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Abstract. We have previously shown that a conjugate
�MA-ce6� between maleylated serum albumin and the
photosensitizer chlorin�e6� �ce6� is targeted in vitro to
macrophages via class A scavenger receptors. We now re-
port on the ability of this conjugate to localize in
macrophage-rich atherosclerotic plaques in vivo. Both the
conjugate and the free photosensitizer ce6 are studied af-
ter injection into New Zealand White rabbits that are ren-
dered atherosclerotic by a combination of aortic endothe-
lial injury and cholesterol feeding into normal rabbits.
Rabbits are sacrificed at 6 and 24 h after injection and
intravascular fluorescence spectroscopy is carried out by
fiber-based fluorimetry in intact blood-filled arteries. Sur-
face spectrofluorimetry of numbered excised aortic seg-
ments together with injured and normal iliac arteries is
carried out, and quantified ce6 content by subsequent ex-
traction and quantitative fluorescence determination of
the arterial segments and also of nontarget organs. There is
good agreement between the various techniques for quan-
tifying ce6 localization, and high contrast between arteries
from atherosclerotic and normal rabbits is obtained. Fluo-
rescence correlates with the highest burden of plaque in
the aorta and the injured iliac artery. The highest accumu-
lation in plaques is obtained using MA-ce6 at 24 h. Free
ce6 gives better accumulation at 6 h compared to 24 h.
The liver, spleen, lung, and gall bladder have the highest
uptake in nontarget organs. Macrophage-targeted photo-
sensitizer conjugates may have applications in both de-
tecting and treating inflamed vulnerable plaque. © 2006 So-
ciety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2186039�
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1 Introduction
Vulnerable atherosclerotic plaques in the coronary arteries are
a leading cause of death and disease due to their propensity to
1083-3668/2006/11�2�/021008/8/$22.00 © 2006 SPIE
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rupture and cause thrombosis and myocardial infarction.1

These rupture-prone plaques are characterized by large ne-
crotic lipid cores, thin fibrous caps, and dense macrophage
infiltration.2 Because a large proportion of these plaques are
nonstenotic �less than 60% narrowing of the lumen�, they are
frequently nonsymptomatic. In recent years, a plethora of
methods have been devised in an attempt to detect them be-
fore a catastrophic rupture occurs.3 These detection methods
include both invasive modalities that require cardiac catheter-
ization and noninvasive imaging methods. Examples of the
former invasive techniques include intravascular ultrasound,4

optical coherence tomography,5 intravascular thermography,6

and near-infrared spectroscopy.7 Examples of noninvasive
techniques include multislice x-ray computed tomography,8

magnetic resonance imaging,9 electron-beam imaging of cal-
cium deposits,10 and 2-�18F� fluoro-2-deoxy-D-glucose medi-
ated positron emission tomography.11

These detection methods rely on localization of various
abnormalities associated with lesions in the vessel wall such
as inflammation, fibrous cap thickness, lipid content, calcifi-
cations, and characteristic luminal appearance of the lesions.
Activated macrophages are thought to be the chief culprit
cells in causing plaque vulnerability by expressing proinflam-
matory cytokines,12 secreting matrix metalloproteinases that
further degrade the thin collagen cap13 and also producing the
highly prothrombotic tissue factor that is released on plaque
rupture.14 For these reasons, localizing and quantifying acti-
vated macrophages may be the best detection target in assess-
ing vulnerability in coronary arterial lesions.

Photodynamic therapy �PDT� uses nontoxic photosensitiz-
ers �PS� that are photoactived on the absorption of light.15,16

Exposure of the PS to the appropriate wavelength of light
raises the PS molecule to an excited state that, depending on
the intensity and wavelength of light used, can either lead to
1. the generation of cytotoxic reactive oxygen species, or 2.
the emission of fluorescent light. PDT is currently approved
for the treatment of esophageal and lung cancer and age-
related macular degeneration.17 Its application to atheroscle-
rotic disease is currently under investigation.18 There have
been several reports that PS developed for treatment of other
diseases such as cancer can localize in atherosclerotic
lesions.18–22 The reason for this selective localization is poorly
understood, but may be related to their chemical structure
being lipophilic and the plaques having high amounts of lipid
accumulation. The fact that most PS that have been investi-
gated for PDT are also fluorescent when excited with visible
light, together with their ability to selectively accumulate in
diseased tissue, has led to the administration of various PS
being used for fluorescent diagnosis or detection of
disease.23–26

