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Intravascular detection of inflamed atherosclerotic plaques using
a fluorescent photosensitizer targeted to the scavenger receptor
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Raymond Q. Migrinod, Atosa Ahmadib, Jeremy Sternb, Florencia Anatellib,c, Stephanie
Chiricob, Azadeh Shirazib, Sakeenah Syedd, Alan J. Fischmand, James E. Mullera, and
Michael R. Hamblinb,c,e
aDepartment of Medicine (Cardiac Unit), Massachusetts General Hospital, Boston, MA, 02114
bWellman Center for Photomedicine Massachusetts General Hospital, Boston, MA, 02114.
hamblin@helix.mgh.harvard.edu; Fax: 617-726-8566; Tel: 617-726-6182
cDepartment of Dermatology, Harvard Medical School, Boston, MA
dDepartment of Radiology, and Nuclear Medicine, Massachusetts General Hospital, Boston, MA,
02114
eHarvard-MIT Division of Health Sciences and Technology, Cambridge, MA

Abstract
Inflammation plays an important role in the pathophysiology of atherosclerotic disease. We have
previously shown that the targeted photosensitizer chlorin (e6) conjugated with maleylated albumin
(MA-ce6) is taken up by macrophages via the scavenger receptor with high selectivity. In a rabbit
model of inflamed plaque in New Zealand white rabbits via balloon injury of the aorto-iliac arteries
and high cholesterol diet we showed that the targeted conjugate showed specificity towards plaques
compared to free ce6. We now show that an intravascular fiber-based spectrofluorimeter advanced
along the -iliac vessel through blood detects 24-fold higher fluorescence in atherosclerotic vessels
compared to control rabbits (p < 0.001 ANOVA). Within the same animals, signal derived from the
injured iliac artery was 16-fold higher than the contralateral uninjured iliac (p < 0.001). Arteries were
removed and selective accumulation of MA-ce6 in plaques was confirmed using: (1) surface
spectrofluorimetry, (2) fluorescence extraction of ce6 from aortic segments, and (3) confocal
microscopy. Immunohistochemical analysis of the specimens showed a significant correlation
between MA-ce6 uptake and RAM-11 macrophage staining (R = 0.83, p < 0.001) and an inverse
correlation between MA-ce6 uptake and smooth muscle cell staining (R=−0.74, p < 0.001). MA-ce6
may function as a molecular imaging agent to detect and/or photodynamically treat inflamed plaques.

Introduction
Cardiovascular disease remains the leading cause of morbidity and mortality in the United
States, largely due to events caused by the sudden rupture of an atherosclerotic plaque.1 Such
rupture-prone plaques are characterized by a large necrotic lipid cores, thin fibrous caps, and
dense macrophage infiltration.2 An attractive target for both detection and therapy of these
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plaques is the local inflammatory cells (particularly activated macrophages) that contribute
significantly to plaque instability.3

Photodynamic therapy (PDT) uses non-toxic photosensitizers (PS) that can be photoactived
upon the delivery of light.4 Exposure of the PS to light raises the PS molecule to an excited
state that, depending on the dose and wavelength of light used, can lead predominantly to: (1)
the generation of cytotoxic reactive oxygen species, or (2) the emission of fluorescence light.
4 PDT is currently approved for the treatment of esophageal and lung cancer and age-related
macular degeneration.5 Its application to atherosclerotic disease is currently under
investigation.6

Recently molecular imaging approaches7 have been suggested to improve the detection,
characterization, and image the processes occurring within the atherosclerotic plaque,8 with
the specific aims of quantifying the levels of inflammation9 and predicting the likelihood of
rupture.10 Many different targets within plaques have been proposed as markers of
vulnerability, including matrix-metalloproteinase activity,9,11 inflammation as measured by
positron emission tomography,12 and the macrophage content and activation state.13 Optical
detection by such techniques as fluorescence is preferred for molecular imaging technologies
due to its relative safety (lack of radioisotopes) and low cost compared to MRI and PET.14

Possible disadvantages of optical imaging however include its invasive nature and difficulties
faced by absorption and scattering of light by blood.

