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Abstract
The progression of atherosclerosis is associated with leukocyte infiltration within lesions. We
describe a technique for the ex vivo imaging of cellular recruitment in atherogenesis which utilizes
quantum dots (QD) to color-code different cell types within lesion areas. Spectrally distinct QD were
coated with the cell-penetrating peptide maurocalcine to fluorescently-label immunomagnetically
isolated monocyte/macrophages and T lymphocytes. QD–maurocalcine bioconjugates labeled both
cell types with a high efficiency, preserved cell viability, and did not perturb native leukocyte function
in cytokine release and endothelial adhesion assays. QD-labeled monocyte/macrophages and T
lymphocytes were reinfused in an ApoE−/− mouse model of atherosclerosis and age-matched controls
and tracked for up to four weeks to investigate the incorporation of cells within aortic lesion areas,
as determined by oil red O (ORO) and immunofluorescence ex vivo staining. QD-labeled cells were
visible in atherosclerotic plaques within two days of injection, and the two cell types colocalized
within areas of subsequent ORO staining. Our method for tracking leukocytes in lesions enables high
signal-to-noise ratio imaging of multiple cell types and biomarkers simultaneously within the same
specimen. It also has great utility in studies aimed at investigating the role of distinct circulating
leukocyte subsets in plaque development and progression.

1. Introduction
Atherosclerosis is a complex disease exacerbated by multiple cellular and molecular
participants. A key contributor to atherogenesis is the dysfunction of vascular endothelium,
which presents molecular cues promoting leukocyte infiltration into arterial intima [34,35].
Leukocytes which localize within atherosclerotic plaques include monocytes [59,34] and
lymphocytes, primarily of the CD4+ subset [56,65]. Monocytes migrate toward lesions and
accumulate lipids in a process that transforms them into macrophages and macrophage-derived
foam cells [32]. These lipid-laden macrophages secrete reactive oxygen species and proteinases
which induce a positive-feedback monocyte recruitment cascade, eventually leading to plaque
instability and rupture [13]. Lymphocytes also contribute to the progression of atherosclerosis
via the secretion of the proinflammatory cytokine interferon gamma (IFN-γ), which contributes
to leukocyte recruitment into plaques and to plaque instability [56,21,40,52]. Other cell types,
such as neutrophils [49] and dendritic cells [7,8], also play a role in potentiating atherosclerotic
complications via their activation proximal to inflammatory plaque surfaces. Quantitative
imaging of inflammatory cells such as macrophages [48] and T lymphocytes [22] within
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atherosclerotic lesions has been reported and is useful for elucidating biological processes and
response to therapies in vascular disease. Given the diversity of cell types involved in lesion
biology, multiplexing techniques for visualizing spatial and temporal dynamics for a variety
of cellular mediators are needed to identify their specific roles in the different stages of
atherosclerosis.

Advances in understanding the pathobiology of atherosclerosis have identified a number of
key cellular and molecular mediators involved in early and late stages of disease [11,12].
Furthermore, innovations in both imaging instrumentation and in vivo imaging reagents
complement these therapeutic and diagnostic targets for developing strategies to visualize
vascular disease in vivo [26,27]. Current work has enabled the in vivo visualization of
macrophages in lesions using magnetic resonance imaging [3,37]. Other modalities facilitating
studies of atherosclerosis include optical imaging [44,62,14], and positron emission
tomography (PET) [50], through approaches targeting either intracellular or cell surface
biomarkers. However, PET is limited in resolution due to scattering artifacts and is limited in
the number of applicable tracers. For optical imaging purposes, many cell-labeling optical
tracers such as calcein-AM (CAM) and acridine orange have low photostability, may leak out
of cells once internalized, and have emission spectra that significantly overlap with the
autofluorescence of tissues [46,47]. Encoding cells with fluorescent proteins has been
successfully utilized for bioimaging applications, but requires in vitro or ex vivo transfections,
and fluorescent protein emissions may overlap with the autofluorescence window of tissues
and atherosclerotic plaques [54]. Magnetic resonance imaging and other clinically relevant
imaging modalities such as ultrasound and immunoscintigraphy cannot detect distinct ‘colors’
within tissue, complicating multiplexed approaches [41]. Recently, we investigated a strategy
for the color-coding of circulating leukocytes and cell surface biomolecules with fluorescing
semiconducting nanocrystals, or quantum dots (QD), for multiplexed in vivo vascular imaging
in rodent models of ocular inflammation [29]. The size-tunable emission spectra of QD enable
the simultaneous in vivo and ex vivo tracking of multiple cells and biomarkers within the
vasculature of the same animal with only one excitation source. Furthermore, QD are amenable
to bioconjugation of ligands for cell targeting, and feature high quantum yields and
photostability for long-term imaging applications [2,19,6,17,24,28].

