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Abstract

Atherosclerosis is an inflammatory disease of arterial walls and the rupturing of atherosclerotic 

plaques is a major cause of heart attack and stroke. Imaging techniques that can enable the 

detection of atherosclerotic plaques before clinical manifestation are urgently needed. Magnetic 

resonance imaging (MRI) is a powerful technique to image the morphology of atherosclerotic 

plaques. In order to better analyze molecular processes in plaques, contrast agents that can 

selectively bind to plaque receptors will prove invaluable. CD44 is a cell surface protein 
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overexpressed in plaque tissues, the level of which can be correlated with the risks of plaque 

rupture. Thus, targeting CD44 is an attractive strategy for detection of atherosclerotic plaques. 

Herein, we report the synthesis of hyaluronan-conjugated iron oxide nanoworms (HA-NWs). A 

new purification and gel electrophoresis protocol was developed to ensure the complete removal of 

free HA from HA-NWs. Compared to the more traditional spherical HA-bearing nanoparticles, 

HA-NWs had an elongated shape, which interacted much stronger with CD44-expressing cells in 

CD44- and HA-dependent manners. Furthermore, the HA-NWs did not induce much 

inflammatory response compared to the spherical HA nanoparticles. When assessed in vivo, HA-

NWs enabled successful imaging of atherosclerotic plaques in a clinically relevant model of ApoE 

knockout transgenic mice for noninvasive plaque detection by MRI. Thus, nanoprobe shape 

engineering can be a useful strategy to significantly enhance their desired biological properties.

Graphical Abstract
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INTRODUCTION

Atherosclerosis, the thickening of arterial vessel walls as a result of invasion and 

accumulation of inflammatory cells and lipids, is a major cause of heart attacks and strokes.1 

The majority of patients that experience cardiac arrests have atherosclerosis. Early detection 

via noninvasive methods is highly attractive to guide the prevention and the treatment of this 

disease.2,3

Imaging of atherosclerotic plaques is an active area of research.4,5 Compared to techniques 

such as positron emission tomography (PET) and/or computed tomography (CT), magnetic 

resonance imaging (MRI) is advantageous as it does not use ionizing radiation while giving 

superior spatial resolution in vivo.6,7 Furthermore, contrast agents can be developed to 

enhance the sensitivity of atherosclerotic plaque detection by MRI.8,9 There are two general 

classes of contrast agents. The first are passive agents, which can diffuse into plaques or be 

taken up by macrophages capable of trafficking to plaques. The second are active agents 
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designed to bind with receptors overexpressed by plaques, enabling selective accumulation 

in plaques and contrast changes from surrounding tissues.

To achieve active targeting, the selection of a suitable receptor target is important. CD44 is a 

cell surface receptor critical for recruitment of inflammatory cells to atherosclerotic plaques.
10,11 In histological analysis of atherosclerotic plaques in both humans and an 

atherosclerotic animal model, i.e., ApoE knockout mice, CD44 has been found to be 

expressed at much higher levels (>10 fold) in plaque regions that are prone to rupture 

compared to those in healthy vascular tissues.10,12–14 Knocking down CD44 expression 

levels in ApoE knockout mice reduced aortic lesions for more than 50%.12

The major endogenous ligand for CD44 is the polysaccharide hyaluronan (HA).15,16 CD44 

is normally kept in a quiescent state with low HA affinity. However, in the presence of 

inflammatory signals such as TNF-α that are common in atherosclerotic plaques, post-

translational modification of CD44 occurs, switching it to a high-affinity state for strong HA 

binding.11,17 Thus, HA can be a useful ligand to target CD44 and sense inflammation in 

atherosclerotic plaques.18–21 We synthesized HA-coated super paramagnetic iron oxide 

nanoparticles (HA-SPIONs), which have been used to image atherosclerotic plaques in 

rabbits by MRI.19 One potential concern of a SPION-based system is the inflammatory 

activity. Herein, we report that engineering the spherical shape of HA-SPIONs to wormlike 

structures of HA-nanoworms (HA-NWs) can significantly reduce their inflammatory 

activities. Furthermore, HA-NWs have much higher binding avidity with CD44-expressing 

cells. This new nanoprobe enables successful noninvasive detection of atherosclerotic 

plaques by MRI in ApoE knockout mice, a suitable model of human atherosclerosis 

diseases. This work highlights the significant impacts morphology can have on biological 

functions of nanoprobes.

MATERIALS

Iron(III) chloride hexahydrate (FeCl3·6H2O) was purchased from Honeywell Riedel-de 

Haën. Iron(II) chloride tetrahydrate (FeCl2·4H2O), dimethyl sulfoxide (DMSO), dextran 

(MW: 10 and 40 kDa), formalin solution neutral buffered 10%, fetal bovine serum (FBS), 

Dulbecco’s phosphate-buffered saline (DPBS), Dulbecco’s Modified Eagle Medium 

(DMEM), anti-CD44 antibody [MEM-85] and Amberlite IR 120 hydrogen form (Amberlite 

H+) were ordered from Sigma-Aldrich. Ultrafiltration disk (100 kDa) and centrifugal filter 

MWCO (100 kDa) were purchased from EMD Millipore. 2-Chloro-4,6-dimethoxy-1,3,5-

triazine (CDMT) and N-methylmorpholine (NMM) were purchased form Acros Organics. 

Sodium hyaluronan (30 kDa) was obtained from Lifecore Biomedicals. Ammonium sulfate 

was purchased from Chempure Chemicals. Fluorescein isothiocyanate (FITC), 4′,6-

diamidino-2-phenylindole (DAPI), LysoTracker-594 DND, and TURBO DNA-free Kit were 

purchased from Invitrogen. Penicillin–streptomycin (Pen Strep) mixture, trypsin–EDTA 

(0.5%), Power SYBR Green PCR Master Mix, and L-glutamine were obtained from 

Thermo-Fisher. EA.hy926 and SKOV-3 cells were ordered from the American Tissue 

Culture Collection (ATCC). Goat antimouse HRP antibody was purchased from Biorad. 

HyGLO chemiluminescent HRP antibody detection reagent was purchased from Denville 

Scientific. Nitric acid TraceMetal grade and ammonium hydroxide were obtained from 
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Fisher Scientific. Recombinant human (rh) CD44 was ordered from R&D Systems. Mouse 

IgG2b antibody (PLPV219) was purchased from Abcam. RNeasy Mini Kit was ordered 

from QIAGEN. dNTP Mix, GoScript Reverse Transcriptase, Random Primers and CellTiter 

96 Aqueous One solution containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) were purchased from 

Promega. TNF alpha mouse ELISA kit and IL-1 beta mouse ELISA kit were ordered from 

Thermo-Fisher.