Photosensitizers can be selectively delivered to target tissues by using covalent conjugates
between PS and macromolecular carriers with targeting properties.4 An attractive receptor
target within inflamed atherosclerotic plaques is the macrophage class A Type-I scavenger
receptor, (SR-As), high capacity membrane glycoproteins that are confined mainly to tissue
macrophages and related cell types.15 The SR-A play an important role in the pathophysiology
of atherosclerosis,16,17 by mediating the uptake of low density lipoprotein (LDL) uptake by
human monocyte-derived macrophages,18 and enhancing their transformation into lipid-laden
foam cells.19

Well-defined ligands of the SR-A include modified or oxidized LDL and maleylated serum
albumin.20 We have previously demonstrated that the PS chlorin (e6) could be covalently
attached to maleylated serum albumin to form MA-ce6.21 We demonstrated that the MA-ce6
conjugate is recognized by SR-A, and concentrates in macrophages in vitro with high
specificity, and that subsequent photoactivation results in macrophage-specific toxicity.21,22

By using this conjugate it was possible to specifically target macrophages that are present in
high numbers in mouse tumors especially by intratumoral injection.23 Using a rabbit model of
macrophage-rich arterial atherosclerotic plaque we showed that intravenous injection of MA-
ce6 could lead to localization of fluorescent ce6 in macrophage-rich atherosclerotic lesions
extracted from sacrificed rabbits.24 The optimum time for accumulation in the plaques was 24
hours after injection, and this combination of PS and incubation time was superior to MA-ce6
at 6 hours and to free ce6 at either 6 or 24 hours. We now asked whether this technique could
be used as a diagnostic or detection procedure. We tested whether the injected targeted
conjugate did in fact localize in macrophages in the arterial wall as determined by correlation
of fluorescence from frozen sections removed at necroscopy, with immunohistochemical
staining for the macrophage marker RAM11. Moreover we also correlated the red fluorescence
with the absence of smooth muscle cells by IHC for alpha-actin.
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Materials and methods
Preparation of conjugate

The scavenger-receptor-targeted conjugate between maleylated albumin and ce6 was prepared
as previously described.21 Briefly the N-hydroxy succinimide ester of ce6 (Frontier Scientific
Inc, Logan UT) was added to bovine serum albumin (Sigma, St. Louis, MO) in NaHCO3 buffer,
followed by the addition of solid maleic anhydride. The conjugate was then purified by repeated
precipitation from aqueous solution by addition of acetone followed by dialysis, and
characterized by polyacrylamide gel electrophoresis and absorption and fluorescence
spectrophotometry.

Experimental atherosclerotic lesions
The protocol was approved by the animal care and use committee of the Massachusetts General
Hospital and complies with National Institutes of Health approved guidelines. Fifteen male
New Zealand White rabbits weighing 2.5–3.0 kg (Charles River Breeding Laboratories) were
maintained on a 2%cholesterol–6% peanut oil diet (ICN Biomedical, Costa Mesa, CA) for 3–
6 months. After 1week of the hyperlipidemic diet, -iliac endothelial denudation was achieved
using a modified Baumgartener technique.25 Briefly, each animal was anesthetized with a
mixture of ketamine and xylazine (100 mg ml−1, 10 : 1 vol/vol; 1.5–2.5 ml subcutaneous) and
the right femoral artery was isolated. A 4F Fogarty embolectomy catheter (12-040-4F; Edwards
Laboratories, Santa Ana, CA) was introduced through an arteriotomy and advanced to the level
of the diaphragm. The catheter was inflated to a pressure of approximately 3 psi above the
balloon inflation pressure, and withdrawn for a distance of 3 cm and then re-advanced 3 cm.
The procedure was repeated 5 times. The area of injury produced was located in the lower
thoracic and mid-abdominal aorta together with the right iliac artery that sustained injury due
to passage of the deflated balloon. The femoral artery was then ligated, and the wound closed.
The rabbits were allowed to recover from anesthesia and then returned to their cages. Seven
untreated male New Zealand White rabbits fed standard chow served as controls.