In this report, we demonstrate the utility of a method based on the optical properties of QD to
perform ex vivo imaging of atherosclerotic cellular components. The technique uses QD coated
with the cell-penetrating peptide maurocalcine [15] to fluorescently label leukocytes. This
peptide has been shown to translocate fluorescent cargoes across membranes in a variety of
live cells such as hippocampal neurons in vitro without adverse functional effects or toxicity
[9,15,38]. We isolated monocyte/macrophages and T lymphocytes based on the biomarkers
CD11b and TCR, respectively, for QD labeling. Both populations have been strongly
associated with the pathogenesis of lesion formation [35]. These populations were labeled with
distinct QD emission wavelengths so that they could be simultaneously detected in tissue. This
approach was used to visualize leukocyte subtype recruitment to aortic lesions in the
ApoE−/− mouse model of atherosclerosis [45], and is a promising strategy for the multiplexed
imaging of cells and biomolecules in vascular processes.

2. Methods
2.1. Immunomagnetic isolation of leukocytes

All animal procedures were approved by the Institutional Animal Care and Usage Committee
at Vanderbilt University. Spleens from wild-type and ApoE−/− mice aged from 7 months to 1
year were collected in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1%
streptomycin-Fungizone. Splenocytes were prepared by disrupting the spleen with a syringe
plunger on a nylon mesh filter. Collected cells were washed once in RPMI medium.
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Lymphocytes were isolated using Lympholyte M density gradient medium (Cedarlane
Laboratories, Burlington, NC) according to manufacturer's instructions. Lympholyte M
removes granulocytes and erythrocytes from the sample, leaving a supernatant consisting of
mononuclear cells for the subsequent enrichment of monocyte/macrophages and lymphocytes
[1,25,53]. Monocyte/macrophage and T lymphocyte-rich leukocyte fractions were enriched
using anti-CD11b-coated paramagnetic microbeads (Miltenyi Biotec, Auburn, CA, #
130-049-601) and biotin-anti-T cell receptor antibody (TCR β chain, BD Biosciences, San
Jose, CA) coated paramagnetic microbeads (Miltenyi Biotec # 130-091-256) for CD11b+ cells
and T lymphocytes, respectively. Each population was characterized by flow cytometry.
Antibodies used were phycoerythrin (PE) anti-CD11b (BD Biosciences # 557397) for
validation of immunomagnetic isolations, Alexa Fluor 488 anti-CD68 (AbD Serotec, Raleigh,
NC, # MCA1957A488) for monocyte/macrophages, and PE anti-CD4 (BD # 553049) and PE
anti-CD8a (BD # 553032) for detection of T lymphocytes (double positive staining). In all
cases, the purity was >90% (n = 4). Data was analyzed using a FACSCalibur flow cytometer
(BD Biosciences) and FlowJo 7.2 (Treestar Software, Ashland, OR).

2.2. Quantum dot labeling of leukocytes
QD coated with 6–8 streptavidins/nanoparticle emitting at 585 and 655 nm (QD585 and
QD655) were purchased from Invitrogen Corporation (Carlsbad, CA). Biotinylated
maurocalcine peptide was synthesized by Biomatik Corporation according to previously
published protocols [15]. A 35-fold molar excess of peptide was mixed with 1 molar equivalent
of QD585 or QD655 in 100 mM PBS, pH = 7.4, for 30 min at room temperature. QD–
maurocalcine was then separated from excess peptide using size-exclusion chromatography
over a Superdex 200 column according to the manufacturer's instructions (GE Healthcare, UK).
Elution fractions were measured using a BioTek Synergy HT microplate spectrophotometer
(BioTek, Vermont, USA) configured for QD fluorescence at 585 or 655 nm, and peptide
fluorescence as measured by fluorescamine assay (Sigma Chemical, St Louis, MO). This
process typically yielded QD with 12–17 peptides per nanocrystal.