We have previously shown that covalent conjugates �MA-
ce6� between the PS chlorin�e6� �ce6� and maleylated albumin
�MA�27 are taken up by macrophages with high specificity,
and that subsequent photoactivation results in macrophage-
specific phototoxicity.28 MA-ce6 molecules are recognized by
macrophage class A scavenger receptors �SR-As� that are
high-capacity membrane glycoproteins that are confined
mainly to tissue macrophages and related cell types.29 The
SR-As play an important role in the pathophysiology of
atherosclerosis30 by mediating the uptake of modified low-

density lipoprotein uptake by human monocyte-derived
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macrophages,31 therefore encouraging their transformation
into lipid-laden foam cells.32

In this report, we investigated the use of MA-ce6 in an
animal model of macrophage-rich atherosclerotic plaque in
the rabbit aorta. This model, involving endothelial injury to
the abdominal aorta followed by four months of an athero-
genic diet, has been shown to lead to the development of
inflamed atherosclerotic plaques with many characteristics of
human vulnerable plaques including high levels of macro-
phage infiltration.33,34 While unconjugated molecules closely
related to ce6 have been reported to localize in atherosclerotic
plaques,19–22 it was not known if MA-ce6 would localize in
the same manner as free ce6 under the same conditions. We
also decided to investigate the relative fluorescence accumu-
lation at two different time points. Based on the fact that the
pharmacokinetics of free ce6 are likely to be faster than that
of the MA-ce6, we decided to compare accumulation 6 and
24 h postinjection.

2 Materials and Methods
2.1 Preparation of Conjugate
The scavenger-receptor-targeted conjugate between maley-
lated albumin and ce6 was prepared as previously described.27

Briefly, the N-hydroxy succinimide ester of ce6 �Frontier Sci-
entific Incorporated, Logan, Utah� was added to bovine serum
albumin �Sigma, Saint Louis, Missouri� dissolved in NaHCO3
buffer, followed by addition of solid maleic anhydride. The
conjugate was purified by repeated precipitation from aqueous
solution by addition of acetone followed by dialysis, and char-
acterized by polyacrylamide gel electrophoresis and absorp-
tion, and fluorescence spectrophotometry.

2.2 Experimental Atherosclerotic Lesions
Animal experiments were approved by the Massachusetts
General Hospital Subcommittee on Research Animal Care
�IACUC� and were in accordance with National Institutes of
Health �NIH� guidelines. Male New Zealand white rabbits
weighing 2.5 to 3.0 kg �Charles River Breeding Laboratories,
Boston, Massachusetts� were maintained on a 2% cholesterol,
6% peanut oil diet �ICN, Costa Mesa, California� for 4
months. After 1 week of the hyperlipidemic diet, the abdomi-
nal aorta was denuded of endothelium by a modified Baum-
gartener technique.11 Briefly, each animal was anesthetized
with a mixture of ketamine and xylazine �100 mg/mL, 10:1
vol/vol; 1.5 to 2.5-mL sc�, and the right femoral artery was
isolated. A 4F Fogarty embolectomy catheter �12-040-4F, Ed-
wards Laboratories, Santa Ana, California� was introduced
through an arteriotomy and advanced to the level of the dia-
phragm. The catheter was inflated to a pressure of 3 psi above
the balloon inflation pressure, and withdrawn five times. The
femoral artery was then ligated, and the wound closed. The
animals were allowed to recover from anesthesia and then
returned to their cages for the remainder of the allotted dietary
treatment. Untreated male New Zealand white rabbits fed
standard chow served as controls.

2.2.1 Photosensitizer Injection
15 weeks after aortic denudation injury, rabbits were fasted

overnight. Animals were anesthetized by IP injection with a
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mixture of ketamine and xylazine �50 and 5 mg/kg�, and
MA-ce6 or free ce6 �2 mg/kg of ce6 equivalent in 10-mL 5%
dextrose� was administered intravenously �ear vein� over a
2-min period. 6 or 24 h after PS administration, the animals
were sacrificed with an overdose of sodium pentobarbital
�200 mg/kg�.