Synthesis of HA-NWs

Nanoworms (NWs) were prepared using Fe2+ and Fe3+ salts in the presence of dextran.22 

Briefly, dextran (2.35 g, MW40 kDa), FeCl3·6H2O (1.17 mmol) and FeCl2.4H2O (0.63 

mmol) were dissolved in MQ water (4.5 mL) under purge of Ar. Concentrated aqueous 

ammonia (0.5 mL) was then added dropwise to the reaction flask under vigorous stirring and 

a steady purge of Ar. It was then heated slowly up to 70 °C over 1 h and held at this 

temperature for an additional hour. After being cooled to room temperature, the reaction 

mixture was diluted to 300 mL and washed using an ultrafiltration system (MWCO 100000) 

5 times to remove ammonium chloride salts and the excess amount of the base. The resulting 

NWs were concentrated to 30 mL and then cross-linked by adding sodium hydroxide 

solution (5 M, 10 mL) and epichlorohydrin (ECH) (5 mL) under Ar flow and fast stirring for 

24 h. The reaction mixture was dialyzed against water followed by ultrafiltration 5 times to 

remove the excess amount of ECH. To functionalize cross-linked NWs by amine groups for 

further conjugation, cross-linked NWs were first concentrated to 30 mL, and then 

concentrated 30% ammonium hydroxide in water (10 mL) was added. The mixture was 

stirred vigorously for 36 h at 37 °C. Finally, amine-functionalized NWs were washed by 

dialysis against distilled water three times (12 h each) to remove the excess base.

HA conjugation with NWs were performed through NMM and CDMT chemistry.18 First, 

sodium hyaluronan (MW 31 kDa, 100 mg) was dissolved in MQ water (5 mL) then the pH 

was brought to 3 by adding Amberlite H+ resin and it was stirred for 4 h. The resin was 

removed by filtration and the mixture was freeze-dried. The protonated HA (74 mg, 0.19 

mmol carboxylic acid) was dissolved in MQ water (3 mL) followed by dropwise addition of 

acetonitrile (2 mL). Then, NMM (22 μL, 0.2 mmol) and CDMT (18 mg, 0.10 mmol) were 

added to this HA solution. The reaction mixture was stirred at room temperature for 1 h 

followed by addition of an aqueous dispersion of NWs (30 mg) and further stirring for 36 h 

under nitrogen. HA-NWs were washed by ultrafiltration (MW 100,000) 5 times and stored 

for future experiments. HA-NWs were labeled with fluorescein isothiocyanate (FITC) by 

dissolving FITC (5 mg) in DMSO (2 mL) and adding this mixture to an aqueous solution of 

HA-NWs (70 mg in 10 mL water). The reaction mixture was stirred in dark for 48 h then 

unreacted FITC was washed off through dialysis (5 times) in water and PBS buffer.

Characterization and Physicochemical Properties of HA-NWs

Following each step of NP synthesis, the size and charge of the NPs were measured by 

dynamic light scattering (DLS) using a Zetasizer Nano zs apparatus (Malvern, U.K.). The 

prepared NPs were imaged under transmission electron microscope (TEM) (JEM-2200FM) 

operating at 200 kV using Gatan multiscan CCD camera with Digital Micrograph imaging 
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software. Thermal gravimetric analysis (TGA) was performed to quantify the total amount 

of organic content of NPs. Magnetic relaxivities (r2* and r1) were measured in a 7 T magnet.

Purification of HA-NWs

HA-NWs were washed with a concentrated ammonium sulfate solution (35%) through 

centrifugal filters (MWCO: 100 kDa). They were then transferred to a dialysis bag (MWCO: 

3 kDa) to remove the excess salt through multiple exchanges (6 times) of distilled water. 

After purification, a modified electrophoresis gel staining method was used to enable 

visualization of HA in each sample.23 Briefly, an agarose gel (0.8%) was prepared and 

samples containing HA-NWs both before and after purification containing the same amounts 

of Fe (40 μg) and free HA (70 μg) were loaded on the gel. Before loading, each sample was 

mixed with 5 μL of sucrose solution (2 M) and 2 μL of bromophenol blue solution. The gel 

electrophoresis was run at 150 V for 70 min. Next, the gel was placed in a freshly prepared 

Stains-All dye solution (0.005%) in 50% ethanol for 24 h in dark. Gels were destained in the 

dark using 10% ethanol solution and the ethanol mixture was exchanged every 12 h until the 

purple color washed off from the gel.

Verifying CD44 Expression on Cells

Cells were grown in a 100 mm × 20 mm Petri dish until 80% confluence was reached. The 

cell culture medium was removed, and cells were washed twice with PBS. Then lysis buffer, 

prepared by mixing 500 μL of RIPA buffer, protease inhibitor cocktail and 2.5 μL of phenyl 

methyl sulfonyl chloride (PMSF), was added to the cells while the Petri dish was kept on ice 

for about 15 min until cell debris started to float around. Then cell lysates were collected by 

a cell scraper, transferred to an Eppendorf tube, and homogenized using a probe 

homogenizer. Protein content was quantified by a Bradford assay. Different concentrations 

of the lysates were loaded on a nonreducing gel (stacking gel:18%; resolving gel: 10%) with 

rhCD44 protein as the standard. The gel was subjected to electrophoresis (200 V) for 60 

min, and the blots were then transferred to PVDF membrane (60 V) for 90 min. After the 

membrane was blocked using 4% nonfat milk in TBS-tween (TBST) buffer, the membrane 

was first treated with mouse anti human CD44 mAb (MEM 85) diluted to 1:1000 in 4% 

nonfat milk in TBST at 4 °C overnight followed by goat antimouse HRP antibody 

(secondary Ab) for 1 h. The membrane was sprayed with a chemiluminescent HRP detection 

reagent and developed onto autoradiography film.

HA-NW Uptake by CD44 Expressing Cells

Human vascular endothelial cells (EA.hy926) were used to evaluate the uptake of FITC-HA-

NWs. Cells were suspended in a six-well plate over a cover glass at a density of 105 cells per 

mL and incubated overnight at 37 °C with 5% CO2 to adhere on cover glass and wells. After 

the medium was removed and the cells were washed with PBS buffer, a solution of FITC-

HA-NWs (200 μg/mL) or FITC-HA-SPIONs (220 μg/mL) in DMEM without FBS was 

added to the cells. Both samples were adjusted to have the same fluorescence intensities. 