For each cell-labeling experiment, 1× 106 cells ml−1 were labeled with 100 nM QD–
maurocalcine in PBS, pH = 7.4, at 37 °C for 30 min. In some cases, leukocytes were labeled
ex vivo with 1 μM calcein-AM for 30 min according to the manufacturer's instructions
(Invitrogen). Cells were rinsed with PBS via centrifugation at 200g for 10 min. The fraction
of viable cells was determined by the LIVE/DEAD single color fixable green kit according to
the manufacturer's instructions (Invitrogen) on a FACSCalibur flow cytometer. Live cell
population was then gated to determine the fraction of QD-labeled cells. Unlabeled cells
subjected to the same rinsing and centrifugation steps served as controls.

2.3. Monocyte adhesion assay
A bEnd.3 mouse endothelial cell line was a gift from Dr Jack Virostko of the Vanderbilt
University Institute for Imaging Science. Cells were cultured in DMEM supplemented with
10% fetal bovine serum to confluence on 24-well tissue culture grade microplates. Cells were
then treated with 500 ng ml−1 Salmonella Typhimurium lipopolysaccharide (LPS, Sigma) or
untreated in complete media overnight. Monocyte/macrophages (1 × 106 cells ml−1) were
incubated with 1 μM calcein-AM (CAM, Invitrogen) for 30 min. From this suspension, aliquots
containing 100000 monocyte/macrophages were either incubated in PBS or PBS containing
100 nM QD–maurocalcine for 30 min at 37 °C. After rinsing with PBS, cells were plated onto
LPS-stimulated or untreated bEnd.3 monolayers and incubated for 1 h at 37 °C. At the end of
the experiment, monolayers were rinsed three times with PBS to remove non-adherent cells,
and the microplate was measured for calcein-AM fluorescence (490 nm excitation/525 nm
emission). Results were compared by t-test and plotted using Sigmaplot 9 (SYSTAT, San Jose,
CA).
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2.4. Cytokine ELISA of QD-labeled leukocytes
Cytokine secretion by QD-labeled cells in the presence or absence of stimulating agents was
investigated by ELISA. CD11b+ and TCR+ immunomagnetically purified cells were labeled
with QD–maurocalcine, and incubated with or without lipopolysaccharide (LPS for CD11b+)
or Concanavalin A (ConA, TCR+) to stimulate cytokine secretion. Following exposure, cell
supernatants was assayed for cell-specific cytokine secretion using mouse IL-2 and TNFα
ELISA kits according to the manufacturer's instructions (eBioscience, San Diego, CA).
Concentrations and durations used for stimuli were: ConA, 2 μg ml−1 for 22 h, and LPS: 50
ng ml−1 for 6 h. Experiments were performed in triplicate.

2.5. Analysis of QD-labeled leukocytes in ApoE−/− mouse aorta
ApoE−/− and wild-type mice ranging from 5 months to 1 year of age fed on a chow diet were
injected with 1 × 106 QD–maurocalcine-labeled or CAM-labeled monocyte/macrophages or
T lymphocytes via the retro-orbital plexus. In some cases, a solution of 100 nM QD–
maurocalcine in 100 μl PBS was injected. Animals were euthanized 2, 3, 5, or 28 days post-
injection, and both aortic sinus and whole aorta were harvested, sectioned, and prepared as
described previously [57]. 5 μm frozen sections were stained for immunofluorescence with
Alexa Fluor 488-conjugated anti-CD68 or anti-TCR and mounted in VECTASHIELD with
DAPI (Vector Laboratories, Burlingame, CA). Sections were analyzed by fluorescence
microscopy on a Nikon TE2000U Eclipse inverted microscope (Nikon Instruments, Melville,
NY) using DAPI, Alexa Fluor 488/calcein-AM, QD585, and QD655-specific bandpass filter
sets in conjunction with a Hamamatsu C7780 cooled CCD camera (Hamamatsu Corp.,
Bridgewater, NJ). Image analysis was conducted using Image Pro Plus 5.1 (Media Cybernetics,
Bethesda, MD).