2.2.2 Fiber-based Spectrofluorimeter
The system used for intravascular fluorescence detection was
constructed in-house. A nitrogen laser pumped dye-laser sys-
tem �models VSL337ND and DLM220, Laser Sciences Incor-
porated, Franklin, Massachusetts� operating at 400 nm was
coupled into a 400-�m internal diameter fiber with a flat
polished end. Reflected light at and fluorescence from the
tissue in the range 650 to 800 nm was collected by the fiber
and spectrally dispersed using an imaging spectrograph
�SpectraPro,150, Roper Scientific, Princeton, New Jersey�. A
650-nm longpass filter was used to remove tissue autofluores-
cence and exciting light. A gated, intensified charge-coupled
device �CCD� array �PI-Max, Roper Scientific, Princeton,
New Jersey� was used as the detector. The spectrograph was
equipped with a 25-�m-wide input slit and a 150-gr/mm
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 av-
eraged fluorescence spectra.

2.2.3 Intravascular Fluorescence Measurement in
Blood-filled Arteries

After sacrifice, the thorax and abdomen were surgically
opened. Intravascular access was obtained by a 2-mm artero-
tomy approximately 1 cm above the aortic bifurcation.The
fiber optic probe of the fluorimeter was inserted through the
arterotomy and advanced up the aorta until the aortic arch was
reached. Measurements in triplicate were taken every 1 cm
and the fiber was pulled back toward the aortic incision. The
artery was gently compressed with a finger to ensure good
contact between the fiber tip and the arterial wall. When the
incision was reached, the probe was turned around and mea-
surements were made of the lower aorta together with the
uninjured and injured iliac arteries.

2.2.4 Surface Fluorescence Measurement
The abdominothoracic aorta and iliac arteries were removed
en bloc from the level of the aortic arch to 1 cm distal to the
iliac bifurcation. After removal of adherent adventitial tissue
and rinsing in saline, the aorta was subdivided using scissors,
and ten segments of approximately equal length �about
1.5 cm� numbered from 1 at the aortic arch to 10 just above
the bifurcation, together with the injured iliac artery and the
uninjured iliac arteries, were produced. Each segment was
carefully opened longitudinally with scissors to produce a
rectangle that was moistened with PBS and laid adventitial
side down on a black metal plate to expose the intimal sur-
face. The intimal surface of each vascular segment was exam-
ined by spectrofluorimetry using a fiber-bundle-based double
monochromator spectrofluorimeter �Skin Scan, Spex Indus-
tries, Edison, New Jersey� placed in contact with the tissue.
Emission spectra �excitation 400 nm, emission 580 to

720 nm� were collected every 3 mm in a grid form across the
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entire area of the exposed intimal surface �approximately 9 to
24 measurements per segment, depending on its original di-
ameter�. Fluorescence per segment was calculated as the
mean of these measurements and was expressed as arbitrary
units �AU�.

2.2.5 Photosensitizer Extraction from Arterial
Segments

Immediately following the surface fluorescence measure-
ments, each segment was added to a preweighed vial,
weighed again, and 3 mL of a solution containing 1-M NaOH
and 0.3% sodium dodecyl sulfate �SDS� was added. These
samples were homogenized �homogenizer model PT 10/35;
Brinkman Instruments, Westbury, New York� for 30 s and
kept in the dark at room temperature for 1 week. At the
completion of this time, the tissue had dissolved to give a
homogenous solution. This was measured in a spectrofluorim-
eter �Fluoromax 3, Spex Industries�. The peak height of the
fluorescence emission �usually between 658 and 664 nm� was
measured �excitation at 400 nm, emission scanned from 580
to 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 either MA-ce6 or free ce6 homogenized
with similar weights of nonfluorescent arterial tissue. The tis-
sue concentration of MA-ce6 was expressed as moles of
equivalent per gram of tissue.