Photosensitizer injection
Photosensitizer was administered to the animals three to six months after aortic denudation
injury. Animals were anesthetized by IM injection of ketamine and xylazine (50 and 5 mg
kg−1) after an overnight fast. Thereafter, MA-ce6 (2 mg kg−1 of ce6 equivalent in 10 mL 5%
dextrose) was administered intravenously (ear vein) over a 2-minute period.

Assessment of Ce6 localization
Intravascular and biodistribution measurements were performed 24-hours after photosensitizer
injection, following euthanasia of the animals with an overdose of sodium pentobarbital (200
mg kg−1). Accumulation of MA-Ce6 was assessed: (1) in situ (through blood) using an
intravascular probe, (2) ex vivo by surface fluorescence from aortic segments and subsequent
fluorescence extraction of ce6 from samples, and (3) with confocal microscopy.

Intravascular localization of conjugate by fiber-based spectrofluorimeter
A single-fiber based spectrofluorimeter system for intravascular fluorescence detection was
constructed. A nitrogen laser pumped dye-laser system (models VSL337ND and D220, Laser
Sciences Inc., Franklin, MA) operating at 400 nm was coupled with a 400 µm internal diameter
fiber with a flat polished end. Reflected light at and fluorescence from the tissue in the range
650–800 nm was collected by the fiber and spectrally dispersed using an imaging spectrograph
(SpectraPro, 150, Roper Scientific, Princeton, NJ). A 650 nm longpass filter was used to
exclude tissue autofluorescence and exciting light. A gated, intensified CCD array (PI-Max,
Roper Scientific, Princeton, NJ) was used for detection. The spectrograph was equipped with
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a 25 µm wide input slit and a 150 gr mm−1 grating blazed at 450 nm. The spectra obtained
from ten laser pulses were averaged for each measurement. A background spectrum (fiber in
air) was obtained and subtracted from averaged fluorescence spectra. The fluorescence
excitation maximum of ce6 is 404 nm and the emission peaks at 660 nm.

Intravascular fluorescence measurement (through blood)
The thorax and abdomen were surgically exposed and intravascular access obtained by
arteriotomy approximately 1 cm above the aorto-iliac bifurcation. The fiber optic catheter was
inserted through the arteriotomy and advanced to the aortic arch. Thereafter, measurements in
triplicate were performed in the thoracic and abdominal aorta as the fiber was pulled-back
towards the aortic incision. The artery was gently compressed with a finger to ensure good
contact between the fiber tip and the arterial wall. The fiber was then re-oriented and advanced
to the lower aorta together with the uninjured and injured iliac arteries for additional
measurements.

Ex situ measurements
The aorta and iliac arteries were then removed en block, from the level of the aortic arch to 1.5
cm distal to the iliac bifurcation. After removal of adherent adventitial tissue the aorta was sub-
divided and segments corresponding to the thoracic aorta, abdominal aorta, injured- and un-
injured iliac arteries identified. Biodistribution of MA-Ce6 within the vascular segments was
subsequently determined by surface fluorescence and extraction techniques (described below).
Additionally, a ring (3 mm) was excised from each vascular specimen (above), was added to
optimum cutting temperature embedding compound (Sakura Finetek USA Inc, Torrance, CA)
and snap frozen in liquid nitrogen for subsequent confocal microscopy and
immunohistochemical analysis.

Surface fluorescence measurements
Vascular segments were longitudinally incised, moistened with PBS and placed on a black
metal plate with intimal side exposed for determination of surface fluorescence. The intimal
surface of each vascular segment was examined by spectrofluorimetry using a fiber-bundle
based double monochromator spectrofluorimeter (Skin Scan, Spex Industries, Edison, NJ)
placed in contact with the tissue. Emission spectra (excitation 400 nm, emission 580–720 nm)
were collected every 3 mm across the entire area of the exposed intimal surface.