2.6. Ex vivo imaging
En face aortas from ApoE−/− and wild-type mice were imaged for QD fluorescence using an
IVIS 200 fluorescence imaging system configured for spectrally distinct detection of QD585
and QD655 using bandpass emission filters (Caliper Life Sciences, Hopkinton, MA). For QD
imaging, GFP excitation settings were used, and for ORO, Texas Red excitation settings were
used. Following QD imaging, aortas were stained with Oil Red O (ORO) and the percentage
of atherosclerotic lesions (ORO positive area) was quantified using a previously described
technique [16]. The IVIS 200 was then used to image ORO-stained areas via analysis of dye-
induced fluorescence [60,64] with QD fluorescence subtracted from the image. QD585
lymphocytes, QD655-monocyte/macrophages, and ORO could be colocalized within the same
tissue due to their distinct spectra. For quantification of lesion fluorescence intensities,
ORO+ lesions in 12 month old ApoE−/− en face aortas were identified and encircled using the
region of interest (ROI) function in Image Pro Plus. The same ROI's were then placed in
matched regions on the age-matched wild-type mice and younger ApoE−/− mouse (5 mos.)
aortas. For these matched ROI's (n = 6 areas per aorta), mean fluorescence intensities in the
QD585, QD655, and ORO-specific channels were measured.

3. Results
3.1. Loading of leukocytes with QD–maurocalcine bioconjugates

The attachment of maurocalcine cell-penetration peptides to QD enabled their efficient loading
into T lymphocytes and monocyte/macrophages ex vivo, with no appreciable effects on cell
viability and function. Immunomagnetic isolation procedures using anti-TCR and anti-CD11b
beads yielded distinct leukocyte subpopulations as demonstrated by flow cytometric analysis
(figures 1(A) and (B)). Both cell subsets were distinctly identified via characteristic markers
CD11b/CD68 (monocyte/macrophage) and CD4/CD8 (T lymphocyte). Labeling of these
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populations separately with QD585-maurocalcine and QD655-maurocalcine was more
efficient than labeling with QD-streptavidin alone (figures 1(C) and (D)).

3.2. Effects of QD labeling on leukocyte function
Flow cytometric viability assays did not reveal significant differences in cell viability between
unlabeled cells and cells labeled with QD–maurocalcine, for either cell population (figure 2
(A)). Furthermore, monocyte/macrophages labeled with QD adhered to LPS-stimulated bEnd.
3 mouse endothelium at a statistically similar efficiency to cells loaded only with CAM cell
tracking dye (figure 2(B)). In cytokine release assays, monocyte/macrophages loaded with
QD–maurocalcine released <20 pg ml−1 TNF-α, statistically similar to untreated cells. T
lymphocytes secreted less than 0.05 ng ml−1 IL-2, similar to untreated cells.

3.3. Localization of QD-labeled leukocyte subsets in atherosclerotic lesions
QD-labeled monocyte/macrophages were observed in atherosclerotic lesions as early as two
days post-injection and as late as four weeks (last time point of the study) in ApoE−/− mice.
Figure 3 shows QD-labeled monocyte/macrophages (QD655-CD11b+) within aortic root
lesions of 7 (figures 3(A)–(C)) and 12 month old (figures 3(D)–(F)) ApoE−/− mice, representing
early and late atherosclerotic lesions. In very early atherosclerosis (5 month old ApoE−/−),
however, only minimal QD655-CD11b+ accumulation were detectable by fluorescence
microscopy in thin sections of immature lesions (figure 3(H)). In all three groups of ApoE−/−

mouse lesions, infused monocyte/macrophages appeared to have infiltrated endothelium to
take up residence in deep regions of the lesion, together with pre-existing macrophages, as
indicated by colocalization of QD655-CD11b+ cells with AF488-CD68, a monocyte/
macrophage-specific marker (figures 3(C), (F), (H)). The extent of accumulation of both
resident and reinfused cells in the lesions of younger animals was clearly lower than the
accumulation in 1 year old ApoE−/− mouse lesions. Our observations confirmed that plaque
monocyte/macrophage accumulation was proportional to the extent of lesion progression as
determined by lesion size and ORO staining. QD655-CD11b+ cells were observed to
accumulate within the same regions in plaques as CAM-labeled CD11b+ cells as indicated by
colocalization of the two cell populations, indicating that QD labeling procedure did not affect
leukocyte homing capabilities (figure 3(I)). Additionally, a solution of QD–maurocalcine
systemically injected at the same volume and concentration used for cell loading did not
accumulate within plaque regions which accumulated CAM-labeled CD11b+ monocyte/
macrophages (figure 3(J)). QD signal was readily distinguishable from autofluorescence of
tissue sections (figure 3(L)).

