it is taken up 

but not metabolized by metabolically active cells [92, 93]. In a study by Derlin et al., 18F-

NaF uptake correlated with calcification in 88% of lesions [93]. In another study, PET was 

used to assess calcification in the aortic valves of 120 subjects using both 18F-NaF and 18F-

FDG as tracers. The study found that activity of both tracers was higher in patients with 

aortic stenosis compared to the controls [94]. Specifically, 18F-NaF uptake demonstrated a 

strong correlation with increases in the severity of aortic stenosis. Tracer activity steadily 

increased with higher levels of calcification and inflammation related to disease severity 

[94]. Unfortunately, PET images are subject to partial-volume effects due to low resolution, 

which may lead to underestimation of tracer accumulation [93]. Using PET scanning 

concurrently with another imaging method such as EB-CT could potentially remedy the 

effects of low resolution [95]. Nanoparticles can also be developed to meet clinical needs 

and overcome the limitations associated with these imaging technologies.
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4. Detecting Calcium using Nanoparticles

4.1 Calcium Detection with Nanoparticles in Atherosclerosis

Nanoparticles functionalized with targeting and imaging modalities have been proposed to 

detect vascular calcification. To date, nanoparticles designed for atherosclerosis have been 

successful in identifying different stages of inflammation by targeting macrophages as well 

as in delivering treatments such as microRNA therapies to prevent atheroma formation 

[96-98]. Nanoparticles that have been designed to specifically detect vascular calcification 

have been developed by applying MRI, near infrared fluorescence (NIRF), and PET 

approaches. They can be advantageous by specifically targeting HA, reducing the margin of 

error in defining calcium nodules in the vasculature that is common in clinical calcium 

detection methods such as ultrasound. Further, nanoparticles can be administered 

intravenously, eliminating the potential risks of atherosclerotic plaque rupture and 

myocardial infarction presented by the invasive imaging methods including IVUS and OCT.

To that end, a noninvasive imaging approach using fluorescence imaging was developed by 

Lee et al [45]. In this study, a molecular optical imaging probe that binds to HA was 

designed in order to selectively detect calcification [45, 99]. A 19-mer peptide, 

CγEPRRγEVAγELγEPRRγEVAγEL, derived from osteocalcin, was labeled with a Cy5.5 

fluorescent dye to create a fluorescent label for HA detection [45]. The study confirmed 

successful binding to HA via fluorescence microscopy. Further, comparisons of fluorescence 

images and μCT images demonstrated HA targeting and binding in excised, calcified human 

carotid arteries and aortic valves. While promising, the studies did not progress into in vivo 

imaging due to the limitations of optical imaging such as low penetration depths and spatial 

resolution [99, 100]. Optical fluorescence imaging has very high resolutions (~10 μm), but 

poor tissue penetration (<1 cm) makes it difficult to use for deep tissue imaging.

In contrast, others have characterized nanoparticle systems and their efficacy in calcification 

detection using in vivo models. For example, Aikawa et al. tested a multimodal molecular 

imaging nanoparticle that can detect early inflammation and osteogenesis in aortic valve 

disease within murine models [101]. The authors created a magnetofluorescent nanoparticle 

(MNFP) with an outer layer of dextran and a superparamagnetic iron oxide core for MRI. 

MNFPs were functionalized with the far red fluorochrome, VT680, and peptides targeting 

vascular cell adhesion molecule-1 (VCAM-1) through very late antigen-4 (VLA-4). Upon 

systemic injection in apolipoprotein E-deficient (ApoE−/−) mice, the main murine model of 

atherosclerosis, MFNPs were trapped by inflamed, VCAM-1-expressing endothelial cells 

and were readily internalized by macrophages. To further characterize the mechanisms 

involved in calcification, the authors injected commercially available, protease-activatable, 