2.3 Biodistribution in Nontarget Organs
Three tissue samples weighing 50 to 100 mg were removed
from skin, muscle, liver, kidney, spleen, bladder, lung, gall
bladder, heart, and lymph node. These were homogenized in
the same manner as the arterial segments described before.
Samples of bile and blood were taken with a 0.5-mL syringe
and plasma prepared from the blood. Subsequently, fluores-
cence was measured with a spectrofluorimeter �as described
before�. Calibration curves were prepared for each organ type
from known amounts of MA-ce6 or free ce6 homogenized
with the individual tissue from noninjected rabbits.

2.4 Statistical Methods
Values are reported as the mean ± standard error of the mean
�SEM�. Differences between two means were assessed for sig-
nificance by the two-tailed students-t test, assuming equal or
unequal variances of the standard deviations as appropriate. A
value of p�0.05 was considered significant.

3 Results
3.1 Preparation and Fluorescence of MA-ce6

Conjugate
A schematic representation of the molecular structure of the
conjugate is given in Fig. 1. There were an average of two ce6
molecules per BSA molecule, and the remaining lysine epsi-
lon amino groups were approximately 80% maleylated as de-
termined by analysis of the absorption spectrum. The fluores-
cence emission of the conjugate was centered at 665 nm. The
fluorescence emission of free ce6 was centered at 660 nm

�data not shown�.
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3.2 Rabbit Model of Atherosclerotic Plaque
After the balloon injury and 12 to 16 weeks of atherogenic
diet, the rabbits exhibited extensive atherosclerosis in the ex-
cised aorta and iliac arteries. We numbered the 12 segments
that we analyzed as depicted in Fig. 2. The segments most
affected by the balloon injury were numbers 6, 7, and 8, and
they had the worst levels of atherosclerotic plaque. Segments
at the borders of the injured area �numbers 4, 5, and 9� had
somewhat less severe plaque. In addition, we found that the
uninjured segments of the aorta at the aortic arch �numbers 1
and 2� also developed severe atherosclerosis. Segments 3 and
10 had the least pronounced atherosclerosis in the aorta. The
introduction of the deflated balloon catheter through the right
femoral and iliac arteries also led to injury to the endothelium
of the right iliac artery and consequent development of severe
atherosclerosis not found in the uninjured left iliac artery.
There were no completely normal arterial segments in the
atherosclerotic rabbits. By contrast, histology of the normal
rabbits showed unremarkable arteries with no evidence of

Fig. 1 Chemical structure of MA-ce6 together with absorption and
emission spectrum.
plaque or intimal thickening �not shown�.
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3.3 Intravascular Fluorescence in Blood-Filled
Arteries

The approved animal protocol specified a terminal procedure
to analyze the distribution of ce6 in the rabbits. Before admin-
istering a fatal dose of pentobarbital, we anesthetized two
rabbits with ketamine/xylazine to determine whether it was
possible to capture intravascular fluorescence in the aortas of
living rabbits in the presence of flowing arterial blood. The
fiber was inserted through the noninjured femoral and iliac
artery and advanced into the aorta. However, probably due to
the construction of the fiber optic probe that had a flat pol-
ished end, signals were nonsignificant until the fiber reached
the aortic arch where the tip came into contact with the arte-
rial wall as the artery curved around �see Fig. 2; data not
shown�. Then we sacrificed the animals and opened the body
cavity with a longitudinal incision through the thoracic and
abdominal walls to expose the aorta. This enabled gentle pres-
sure with a gloved fingertip to be applied to compress the
artery against the fiber tip and allow optical contact with the
arterial wall. Figure 3 illustrates examples of intravascular
fluorescence emission spectra obtained from the mid-
abdominal aorta of atherosclerotic and normal rabbits 24 h
after injection of MA-ce6. The intravascular measurements
were taken in triplicate and at ten locations at 1-cm intervals
throughout the length of the aorta, plus one set in the unin-
jured and one set in the injured iliac arteries. There were five
conditions �MA-ce6 at 6 h and 24 h; free ce6 at 6 and 24 h
and no injection� and two sets of rabbits for each condition
�normal and atherosclerotic�. The values are presented in Fig.
4�a� for six atherosclerotic rabbits and in Fig. 4�b� for six
normal rabbits.