QD-labeled T lymphocytes (QD585-TCR+) cells were observed in aortic lesions of ApoE−/−

mice as early as two days and as late as four weeks after injection. QD585-labeled cells were
detected within lesions as small clusters (yellow) colocalizing with AF488-labeled anti-TCR
antibody (AF488-TCR, figure 4(A)), confirming the phenotype of the infiltrate. QD585-
TCR+ were detected in CD68-rich areas (yellow) or areas of low or absent CD68 expression
(red, figure 4(B)). As with QD-labeled monocyte/macrophages, the high quantum efficiency
of QD enabled high signal-to-background ratio imaging of T lymphocytes in lesion areas
(figure 4(C)).

The circulation time allotted for QD-labeled cells to home to lesions generally did not affect
relative levels of leukocyte accumulation in lesions, as 4 week post-injection time-points
exhibited similar accumulation of leukocytes as 2–5 day post-injection time-points (data not
shown). Generally, QD were not observed to fade even for up to a month following sample
preparation, nor did extended circulation time of QD-labeled cells adversely affect
photostability and photointensity of QD within lesions.
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3.4. Correlation of leukocyte accumulation with ORO staining by en face analysis
Macroscopic fluorescence imaging of en face preparations of ApoE−/− (5, 12 months) and wild-
type (12 months) mouse aortas was indicative of QD585-TCR+ and QD655-CD11b+ cell
accumulation in ORO-stained lipid regions throughout the aortic stem (figures 5(A)–(C)). No
cells were observed in wild-type aortas (WT), indicating that QD-labeled cells homed
specifically to lesion areas. The fluorescence spectra of ORO did not overlap with that of
QD655 and QD585, due to the use of distinct excitation and emission filters and the serial
nature of sample preparation, whereby QD images were acquired prior to ORO staining to
allow for digital image background correction. Quantitative image analysis indicated that QD
and ORO signal intensity in aortas was proportional to mouse atherosclerotic lesion burden,
as 5 month old ApoE−/−mice had substantially lower intensities that the 12 month old
ApoE−/− mice injected and stained under the same conditions (figure 5(D)). QD labeling
afforded as high as 90% signal intensity enhancement of lesion area over wild-type aortic
background. Thus, macroscopic fluorescence imaging in conjunction with QD-labeled cells
and ORO can be used to quantify both cell and lipid content of lesions.

4. Discussion
QD are versatile reagents for imaging disease in preclinical models, due to the flexibility of
ligands (nucleic acids, antibodies, peptides) that can be accommodated, high photostability and
emission intensity, size-tunable emission wavelengths, and imaging of multiple QD within
tissue with only one excitation wavelength [18]. QD have been loaded into (cytoplasm) or onto
(cell surface) multiple cell types for imaging of dynamic processes in vivo, including tracking
of cancer metastasis [63] and leukocyte-endothelial interactions during inflammatory vascular
disease [29]. The multispectral imaging capabilities exhibited by QD make them attractive
reagents for visualizing dynamic processes consisting of multiple cellular and biomolecular
mediators in vivo.

In this work, we have adapted QD for monitoring atherogenesis in the ApoE−/− mouse model,
with particular attention given to the potential utility of this approach for imaging of leukocyte
subset accumulation within the atheroma. The latter is of particular interest since leukocytes
which home to lesions, namely monocytes, which differentiate into macrophages within the
lesion and contribute to plaque rupture, can also be genetically engineered to induce regression
of lesions [58]. Therefore, for both reasons, a technique to monitor their biodistribution is
particularly desirable. Flow cytometric analysis indicates that QD–maurocalcine bioconjugates
were internalized efficiently within leukocyte subtypes (figures 1(C) and (D)), with no
significant effects on cell viability (figure 2(A)), homing to inflammatory endothelium (figure
2(B)), or cytokine release observed. These in vitro studies collectively indicate that QD are
suitable for studies of leukocyte function in vascular disease.

