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Abstract

Purpose—We investigated the early-stage fatty streaks/plaques detection using magnetomotive 

optical coherence tomography (MM-OCT) in conjunction with αvβ3 integrin-targeted magnetic 

microspheres (MSs). The targeting of functionalized MSs was investigated by perfusing ex vivo 

aortas from an atherosclerotic rabbit model in a custom-designed flow chamber at physiologically 

relevant pulsatile flow rates and pressures.
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Procedures—Aortas were extracted and placed in a flow chamber. Magnetic MS contrast agents 

were perfused through the aortas and MM-OCT, fluorescence confocal, and bright field 

microscopy were performed on the ex vivo aorta specimens for localizing the MSs.

Results—The results showed a statistically significant and stronger MM-OCT signal (3.30±1.73 

dB) from the aorta segment perfused with targeted MSs, compared with the nontargeted MSs 

(1.18±0.94 dB) and control (0.78±0.41 dB) aortas. In addition, there was a good co-registration of 

MM-OCT signals with confocal microscopy.

Conclusions—Early-stage fatty streaks/plaques have been successfully detected using MM-

OCT in conjunction with αvβ3 integrin-targeted magnetic MSs.
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Introduction

Optical coherence tomography (OCT) is rapidly emerging as a promising high-resolution 

medical and biological imaging modality to monitor many cardiovascular interventions and 

visualize cardiovascular disease [1–3], which is the leading cause of death in the USA [4]. 

This technique is attractive for medical imaging because it permits the imaging of tissue 

microstructure in vivo, yielding micron-scale resolution images without the need for tissue 

excision and histological processing [1–3].

Almost all clinical imaging modalities employ exogenous contrast agents to identify 

diseased sites and enhance diagnostic capabilities. OCT has also benefited from the use of 

contrast agents. A variety of contrast agents engineered to exploit their scattering or 

absorption properties have been developed for OCT [5–10]. Our group has been 

investigating the use of magnetic microspheres (MSs) as dynamic contrast agents for 

molecular-specific OCT imaging [5, 8, 11–13]. These MSs can be engineered to target 

specific cellular receptors and molecules while the oil core can incorporate magnetic 

nanoparticles (MNPs) to generate dynamic contrast using the magnetomotive (MM) 

principle [11–13]. MM-OCT contrast is generated through the perturbation of magnetic 

particles by an external magnetic field. These resulting displacements induce changes in the 

local scattering which alter the amplitude and phase of the OCT interference pattern and can 

be measured with nanoscale accuracy [11–13].

Standard intravascular OCT imaging is performed by incorporating fiber-optic imaging 

catheters within the OCT sample arm. This method has been extensively investigated for 

applications in cardiology [14–21]. Intravascular OCT is analogous to intravascular 

ultrasound, except reflections of near-infrared light are detected by the catheter, rather than 

sound. This fiber-optic catheter can be combined with other imaging modalities such as 

fluorescence, ultrasound, and photoacoustic imaging [22, 23].

The addition of contrast agents for use with intravascular OCT can enable site-specific 

molecular cardiovascular imaging, just as has been shown for ultrasound imaging using gas-
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filled microbubbles [24]. Other research groups have demonstrated that externally injected 

particles can be taken up by macrophages in atherosclerotic plaques and can be detected by 

OCT [25, 26], however, in this study, we demonstrate contrast agents for OCT in cardiology 

that can target the specific biomarkers (e.g., αvβ3 integrin) overexpressed in atherosclerotic 

lesions. This is especially needed to enhance the early detection and localization of 

atherosclerotic lesions which may not be clearly evident in structural OCT imaging or in 

other imaging modalities. Therefore, the combination of intravascular OCT and targeted 

molecular contrast enhancement using a dynamic MM technique may potentially improve 

the sensitivity of early atherosclerotic lesion detection.

