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ABSTRACT: In this study we report the use of gold o
nanorods (GNRs) as absorption contrast agents in the -
diffusion reflection (DR) method for the in vivo detection of
atherosclerotic injury. The early detection and characterization mm
of atherosclerotic vascular disease is considered to be one of

the greatest medical challenges today. We show that

macrophage cells, which are major components of unstable

active atherosclerotic plaques, uptake gold nanoparticles, —
resulting in a change in the optical properties of tissue-like
phantoms and a unique DR profile. In vivo DR measurements 2 o

measuréments

of rats that underwent injury of the carotid artery showed a
clear difference between the DR profiles of the injured
compared with healthy arteries. The results suggest that DR measurements following GNRs administration represent a potential
novel method for the early detection of atherosclerotic vascular disease.
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old nanoparticles (GNPs) have long been used in the atherosclerotic disease before it becomes symptomatic. These

detection and imaging of biological processes and have included anatomical imaging techniques such as coronary
diseases."™* The broad range of applications for GNPs is calcium scoring by computed tomography (CT),'>'® carotid
based on their unique chemical and physical properties and, in intimal media thickness (IMT) measurement by ultra-
particular, on their optical properties from the visible to the sound,'”'® and magnetic resonance imaging (MRI)."”*° The
infrared (IR) region, depending on the particle size, shape, and measurement of various biological markers is also available such
structure.*™® Diffusion reflection (DR) measurements of gold as lipoprotein subclass analysis, hs-CRP, and other inflamma-
nanorods (GNRs) have been recently suggested as a new, tory marker levels.*"** Although there is a rapid progression in
simple, and very sensitive method for cancer detection.””” The imaging techniques, the identification of early, inflamed “active”
DR technique is based on a pair of source and detector fibers lesions within the coronary circulation remains elusive due to
which are placed along the tissue surface, separated by distance small plaque size, cardiac and respiratory motion, and lack of a
origins from a few millimeters to a few centimeters, to enable suitable tracer/marker specific for the unstable plaque. The aim
the DR collection.'®!! Once the GNPs accumulate in the of this study is to develop a new, easy to use, and noninvasive
specific tissue, the DR profile changes according to the optical method at low cost, to locate ASVD at its early stages.
properties of the GNPs. In the case of accumulated GNRs, the Anatomic detection methods are generally more expensive, and
DR-GNRs method is based on the unique absorption the physiologic methods do not quantify the current state of
properties of the GNRs which increase the absorption the disease accurately enough to track its progression.”
coefficient of the targeted site. Moreover, invasive methods, such as angiography, demonstrate

In this work, we extend our noninvasive DR-GNRs method changes in the lumen but not disease within the vessel wall.

to atherosclerotic vascular disease (ASVD) detection. Despite Therefore, the need for an improved detection method is of
recent therapeutic advances, atherosclerosis and its major highly importance.
vascular complications—myocardial infarction and ischemic
cerebrovascular accident—remain a leading cause of premature Received: February 13, 2014
morbidity and mortality.">™** Over the last decades, non- Revised:  March 25, 2014
invasive methods have been developed in order to detect Published: April 3, 2014
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Figure 1. GNS uptake by macrophages captured by the hyper spectral microscopy. (a) Bright-field images of macrophages cells. Nanoparticles
appear as dark dots within cells due to light absorption by the particles. (b) Reflectance intensity from macrophages 24 h after their incubation with
0.02 mg/mL (solid line) and 0.2 mg/mL (dotted line) of GNS. The spectra present an intensity peak at 540 nm, very much similar to the absorption
peak of the GNS measured by the spectrophotometer (Figure Sla). The reflection spectrum of 0.2 mg/mL is broadened in comparsion to the

reflectance spectrum of 0.02 mg/mL due to aggregation of highly concentrated GNS, resulting in an ensemble of red shifts.