Although further cytotoxicity studies are required to ensure that QD do not perturb leukocyte
function for long-term studies of disease, we monitored essential leukocyte subset functions
to verify that basic cell functions, such as response to stimuli and endothelial adhesion capacity,
were not apparently altered by QD–maurocalcine labeling. Several in vivo studies have
incorporated QD for molecular imaging applications without acute toxicity over several months
[5,42]. It is important to note that QD used in this study are composed of cadmium which has
been known to cause toxicity in multiple organs. The composition of QD may preclude clinical
in vivo applications without the synthesis of QD with alternative cores, or extensive surface
modifications to minimize adverse effects on tissues [23,36,51,61]. To this end, renal filtration
and urinary excretion of QD with small hydrodynamic diameters has been reported [10],
making in vivo application a future possibility. Potential applications for QD in vivo might
include their conventional use as targeted optical imaging agents, or alternative purposes such
as photodynamic therapy [30,43].
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Homing of both cell types to lesions was observed (figures 3–5), with varying degrees of
penetration and colocalization with resident macrophages. Therefore, QD may be a useful tool
to study differential localization on a spatial or temporal scale for several cell types within the
same tissue. The multiplexing capability afforded by the use of spectrally distinct QD makes
the simultaneous detection of multiple cell types a possibility, even in combination with the
use of conventional immunofluorescence markers, in this case Alexa Fluor 488 anti-CD68 and
the nuclear stain DAPI, without spectral bleed-through. Although organic dyes were used in
conjunction with QD-labeled cells in this application, QD-antibody conjugates could be
substituted in order to multiplex immunofluorescence analysis as well to increase the breadth
of information available in lesion analysis.

Macroscopic imaging of QD within en face aorta preparations exhibited both the specificity
of QD-labeled leukocytes toward lesions (figures 5(A)–(C)), as well as the high signal-to-noise
ratio of QD in tissue (figure 5(D)). Macroscale fluorescence imaging interrogates tissue-level
cellular recruitment using exposure times on the scale of seconds, whereas our microscopy
analysis used millisecond acquisition times to image tissue in thin (5 μm) sections with lower
amounts of fluorescence signal. Macroscale imaging was advantageous for quantitative
purposes, as for observing QD-labeled cellular recruitment to lesions in 5 month old mice,
microscopic imaging of thin lesion-bearing aortic sections exhibited very few accumulated
QD-labeled monocyte/macrophages (figure 3(H)), whereas macroscopic imaging of whole
aortas enabled detection of recruited cells to lesions in 5 month old mice due to the increased
interrogation volume of whole tissue and longer exposure intervals (figures 5(A) and (B)).

We selected QD configured for emission above green wavelengths for this study, due to the
substantial amount of tissue autofluorescence within lesions in this range of the spectrum. The
selection of yellow–red wavelengths provide for high signal-to-noise ratio imaging of
atherosclerotic lesions without autofluorescence. QD are optimally excited using ultraviolet to
blue excitation wavelengths. Since ORO fluorescence is optimally excited at ∼540–580 nm,
with a peak emission near 615 nm (figure 5(C)), macroscopic fluorescence imaging of ORO,
QD585 (TCR+), and QD655 (CD11b+) was simultaneously performed in the same tissue, since
the QD selected do not emit appreciable fluorescence when excited at these wavelengths. Image
background correction and compensation for QD fluorescence prior to ORO imaging further
minimized spectral overlap. Therefore, QD emission wavelengths can be selected for optimal
multispecies imaging, and can also be combined with conventional lesion analysis tools which
use fluorescent dyes or immunohistochemical stains. Our initial studies demonstrated the
relative signal enhancement of lesions within 12 month old ApoE−/− mice compared to those
of 5 month old ApoE−/− and wild-type mice. Therefore, QD labeling and reinfusion of
CD11b+ and TCR+ leukocyte subsets can be used effectively to determine relative lesion
burden, for the purpose of elucidating cellular mediators of lesion biology, assessing therapies,
and staging vascular disease. However, our technique is not limited to the specific cell types
studied. Another example of using QD for multiplexed studies of cellular recruitment in
atherosclerosis would be to characterize the homing of natural killer, polymorphonuclear, and
dendritic cells to plaque regions throughout the lifespan of the ApoE−/− mouse model, for the
purpose of monitoring dynamic changes within the same animal while eliminating animal to
animal variances.