In this work, we fabricated arginine-glycine-aspartic acid (RGD)-functionalized protein MSs 

that target the αvβ3 integrin overexpressed in atherosclerotic lesions. These MSs were 

loaded with iron oxide MNPs and a fluorescence dye, enabling multimodal imaging using 

MM-OCT and fluorescence imaging. Using an atherosclerotic rabbit model, we demonstrate 

successful detection of early-stage fatty streaks/plaques using MM-OCT in conjunction with 

αvβ3 integrin-targeted magnetic MSs by perfusing ex vivo aortas in a custom-designed flow 

chamber.

Methods

Rabbit Diet and Tissue Preparation

Experiments were performed in compliance with an experimental protocol approved by the 

Institutional Animal Care and Use Committee at the University of Illinois at Urbana-

Champaign. Four-month-old male New Zealand white rabbits (n=3; Myrtle's Rabbitry, 

Thompson's Station, TN) after an acclimation period of 1 week on standard chow diet 

(Teklad 2031 Global High-Fiber Rabbit Diet; Harlan, Indianapolis, IN) were transitioned to 

an atherogenic diet over 10 days by substituting 10 % daily increments of cholesterol-

containing diet (5TZB; TestDiet, Richmond, IN) for the standard rabbit chow diet [27, 28]. 

This approach induced atherosclerotic disease with varied fatty streaks and plaque 

composition in rabbits within 8∼9 weeks. After killing the animals, the aortas were divided 

into three segments and placed in our custom-designed flow chamber.

Microsphere Synthesis and In Vitro Cell Binding Test

Figure 1 illustrates the structure of a magnetic MS. The MSs used for this study had a core-

shell structure, where the core consisted of hydrophobic vegetable oil, fluorescent Nile red 

dye, and iron oxide nanoparticles and the shell was hydrophilic, made of bovine serum 

albumin (Fisher Scientific, Pittsburgh, PA) protein [5, 7, 13]. The preparation protocol for 

these MSs has been previously described (Supplemental Fig. 1) [5, 7, 13]. MS size 

measurements were performed using a Coulter Counter (Multisizer 4, Beckman Coulter, 

Inc., Brea, CA) to measure both the concentration and size distribution (1–5 μm) of the MSs 

(Fig. 1d).

Flow Chamber

To mimic in vivo pulsatile flow and pressure conditions, a custom-designed flow chamber 

was developed (Fig. 2). Each aorta segment was mounted between the plastic inlet and 
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outlet tubes inside the chamber. A pulsatile high-pressure blood pump (1405 Blood Pump, 

Harvard Apparatus, MA) designed to replicate the in vivo conditions in a rabbit was 

connected to the aortas to circulate the magnetic MSs through the aorta segment. A 

temperature sensor (6400K, OMEGA Engineering, Inc., CT) and pressure sensor (blood 

pressure transducer, Harvard Apparatus, MA) were continuously monitored while perfusing 

the aorta segments. Approximately, 109 MSs were added to 250 ml of phosphate-buffered 

saline (PBS; intraluminal fluid) which was contained in a temperature-controlled reservoir. 

The intraluminal fluid was perfused and circulated at a rate of 150 bpm using the pulsatile 

pump. The systolic and diastolic pressures were maintained at 150 and 70 mmHg, 

respectively, and the temperatures of the luminal and extraluminal fluid were maintained at 

37 (±1)°C. Manganese (2 mM) was also added to the circulating intraluminal solution to 

enhance the affinity of integrin-binding sites for the RGD peptide on the early-stage fatty 

streaks and atherosclerotic plaques [29, 30]. Each aorta segment (n=3 per group; three 

groups) was perfused for 30 min with one of the following solutions in a randomized 

fashion: (1) RGD-functionalized MSs+PBS, (2) nonfunctionalized MSs+PBS, and (3) PBS 

only.