NIRF agents MMPSense680, and calcium-binding bisphosphonate-conjugated NIRF, 

OsteoSense780. Dual injection of protease- activatable, NIRF agents and MNFPs identified 

high levels of proteolytic activity localized near macrophages. Furthermore, results 

confirmed the involvement of proteases in matrix degradation and structural changes that 

became nucleation sites for HA formation. Imaging and tracking of early proteolytic activity 

involved in HA formation was performed using fluorescence microscopy and MRI via both 

ex vivo and in vivo analysis. In this study, while high resolution MRI was used for ex vivo 
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analysis with spatial resolutions in the sub-millimeter range, the best imaging resolution that 

could be achieved to visualize cellular processes in vivo was 1 mm. Nonetheless, Aikawa 

demonstrated MFNPs have potential in detecting cellular activity responsible for early 

calcification.

A more recent study highlighted the development of iron oxide nanoparticles functionalized 

with neridronate, a bisphosphonate drug used for bone disease, for HA targeting in plaques 

[102]. Bisphosphonates have high affinity to HA because of the structural similarities to 

pyrophosphates, compounds found in blood plasma and urine that are known to inhibit HA 

formation [103]. These magnetic iron oxide nanoparticles were 7.5 nm in diameter, and 

upon intravenous injection in ApoE−/− mice, the nanoparticles accumulated significantly in 

atherosclerotic plaques as determined by MRI and histology. In ex vivo analysis, calcium 

deposits were stained with Von Kossa, iron with Prussian blue, and macrophages with 

antibodies against F4/80. Colocalization was found among macrophages, calcium, and the 

neridronate- functionalized iron oxide nanoparticle in the aorta. Thus, this study 

demonstrated the promise of combining MRI and bisphosphonate on nanoparticles for 

targeting atherosclerotic calcium.

In addition to detection, nanoparticles have been reported to deliver therapeutics against 

calcification. One therapeutic molecule gaining popularity is the calcium-chelating agent 

disodium ethylenediaminetetraacetic acid (EDTA) which binds to calcium and can prevent 

its precipitation. Lei et al. loaded EDTA into 150-200 nm sized bovine serum albumin 

(BSA) nanoparticles coated with elastin antibodies to target medial arterial calcification 

[104]. The study showed the elastin nanoparticles successfully bound to damaged aorta in a 

CaCl2-induced vascular calcification injury rat model with a three-fold increase in 

accumulation when compared to a non-targeting IgG antibody. EDTA was released slowly 

over the course of five days at the target site and ex vivo analysis showed a reversal in 

calcification. Atomic absorption spectrometry analysis confirmed mice treated with elastin 

antibody nanoparticles loaded with EDTA had reduced levels of calcium (5.25 μg of calcium 

per 10 mg aortic tissue), while non-targeting IgG nanoparticles loaded with EDTA had more 

calcium (28.18 μg of calcium per 10 mg aortic tissue). These initial results show promising 

efficacy of the EDTA-BSA nanoparticles, but a long term efficacy study is needed to assess 

the therapeutic potential against calcification reformation.

4.2. Calcium-Targeting in Bones for Potential Use in Vascular Applications

Given the similarities, calcium-targeting moieties proposed for bone and teeth applications 

also have potential to be adapted for applications in vascular calcification [105-108]. For 

instance, Hengst et al. developed bone-targeting liposomes functionalized with a 

bisphosphonate-derivative, cholesteryl-trisoxyehtylene-bisphosphonic acid (CHOL-TOE-

BP), as the targeting moiety [109]. When DiD fluorescently-labelled liposomes were 

incubated with synthetic HA overnight, the CHOL-TOE-BP liposomes bound to HA with 

close to 100% efficiency compared to almost no binding using a non-targeting control. This 

shows the potential for use of CHOL-TOE-BP to detect vascular calcification.