The intensities of the intravascular fluorescence measure-

Fig. 2 Photograph of excised en bloc atherosclerotic aorta and iliac
arteries showing numbering of segments. 1. ascending aorta; 2. aortic
arch; 3., 4., and 5., thoracic aorta; 6. aorta at diaphragm; 7., 8., and 9.
abdominal aorta; 10. aortic bifurcation; inj: right iliac artery through
which balloon was introduced; and uninj: normal left iliac artery. H
and E sections of the typical segments obtained from the �a� aortic
arch, �b� mid-thoracic noninjured site, �c� injured mid-abdominal, �d�
aorta above bifurcation, �e� uninjured iliac artery, and �f� injured iliac
artery.
ments in atherosclerotic animals decrease in the order MA-
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ce6 24 h� ce6 6 h �p�0.001�� MA-ce6 6 h �p�0.05��
ce6 24 h �p�0.05�� nothing �p�0.001�. Since the values
obtained from rabbits injected with nothing can be assumed to
be background autofluorescence from the artery wall, this
number �approximately 100 arbitrary units� could be sub-
tracted from the values, thus further increasing the advantage
shown by MA-ce6 at 24 h. The highest values are in segments
1, 2, 6, 7, 8, 9, and the injured iliac artery. Segments 6 through
9 and the injured iliac artery develop the worst atherosclerosis
due to the endothelial injury, while segments 1 and 2 near the
aortic arch are the natural site for development of lesions in
rabbits subjected to atherogenic diets. There is a very large
selectivity for atherosclerotic rabbits compared to normal rab-
bits �p�0.0001� �Fig. 4�b��, where the values for both free
ce6 and MA-ce6 at both time points do not differ significantly
from values obtained from normal rabbits injected with noth-
ing. This implies that none of these fluorophores accumulate
in normal arteries. The autofluorescence �no injection� values
from atherosclerotic rabbits were higher than those from nor-
mal rabbits �but not significantly�.

3.4 Fluorescence Localization ex-Vivo by Surface
Spectrofluorimetry

Figure 5�a� shows the values obtained from emission spectro-
fluorimetry of the excised aortic segments opened up to ex-
pose the luminal surfaces after the intravascular experiments
were completed. The order of intensities of the signals is
MA-ce6 24 h�MA-ce6 6 h �p�0.0005�� ce6 6 h �p
�0.0001�� ce6 24 h� nothing. The signals from free ce6 at
both 6 and 24 h did not significantly differ from background
levels obtained in noninjected rabbits. The atherosclerotic sig-
nals were higher from segments 1, 4 through 8, and the in-
jured iliac artery. The difference between fluorescence from
MA-ce6 at 6 and 24 h was much smaller in segments when
the maximum fluorescence was low �segments 2, 3, 9, 10, and
uninjured iliac� than in the segments mentioned before where
it was high. In the case of conjugate at 6 and 24 h the values

Fig. 3 Representative intravascular fluorescence emission spectra
from balloon-injured segment �mid-abdominal� of atherosclerotic rab-
bit aorta and corresponding section from normal rabbit. Both animals

were injected with MA-ce6 24 h before sacrifice.
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obtained from segments excised from atherosclerotic rabbits
were much higher �p�0.0001� than the corresponding seg-
ments taken from normal rabbits �Fig. 5�b��.

3.5 Extraction and Quantification of ce6 in Aortic
Segments

Figures 6�a� and 6�b� show the values obtained by extraction
of the ce6 from the arterial segments and quantification of the
ce6 concentration in mol/g tissue by fluorescence spectropho-
tometry of the dissolved tissue. The concentration of MA-ce6
in atherosclerotic arteries is significantly higher at 24 h com-
pared to 6 h �p�0.0001�. The values for MA-ce6 at 24 h are
significantly larger in atherosclerotic rabbits compared to
those from normal rabbits �p�0.0001�. The values of free
ce6 at both 6 and 24 h in atherosclerotic rabbits are not dif-
ferent from background �no injection�.

