Gold nanoparticles in

cardiovascular imaging

Mariana Varna,?* Hoa V. Xuan'3 and Emmanuel Fort'

Although originally applied in the field of oncology, recent results have illus-
trated the considerable potential of gold nanoparticles (GNPs) in the imaging of
cardiovascular diseases (CVDs). CVDs represent the leading cause of mortality
and disability in the world. The principal cause underpinning CVDs is athero-
sclerosis, which develops into mid and large blood vessels, often leading to
severe complications. Thanks to their unique physicochemical properties, GNPs
have drawn much attention from the research community in cardiovascular ima-
ging. Thus, the optical properties of GNPs have led to their utilization as contrast
agents for optical or X-ray imaging modalities allowing the detection of athero-
sclerotic plaques, intravascular thrombus, or fibrotic tissue. In this study, we
detail the most promising preclinical scientific progresses based on the use of
GNPs for imaging in cardiovascular field and their improvements for a potential
clinical application. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

he use of gold for therapeutic purposes dates back

to antiquity in China and Egypt.! Nevertheless,
only in recent decades the scientific community has
shown a particular interest for applications of gold at
nanometric size in the medical field, not only for thera-
peutic, but also for medical imaging application as
contrast agents. The strong interest for biomedical uti-
lization of gold nanoparticles (GNPs) relies on multiple
characteristics. First, GNPs can easily be synthesized
by using a variety of strategies including chemical, ther-
mal, electrochemical, and sonochemical methods.”
This enabled the development of GNPs with various
shapes (e.g., spheres, rods, cages, prisms, stars, and

crescents)>* and with sizes between 1 and 500 nm.'?

Secondly, GNPs are inert, biocompatible, and can be
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easily modified for targeting.®” The GNPs can react
with molecules containing soft functional groups such
as thiols or amines® allowing for their biofunctionaliza-
tion with different ligands (peptides, proteins, and
aptamers)’ for specific recognition of biological targets.
Different data showed that the hydrodynamic diame-
ter, shape, and the biofunctionalization can affect the
half-life into the body. The diameter of GNPs is
inversely proportional to the speed of glomerular filtra-
tion.'® To avoid the rapid elimination of GNPs by the
body, a common strategy is based to the use of poly-
ethylene glycol (PEG). This increases the hydrophilicity
of GNPs and improves the circulation time into the
body by limiting the opsonins recognition.

Mainly developed for cancer imaging, the appli-
cations of GNPs in cardiovascular field is still in its
infancy. In the following, we present a detailed over-
view of preclinical imaging with GNPs in the cardio-
vascular field. We first describe the unique optical
and chemical properties of GNPs, which make them
promising probes for bioimaging and cardiovascular
therapies. After a short description of atherosclerotic
plaque, the main underpinning of cardiovascular
diseases (CVDs), the review examines how GNPs can
improve optical or X-ray imaging, in order to evalu-
ate plaque development or to detect an intravascular
thrombus and the cardiac fibrosis.
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Overview

PLASMONIC PROPERTIES OF GNPs

GNPs possess unique optical properties: the interac-
tion between the free electrons of the GNPs with
light induces their collective oscillations in resonance
with the frequency of the absorbed light."! This phe-
nomenon, called localized surface plasmon resonance
(LSPR) (Figure 1), results in strong light absorption
and scattering. This resonance can be tuned in a pre-
cise manner by changing the shape or size of the
nanoparticles throughout the entire visible and near
infrared (NIR) spectrum. The enhanced interaction
between light and the particle at the LSPR give rise
to both absorption (i.e., heat conversion) and scatter-
ing, which can also be tuned by varying the nano-
particle size and shape. For example, GNPs with a
diameter smaller than 20 nm essentially absorb light,
while GNPs with a diameter of 80 nm induce a
strong scattering. The scattering and absorption cross
sections can be much larger than the geometrical
cross section at the LSPR. A large scattering cross
section is required for biological imaging based on
light scattering."»'?> The advantage of tuning the
LSPR in the NIR range, commonly called the ‘thera-
peutic window,’ is that it allows a deep light penetra-
tion into the biological tissues, low auto-fluorescence,
and reduced light absorption.'?