28,29

Accumulation of GNPs in an atherosclerotic active plaques is
expected based on the known finding that phagocyte cells,
including macrophages, can uptake metal nanoparticles**** and
since macrophages are major components of the unstable,
inflammatory active atherosclerotic plaque.***” Therefore, the
combined DR of GNPs should present a new method to detect
ASVD at its early stages. In this study we show that the DR
method is able to detect, noninvasively, vascular disease
following GNPs injection. We present GNPs uptake by the
macrophages as was captured by a hyper spectral imaging
system. DR measurements of tissue-like phantoms with
macrophages, 24 h post GNPs injection, demonstrate in vitro
that the DR method detects the ‘golden’ macrophages. In
addition, in vivo DR measurements of carotid arteries in rats, as
a model for atherosclerotic vascular diseases, are presented,
showing a clear difference between the DR profiles of arteries
following vascular injury vs control arteries. Ex vivo high-
resolution CT measurements clearly prove the GNPs
accumulation within the rat arteries, confirming the DR results.
This article suggests, for the first time, a new, noninvasive
method for the detection of atherosclerotic-like vascular
disease.

The description of the gold nanospheres (GNS) and GNRs
preparation and physical properties as well as the macrophages
cells isolation are described in the Supporting Information
(Materials and Methods section). The uptake of GNS by
macrophages cells was verified using the hyper spectral
microscopy. A primary human macrophage cell culture was
incubated with SO L GNS (25 mg/mL) for 24 h at 37 °C.
After incubation, the medium was washed twice with phosphate
buffered saline, and the cells images were captured using the
hyper spectral imaging system. Figure la presents pictures of
the cells before and after their incubation with two different
concentrations of GNS: 0.02 and 0.2 mg/mL. The cellular
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uptake of the GNS is clearly observed as dark dots that appear
within the cells (dots are dark due to the absorption properties
of the GNS). These in vitro experiments also demonstrate that
the GNS uptake depends on their concentration: for the same
amount of cells, the higher the GNS concentration, the more
dark dots appear within the cells. Figure 1b shows the
reflectance spectra of the macrophages after their incubation
with the GNS. The spectra ensure the gold uptake by the
macrophages, as they are very similar to the absorption
spectrum of the GNS (Figure Sla). Moreover, the GNS uptake
by the macrophages clearly depends on the GNS concen-
tration: the higher the concentration, the higher the reflection
intensity.

The next step was to insert macrophages into tissue-like
phantoms, after their incubation with GNPs. Macrophages were
incubated with GNRs (0.2 mg/mL) for 24 h, then were
dissociated from the surface with Trypsin and solidified within
the phantoms. The DR from the phantoms with and without
macrophages was measured using our DR system. The
phantoms were irradiated with 780 nm illumination, according
to the absorption peak of the GNRs (Figure S1b). Four types
of phantoms were measured: phantoms with GNRs (0.2 mg/
mL), phantoms without GNRs, phantoms with macrophages,
and phantoms with macrophages that were incubated for 24 h
with GNRs (Figure 2a). The slope of each reflectance spectrum
was extracted (the procedure for the slope extraction is detailed
at Ankri et al, 2012),® and the average slopes are presented in
Figure 2c (representative DR curves are presented in Figure
2b). It is well noted that the slopes resulting from the DR of
phantoms with GNRs are very similar to those associated with
the phantoms containing macrophages post GNRs incubation.
These results indicate the GNRs uptake by the macrophages
and, particularly, the DR method capability for detecting
macrophages in tissue-like condition. It paved the way for in
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Figure 2. Diffusion reflection measurements of tissue-like phantoms. (a) Illustration of the two pairs of phantoms that were irradiated. Up:
Phantoms with and without (homogeneous) GNRs. Bottom: Phantoms with macrophages before and after their incubation with GNRs. (b)
Representative DR curves of the four types of phantoms: homogeneous (solid line), with 0.2 mg/mL of GNRs (dashed-dotted line), with
macrophages before their incubation with GNRs (dotted line), and with macrophages after their incubation with 0.2 mg/mL GNRs (dashed line).
(c) Averaged slopes resulting from the DR curves of the above-mentioned phantoms. The first and second columns represent phantoms with and
without GNRs (0.2 mg/mL), respectively. The third, phantoms with macrophages following their 24 h incubation with 0.2 mg/mL GNRs. The
fourth column represents phantoms with macrophages that were not incubated with GNRs. The slope of the phantoms with macrophages that were
not incubated with GNRs was very similar to the phantom without GNRs, indicating that the macrophages presence within a tissue does not change

the optical properties of the tissue.

vivo DR measurements of atherosclerotic vascular disease
model in rats.