After 1 h of incubation, Lysotracker Red (1 μM, 50 μL/well) was added, and the plate was 

incubated for another 1 h. The supernatant was removed, and the cells were washed three 

times with PBS buffer. The cells were fixed by adding 10% formalin (1 mL/well), and after 

15 min, formalin was removed and cells were washed with PBS buffer (three times). DAPI 
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solution (300 nM, 300 μL/well) plus 200 μL of PBS buffer were added to each well. After 4 

min, they were removed, and cells were washed five times with PBS buffer. The cover glass 

was placed on a microscope slide, and images were obtained by Olympus FluoView 1000 

LSM confocal microscope.

Dose-Dependent Cellular Uptake of HA-NWs

To evaluate dose-dependent uptake of HA-NWs by SKOV-3 cells, media with different 

concentrations of HA-NWs were prepared (5, 10, 20, 50, 100, 200, and 400 μg Fe/ml) and 

incubated with cells for 1 h. Then, the medium was removed, and cells were washed with 

PBS buffer five times to remove any unbound particles. Finally, cells were collected and 

treated with concentrated nitric acid for 2 h at 60 °C followed by addition of a diluted nitric 

acid (2%) solution. Fe content of each sample was analyzed by Inductively Coupled 

Plasma–Atomic Emission Spectroscopy (ICP–AES).

Time-Dependent Cellular Uptake of HA-NWs

EA.hy926 cells were cultured in a six-well plate at 37 °C and 5% CO2 until they became 

confluent. Then FITC-HA-NWs (50 μg/mL) were added to the cells and allowed to incubate 

for 1, 2, and 4 h. Next, the medium was removed, and the cells were washed with PBS three 

times. Then trypsin was used to detach the cells, and it was neutralized by adding 5 volumes 

of serum-containing DMEM. Finally, cells were collected by centrifugation (1600 rpm, 5 

min), resuspended in DMEM, and transferred to FACS tube and kept on ice until FACS 

analysis.

HA-NW Binding with CD44 Expressing Cells by FACS Analysis

To assess the binding of FITC-HA-NWs with CD44-expressing cells, human ovarian cancer 

cells (SKOV-3) were cultured in a six-well plate (3 × 105 cells/well) and incubated at 37 °C 

and 5% CO2 until the cells became confluent. Cells were washed with PBS then FITC-HA-

NWs (100 μg/mL), and FITC-HA-SPIONs (110 μg/mL) at equivalent fluorescence amounts 

were dispersed in serum-free DMEM and added to the cells and incubated for 1 h at 37 °C 

and 5% CO2. Medium was removed and cells were washed with PBS three times. Cells were 

detached by adding trypsin, neutralized by adding five volumes of serum-containing 

DMEM, centrifuged (1600 rpm, 5 min), resuspended in DMEM, and transferred to FACS 

tubes kept on ice until FACS analysis.

HA-NW Binding with CD44 Expressing Cells by ICP Analysis

To evaluate the binding of HA-NWs with CD44-expressing cells by ICP-AES, the amount of 

Fe was measured after treatment of cells with HA-NWs and HA-SPIONs for 1 h. Cells were 

cultured in a six-well plate(3 × 105 cells/well) and incubated at 37 °C and 5% CO2 until the 

cells became confluent. Then the medium was removed, and cells were washed with PBS 

buffer. HA-NWs (50 μg Fe/mL) and HA-SPIONs (50 μg Fe/mL) were dispersed in DMEM 

without FBS, added to the cells, and incubated for 1 h. Next, medium was removed, and 

cells were washed with PBS buffer three times. Cells were collected, 2 mL of concentrated 

HNO3 was added, and it was stored at 60 °C for 2 h. Finally, each sample was diluted with 

HNO3 solution (2%), and its Fe content was measured using ICP-AES.
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Verifying the Role of HA in HA-NW Binding with CD44-Expressing Cells

To study the role of HA in binding of HA-NWs with CD44-expressing cells, FITC-labeled 

NWs (FITC-NWs) were prepared and SKOV-3 cells were treated with equivalent 

fluorescence amounts of FITC-HA-NWs and FITC-NWs for 45 min. Then the medium was 

removed, and cells were washed with PBS buffer three times. Next, cells were detached by 

adding trypsin and then neutralized by addition of 5 volumes of serum-containing DMEM. 

Finally, cells were collected by centrifugation (1600 rpm, 5 min), resuspended in DMEM, 

transferred to a FACS tube, and kept on ice until FACS analysis.

Establishing the Role of CD44 and HA in HA-NW Binding with CD44-Expressing Cells

To investigate the role of CD44 for binding and uptake of HA-NWs, SKOV-3 cells were 

incubated with anti-CD44 antibody [MEM-85] (10 μL/ml) for 1 h, then the medium was 

removed, and the cells were washed by PBS buffer. Next, the medium containing HA-NWs 

(100 μg/mL) was added and allowed to incubate for 45 min. Finally, cells were washed with 

PBS buffer five times and collected for ICP analysis. Mouse IgG2b [PLPV219] (20 μL/106 

cells) was used as an isotype control Ab for this experiment.

To investigate the role of HA for binding of HA-NWs, SKOV-3 cells (1.2 × 106 cells per 

well) were incubated with free HA (10 mg/mL) for 0.5 h, and then the medium containing 

HA-NWs (100 μg/mL) was added and allowed to incubate for 1 h. Finally, cells were 

washed with PBS buffer five times and collected for ICP analysis to quantify Fe content.

Energy-Dependent uptake of HA-NWs

To investigate the dependency of HA-NW uptake on energy, binding experiments were 

performed at 4 and 37 °C, respectively. SKOV-3 cells were cultured in a six-well plate (3 × 

105 cells/well) and incubated at 37 °C and 5% CO2 until the cells became confluent. Cells 

were washed with PBS, and then FITC-HA-NWs (100 μg/mL) were dispersed in serum-free 

DMEM, added to the cells, and incubated for 1 h at 37 or 4 °C. Then the medium was 

removed, and the cells were washed with PBS three times. Next, the cells were detached by 

addition of trypsin, and they were neutralized by addition of 5 volumes of serum-containing 

DMEM. Finally, the cells were collected by centrifugation (1600 rpm, 5 min), resuspended 

in DMEM, transferred to a FACS tube, and kept on ice until FACS analysis.