Three different GNPs classes are largely applied
for in vivo imaging purposes. As shown by Jain and
coworkers,'* all of these types have optical cross-
section a few orders of magnitude higher than con-
ventional dyes. Nanospheres with a spherical dielec-
tric core and a thin gold shell have resonance
wavelength in the visible and IR range; nonetheless
the tunability of the wavelength with size is limited.
For nanoshells and nanorods, the resonance wave-
length can easily be changed by modifying the ratio
between the dielectric core and gold shell or the rod
aspect ratio, respectively.

Because of their unique optical and chemical
properties, GNPs are attractive probes and can be
used as contrast agents for different optical imaging
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FIGURE 1 | Schematic diagram illustrating a localized surface
plasmon. (Reprinted with permission from Ref 11. Copyright 2011
Royal Society of Chemistry)
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modalities including photoacoustic imaging (PAI),
optical coherence tomography (OCT), and surface
enhanced Raman scattering (SERS). These imaging
modalities do not use harmful ionizing radiations.

Other non-optical imaging can use GNPs as
contrast agents. Because of their physical properties,
GNPs have been preclinically evaluated for X-ray
imaging (computed tomography, CT). X-ray imaging
is one of the most common imaging techniques in
clinical practice thanks to its good spatial resolution
(50-200 pm).'H13

DEVELOPMENT OF THE
ATHEROSCLEROTIC PLAQUE

CVDs (Box 1) are the leading cause of death and dis-
ability in the world.'®'” Coronary artery disease
(CAD), stroke, and peripheral artery disease, all
involve atherosclerosis. Atherosclerosis is a multifac-
torial and slowly progressing pathophysiological
disease, which develops in large and mid-sized
arteries at predisposed regions (e.g., near branch
points and along inner curvature) characterized by
disturbed blood flow dynamics.'®*! The develop-
ment of atherosclerosis is linked to some risk factors
such as hypertension, smoking, diabetes, high total
cholesterol, excessive food intake, and physical inac-
tivity or genetic hyperlipidemia.'” Atherosclerosis is
initiated by structural and endothelial cell dysfunc-
tion in the arterial wall, and is characterized by a
chronic inflammatory process.”*** In this favorable
inflammatory condition, low-density lipoproteins
(LDLs)-derived cholesterol, extravasate through the
defective endothelium into the subendothelial space
(Figure 2). Thereafter, the lipoproteins undergo
modifications by radical oxygen species and other
enzymes such as myeloperoxidase, 15-lipoxygenase
leading to the formation of oxidized LDL (oxLDLs).

The oxLDLs induce an inflammatory process
manifested by the recruitment of monocytes and their
attachment to the activated endothelial cells expres-
sing adhesion molecules [e.g., selectins, vascular cell
adhesion molecule 1 (VCAM-1), and intercellular
adhesion molecule-1 (ICAM-1)]. The monocytes pen-
etrate into subendothelial space and are subsequently
differentiated into macrophages expressing scavenger
receptors (SR-A/B and CD36). These macrophages
will recognize the oxLDLs and will start to ingest
them. When the uptake exceeds the efflux, lipids
accumulate into macrophages, which become “foam
cells.” In the advanced atherosclerotic plaque, the
pro-inflammatory cytokines (such as tumor necrosis
factor-a and interleukin-6) will promote smooth

© 2017 Wiley Periodicals, Inc.



;,"‘ WIREs Nanomedicine and Nanobiotechnology

BOX 1

CARDIOVASCULAR DISEASES

CVDs are a group of disorders among which are
included:

Coronary heart diseases occur when the cor-
onary blood flow is blocked by a blood clot or
an atherosclerotic plague. When the blockage
is partial it can cause angina (chest pain) and
when the blockage is complete, it can cause a
myocardial infarction. The reestablishment of
blood flow (reperfusion) may induce new cellu-
lar and tissue lesions known as ischemia/reper-
fusion lesions.

Stroke (ischemic or hemorrhagic) appears
when a blood vessel that feeds into the brain is
blocked, leading to a lack of blood and oxygen
to the brain.