Tissue Imaging with MM-OCT and Fluorescent Confocal Microscopy

Each segment after 30 min of perfusion was cut open longitudinally, washed with fresh PBS 

three times, and placed on a microscope slide for MM-OCT imaging (Fig. 3) and 

fluorescence confocal imaging (TCS SP2 RBB, Leica Microsystems Inc., IL). The scans 

were performed in the periphery of branch vessel openings, as fatty streaks commonly 

develop around the openings, as well as other areas away from these openings. The MM-

OCT system was based on a spectral-domain OCT system with the addition of a solenoid 

coil placed above the specimen in the sample arm as shown in Fig. 3. This OCT system, 

with a titanium/sapphire femtosecond laser (KMLabs, Inc., CO) as an optical source, 

produced 800 nm light with a bandwidth of 100 nm. The axial and transverse resolutions 

were ∼3 and 16 μm, respectively. The camera exposure time of the OCT system was 250 

μs/A-line. An OCT B-mode image (2,048×4,000 pixels) was acquired with a line scan rate 

of 1,000 A-scans/s, giving a total acquisition time of 4 s. The optical imaging depth from the 

spectrometer was 2 mm, and the displacement sensitivity based on the phase noise of the 

system was approximately 11 nm. A detailed description of the MM-OCT processing 

method is available in the Electronic Supplementary Material (Supplemental Fig. 4). Briefly, 

a magnetic field strength of 400 Gauss with a driving frequency of 100 Hz was used to 

perturb any magnetic MSs in the specimens, and the changes in the magnitude and phase of 

the interference pattern were detected in synchrony with the scan rate and AC magnetic field 

modulation frequency to obtain the magnetic response from the specimens. The phase 

changes corresponding to the modulation frequency (100 Hz) were filtered out and the data 

were normalized with respect to an image captured with the magnetic field off to generate an 

MM-OCT image. The red and green channels (Supplemental Fig. 4c) represent the structural 

OCT signal and the MM signal due to the AC magnetic field, respectively. In addition, 

fluorescent confocal microscopy (Leica SP2 Visible Laser Confocal, Microscope, Leica 

Microsystems, IL) was performed on the same sites where MM-OCT images were acquired 

to further validate the presence of MSs by the detection of the fluorescent Nile red dye 

contained within the core of the MSs.
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Histological Analysis

Histological features of fatty streaks and plaques were identified using hematoxylin and 

eosin (H&E) and Oil Red O (solvent red 27) staining. One half of the tissue cryo-sections (7 

μm thickness) corresponding to the MM-OCT scan locations were stained with H&E while 

the other half of the cryo-sections were stained with Oil Red O, which stains lipids (i.e., fat) 

and neutral triglycerides.

Statistical Analysis

The correlation between groups: control vs. nontargeted MSs, control vs. targeted MSs, and 

nontargeted MSs vs. targeted MSs, was investigated by analysis of variance (95 % 

confidence interval) statistics followed by pairwise comparisons with post hoc Bonferroni 

correction (R software ver. 2.15.0). All values are given as mean±standard deviation.

Results

Figure 4 shows representative aorta specimens with early-stage fatty streaks and plaques. Oil 

red O staining (Fig. 4b) of the tissue cross sections labeled by the yellow dotted line on Fig. 

4a revealed the presence of a lipid core. Based on the visual appearance of the aorta (Fig. 

5a–c) and histological sections (Fig. 5d–f), early-stage fatty streaks and lipid-filled plaques 

were clearly visible. Figure 5d–f (H&E-stained tissue cross sections) shows a thickened 

intima and fibrous cap, typical of an atherosclerotic lesion.

To determine whether the αvβ3 integrin-targeted MSs were localized to early-stage fatty 

streaks, we performed MM-OCT imaging and fluorescence confocal microscopy at various 

locations (i.e., ≥3 locations per segment). Figure 5g–o shows representative MM-OCT 

images from the ex vivo aorta specimens. The green and red channels (Fig. 5m–o) represent 

the MM-OCT signal and structural OCT intensity, respectively.