Analysis of RAW 264.7 Cell Inflammatory Responses to HA-NWs

Real-time PCR was used to measure inflammatory gene expression after treatment of mouse 

macrophage cells (RAW 264.7) with nanoparticles. Cells (2 × 105/well) were cultured in a 

six-well plate overnight until they reached to 70–80% confluence. HA-NWs and HA-

SPIONs (6 μg Fe/mL) were dispersed in serum-free medium and incubated with cells for 24 

h. The medium was then removed, and cells were washed with PBS buffer twice. Next, the 

total RNA content of each well was extracted using an RNA extraction kit (RNeasy Mini 

Kit). Then extracted RNA was purified using a TURBO DNA-free Kit, and the obtained 

RNA was quantified by NanoDrop and stored at −80 °C. cDNA was prepared from RNA and 

used for real time PCR. All of the primers (Table 1) were ordered from IDT Co.
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Inflammatory Response to HA-NWs and HA-SPIONs in Vivo

The inflammatory responses to HA-NWs and HA-SPIONs in vivo were evaluated in wild-

type mice. First, blood (200 μL) was collected through the saphenous vein to quantify the 

baseline levels of TNFα and IL-1β for each mouse. Then, HA-NWs or HA-SPIONs (8 mg 

Fe/kg) were administered to each group through retro-orbital injection, and mice were 

sacrificed 1 and 24 h after injection and blood was collected through cardiac puncture. The 

blood was centrifuged (4000 rpm, 30 min), and serum was collected and stored at −20 °C. 

For the control study, PBS (100 μL) was administered. The amounts of TNFα and IL-1β 
were quantified using a TNFα mouse ELISA kit and an IL-1β mouse ELISA kit according 

to manufacturer’s instructions.

Cell Viability Assay of HA-NWs

EA.hy926 cells were cultured in a 96-well plate in DMEM cell culture media containing 

FBS (10%) for 24 h at 37 °C and 5% CO2. The cells were then treated with different 

concentrations of NPs (0.0625, 0.125, 0.25, 0.5, 1 mg/mL) in serum-free medium. After 4 h 

of incubation at 37 °C, the medium was replaced with MTS solution (20 μL in 200 μL) in 

culture medium and incubated for 1 h at 37 °C. The developed brown color in the wells was 

an indication of live cells. The absorption of the plate was measured at 490 nm in an iMark 

microplate reader (BioRad). Wells without cells (blanks) were subtracted as background 

from each sample.

Evaluation of the Biocompatibility of HA-NWs in Vivo

HA-NWs (8 mg Fe/kg) were administered to wild-type mice via retro-orbital injection. After 

24 h, mouse blood was collected by cardiac puncture. Blood was stored in heparinized tubes 

(BD Vacutainer) at 4 °C and subsequently submitted for blood chemistry panel analysis. 

Moreover, liver, lung, and kidney were extracted and fixed in 10% buffered formalin 

solution for histopathological analysis. In addition, another group of mice received PBS 

injection as control for blood chemistry panel and histopathological analysis.

In Vivo Imaging

Mice were purchased from Jackson Laboratories and were kept in the University Laboratory 

Animal Resources Facility of Michigan State University. All of the experimental procedures 

and guidelines for animal study were performed under approval of Institutional Animal Care 

and Use Committee (IACUC) of Michigan State University.

Six-week-old ApoE knockout mice were fed a high fat Western diet (TD.88137, Harlan 

Laboratories) for 8 weeks. The mice were scanned on 7T MRI before and after retro-orbital 

injections of NPs. The abdominal aorta was serially scanned until the aortic lumen signal 

intensities returned to the preinjection value. For control, HA-NWs were injected into age- 

and sex- matched wild type mice following an identical imaging protocol as performed on 

ApoE knockout mice. Moreover, to investigate the role of HA in mediating the selective 

binding of HA-NWs with CD44 on atherosclerotic plaques in vivo, bare NWs without HA 

were administered to ApoE knockout mice and MRI experiments were performed. For 

competition experiments, free HAs (33 mg/kg) were mixed with HA-NWs (8 mg Fe/kg) and 

then injected into ApoE knockout mice, and MRI images were collected.
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Magnetic resonance experiments were performed on all mice anesthetized by 1.5% 

isoflurane following an induction using 4% isoflurane. Animals were secured in the supine 

position and restrained to reduce imaging artifacts due to motion. A Bruker 4-channel 

surface array was placed beneath the mouse to image the upper portion of abdominal aorta 

then placed in the isocenter of a Bruker 70/30 7 T horizontal bore imaging spectrometer. 

Serial images were acquired using the following acquisition parameters: TE/TR = 8/174 ms, 

in-plane resolution = 0.1 × 0.1 mm2, slice thickness = 0.8 mm, Flip Angle = 50 deg, Number 

of Acquisition (NA) = 16. The TE and NA were selected to obtain good imaging contrast 

within a reasonable amount of time, i.e. around 5.9 min per acquisition.

Histological Studies

ApoE knockout and wild-type control mice were sacrificed 2 h after administration of HA-

NWs and the aortas were harvested. The abdominal aorta was cut and placed in sucrose 

solution (30%) overnight and then fixed using a freshly prepared formalin solution. 

Specimens were processed, embedded in paraffin, and sectioned on a rotary microtome at 4 

μm. Sections were placed on slides and dried at 56 °C overnight. The slides were 

subsequently deparaffinized in xylene and hydrated through descending grades of ethyl 

alcohol to distilled water. Slides were placed in Tris-buffered saline pH 7.4 (Scytek 

Laboratories, Logan, UT) for 5 min for pH adjustment. Slides then underwent enzyme 

induced epitope retrieval using 2% proteinase K in TE buffer, pH 8.0 for 3 min at room 

temperature (Table 2), followed by rinses in several changes of distilled water. Endogenous 

peroxidases were blocked utilizing 3% hydrogen peroxide/methanol bath for 30 min 

followed by running tap and distilled water rinses. Following pretreatments, standard 

micropolymer complex staining steps were performed at room temperature on the IntelliPath 

Flex Autostainer. All staining steps were followed by rinses in TBS Autowash buffer 

(Biocare Medical, Concord, CA). After blocking for nonspecific protein with Mouse Block 

(Biocare) for 5 min, sections were incubated with specific primary antibodies (Table 2) in 

normal antibody diluent (NAD-Scytek) for 60 min. Micropolymer (Biocare) reagents were 

subsequently applied for specified incubations followed by reaction with Romulin AEC 

(Biocare) and counterstained with Cat Hematoxylin (Table 2).

In addition, ApoE knockout mouse aorta was incubated with HA-NWs (0.2 mg Fe/ml) at 

37 °C for 1 h. Aorta tissues were then washed with PBS buffer for 5 times and immersed in 

freshly prepared mixture (1:1) of 2% HCl and an aqueous 2% potassium ferrocyanide 

solution for 15 min. The solution was removed and the tissues were washed with PBS buffer 

and stored in ethanol solution.