In addition, gold nanoparticles functionalized with glutamic acid, phosphonic acid and 

alendronate, have been developed to target mineral crystals for microdamage assessment in 
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bone tissue [43]. Polyglutamic acid sequences, alendronate, and phosphonic acids have all 

been previously demonstrated to have specific binding to HA [48, 110, 111]. Gold is a 

contrast agent that demonstrates high X-ray attenuation and biocompatibility which is 

optimal for imaging. Ross et al. reported that gold nanoparticles functionalized with 

alendronate had the best binding affinity with an equilibrium binding constant, K (mg/L), of 

3.40 and six-fold greater binding affinity when compared to glutamic acid only. As HA is 

the main mineralizing calcium in vascular calcification, the bone-targeting nanoparticles 

have the potential to be altered and repurposed for vascular diseases.

4.3. Calcium-Binding Peptides

As described, nanoparticles have the capability to actively target substrates using surface 

ligands, antibodies, or peptides [112]. Peptides have proven to be favorable ligands for the 

active targeting of nanoparticles owing to their biocompatibility, biodegradability, and 

tunable characteristics such as size and secondary structure. To date, several peptides have 

been identified to selectively bind to HA [113, 114]. In particular, Roy et al. identified that 

the sequence SVSVGMKPSPRP binds to HA with a relatively small KD of 14.1 μM [114, 

115]. The authors report the amino acid motif, SVSV, to be the significant contributor to the 

binding interaction. It is hypothesized that the α-helical secondary structure of the peptide 

may serve as a scaffolding mechanism to promote stability upon binding HA due to the 

alignment of acidic side-chains of the peptide with the basic HA [114, 116]. Others have 

hypothesized that the charge-based interactions of this peptide and HA reduce the reliance of 

specificity that is common with protein-protein interactions [117]. However, molecular 

dynamic studies regarding the precise intermolecular interactions between amino acid 

residues and calcium mineral is needed to elucidate their binding mechanism. Moreover, the 

binding affinity of this peptide for calcium in the context of vascular calcification should be 

evaluated to harness its full potential for CVDs.

In addition to SVSV, a polyglutamate peptide sequence has been reported to be successful in 

binding bone grafts [118-120]. Varying numbers of glutamate were added to the 

osteoinductive peptide derived from collagen, Asp-Gly-Glu-Ala (DGEA), to create 

diglutamate (E2DGEA), tetraglutamate (E4DGEA) and heptaglutamate (E7DGEA) 

conjugates. Interestingly, all conjugated peptides showed a higher degree of binding to the 

bone grafts when compared to DGEA alone. In particular, E7DGEA demonstrated the best 

binding to bone grafts in vitro and in vivo. E7DGEA-coated bone grafts were 

subcutaneously implanted into mice and even after 2 months post-implantation, E7DGEA 

remained adhered to the bone.

Murphy et al. conjugated negatively-charged amino acids that showed calcium-targeting 

abilities to semi-random peptides, GNAE or GNAEGNAR. The peptides were modified with 

eight glutamic acid residues (Glu8) or eight aspartic acids (Asp8), or pamidronate, a 

nitrogen- containing bisphosphonate, to test their ability to enhance binding to HA [111]. In 

vitro binding studies showed approximately 60% binding to HA for peptides conjugated 

with Asp8 or Glu8, and 50% binding for pamidronate-conjugated peptides after 30 minutes 

of incubation. Hence, modifications with polyglutamic acid, polyaspartic acid, or 

pamidronate can be used as a strategy to enhance HA targeting abilities, and can be 
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incorporated into future nanoparticle systems with the goal of targeting vascular 

calcification.

Notably, using a customized surface plasmon resonance (SPR) imaging system, the affinity 

of HA binding moieties to the HA mineral surface can be determined [115]. However, for 

those without such a customized SPR system, assessing binding affinity remains difficult. To 

assess specificity to HA, some have compared binding to HA with other calcium phosphate 

derivatives [45, 99, 114]. These studies can provide a general idea regarding the binding 

affinity and specificity of targeting systems to HA in vitro, but additional work needs to be 

done in vivo as HA minerals are not limited to regions of vasculature and nanoparticles can 

be subject to off-target binding. In addition, there has been limited work studying the 

molecular dynamics, interactions, and forces that dictate HA binding and reversibility, 

prompting the need for additional investigations. Developing nanoparticle systems that can 

successfully identify vascular calcification will facilitate accurate treatment for patients. 