The peptide maurocalcine, shown in other reports to translocate imaging or therapy cargoes
across the cytoplasm of mammalian cells with minimal cytotoxicity [4,15,39], could also be
used to label these leukocyte subsets with QD as we have demonstrated for monocyte/
macrophages and T lymphocytes, provided no adverse effects on cell functions critical to their
participation in atherosclerosis are observed. Peptides have been successfully applied to the
study of cancer due to their molecular specificity for cancer-specific or cancer-upregulated
biomarkers [2]. Targeting peptides also have great potential in improving our understanding
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of atherosclerosis. For example, VCAM-1, a cell adhesion molecule upregulated on endothelial
cells lining plaques, was successfully targeted by nanoparticulate contrast agents incorporating
phage display-derived targeting peptides on their surface [31]. Therefore, peptides may be not
only incorporated to internally label cells as in this study, but may also be utilized to detect
diagnostically and therapeutically relevant biomarkers in vascular disease.

We have demonstrated the feasibility of adapting QD bioconjugates as useful study tools for
the multiplexed analysis of atherosclerosis. Our results are comparable to studies of lesion
biology which incorporate other contrast agents. QD-labeled monocyte/macrophage
accumulation in ApoE−/−aortas measured ex vivo afforded as high as a 90% increase in signal
intensity relative to the same region of interest in wild-type aortas (figure 5(D)). This signal
intensity enhancement is comparable to that observed with Gadolinium micelle-enhanced ex
vivo MRI of 1 yr old ApoE−/− aortas, in which the mean increase was 81% [37]. QD can be
designed to emit in the near-infrared emission windows for optimal imaging of tissues without
the scattering and absorption limitations imposed by imaging of shorter wavelengths [20].
Although we incorporated visible light wavelength emitting QD in our studies, improved
signal-to-background ratios would be expected by substituting QD–maurocalcine emitting at
near-infrared to infrared wavelengths such as 705–850 nm, such as those used for in vivo
imaging applications [55]. Furthermore, although the UV-blue excitation light required to
optimally excite QD would only have limited penetration in thick tissues due to scattering and
absorption phenomena, two-photon excitation instruments may help in addressing these
challenges [33] for improved resolution. Image processing techniques such as image
deconvolution may also improve the quality of information obtained from QD-mediated
imaging in terms of spatial localization of cells and/or biomarkers in lesions. The prospect of
using QD-antibody and QD-peptide bioconjugates for labeling cell surface biomarkers or the
cytoplasm of specific subtypes of cells, high-resolution imaging instrumentation and image
processing methods, may facilitate efforts toward the molecular profiling of atherosclerosis
for developing diagnostic assays and disease-customized therapeutic interventions for clinical
usage.

5. Conclusion
We have developed a technique for monitoring the recruitment of leukocyte subsets into
atherosclerotic lesions. The optical properties of QD can be harnessed to permit high signal-
to-noise ratio imaging of multiple cell types without spectral overlap, and can also be combined
with conventional immunofluorescence and immunohistochemical reagents used in the study
of atherosclerosis. Given the many cell types with a role in the initiation and progression of
atheroma, QD can be utilized to study different cells within the same specimen in order to
understand the temporal, spatial, and functional inter-relations of atherosclerotic mediators.
Future efforts with this technique will include molecular profiling of atheroma in vivo including
the monitoring of inflammatory biomarker expression in early and late stages of disease, and
the assessment of therapeutic response via the tracking of genetically engineered monocytes
infused systemically in order to promote lesion regression in vivo.
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Abbreviations
QD  