Peripheral arterial diseases occur when blood
vessels supplying the arms and legs are blocked
by an atherosclerotic plaque or by a clot.

Aortic aneurysms represent the second most
frequent disease of the aorta after atheroscle-
rosis. An aneurysm is generally defined as arte-
rial enlargement with loss of arterial wall
parallelism. Depending on the localization,
there are thoracic aortic aneurysms (TAA) and
abdominal aortic aneurysms (AAA).>°

Deep vein thrombosis and pulmonary embo-
lisms are defined by the formation of a blood
clot in the deep leg vein; the thrombus can
break, travel in the circulation system, and
become trapped in the lung inducing a pulmo-
nary embolism.

muscle cells (SMCs) proliferation, gain macrophagic
capacities, and can uptake oxLDLs contributing to
foam cell formation. In parallel, SMCs participate in
the fibrous cap development.'®**2% During the
development of atherosclerotic plaque, endothelial
cells, macrophages, and SMCs die contributing to
necrotic core formation within the plaque.?”>*® This
inflammatory environment promotes the develop-
ment of fragile and defective blood vessels, mainly
originating from wvasa wvasorum, and provides an
alternative entry pathway for monocytes and
immune cells. These neovessels tend to be fragile and
prone to leakage, promoting intraplaque hemor-
rhage, and thus accelerating plaque growth and
instability.>®> Another phenomenon observed during
progressive atherosclerotic lesions is represented by

© 2017 Wiley Periodicals, Inc.
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the presence of calcium microscopic granules deposits
into the necrotic core.*!

Plaque rupture can occur where the fibrous cap
is thinner and is favored by proteolytic enzymes such
as matrix metalloproteinase.”’ The contact between
the necrotic core and the blood leads to a luminal
thrombosis. The thrombus development is initiated
by tissue factor, and culminates with the recruitment
and generation of thrombin and fibrin.?” The compli-
cations induced by thrombosis (e.g., myocardial
infarction and stroke) are the most common causes
of death and disabilities, while the atherosclerosis
alone is rarely fatal. Identification and localization of
vulnerable plaques (e.g., macrophages accumulation,
intraplaque hemorrhages, or thin fibrous cap) are
therefore essential to avoid the complications because
of their rupture.

According to Mathers and Loncar,®' by 2030,
over 23.3 million people will die annually from
CVD. Increased knowledge of the atherosclerotic
mechanism as well as the complications induced by
the thrombus formation had led to the identification
of molecular markers, which are ideal targets for
imaging and therapy. Nowadays, there is a strong
need to improve the sensitivity of the current imaging
modalities in atherosclerosis and, overall, on CVDs.
Different imaging modalities are developed and used
in clinical practice for diagnosis and follow-up of the
CVDs (Box 2). However, these imaging methodolo-
gies also show some limitations. Thus, early detec-
tion, the precise follow-up of these diseases and the
prediction of acute clinical events caused by athero-
sclerotic plaque rupture remain a major clinical
challenge.

In the next section, we highlight the relevance
of GNPs as contrast agents for optical imaging mod-
alities in preclinical development and their applica-
tions for X-ray imaging.

GNPs IN CARDIOVASCULAR OPTICAL
IMAGING

Photoacoustic Imaging

The photoacoustic effect was discovered by Alexan-
der Bell over 100 years ago. The absorption of opti-
cal or radiofrequency waves leads to local heating
and thermoelastic expansion which can generate
transient acoustic signal.">*” PAI is a hybrid experi-
mental imaging modality that combines the optical
and ultrasound imaging techniques. It provides infor-
mation with a high spatial resolution (50-500 pm)
and penetration depth up to 5 cm.*® This imaging
modality is based on the photoacoustic effect and is
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FIGURE 2 | The main steps in atherosclerotic plaque development. The risk factors (e.g., hypertension and dyslipidemia) lead to activation of
endothelial cells that start to express adhesion molecules. The monocytes can then adhere to the endothelium and accumulate into the subendothelial
space; here they are transformed into macrophages and start to ingest oxidized low-density lipoprotein (oxLDL) and become foam cells. In this
inflammatory environment, the smooth muscle cells (SMCs) migrate, proliferate, and produce collagen. New fragile neovessels are formed and may
bleed, causing intraplaque hemorrhages and participating in plaque growth. At the advanced stage of atherosclerosis, a fibrous cap is formed
encapsulating a necrotic core with calcium microcrystals. (Reprinted with permission from Ref 23. Copyright 2015 Macmillan Publishers Ltd)