Fluorescence quantification by extraction from tissue samples
The arterial segments were added to 3 mL of 1 M NaOH–0.2% SDS and homogenized with a
Powergen homogenizer for 30 s on ice (Probe model 15-338-2306, Fisher Scientific,
Pittsburgh, PA). Homogenates were measured in a spectrofluorimeter (Fluoromax 3, Spex
Industries). The peak height of the fluorescence emission (between 658 and 664 nm) was
measured (excitation at 400 nm, emission scanned from 580–720 nm). The quantity of MA-
Ce6 in the tissue sample was determined by multiplying the fluorescence emission by a constant
determined from calibration curves prepared from known amounts of MA-Ce6 homogenized
with similar weights of non-fluorescent arterial tissue. Fluorescence within the homogenates
was expressed as micromoles equivalent of ce6 per gram of tissue.

Confocal fluorescence microscopy and histology
The aortic rings were snap-frozen in liquid nitrogen and 10 µm frozen sections were prepared.
These were examined by laser scanning confocal fluorescence microscopy to detect the tissue
distribution of the ce6. The red intracellular fluorescence from ce6 together with green tissue
autofluorescence was imaged in the frozen tissue sections. A Leica DMR confocal laser
fluorescence microscope (Leica Mikroskopie und Systeme GmbH, Wetzler, Germany)
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(excitation 488 nm argon laser) and 4×–40× air immersion lens or a 100× oil immersion
objective was used to image at a resolution of 1024×1024 pixels. Two channels collected
fluorescence signals in either the green range (580 nm dichroic mirror plus 530 nm (±10 nm)
bandpass filter) or the red range (580 nm dichroic mirror plus 590 nm longpass filter) and were
displayed as false color images. These channels were overlaid using TCS NT software (Version
1.6.551, Leica Lasertechnik, Heidelberg, Germany) to allow visualization of overlap of red
and green fluorescence. These sections were also stained by conventional H&E staining and
Verhoeff’s stain for elastic lamina.26

Immunohistochemical analysis was carried out on adjacent frozen sections using the primary
monoclonal anti-bodies; mouse anti-rabbit macrophage, clone RAM11, (Labvision
Neomarkers Corp, Fremont, CA) at a dilution of 1 : 500, and mouse anti-rabbit alpha smooth-
muscle actin, clone HHF35 (Signet Laboratories, Dedham, MA) at a dilution of 1 : 800.
Secondary biotinylated antibodies and peroxidase detection reagents (Vectastain ABC Kit
Mouse IgG, Vector Laboratories, Burlinghame, CA) were used to develop the color.
Quantitation of brown immunohistochemistry or red fluorescence in TIFF files was carried out
by color segmentation using IP Lab software (Scanalytics Inc, Fairfax, VA).

Statistical methods
Data were analyzed using SPSS for Windows version 13.0. Continuous parameters are reported
as the mean ± SD. Four primary ANOVA analyses were conducted, for values of: (1)
intravascular fiber-based spectrofluorimetry, (2) surface spectrofluorimetry, (3) fluorescence
extraction of samples from aortic segments, and (4) confocal microscopy, (each for differences
between atherosclerotic and control animals). We applied a Bonferroni correction27 to the
alpha, such that a p value of <0.0125 was considered significant for the primary ANOVA
analyses. We subsequently looked for pairwise differences only if the primary ANOVA
analysis was significant. For those analyses, the differences between two means were assessed
for significance by the two-tailed Students’ t test assuming equal or unequal variances of the
standard deviations as appropriate. A p value of <0.05 was considered significant for those
analyses. Pearson’s method28 was used to assess the correlation between MA-ce6 uptake
(confocal fluorescence microscopy) and histopathological measures (RAM-11 and smooth
muscle actin staining).

Results
Intravascular detection of conjugate fluorescence

The mean spectrofluorimetric signal derived from the intravascular catheter (through blood)
was significantly increased in the aorto-iliac vessel of atherosclerotic rabbits (n = 15) compared
to the corresponding sections of aorta from control rabbits (n = 7, p < 0.001 ANOVA
atherosclerotic animals vs. controls, Fig. 1). The spectrofluorimetric signal detected within the
balloon-injured iliac arteries of atherosclerotic animals was approximately 24-fold higher than
the corresponding segment in control animals (10010 ± 3050 vs. 410 ± 60 AU, atherosclerotic
vs. control, respectively, p < 0.001). A similar difference was observed when injured and un-
injured iliac vessels were compared with in the same animal (10010 ± 3 050 vs. 620 ± 240 AU,
injured vs. non-injured iliac vessel, respectively, p < 0.02).