Future studies should focus on incorporating theranostic agents that can simultaneously 

provide treatment at the diseased sites.

5. Conclusion

Vascular calcification and plaque rupture are predicted to cause acute myocardial infarction 

and adverse cardiac events. As such, nanoparticles that detect vascular calcification to 

directly assess the risk of plaque rupture and acute cardiac events can be clinically 

beneficial. As calcification is often associated with bones, many nanoparticles for calcium 

detection or binding for orthopedic applications may be repurposed for applications in 

vascular calcification and overcome the limitations of current clinical imaging modalities. In 

addition, calcium-targeting nanoparticle imaging systems can incorporate therapeutic agents 

that can immediately unload treatment at the site of disease. As such, nanoparticles 

fabricated for calcium diagnostics have great future potential. While we highlighted 

atherosclerotic calcification in this review, calcification is not limited to atherosclerosis and 

arteries, but are also present in other diseases such as chronic kidney disease. As such, 

developing novel diagnostic nanoparticle tools for calcium detection may have a broad and 

significant impact on other pathologies.
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Fig. 1. 
Plaque within the coronary artery has ruptured, causing an acute thrombus (Thr) that 

significantly occludes the vessel. The fibrous cap is almost nonexistent, with calcifications 

(black arrows) beneath the large necrotic core (NC), (a). Thrombus has formed where the 

thin fibrous cap (yellow arrow heads) is discontinued (b, red box). Foamy macrophages 

(yellow asterisks) migrate and accumulate in the thrombus, indicating inflammation (c, blue 

box). Reprinted with permission from Oxford University Press [4]
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Fig. 2. 
VSMCs release EVs that initiate and propagate vascular calcification in the ECM. 

Upregulated levels of Runx2, annexins, Ca2+, and inorganic phosphate (Pi) promote 

calcification. Low levels of calcification inhibitor MGP is found in calcifying VSMCs
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Fig. 3. 
Atherosclerotic plaque classifications based on virtual histology intravascular ultrasound 

(VH-IVUS). Plaques are categorized by intimal thickness and calcium growth (b, c, d). 

Calcium morphology and location can vary between types of plaques. Larger, bulk 

calcifications (b) have less interfacial area than spotty calcifications (c, d) causing lower 

circumferential stresses. The interfacial area can be assessed from the total perimeter 

between white and red regions in these cross-sectional images. Reprinted and adapted with 

permission from Wolters Kluwer Health [73, 3, 4]
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Table 1.

Clinical imaging modalities for atherosclerotic plaque and vascular calcification.

EB-CT MRI OCT IVUS PET

Spatial
resolution 0.3 - 1.5 mm 0.5 - 2 mm 10 - 40 μm 100 - 300

μm 0.8 - 2.5 mm

Calcium
detection + − + + −

Luminal
stenosis + + + + −

Plaque
composition − + + + +

Cost Low High Low High High

Required
time Low High Low Low High

Advantage
Functional and 

anatomical 
imaging

Functional and 
anatomical imaging, 

high resolution
High resolution

Good imaging of 
calcium and 

differences between 
hard and soft plaques

High sensitivity, high 
availability of 

molecular probes, 
quantitative

Disadvantage

Significant 
restrictions for 

continuous volume 
scan

Low sensitivity, 
cannot use metal, 
semi-quantitative

Invasive, cannot provide 
optimal arterial wall 

images in large vessels, 
poor tissue penetration

Invasive and requires 
use of catheters, 

difficult to distinguish 
structures

Moderate resolution, 
short-lived isotopes
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