RESULTS

Synthesis and Characterization of HA-NWs

Synthesis of HA-NWs started from dextran-coated superparamagnetic iron oxide 

nanoworms (NWs), which were prepared through the coprecipitation of Fe2+ and Fe3+ ions 

in the presence of dextran (40 kDa).22 Amine groups were introduced onto NWs by first 

cross-linking the surface dextran with epichlorohydrin followed by treatment with ammonia. 

HA was then conjugated onto aminated NWs through 2-chloro-4,6-dimethoxy-1,3,5-triazine 
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(CDMT) mediated amide bond formation18 leading to HA-NWs (Figure 1a). The 

morphology of HA-NWs was characterized through TEM, which showed elongated worm 

like shape of the HA-NWs. The average length of HA-NW core is 65 ± 15 nm, 

corresponding to 10–20 NPs forming a single chain for each NW (Figure 1b). For 

comparison, the spherical shaped SPIONs with dextran coating were synthesized following a 

previously established procedure using dextran with average molecular weight of 10 kDa.18 

Subsequent introduction of HA onto SPIONs produced HA-SPIONs. TEM showed the 

spherical shape of HA-SPION with the average diameter of iron oxide core of 6 nm (Figure 

1c). The key parameter in determining shape of the nanoconstruct is the molecular weight of 

dextran. Presumably, in the presence of higher molecular weight (40 kDa) of dextran during 

NW formation, the dextran coating on NPs linked multiple NPs forming a worm like 

structure.

The NW surface modification processes leading to HA-NWs were conveniently monitored 

by zeta potential analysis. The zeta potential value of as synthesized NWs is −6.0 mV in 

PBS buffer. Upon amination, the zeta potential became +4.5 mV due to the introduction of 

positively charged ammonium ions on the surface. The introduction of negatively charged 

HA onto aminated NWs decreased the zeta potential to −16 mV suggesting the successful 

conjugation of HA. The zeta potential of the corresponding HA-SPIONs was −14 mV, 

similar to that of HA-NWs. The hydrodynamic diameter of the HA-NW was 127 nm, 

increased from 93 nm for unmodified NWs. To facilitate tracking of the nanoprobes, FITC 

was introduced onto HA-NWs and HA-SPIONs producing FITC-HA-NWs and FITC-HA-

SPIONs. The r2* magnetic relaxivity of HA-NWs was determined to be 110 (sec mMFe)−1 

at 7 T and while the r2* value was 52 (sec mMFe)−1 for the corresponding HA-SPIONs. The 

high r2* value suggests HA-NWs are good MR contrast agents (Figure S1).

For biological applications of HA-NWs, it is important to ensure that all HA in a sample of 

HA-NWs is conjugated with NWs, as residual free HA can potentially compete with HA-

NWs for binding with CD44. To test this, we developed a new gel electrophoresis assay. 

Free HA, HA-SPION and HA-NW were electrophoresed on an agarose gel (0.8%) and 

stained with the Stains-All dye to visualize HA. Despite extensive washing after reaction of 

HA with aminated SPION or NW, there were still significant amounts of free HA associated 

with the particles (Figure S2a), presumably due to electrostatic interactions of HA with the 

particles. After investigating multiple methods, we found that washing the HA-SPION 

samples with 10% ammonium sulfate followed by ultrafiltration through centrifugal filters 

(MWCO 100 kDa), free HA can be successfully removed as confirmed by gel 

electrophoresis. HA-NWs required higher concentrations of ammonium sulfate (35%) to 

completely remove free HA possibly because of the stronger attraction of free HA with the 

longer NWs (Figure S2b). HA-NWs contaminated with free HA showed reduced binding 

with CD44-expressing cells, confirming the importance of completely removing free HA 

(Figure S3). TGA analysis showed that for purified HA-NWs, the organic content accounted 

for 91% of the total weight, with 70% coming from HA (Figure S4).
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Cellular Uptake of HA-NWs by CD44-Expressing Cells Is Much Higher than That of HA-
SPIONs

With HA-SPIONs and HA-NWs in hand, their interactions with CD44-expressing vascular 

endothelial cells EA.hy926 (Figure S5), macrophage RAW264.7 cells,24,25 and SKOV-3 

cancer cells26 were examined. FITC-labeled HA-NWs and HA-SPIONs were incubated with 

cells at equal initial FITC emission intensities, which was followed by extensive wash to 

remove unbound particles. The cells were then imaged through confocal microscopy. As 

shown in Figure 2b, f, both HA-NWs and HA-SPIONs could be found inside cells as 

indicated by the intracellular green fluorescence upon incubation. There was extensive 

colocalization of the FITC green fluorescence with the red fluorescence color from 

lysotracker indicating the nanoprobes entered lysosomes of the cells (Figure 2d, h). Cells 

treated with FITC-HA-NWs gave stronger FITC fluorescence intensities suggesting the 

uptake of HA-NWs was higher than that of HA-SPIONs (Figure 2b vs 2f).

To better quantify cellular uptake, flow cytometry analysis was performed, which showed 

cells incubated with FITC-HA-NWs gave more than four times higher fluorescence than 

those treated with FITC-HA-SPIONs (Figure 3a). To further confirm higher cellular uptake 

of HA-NWs, the amounts of iron inside cells were quantified by ICP-AES, which indicated 

significantly more iron in cells treated with HA-NWs than those with HA-SPIONs (Figure 

3b).

Both CD44 and HA Are Important for HA-NW Interactions with Cells

To confirm CD44 dependence of cellular interactions with HA-NWs, anti-CD44 monoclonal 

antibody (mAb) MEM-85 (IgG2b subtype) was added during cellular incubation of HA-

NWs. MEM-85 is known to bind with CD44 and competitively block its interactions with 

HA.27 ICP-AES quantification showed that MEM-85 led to 50% reduction of the 

intracellular level of iron, indicating that HA-NW uptake at least partially goes through 

CD44. A mouse IgG2b (PLPV219) not capable of binding CD44 was used as the isotype 

control mAb and intracellular iron quantification did not show reduction of HA-NW uptake 

when cells were coincubated with PLPV219 and HA-NWs (Figure 4).

The cellular uptakes of HA-NWs were measured under variable conditions including 

changes in temperature, incubation time, and incubation concentration. When cells were 

incubated with HA-NWs at 4 °C, HA-NW uptakes were much lower than those at 37 °C, 

indicating the uptake process was energy dependent (Figure S6).28 Incubation of HA-NWs 

with cells at various time intervals showed that the uptake reached the maximum levels after 

2 h of incubation (Figure S7). Treatment of cells with varying amounts of HA-NWs revealed 

that cellular uptake of HA-NWs could be saturated above 200 μg Fe/mL (Figure S8). These 

results are consistent with the idea that HA-NWs interact with cells through CD44 mediated 

endocytosis.