Ex vivo surface fluorescence measurements
The results of the ex situ surface spectrofluorimetry measurements paralleled those of the
intravascular measurements. The mean surface spectrofluorimetric signal was significantly
increased in the aorto-iliac vessel of atherosclerotic rabbits compared to the corresponding
sections of aorta from control rabbits (p < 0.001 ANOVA atherosclerotic animals vs. controls,
Fig. 2). The spectrofluorimetric signal detected within the balloon-injured iliac arteries of
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atherosclerotic animals was approximately 21-fold higher than the corresponding segment in
control animals (24.2 ± 3.0 vs. 1.2 ± 0.3 AU, atherosclerotic vs. control, respectively, p < 0.001).
A similar difference was observed when injured and un-injured iliac vessels were compared
within the same animal (24.2 ± 3.0 vs. 2.7 ± 0.4 AU, injured vs. non-injured iliac vessel,
respectively, p < 0.001).

Fluorescence quantification by extraction from tissue samples
The data followed the same trends for fluorescence quantification by extraction from tissue
samples. The tissue concentration of MA-ce6 was significantly increased in all sections from
atherosclerotic rabbits (n = 15) compared to the corresponding sections of aorta from control
rabbits injected with conjugate (n = 7, p < 0.001 ANOVA atherosclerotic animals vs. controls).
MA-ce6 concentration within the balloon-injured iliac arteries of atherosclerotic animals was
approximately 33-fold higher than the corresponding segment in control animals (16.4 ± 7.1
vs. 0.5 ± 0.3 nmol ce6 equiv (g tissue)−1, p < 0.03, atherosclerotic vs. control, respectively,
Fig. 3). A similar difference was observed when MA-ce6 concentration in injured and un-
injured iliac vessels were compared within the same animal (16.4 ± 7.1 vs. 0.6 ± 0.1 nmol ce6
equiv (g tissue)−1, p < 0.04, injured vs. non-injured iliac vessel, respectively).

Confocal fluorescence microscopy and immunohistochemistry
Representative confocal fluorescence micrographs and their corresponding
immunohistochemical macrophage stains (RAM-11) are shown in Fig. 4. In the fluorescence
images the ce6 exhibits red fluorescence mainly in the arterial intima and the tissue
autofluorescence from the elastic fibers in the arterial media has a yellow color (emission
maximum circa 560 nm). There is a small amount of red fluorescence visible from the adventitia
which also is known to harbor macrophages.29 There was a significant correlation between
MA-ce6 uptake and RAM-11 staining (R = 0.83, p < 0.001 Fig. 5(a)). In contrast, there was
an inverse correlation between MA-ce6 uptake and smooth muscle cell staining (R=−0.74, p
< 0.001 Fig. 5(b)).

Discussion
These data demonstrate that the fluorescent PDT agent, MA-ce6, localizes within
atherosclerotic plaques in proportion to plaque inflammation as measured by macrophage
density. Furthermore the data demonstrate that MA-ce6 concentrates within plaques in
sufficiently high concentrations to enable intravascular detection of inflamed plaques.