related to the optical properties of different tissues.
PAI offers the possibility of imaging both intrinsic tis-
sue molecules (e.g., hemoglobin, lipids, water, and
melanin) and exogenous contrast agents like GNPs.
PAI uses pulsed laser beams, usually at nanosecond
range. These short pulses of light are absorbed in tis-
sues inducing a localized thermoelastic expansion,
which generates acoustic waves detectable by an
ultrasound transducer.**°

Two configurations of PAI have been proposed:
photoacoustic tomography (PAT), used at centimeter
imaging depths, and photoacoustic microscopy, used
at millimeter imaging depths. Briefly, PAT uses a
short-pulse laser beam to induce thermoelastic
expansion of absorbers, which then produces pres-
sure acoustic waves (Figure 3). The waves are
detected by a wideband ultrasonic transducer and are
used to reconstruct the three-dimensional (3D) tissue
absorption distribution.’

Exogenous contrast agents are employed for
better tissue detection. For example, one of the most
commonly used contrast agents is Indocyanine green
(ICG), an Food and Drug Administration-approved
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dye. ICG shows a high molecular extinction coeffi-
cient with high photoabsorbance, but poor stability
and rapid excretion.’** Thus, to visualize the vas-
culature, multiple ICG dyes injections are needed.”’
Other molecules are also used, such as methylene
blue (664 nm) and Evans blue (620 nm), which are
limited by their blue-shifted absorption peaks and
photodamage under strong radiation.’®~>®

To overcome the limitations of classical dyes,
GNPs with different shapes have been tested as con-
trast enhancement agents (Table 1).°%"'~* For
example, poly-ethylene glycol (PEG)-coated hollow
gold nanospheres have been successfully applied to
visualize the brain vasculature in living mice
(Figure 4(a)). These NPs composed of a thin gold
wall display a strong absorption peak at 800 nm.
The images depicted brain blood vessels as small as
approximately 100 pm in diameter.’” It should be
noted that the PEG coating of GNPs is one of the
most common strategies used to prolong circulation
time into the body.

Rouleau et al.®® have developed PEGylated
gold nanoshells targeting VCAM-1, a known marker

© 2017 Wiley Periodicals, Inc.
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CARDIOVASCULAR IMAGING

In this box are described some imaging modali-
ties used in clinical practice:

Magnetic resonance imaging (MRI) signal ori-
ginates from hydrogen atoms through magneti-
zation and resonance after application of a
radiofrequency pulse. The contrast can be
enhanced by using gadolinium or fluorine-19
("°F) as contrast agents. This noninvasive ima-
ging technique can provide insights into the
biological characteristics of the tissue of interest
such as water, lipid, and fibrous cap content.®?
When gadolinium is used as contras agent, MRI
can provide information on fibrous cap and
necrotic core,®® macrophage content, degree of
plague neovascularization,® intraplaque hem-
orrhage, and mural thrombus.3*3¢ MRI presents
some disadvantages such as the cost of the
setup and the impossibility of being conducted
on some patients (with a pacemaker or claus-
trophobic patients). This imaging method is sev-
eral magnitudes less sensitive than radionuclide
and optical techniques.”™3” Another limitation
could be linked to the use of gadolinium which
can induce a small risk of nephrogenic systemic
sclerosis, related to renal function in patients
with end stage renal diseases on dialysis.