The importance of HA for cellular uptake was demonstrated by several experiments. 

Incubation of cells with FITC-labeled NWs without HA (FITC-NWs) showed little cellular 

uptake or binding when analyzed by FACS (Figure 5a). Treatment of cells with free HA (10 

mg/mL) before addition of HA-NWs competitively inhibited cellular uptake of HA-NWs 
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(Figure 5b). Calculations showed that 140 times higher amount of free HA was needed to 

reduce the binding of HA-NW by 90% indicating the multivalent properties of HA-NWs 

leading to higher avidity binding between CD44 and HA.

HA-NW Induced Much Lower Inflammatory Response than HA-SPIONs to Macrophages

For in vivo applications of nanoprobes, it is important that the probes are highly 

biocompatible. HA-NWs and HA-SPIONs were incubated with CD44 expressing mouse 

macrophage RAW264.7 cells,24,25 and the levels of proinflammatory cytokines induced 

were quantified by real-time polymerase chain reaction (RT-PCR). Cytokines such as IL-1α, 

IL-1β,29,30 TNFα,31–33 and MCP-1 are inflammatory, which increases vascular 

permeability34,35 and recruits inflammatory cells to plaques.36 Spp can induce migration of 

macrophages to the sites of inflammation.37 As shown in Figure 6, the levels of IL-1α 
expression in macrophages incubated with HA-NWs were less than 5% of those incubated 

with HA-SPIONs. In addition, cells treated with HA-NWs had significantly lower levels of 

other cytokines tested including IL-1β, MCP-1, TNF-α, and Spp (Figure 6a). In addition, 

inflammatory responses to HA-NWs vs HA-SPIONS were evaluated in vivo by examining 

TNFα and IL-1β levels in mouse blood 1 and 24 h after injection. Although TNFα level was 

not detectable in the blood before injection of HA nanoparticles, it increased 1 h following 

injection, and the TNFα level was 10 times higher in mice receiving HA-SPIONs vs those 

administered with HA-NWs indicating higher inflammatory responses to HA-SPIONs 

(Figure 6b). The TNFα level was not detectable 24 h after injection of both HA 

nanoparticles possibly due to feedback mechanisms that decrease TNFα production. IL-1β 
was not detectable in mice blood before injection, 1 and 24 h after injection of HA 

nanoparticles (data not shown). Collectively, these results suggest higher biocompatibilities 

of HA-NWs compared to HA-SPIONs.

HA-NWs Were Nontoxic to Cells and to Mice at the Concentrations Used for Imaging

To further test the biocompatibility of HA-NWs, cell viability assay was performed. 

Vascular endothelial EA.hy926 cells were incubated with HA-NWs and cell viabilities were 

determined by the MTS assay. No detrimental effects on cell viability were observed 

following incubation of HA-NWs up to 1 mg/mL (Figure S17).

To evaluate their biocompatibility in vivo, HA-NWs were injected into mice. One day after 

injection, blood was drawn from mice and a complete comprehensive blood chemistry panel 

analysis was performed. All of the parameters evaluated were in the normal range (Table 

S1). Most noteworthy were the negligible changes in alkaline phosphatase, aspartate 

aminotransferase, alanine transaminase, and γ-glutamyl transferase levels (markers for liver 

function) and total protein concentration (globulin and albumin) together with bilirubin level 

suggesting negligible acute toxicities. In addition, histopathological analysis did not show 

any signs of toxicity on liver, lung or kidney after HA-NW administration (Figure 7).

HA-NWs Enabled in Vivo Imaging of Atherosclerosis Plaques in ApoE Knockout Mice

With the strong binding of HA-NWs to CD44-expressing cells and their biocompatibility 

demonstrated, we examined next the utility of HA-NWs for atherosclerotic plaque detection 

in ApoE knockout mice. Compared to the rabbit model which utilizes balloon catheter de-
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endothelization surgical procedure of rabbit aorta to induce injury and initiate 

atherosclerosis development,38 ApoE knockout mice are attractive as they closely mimic 

human conditions by spontaneously developing human like atherosclerotic plaques without 

the need for surgery.39,40

ApoE knockout mice were injected with HA-NWs retro-orbitally, and the mice were 

subjected to serial MRI using a T2* weighted imaging protocol focusing on the abdominal 

aorta area. Upon administration of HA-NWs (8 mg Fe/kg body weight), the image 

intensities of the lumen significantly decreased due to the loss of signals induced by HA-

NWs (Figure 8). The lumen signal levels returned to preinjection levels within 80 min 

suggesting the majority of HA-NWs were cleared from the blood pool by that time. On aorta 

walls, the signal intensities of selective areas decreased to 20% of preinjection levels 20 min 

after injection presumably due to binding of HA-NWs and these signal intensities remained 

at ~20% of preinjection levels for more than 120 min (Figure 8). The signal changes could 

be observed in multiple locations of the aorta of ApoE knockout mice and the signals of the 

vessel walls fully recovered after 1 week (Figures S9–S12). Furthermore, even with a low 

dose of 2.8 mg Fe/kg of HA-NWs, effective plaque imaging could still be achieved (Figure 

S10).

To ascertain if signal changes were caused by HA-NW binding to atherosclerotic plaques in 

ApoE knockout mice, several control imaging experiments were performed. Following 

identical protocol as HA-NWs, NWs without HA were injected into ApoE knockout mice at 

the same Fe concentration and T2* weighted MRI were performed. No signal losses were 

observed from aorta wall of these mice (Figure S13b). In addition, when free HA was 

coinjected with HA-NWs to ApoE knockout mice, little signal changes were found from 

aorta walls possibly because free HA competed with HA-NWs for binding with CD44 rich 

plaques (Figure S13c). These results confirmed the importance of HA for plaque detection in 

vivo.

Another control experiment was performed by administering HA-NWs to wild type mice 

followed by MRI (Figure S13a). These mice did not have atherosclerosis, and their aorta 

walls did not exhibit significant changes in T2* weighted MRI after HA-NW injection. This 

suggests signal changes found in ApoE knockout mice caused by HA-NWs were not due to 

nonspecific binding of HA-NWs to mouse aorta walls.