Atherosclerotic vascular disease model in rats was induced
using carotid artery balloon injury.® Immunohistochemistry
analyses were performed following the treatment to evaluate
inflammatory cell accumulation (Figure S3). Rats were scanned
in our DR system after a balloon injury of one of their carotid
arteries. The injured artery was scanned noninvasively through
the rat neck 24 h post the GNRs injection. Healthy carotid
artery, located in the opposite side of the rat’s neck, was also
scanned and served as a control. In addition, we irradiated both
the injured and the noninjured healthy arteries with 650 nm
illumination, which is spectrally far from the injected GNRs
absorption peak (see Figure S1b). Illustration of the spatial
diffusion of light on the healthy and injured arteries surface is
presented in Figure 3a: the diffusion of light decreases stronger
in the injured artery due to the GNRs uptake by the
macrophages, resulting in a higher absorption coeflicient of
the tissue. This theory is clearly demonstrated by the DR curves
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presented in Figure 3b: The reflection slope of the injured
artery was about 5 times higher than the slope of the same
artery before the GNRs injection as well as compared to the
noninjured artery. These results suggest the DR method to be a
highly sensitive detection method for ASVD.

Figure 4 presents a high-resolution CT image of the rat
arteries 24 h post GNRs injection. GNRs along the arteries can
be clearly identified as golden regions, since gold induces
stronger X-ray attenuation.> Figure 4a shows the CT scan of
the injured artery, distorted due to the balloon injury. In the
injured region of the artery high concentrations of gold were
accumulated. The gold accumulation in this region was likely
due to the gold uptake by macrophages and other mononuclear
cells, known to be recruited and to infiltrate the arterial vessel
wall following injury.**** Figure 4b depicts a CT image of the
healthy noninjured artery, on the opposite side of the rat’s neck.
Presence of gold can still be observed but in significantly lower
amounts. Importantly, no gold accumulation in a specific region
was observed, suggesting that macrophages did not accumulate

dx.doi.org/10.1021/nl500573d | Nano Lett. 2014, 14, 2681—-2687
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Figure 3. DR of a rat balloon-injured carotid artery. (a) Illustrative diffusion of light in the healthy (left panel) and injured (right panel) arteries. The
illustration suggests that the intensity of light decreases stronger in the injured artery due to GNRs accumulation, which increases the absorption
coefficient of the injured artery. The arrows present the light source-detector separations (in millimeters), indicating that reflection was measured
from 1 to S mm. (b) Normalized diffusion reflection curves of a rat balloon-injured carotid artery measured by our DR technique. The dashed line
represents the reflection from the injured artery before the GNRs injection. The solid dark line represents the reflection from the injured artery 24 h
post GNRs injection and the solid light line the reflection from the noninjured healthy arteries (control). The slopes directly depend on the
absorption coefficient of the tissue, correlated with the GNRs concentration within the tissue. Thus, the slope of the injured artery increased
following the GNRs administration due to GNRs uptake by the macrophages. All curves are presented in the logarithmic form In[p*I(p)], since it
enables the extraction of the GNRs concentration in the irradiated tissue (see Ankri et al, 2012).% The curve starts to decrease for p> ~2 mm since
only from this point the decrease of I'(p) is more dominant than the increase of p*.

in this artery. These CT images strengthen our diffusion
reflection results, as both indicate accumulation of gold in the
injured artery. In the Supporting Information, 3D and 4D
videos show the differences between the GNRs spreading in the
injured and the healthy arteries: While the GNRs in the injured
artery were specifically concentrated in the artery’s walls, in the
healthy artery GNRs were homogeneously dispersed, indicating
the absence of macrophages accumulation. Another important
finding is that a regular in vivo CT scan does not reveal gold in
the injured artery (Figure S4), while the DR method does
reveal it under the same conditions.