quantum dots

ORO  
oil Red O

IFN-γ  
interferon gamma

LPS  
lipopolysaccharide

TCR  
T cell receptor

IL-2  
interleukin 2

MCP-1  
monocyte chemoattractant protein 1
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Figure 1.
FACS contour analysis of immunomagnetically isolated leukocyte subpopulations (A) and (B)
and QD–maurocalcine labeling efficiency of T lymphocytes and monocyte/macrophages (C)
and (D). (A) TCR-enriched cells (brown) exhibited weak or absent CD11b expression and were
negative for CD68, a monocyte/macrophage marker. CD11b-enriched cells were positive for
both CD11b and CD68 markers (blue). Two subpopulations can be identified based on relative
CD68 expression, which indicate macrophages (high expression) and monocytes (relatively
lower expression). Unlabeled lysed whole blood fluorescence is labeled green. (B) TCR-
enriched cells are positive for both CD4 and CD8a (red), indicating that TCR-enriched cells
bear T lymphocyte markers. Unstained TCR-enriched cells are labeled green. (C) and (D) T
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lymphocytes (C) and monocyte/macrophages (D) were incubated with either QD–
maurocalcine (red) or QD-streptavidin not conjugated to peptide (green). QD–maurocalcine
efficiently labeled both cell populations.
(This figure is in colour only in the electronic version)
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Figure 2.
Analysis of QD655+-CD11b+ and QD585+-TCR+ cell viability (A) and QD655+-CD11b+

adhesion on endothelial monolayers in vitro (B). (A) Cell viability as reported for 20 000 cells.
(B) Adhesion of 1 × 105 calcein-AM (CAM)-labeled or QD–maurocalcine and CAM-labeled
CD11b+ cells to bEnd.3 mouse endothelial cell monolayers, as detected by CAM fluorescence
intensity. Reported as mean ± S.D, n = 3. * − P < 0.05.
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Figure 3.
Representative fluorescence micrographs of aortic root tissue lesions of ApoE−/− mice, 5 days
post-injection of 1 × 106 QD655-CD11b+ cells. Nuclei were stained with DAPI (blue). (A)–
(F) Comparison of QD-labeled monocyte/macrophage accumulation in lesions of 7 (A)–(C)
and 12 month old (D)–(F) ApoE−/− mice (magnification 50×). Resident and reinfused
monocyte/macrophages were labeled with Alexa Fluor 488 (AF488)-labeled CD68 (A, D). (B,
E) Visualization of QD655-CD11b+ cells in the same lesion. (C, F) Areas of colocalization
between QD655-CD11b+ cells (red) and AF488-anti-CD68 (green) appear orange-yellow. (G)
Magnified region circled in (F) (200×) indicating colocalization of infused QD655-CD11b+

cells with AF488-CD68+. (H) Lesions in 5 month old ApoE−/− mice show minimal
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accumulation of QD655-CD11b+ cells and colocalization with AF488-CD68+ regions
(arrowheads) in sections. (I) QD655-CD11b+ monocyte/macrophages colocalized with CAM-
labeled monocyte/macrophages within 12 month old ApoE−/− mouse lesions (colocalization
in yellow), whereas QD–maurocalcine injected as a solution was not detected in regions of
CAM-labeled cell accumulation (J). (K) and (L) Micrographs of unstained lesions (No QD,
CAM, AF488) show minimal autofluorescence in relevant emission channels under identical
image acquisition settings (magnification 50×).
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Figure 4.
Representative fluorescence micrographs of QD585-TCR+ T lymphocyte recruitment to
lesions. (A) Injected QD585-TCR+ cells colocalized with AF488-anti-TCR (yellow) within
lesions of a 5 month old ApoE−/− mouse lesion. (B) QD585-TCR+ lymphocytes within a lesion
of a 12 month old ApoE−/− mouse aorta. Arrowheads indicate lymphocytes in regions
colocalized with AF488-anti-CD68 (yellow), or in distinct areas (red). (C) Lesions from 12
month old ApoE−/− mice not injected with QD585-TCR+ lymphocytes show minimal
autofluorescence under the same image acquisition settings. (Magnification 50×.)
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Figure 5.
Ex vivo imaging of en face aorta preparations using macroscopic fluorescence imaging of
QD585-TCR+ cells (A), QD655-CD11b+ cells (B), and oil red O (ORO) regions (C) in wild-
type (12 months) and ApoE−/− (5 and 12 months) mice. ORO staining was conducted following
QD imaging of tissue in order to optimize background subtraction procedures. %ORO+ lesion
area is indicated next to each animal group (mean of n = 2). (D) % signal intensity enhancement
in each of the three fluorescence channels (QD585, QD655, ORO) of 5 month old and 12 month
old lesions regions relative to matched regions on wild-type aortas (n = 6 regions, reported as
mean ± S.D.).
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