The results in Table 1 and Fig. 6 show that there was a significantly stronger MM-OCT 

signal (3.30±1.73 dB) localized over the early-stage fatty streaks from the aorta segment 

perfused with targeted MSs, compared with the early-stage fatty streaks and plaques imaged 

in the nontargeted MSs (1.18±0.94 dB) and control (0.78±0.41 dB) aortas. The MM-OCT 

signal in the targeted MSs group was statistically significant and higher (p<0.001) than the 

MM-OCT signal in the nontargeted and control groups.

In addition, the same MM-OCT scan locations were imaged with fluorescence confocal 

microscopy (Supplemental Fig. 5) with an argon-ion laser at 488 nm as the excitation source 

and a ×10 objective lens. Even though MM-OCT and confocal images are at different planes 

(cross-sectional vs. en face, respectively) and have different resolutions and contrast 

mechanisms, they were obtained at the same locations to provide complementary 

information and validate the MM-OCT results. The fluorescence confocal images were in 

good agreement with the MM-OCT findings where the MM-OCT signal correlated (R2 

value= 0.9983; Supplemental Fig. 3) with the presence of localized MSs in the confocal 

images.
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Discussion and Conclusion

In this study, we demonstrated the successful detection of early-stage atherosclerotic lesions 

using MM-OCT in conjunction with RGD-conjugated magnetic MSs. Ex vivo aorta 

specimens from a high-fat diet rabbit model were perfused in a custom-designed flow 

chamber at physiologically-relevant pulsatile flow rates and pressures. MM-OCT images 

from the αvβ3 integrin-targeted MS group clearly exhibit the localization of magnetic MSs 

to discrete lesions on the diseased intraluminal surface (i.e., fatty streaks). The results of 

fluorescence confocal microscopy and histological staining (i.e., H&E and Oil red O 

staining) further validate the MM-OCT findings.

Our previous study [6] demonstrated that these MSs can generate contrast in ultrasound 

imaging and the MNPs within the core can produce negative-T2 contrast in MRI. These 

MSs may be able to generate contrast in nuclear imaging (SPECT/PET) by incorporating 

radiotracers into the core or the shell as well. Moreover, these MSs were designed to be 

larger, blood-pool agents because they may also be loaded with drugs for targeted drug 

delivery applications [31]. We have also demonstrated that lipophilic fluorescence dyes can 

be incorporated within the core of these MSs, enabling these to be used for fluorescence 

imaging as well [5–7, 32]. In addition to generating contrast, MM-OCT can also be used to 

measure the biomechanical properties (i.e., elasticity) of the specimen microenvironment by 

exciting the MNPs or magnetic MSs with an external magnetic field [33, 34]. The 

biomechanical properties are highly correlated with disease progression and tissue 

characteristics in atherosclerotic plaque and cancer [35–37].

A low level of MM signal was seen in the MM-OCT images (Fig. 5k) from the nontargeted 

MS group. This result is due to the low level of nonspecific binding with nontargeted MSs 

as shown by our cell binding test results (Supplemental Fig. 2). Figure 5m shows that MM-

OCT signal is visible deeper in the intimal and medial regions of the aorta specimen. The 

penetration of magnetic MSs into the deeper layers of tissue is highly unlikely because the 

average diameter of the MSs is around 3 μm. Particles of this size cannot readily pass 

through the endothelium, which acts as a semi-selective barrier between the blood vessel 

lumen and surrounding tissue. The MM signal observed from the deeper layers is therefore 

an artifact due to phase changes caused by the oscillating MSs at the more superficial layers, 

impacting the imaging at the deeper layers. These phase changes at the deeper layers may be 

due to the mechanical coupling between the targeted magnetic MSs, the intraluminal 

surface, and the deeper layers, or may be due to the bulk motion induced by the oscillating 

MSs. Similar artifacts have been observed in other phase-resolved methods such as Doppler 

OCT [38]. In other words, the MM-OCT imaging algorithm detects the tissue displacement 

induced by the oscillations of the targeted magnetic MSs, which is driven by the external 

AC magnetic field.