The performance of HA-NWs in MRI of plaques was compared to HA-SPIONs next. HA-

SPIONs (8 mg Fe/kg) were injected to ApoE knockout mice and their aortae were scanned 

following the identical T2* weighted MRI protocols as those receiving HA-NWs discussed 

above. As expected, upon HA-SPION administration, the lumen of aorta turned black in 

T2*-weighted images suggesting HA-SPIONs entered the blood causing significant MR 

signal losses (Figures S14 and S15). The signal intensities of lumen in these mice did not 

recover even 140 min after injection, which prevented the detection of plaques on aorta walls 

due to a lack of MR contrasts between the lumen and aorta walls. This was a stark difference 

from mice receiving HA-NWs (Figures 8 and S14), where lumen signals returned to 

preinjection levels within 80 min after injection presumably due to higher cellular uptake of 
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HA-NWs compared to HA-SPIONs. These results indicate that HA-NWs are not only more 

biocompatible but also more superior imaging agents than HA-SPIONs.

Histological Analysis

F4/80 staining of abdominal aorta in ApoE knockout mouse showed accumulation of 

macrophages in abdominal aorta wall at the same locations where MRI signal changes were 

observed (Figures 9a, b). The same stain did not show macrophages accumulation in the 

wild type control mouse aorta (Figures 9c, d). Prussian blue staining of ApoE knockout 

mouse aorta after incubation with HA-NWs showed the presence of iron in lumen wall 

indicating binding of HA-NWs with CD44-expressing cells present in lumen wall (Figure 9e 

vs 9f). In addition, aorta tissues incubated with HA-NWs displayed more intense Prussian 

blue staining than those with HA-SPIONs (Figure S16), which was consistent with in vitro 

cellular studies suggesting stronger binding of HA-NW with plaque residing cells.

DISCUSSION

SPIONs have been generally considered biocompatible.41,42 However, they can impair iron 

homeostasis in cells, resulting in inflammation or other adverse effects.43,44 While HA can 

reduce inflammatory activities, to further enhance the biocompatibilities and cellular 

binding, we have synthesized HA-NWs, which have elongated shape vs the spherical HA-

SPIONs.

The size and shape of nanomaterials can impact cellular uptake and inflammatory responses.
45–47 Chen and co-workers synthesized polymer nanoparticles with either spherical or 

cylindrical shapes, which were then functionalized with mannose to yield 

glyconanoparticles.48 Cellular uptake experiments with RAW 264.7 cells showed that 

spherical glyconanoparticles were taken up much more than cylindrical particles. The longer 

cylindrical glyconanoparticles induced higher inflammatory responses (IL-6) than shorter or 

spherical ones. The Chan group found that Hela cells internalized more spherical gold 

nanoparticles (AuNPs) than rod-shaped AuNPs.49 Smaller spherical polymeric micelles 

were taken up by cells more than analogous cylindrical micelles.50 Thiolated 

poly(methacrylic acid) capsules with different morphologies could influence cytokine 

secretion by macrophages: short rod-shaped capsules stimulated the generation of higher 

levels of TNF-α and IL-8 compared with spherical or long rod-shaped capsules.51

In contrast, a series of other studies showed higher uptake of rod like particles vs spherical 

ones. Sailor group demonstrated that NWs coated with tumor targeting peptide accumulated 

in tumor tissues in vivo twice as much as the spherical particles bearing the same ligand.22,52 

When spherical Au-NPs and Au nanorods coated with West Nile virus envelope were 

incubated with cells, 6 times more nanorods were found internalized than the corresponding 

spherical Au NPs.53 Yet, the Au-NPs induced higher amounts of inflammatory cytokines 

such as TNF-α compared to the nanorods. The divergent impact of size and shape on 

cellular interactions could be affected by factors including (1) pathways for endocytosis;48 

(2) shape-dependent membrane wrapping time required to engulf the nanomaterials;50 and 

(3) receptor density and rates of receptor endocytosis.
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In our studies, despite similar surface charges, HA-NWs induced much lower inflammatory 

response compared to spherical HA-SPIONs, while the cellular uptake of HA-NWs was 

significantly higher (Figures 2,3, and 6). HA-NWs interacted with CD44-expressing cells in 

a CD44- and HA-dependent fashion as demonstrated in anti-CD44 mAb blocking and HA 

competition experiments (Figures 4 and 5). The higher cellular uptake of HA-NWs can be 

explained by molecular weight dependence of HA-CD44 interactions. HA exists in nature as 

a homopolymer of disaccharides of D-glucuronic acid β-1,4 linked with D-glucosamine. 

While CD44 can bind with HA as short as a hexasaccharide, the binding affinity can 

significantly increase with higher molecular weight of HA.54–56 The NWs can provide a 

multivalent platform to present a large number of HA molecules on the surface leading to 

high avidity with the CD44 receptor. This is supported by our observation that 140 times 

more free HA is needed to reduce the binding of HA-NW by 90% (Figure 5). Compared to 

the corresponding HA-SPIONs, HA-NWs have elongated shapes. As a result, one HA-NW 

can possibly simultaneously engage a larger number of CD44 receptors on cell surface 

leading to stronger binding to cells.

The biological activities of HA are dependent upon its molecular weight.57 Low molecular 

weight HAs can be inflammatory, while the high molecular weight HAs (million Daltons) 

are anti-inflammatory.57 As one NW consists of multiple SPIONs and contains more HA per 

particle, it is possible that HA-NWs can better mimic high molecular weight HA, more 

effectively reducing the inflammatory activities resulting from the iron oxide core of the 

nanoprobes.

Due to the severe adverse effects of atherosclerosis on public health, there is high interest in 

developing imaging methods to detect atherosclerotic plaques. MRI is a powerful technique 

for morphological imaging of blood vessels.6,7 To better characterize plaques, contrast 

agents that can aid in the depiction of molecular process signatures other than plaque 

morphology are highly desired.8,9 SPIONs are a popular class of contrast agents,37,58 which 

lead to reduction of MR signals in T2 and T2* weighted images creating contrast from the 

surroundings. Earlier imaging studies using SPIONs take advantage of the nonspecific 

uptake of the NPs by macrophages.59–62 As a result, high concentrations of SPIONs (typical 

dose 56 mg Fe/kg) need to be administered, which produce complete signal losses in lumen 

of the blood vessels.59–63 In order to obtain sufficient contrast between plaques and lumen 

and allow sufficient clearance of NPs from the blood pool and the background, imaging was 

commonly performed at least 1 day and optimally 4 to 5 days after injection.59–62,64 In 

addition, longitudinal monitoring of plaque development will require regular administration 

of the nanoprobes. The need for prolonged delay of MRI after probe administration coupled 

with the possible inflammatory activities of SPIONs raise cautions for wide applications of 

these particles.