3.6 Biodistribution in Nontarget Organs
Figure 7 depicts the values of ce6 concentration in the tissue
of nontarget organs obtained by extraction. We only measured
the values for atherosclerotic rabbits injected with MA-ce6 at
6 and 24 h. Skin and muscle had low levels, followed by
heart, fat, plasma, and bile with intermediate levels, and liver,
spleen, bladder, lung, and gall bladder had the highest levels.
Most of the organs had lower levels at 24 h compared to 6 h,

Fig. 4 Mean intravascular fluorescence signal �in arbitrary units� for
arterial segments gathered by fiber pullback in �a� atherosclerotic rab-
bits and �b� normal rabbits. Values are means of triplicate determina-
tions at each segment from six rabbits, and bars are SEM.
except the liver and bile, which increased at 24 h.

March/April 2006 � Vol. 11�2�5



Tawakol et al.: Photosensitizer delivery to vulnerable atherosclerotic plaque¼
4 Discussion
There have been many reports of cell-type specific targeting
using a conjugate between a reporter or therapeutic molecule,
joined to a macromolecular ligand, recognized by a receptor,
expressed or overexpressed by a certain cell type involved in
disease. To validate this claim, an essential control is the ad-
ministration of the unconjugated molecule on its own. This is
even more necessary in the case of targeted delivery of a PS
to atherosclerotic plaques, as there have been several reports
of free PS alone localizing in various atherosclerotic lesions
in diverse animal models of atherosclerosis.19–22

The findings in the present study are highly supportive of
the hypothesis that scavenger-receptor targeting of ce6 can
indeed provide an advantage over the accumulation of free
ce6 in plaques that appears to occur by an unknown mecha-
nism. When MA-ce6 is used with a 24-h time interval, there is
significantly more ce6 in plaques than free ce6 at either time
point, without a corresponding increase in accumulation in
normal rabbit arteries. This applies to all segments of the dis-
eased aorta but particularly to the segments that have more
severe disease either by being located near the aortic arch
�segments 1 and 2� or by suffering endothelial denudation
�segments 6, 7, 8, and injured iliac�. It was interesting to
observe that the MA-ce6 conjugate at 24 h had higher values
in the plaques than the same conjugate at the same dose at
6 h. The explanation for this observation is presumably that

Fig. 5 Mean intimal surface fluorescence signal �in arbitrary units� for
arterial segments removed and opened from �a� atherosclerotic rabbits
and �b� normal rabbits. Values are means of 6 to 24 determinations at
each segment from six rabbits, and bars are SEM.
the conjugate is actively taken up by macrophages in the
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plaques by the time-dependent process of endocytosis, and
therefore the cells can continue to accumulate fluorescence as
long as there is conjugate still in circulation. This time differ-
ence in fluorescence accumulation is not observed in arterial
segments from normal rabbits, as these nondiseased arteries

Fig. 6 Mean values of ce6 content �in mol ce6 equivalent per gram
tissue� from arterial segments that were removed and opened from �a�
atherosclerotic rabbits and �b� normal rabbits, and subsequently dis-
solved and quantified by fluorimetry. Values are means of 1 to 3 de-
terminations at each segment from six rabbits, and bars are SEM.

Fig. 7 Mean values of ce6 �in mol equivalent per gram tissue� in
nontarget organs from atherosclerotic rabbits injected with MA-ce6
and sacrifced either 6 or 24 h later. Values are means of 1 to 3

samples from each organ from six rabbits, and bars are SEM.
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are devoid of macrophages. The data from the nontarget or-
gans agree with the hypothesis of active accumulation. The
liver has the highest concentration of tissue macrophages, and
this was the only organ that had much higher amounts at 24 h
compared to 6 h. In addition, the amount in bile was higher at
24 h, in agreement with the function of the liver to excrete
lipophilic molecules in bile.

As expected, the free ce6 did show a somewhat selective
localization in plaques both at 6 and 24 h �especially by in-
travascular fluorescence�. This was more pronounced at the
6-h time point. This can be explained by the fact that as ce6 is
a small molecule, the pharmacokinetics may be expected to be
faster than the macromolecular MA-ce6 conjugate. When free
ce6 is used as a PS for cancer treatment, illumination is usu-
ally carried out relatively soon after injection into the
bloodstream.35 The present study has not shed any light on the
mechanism of plaque localization by free ce6, but plausible
hypotheses include accumulation in lipid-rich areas of
plaques, penetration through leaky endothelial barriers, and
even uptake by the macrophages present in the lesions.