It is well-documented that the majority of infarctions result from the rupture of plaques that in
most cases did not cause flow limitations prior to the acute event.30 An important characteristic
of such high-risk/vulnerable plaques (VP) is an abundance of inflammatory cells, which are
recognized as playing a central role in plaque disruption.31 These insights have created an
interest in enhancing risk-stratification methods by diagnosing (detecting or imaging) VP.10,
32,33

Several potential molecular targets exist that may be used to deliver molecular imaging agents
to inflammatory cells. Scavenger receptors represent an attractive target for delivering
diagnostic or therapeutic molecules to inflamed plaques because of their specificity and high
capacity. We have previously demonstrated that the scavenger-receptor-specific PS, MA-ce6,
selectively accumulates in macrophages, resulting in approximately 20-fold higher
concentration of PS within macrophages compared to other cell lines.21 In the present report,
we demonstrate that MA-ce6 localizes within atherosclerotic plaques, as confirmed by several
complementary techniques, including an intravascular detection system. We also show that the
degree of MA-ce6 accumulation within the plaques corresponds to the concentration of
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macrophages (not to smooth muscle cells). Accordingly, the use of MA-ce6, in conjunction
with an intravascular spectrofluorimetry catheter system, may be useful for identifying
inflamed atherosclerotic plaques, and differentiating them from smooth muscle-rich plaques.

A report from Nagae et al.34 showed that MA-ce6 could localize in intimal hyperplastic lesions
caused in rats two weeks after balloon injury of the aorta. The rats had received no atherogenic
diet and no attempt was made to characterize the cellular components of the lesions, but from
literature reports35 the cells in the lesions might be expected to be proliferative smooth muscle
cells rather than activated macrophages. In the present study we found a negative correlation
between MA-ce6 fluorescence and smooth muscle cell staining, suggesting that the MA-ce6
conjugate has a much higher affinity for macrophages when they are present due to the higher
expression of scavenger receptors on these cells compared to smoothmuscle cells. The high
proportion of macrophages in the lesions in the present model, provides additional evidence
that the conjugate indeed has the potential to detect these “vulnerable plaques”.

The clinical utility of characterizing atherosclerotic plaques according to degree of
inflammation remains unproven; it remains to be seen whether such a detection system will
improve clinical outcomes in a cost-effective manner. Additionally, several factors require
consideration in assessing the prospects for clinical use of this methodology.

Firstly, although the rabbits did not develop noticeable toxicity after exposure to MA-ce6, it
should be noted that such preparations might not be pharmacologically neutral. Binding of
ligands to the scavenger receptor may lead to macrophage activation and possibly to
inflammation.36 However, data are present to demonstrate tolerability in animal models
ranging from rabbits, to mice and guinea pigs.37,38 Nonetheless, demonstrating that MA-ce6
does not elicit a significant immune response represents a hurdle in moving this technology
forward. It should also be noted that SR-A are present in organs of the reticuloendothelial
system, especially the liver. Biodistribution data previously revealed24 that uptake in liver is
of the order of 60% (on a tissue weight basis) compared to that found in plaques. However
organs such as the liver will receive no light either during detection or during therapy and
therefore this uptake is expected to be irrelevant.

Secondly the intravascular detection apparatus employed in this study was not optimized for
this application. When we attempted to carry out intravascular fluorescence detection in living
rabbits in flowing blood, the values of fluorescence obtained were much reduced in most of
the aorta. High fluorescence signals were only obtained when the fiber was advanced up to the
aortic arch and came into contact with the artery wall. Therefore we sacrificed the animals
before detection. It required gentle pressing of the fiber tip against the vessel to direct the front-
viewing catheter towards the vessel wall. In order for eventual clinical use, the catheter will
need to be re-designed to enable side-viewing, perhaps using a mirror or prism on the catheter
tip to re-direct the light; an approach has been used in other optical catheter technologies.39

A third consideration is the possibility that the MA-ce6 can be photoactivated, although this
could be avoided by using a non-photosensitizing fluorescent dye attached to maleylated
albumin instead of ce6. There have been many advances40,41 in conjugatable near-infrared
fluorescent dyes with much superior optical properties (wavelength, absorption coefficient and
fluorescence quantum yield) compared to ce6. The potential for photoactivation with ce6 could
require that patients minimize exposure to light during the first several hours after receiving
the drug. Moreover, photoactivation opens the possibility of photodynamic therapy (PDT). In
this case, PDT using MA-ce6 offers dual selectivity for inflamed plaques: first by virtue of
selective accumulation of MA-ce6 within inflamed plaques, second by selective
photoactivation of suspicious plaques (a step which requires local, intravascular delivery of
light of the appropriate fluence). In fact experiments we have carried out in the present animal
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model involving injection of MA-ce6 followed by intra-arterial delivery of therapeutic fluences
of 660 nm laser light have shown significant therapeutic reductions in the macrophage content
of the illuminated plaques and a manuscript describing these studies is in preparation.