To improve on the performance of SPIONs and to provide information on the molecular 

composition and/or the state of the plaque, various targeting ligands have been immobilized 

onto SPIONs,65–69 which include peptide binders and mAbs for vascular cell adhesion 

molecule-1 (VCAM-1) and annexin V for apoptotic cells. Some of these probes have been 

employed to evaluate plaques in vivo. However, in many of these studies, high 
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concentrations of NPs and/or prolonged delay after injection were still necessary for 

imaging.

In our work, we selectively target CD44, which is a receptor highly expressed in multiple 

plaque residing cells including endothelial cells, macrophages, and monocytes.10,12–14,70 A 

significant advantage using HA-NWs is that plaque detection and imaging can be performed 

right after probe injection. This is probably due to two reasons: (1) With the strong binding 

to CD44 and the high magnetic relaxivities of HA-NWs, relatively small amounts of HA-

NW (2.8 mg Fe/kg) are needed to visualize the plaques in mice. As a result, the lumen of the 

blood vessels appeared gray rather than black in T2* weighted MRI, allowing the distinction 

between lumen and the black plaque site even right after injection. (2) Because CD44 is 

present on endothelial cells at the surface of the plaque tissues, HA-NW could rapidly bind 

with CD44 without the need to wait for particle penetrations into the tissues.

CONCLUSION

We have synthesized HA-conjugated NWs for the first time. HA-NWs can interact more 

strongly than the corresponding spherical-shaped HA-SPIONs with CD44-expressing cells 

in CD44- and HA-dependent manners. Furthermore, the inflammatory activities were 

significantly attenuated in HA-NWs suggesting engineering of nanomaterial shape and 

morphology can be a promising future direction to develop probes for plaque detection. The 

high avidity to CD44, good biocompatibility, and high magnetic relaxivity of HA-NW 

render it an attractive probe for in vivo imaging and detection of atherosclerotic plaques as 

well as for longitudinal monitoring of plaques to aid in the development of novel therapeutic 

interventions.
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Figure 1. 
(a) Synthesis of HA-NWs. (b) TEM images for HA-NWs showed the elongated shape of 

HA-NWs. Three representative worms were traced with red lines. (c) TEM image for HA-

SPIONs showed spherical morphology. Scale bars are 50 and 20 nm for b and c, 

respectively.
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Figure 2. 
Confocal microscopy showed stronger interaction for HA-NWs (a–d) than the corresponding 

HA-SPIONs (e–h) with CD44-expressing cells such as vascular endothelial cells EA.hy926: 

(a, e) red lysotracker channel showing locations of the lysosomes; (b, f) FITC channels 

showing locations of the nanoprobes; (c, g) DAPI channels showing location of nuclei; (d, h) 

overlays of red lysotracker and green FITC and DAPI channels. Scale bars are 10 μm.
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Figure 3. 
HA-NW uptake by CD44 expressing EA.hy926 cells is higher than that of HA-SPIONs. (a) 

Mean fluorescence intensities of EA.hy926 cells following incubations with HA-NWs and 

HA-SPIONs. (b) Intracellular Fe content was quantified by ICP after incubations with HA-

NWs and HA-SPIONs. The p-values were obtained from student’s t-test.
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Figure 4. 
Pretreatment of cells with an anti-CD44 mAb MEM-85 resulted in 50% reduction of HA-

NW cellular uptake, while the non-CD44 binding isotype control mAb PLPV219 did not 

have much effects on cellular uptake of HA-NWs. The p-value was obtained from student’s 

t-test.
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Figure 5. 
Presence of HA on HA-NWs was necessary for their cellular interactions with cells: (a) cells 

were treated with equivalent amounts of NWs and HA-NWs and analyzed by FACS; (b) 

Pretreatment of cells with free HA significantly reduced cellular interactions with HA-NWs. 

The p-values were obtained from student’s t-test.
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Figure 6. 
Inflammatory response to HA nanoparticles. (a) Expression levels of inflammatory genes 

after treatments of RAW264.7 cells with equivalent amounts of HA-SPIONs and HA-NWs. 

HA-NWs induced significantly less inflammatory cytokines compared to HA-SPIONs. (b) 

TNFα levels in blood from mice before and after injection of HA nanoparticles. HA-

SPIONs induced a higher level of TNFα 1 h after injection compared to HA-NWs. N.D.: not 

detected.
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Figure 7. 
Histopathology images of extracted organs 24 h after HA-NW administration. No significant 

differences were observed in these organs compared to those from control mice receiving 

PBS only: (a) mouse liver medulla, (c) mouse lung tissue, (e) mouse kidney medulla, and (g) 

mouse kidney cortex 24 h after HA-NW injection; (b) mouse liver medulla, (d) mouse lung 

tissue, (f) mouse kidney medulla, and (h) mouse kidney cortex images from control mouse. 

Scale bar is 100 μm.
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Figure 8. 
T2*-weighted MR images of ApoE knockout mice aorta (a) before injection of HA-NWs (8 

mg Fe/kg body weight) and different time intervals after injection of HA-NWs (b–g). Areas 

of the aorta walls that have undergone contrast changes are highlighted by white arrows. (h) 

Quantification of signal intensity changes for lumen and aorta wall before injection and at 

different time intervals after injection of HA-NWs. The p-value was obtained from student’s 

t test.
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Figure 9. 
F4/80 staining showed macrophage accumulation in ApoE knockout mouse aorta. (a, b) 

ApoE knockout mouse aorta slice before and after F4/80 staining. (c, d) Wild-type mouse 

aorta slice before and after F4/80 staining. Prussian blue staining of (e) ApoE knockout 

mouse and (f) wild type aorta after incubation with HA-NWs. The staining (blue green 

color) was much more intense in panel e than f.
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Table 1

Primer Sequences of Inflammatory Genes Used for RT-PCR Study

gene forward primer (5′→3′) reverse primer (5′→3′)

IL-la CGAAGACTACAGTTCTGCCATT GACGTTTCAGAGGTTCTCAGAG

IL-lb TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC

MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

Spp-1 ATCTCACCATTCGGATGAGTCT TGTAGGGACGATTGGAGTGAAA

ICAM-1 GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG
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Table 2

F4/80 Staining Protocol for Macrophage Staining in ApoE Knockout Mouse Aorta

primary Ab Ab vendor pretreatment primary staining system

rat anti – F 4/80 Biorad MCA497G proteinase K, rt, 3 min 1:100 in NAD, 60 min ProMark Rat on Mouse HRP Polymer:

monoclonal Hercules, CA 15 min, probe
15 min, polymer
AEC, 5 min
CATHE hematoxylin 1:10, 1 min
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