Some differences were observed between the various mo-
dalities used to quantify the ce6 accumulation in the athero-
sclerotic plaques. The MA-ce6 at 24 h was the highest by a
considerable margin using all the different techniques. How-
ever, the MA-ce6 at 6 h gave significantly higher values in
the surface fluorescence measurements than in the intravascu-
lar measurements, while the situation was reversed for free
ce6 at both time points. The explanation for this observation is
not obvious. It is possible that the detection of the fluores-
cence through the blood that filled the arteries was more effi-
cient for the free ce6 that has a higher fluorescence quantum
yield than the conjugate, where the fluorescence quantum
yield of the dye is reduced by the covalent conjugation. The
free ce6 may have been more loosely attached to the surface
of the arteries, so it could have been detected in the intact
aortas but was lost when the arterial segments were washed in
saline before surface detection. This possibility would also
explain the absence of significant amounts of free ce6 in the
arterial segment extraction data at both 6 and 24 h �Fig. 6�a��.

The optical arrangement of the surface fluorescence mea-
surements involves a 3-mm-diam window that sits in contact
with the tissue, and means that the light enters the tissue at
right angles. This configuration is in contrast with the intra-
vascular fiber optic probe, where the light is launched parallel
to the intimal surface and therefore will not penetrate as far
into the tissue. A comparative estimate of the penetration
depths would be in the order of 100 to 200 �m for the surface
fluorescence but only 10 to 60 �m for the intravascular
probe. It is possible that the macrophages that accumulate
MA-ce6 are located deeper in the intimal lesions than the
accumulation of free ce6 that may be shallower due to endo-
thelial leakiness. This would then explain the difference be-
tween the relative magnitudes of the MA-ce6 at 6 h and those
of free ce6, as determined by intravascular and surface fluo-
rescence measurements.

The highest relative signals for MA-ce6 at 24 h compared
to 6 h were obtained using the tissue extraction procedure.
The explanation for this observation is likely to be the con-
tinued active accumulation of MA-ce6 by receptor-mediated

endocytosis in the plaque macrophages. The nature of the
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fluorescence measurements at the artery wall �both intravas-
cular and surface� means that the measured signal may be-
come saturated at certain levels of plaque accumulation, pos-
sibly because the ce6 is in a less fluorescent aggregated state
when present at high levels, but on dissolution in a disaggre-
gating solvent �NaOH/SDS�, the fluorescence becomes linear
with ce6 concentration. One question that has not been ad-
dressed by the present study is how the conjugate is trans-
ported to the macrophages in the plaques. It is possible that
the conjugate passes through the endothelium lining the lu-
men of the artery, or alternatively, it could be delivered to the
plaques by the neovasculature �vasa vasorum� that is typical
of atherosclerotic plaques.

The intravascular fluorescence detection system requires
optimization to function satisfactorily in flowing blood. This
might involve redesign of the fiber tip to produce a side-firing
optical configuration, and to ensure that the optical path
length through blood is minimized by allowing the tip to
maintain gentle contact with the artery wall. There have been
considerable technical improvements in intravascular fiber
catheter design to enable such techniques as optical coherence
tomography36 and near-infrared spectroscopy7 to proceed to
clinical trials. Although the rabbits did not suffer any toxicity
from injections of the scavenger-receptor targeted conjugate,
it should be noted that such preparations might not be phar-
macologically neutral. Binding of ligands to macrophage
scavenger receptors may induce signaling cascades, leading to
macrophage activation and possibly to inflammation,37,38 but
recent data has shown that this SRA-mediated signaling is
unlikely.39,40

In summary, this study demonstrates the superior local-
ization of a scavenger-receptor-targeted PS conjugate in
macrophage-rich atherosclerotic plaques 24 h after injection
into rabbits. A rationally designed fiber-optic-based fluores-
cence detection system with the correct fiber-tip geometry
may answer the question of whether intravascular detection of
macrophage-rich plaques is feasible. Future work will corre-
late the accumulation of MA-ce6 in plaques to immunohis-
tochemical localization of macrophages, and investigate the
ability of the MA-ce6 conjugate to mediate therapeutically
beneficial PDT of the atherosclerotic lesions after intravascu-
lar delivery of red light in living rabbits.
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