Given the ability to detect inflamed plaques with this technology, the possibility of developing
a “seek and destroy” system becomes apparent. The premise of this system is to use a dual
function intravascular catheter that first identifies the presence and location of VPs by their
fluorescence signal (produced by sending diagnostic light through the fiber). When a VP is
detected, the catheter would then have its fiber switched to a light source (probably a laser) to
deliver a therapeutic dose of light to the identified VP. Choosing the right combination of light
and drug dose will lead to cytotoxicity, which in the case of MA-ce6, will likely result in
macrophage apoptosis. Whether this therapeutic effect is clinically desirable remains to be
tested. The work of LaMuraglia et al.42 has shown that carrying out PDT inside arteries does
not seem to cause any inflammation or untoward immune response. The reasons for this
observation are not entirely clear but appear to be due to the action of blood flow in “washing
away” or inactivating any inflammatory mediators that are produced from the dying cells in
the artery wall. Clinical studies from Rockson et al.43 certainly suggest that the intra-arterial
PDT procedure will be safe.
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Fig. 1.
Intravascular detection of fluorescence in atherosclerotic and control rabbits. Mean
fluorescence intensity (in arbitrary units ± SD) obtained by the intravascular
spectrofluorimetric catheter. The signal was significantly increased within the aorto-iliac
vessels of atherosclerotic rabbits (n = 15) compared to control rabbits (n = 7, p < 0.001 ANOVA
atherosclerotic animals vs. controls). Note that the signal from balloon-injured iliac arteries of
atherosclerotic animals was approximately 16-times higher than from the contra-lateral iliac
arteries in the same animals, and 24-times higher than the corresponding vessels within control
animals.
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Fig. 2.
Intimal surface fluorescence from atherosclerotic and control aortae. Mean surface
fluorescence intensity (in arbitrary units ± SD) for arterial segments taken from atherosclerotic
and control animals. The spectrofluorimetric signal was significantly increased in the aorto-
iliac vessel of atherosclerotic rabbits (n = 15) compared to the corresponding sections of aorta
from control rabbits (n=7, p<0.001 ANOVA atherosclerotic animals vs. controls). Note that
the signal from balloon-injured iliac arteries of atherosclerotic animals was approximately 9-
times higher than from the contra-lateral iliac arteries in the same animals, and 21-times higher
than the corresponding vessels within control animals.
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Fig. 3.
Fluorescence quantification by extraction from atherosclerotic and control aortae demonstrates
the tissue concentration of MA-ce6 (in nmol ce6 equiv (g tissue)−1) for arterial segments taken
from atherosclerotic and control animals. The tissue concentration of MA-ce6 was significantly
increased in all sections from atherosclerotic rabbits compared to the corresponding sections
of aorta from control rabbits injected with conjugate (p < 0.001 ANOVA atherosclerotic
animals vs. controls).

Tawakol et al. Page 13

Photochem Photobiol Sci. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Confocal microscopy. Fluorescence micrographs and their corresponding macrophage
immunohistochemical staining (RAM-11) in two representative segments (a and b) are shown.
In the fluorescence micrographs red fluorescence represents MA-ce6 uptake, whereas in
RAM-11 stained images, dark brown staining represents macrophages. In both sets of images,
the RAM-11 staining is primarily confined to the intima. MA-ce6 uptake parallels the pattern
of RAM-11 staining.

Tawakol et al. Page 14

Photochem Photobiol Sci. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Comparison of MA-ce6 uptake vs. immnunohistochemical staining. There was a significant
correlation between MA-ce6 uptake and RAM-11 staining ((a)R=0.83, p < 0.001). In contrast,
there was an inverse correlation between MA-ce6 uptake and smooth muscle cell staining ((b)
R=−0.74, p < 0.001).
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