The results presented in this paper support the need for a
sensitive imaging method for the detection of vascular disease.
ASVD is a chronic disease that remains asymptomatic for
years.>* Current imaging techniques are limited to detect early
ASVD. Invasive techniques such as angiography have been
widely employed to visualize the inside, or lumen, of blood
vessels, with particular emphasis on the coronary arteries.”
Another invasive technique is the intravascular ultrasound

2684

(IVUS) that provides cross-sectional images of blood vessels,
having the ability to detect and characterize atherosclerotic
plaque.***” Noninvasive CT angiography can also detect
significant narrowing and occluding processes in the lumens
of various blood vessels. However, these methods focus on
detecting significant luminal narrowing and to a lesser extent on
characterizing the underlying ASVD disease. Our study
presents a new potential biotechnology method for noninvasive
detection of early ASVD.

The ASVD plaques are divided into two broad categories:
stable and unstable (also called vulnerable plaques). Stable
atherosclerotic plaques tend to be rich in extracellular matrices
and smooth muscle cells, while unstable plaques are rich in
macrophages, foam and inflammatory cells, and usually have a
weak fibrous cap.*® The unstable plaques are prone to rupture
into the circulation, inducing thrombus formation in the
lumen.>® Therefore, their detection is critical. One of the most
common and fatal complications of ASVD is ruptured unstable
plaque followed by thrombotic occlusion, causing myocardial

dx.doi.org/10.1021/n1500573d | Nano Lett. 2014, 14, 2681—-2687
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Figure 4. Ex vivo high-resolution CT scan of rat injured and healthy
arteries. (a) The injured artery. The arrow indicates the distortion in
the artery, caused by the injury. It is clearly evident that the GNRs
were accumulated in the injured area, most probably due to
accumulation within macrophages or in other mononuclear cells. (b)
The healthy artery. A lower amount of GNRs was accumulated. In
addition, the GNRs were homogeneously spread within the artery,
rather than amassed in one area.

infarction. Meanwhile, there is no reliable method that can
distinguish between these two kinds of plaques or detect
unstable plaques, prone to rupture.***' In this study we
demonstrate the ability to specifically detect vascular areas with
accumulation of macrophages cells, typical of unstable
atherosclerotic plaques. The in vivo model for ASVD was
based on a rat carotid artery balloon injury, in which
macrophages and other mononuclear cells are recruited and
infiltrate the arterial vessel wall following injury. The vascular
injury area was specifically identified by GNRs uptake,
presumably by macrophages.*” Our results demonstrate the
high efficiency of the DR method, using GNPs, in the detection
of macrophages in vitro and in vascular areas following local
injury in vivo. The high-resolution CT images as well as the
histology prove that GNRs can accumulate within vessel walls,
as in the injured artery’s walls in the current study, causing a
change in its optical properties and, thereby, a change in the
DR profile of the irradiated tissue. It is important to note that in
contrast to other imaging methods using GNPs, such as for
cancer detection,*** there is no need to bioconjugate the
GNPs in the detection of ASVD, since the macrophages uptake
pure GNPs. Moreover, the absorption properties of the GNRs
are usually suggested for therapeutic purpose, such as
photothermal therapy,* but, uniquely, the DR method presents
the absorption properties of the GNPs to server as contrast
agents for imaging purposes. Our previous studies show that
the DR method detects even very small concentrations of
GNRs.»”® Thus, small, early but inflammatory active
atherosclerotic plaques can be detected in subjects with
ASVD at its early stages by the DR method. The dependence
of the ASVD stage and GNRs concentration on the detected
signal should be further explored.

In conclusion, in this study we demonstrate that the DR
method using GNPs is able to detect macrophage accumulation
following vascular injury and, thus, may provide a promising
novel detection tool for identification of early ASVD and
unstable atherosclerotic plaques. Further investigation is
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required to use the GNPs as drug carriers for possible
therapeutic applications.
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