Several challenges were encountered during the flow chamber experiments including a 

decrease of MS concentration during flow. During tissue preparation, the side branch vessels 

were cut and the branch openings were subsequently closed by electrocautery (Bovie 

Medical Corporation, FL) before perfusing the aorta with intraluminal fluid (i.e., PBS+Mn

+MSs). However, during the course of the experiments, some intraluminal fluid leaked 
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through the branch openings, resulting in a loss of intraluminal fluid volume and suspended 

MSs. To compensate for this loss, the circulating volume of the intraluminal fluid was 

maintained at a constant level by pumping some of the extraluminal fluid into the 

intraluminal fluid reservoir. However, this did not significantly dilute the concentration of 

the MSs in the intraluminal fluid.

In summary, we have shown that early-stage fatty streaks and plaques were successfully 

detected with targeted magnetic MSs using MM-OCT. Our future work involves the 

development of a novel solenoid configuration that can be incorporated with current 

commercial intravascular OCT systems, potentially enabling in vivo MM-OCT imaging. 

Further studies are also underway to understand the biodistribution and clearance of these 

MSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Structure of the magnetic MSs: a conceptual drawing of the MS structure, b transmission 

electron microscopy (TEM) image of a single MS showing the presence of iron oxide 

nanoparticles and aggregates in the oil core, c TEM image of iron oxide nanoparticles and 

aggregates, and d a representative Coulter counter plot showing the size distribution of MSs.
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Fig 2. 
Schematic of a custom-built flow chamber used for perfusing ex vivo aorta segments. The 

flow chamber consisted of a Plexiglas water bath container for extraluminal fluid (PBS). 

Each aorta segment was mounted between the plastic inlet and outlet tubes inside the 

chamber, whereas a pulsatile high-pressure blood pump was designed to replicate the in vivo 

conditions in a rabbit.
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Fig 3. 
Schematic of the MM-OCT system.

Kim et al. Page 12

Mol Imaging Biol. Author manuscript; available in PMC 2015 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 4. 
Representative aorta specimen from a hyperlipidemic rabbit: a photograph of inner luminal 

wall, b Oil-red O-stained tissue cross section, c magnified image of the dotted blue box in 

(b). Histological Oil-red O stains the lipid core. The histological staining (b, c) along the 

yellow dashed line (a) reveals the presence of atherosclerotic plaque with lipid core.
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Fig 5. 
Representative MM-OCT images from the ex vivo aorta specimens. The visual appearance 

of the luminal walls of the aortas (a–c) and corresponding histological sections (d–f) reveal 

the development of early-stage fatty streaks and plaques with lipid cores. OCT structural 

images (g–i) were superimposed (m–o) with MM images (j–l). The cross-sectional MM-

OCT images correspond to the yellow scan lines shown in (a–c). The red and green channels 

represent the structural OCT intensity and MM-OCT signal, respectively.
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Fig 6. 
Statistical comparison of MM-OCT signal between groups (a). The MM-OCT signal in the 

targeted MSs group was statistically significant and higher (p<0.001) than the nontargeted 

and control groups. There was no significant difference (p>0.9) between nontargeted and 

control groups. The colored scan lines in the aorta photos in (b) correspond to the MM-OCT 

scan locations. The scan images at these locations are identified with color-matching boxes. 

The scale bar (400 μm) applies to all the MM-OCT images. The red and green channels 

represent the structural OCT intensity and MM-OCT signal, respectively.
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Table 1
Measured magnetomotive signal for targeted, nontargeted, and control groups

Group No. of scan locations Mean (±SD) of MM signal (dB)

Targeted (n=3) 19 3.30±1.73a

Nontargeted (n=3) 15 1.18±0.94a

Control (n=3) 10 0.78±0.41a

a
Reported mean (±SD) values were obtained from the total number of scan locations within a group
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