Positron emission tomography (PET) uses
small amounts of radioactive materials called
radiotracers. The most common used radiotra-
cers in cardiovascular diagnosis are fluorine-18
("®F) and gallium-68 (°®Ga). The glucose ana-
logue 18F-fluorodeoxyglucose ('F-FDG), which
is taken up with high affinity by hypermeta-
bolic cells (e.g., inflammatory cells) imaging has
been set up in humans for imaging high-risk
plaques. PET is often combined with CT ima-
ging, which provides excellent anatomic infor-
mation, allowing the identification of the
culprit stenosis in patients presenting chest
pain. PET/CT is a powerful noninvasive modality
that offers the potential for refined diagnosis
and management of coronary atherosclerosis.>®

Single-photon emission CT (SPECT) is another
nuclear imaging modality used in the diagnosis
or to assess the prognosis of CAD and heart
muscle damage following an infarction. SPECT
is based on the selective uptake of a radioactive
tracer, thallium-201 (?°'Tl), or technetium-99m
(**™Tc), by functional myocardial tissue. This
method was developed to evaluate myocardial

Gold nanoparticles for cardiovascular imaging

perfusion and viability and is applied at rest
and after exercise or pharmacological stress.*

Echocardiography is a routinely imaging tech-
nique used in the diagnosis and follow-up of
patients with suspected or known heart disease.
It has been used essentially to provide mecha-
nistic insights on cardiac morphology such as left
ventricle mass or the estimation of the heart
function. In echocardiography, the high-
frequency ultrasound is directed into the body
and then reflected by interfaces between tissues
of different acoustic impedance such as myocar-
dium, valves, and blood.>® In order to diagnose
CAD and assess a possible myocardial ischemia,
an echocardiography after stress (induced by
physical exercise or pharmacological agents) is
one of the most commonly used imaging techni-
ques in clinics. This rapid examination is very use-
ful to assess risk stratification in patients with
established CAD, to evaluate the severity of heart
valve stenosis, to evaluate patients after revascu-
larization, or to determine response to therapy
and predict patient outcome.*®

Coronary angiography is one of the most
applied imaging techniques for cardiovascular
diagnosis or therapy guidance. This imaging
method enables to obtain rapid anatomic two-
dimensional (2D) imaging of blood vessels, with
high spatial resolution. Some disadvantages of
this imaging method are linked to the low sen-
sitivity, the exposure to radiations, and the
allergies developed to iodinated contrast
agents.

A major limitation of coronary angiography
is its insensitivity in detecting subclinical athero-
sclerosis and quantifying plaque burden
because of remodeling of the atherosclerotic
vessel.!

Intravascular ultrasound (IVUS) is a valuable
diagnostic imaging technique which complete
angiography. The principle is based on the use
of a catheter with a tiny ultrasound band. The
catheter inserted into an artery provides precise
tomographic measurements of lumen area, pla-
que size, and to some extent the composition
of atherosclerotic plaque. This imaging method
is commonly used during angioplasty.*?

Optical Coherence Tomography (OCT) is a
powerful optical imaging technique with axial
sectioning based on light interference. OCT can
be performed in situ and in real-time and
provides 3D imaging.*®* The high resolution of
OCT enables imaging of plaque architecture.
OCT makes the visualization of surface

© 2017 Wiley Periodicals, Inc. 5of 19
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structure and composition of atherosclerotic
plaque possible.** The major limitations of OCT
are the requirement for a blood-free field to
avoid light scattering by red blood cells, its
invasiveness, and the poor penetration of light
through lipid-rich tissues.*>¢

of early endothelial cell activation. After intravenous
injection into ApoE-deficient mice (ApoE™"), the PAI
allowed the detection of the atherosclerotic plaque,
because the targeted nanoshells accumulated onto the
plaque (Figure 4(b)). It is known that VCAM-1 is
expressed on endothelial cells in both early and
advanced atherosclerotic lesions as well as on acti-
vated macrophages and SMCs.”” This could limit the
translation on clinical imaging to detect vulnerable
plaques by using this vascular marker.

Another kind of nanoparticle platform tested
for PAI is represented by gold nanobeacons. With the
aim to target the intravascular thrombus, Lanza’s
team developed gold nanobeacons targeting fibrin, as
it is a critical component of the thrombus. They
demonstrated in a rat model that the targeted nano-
beacons provide a more than 10-fold signal enhance-
ment in PAI when excited in the NIR spectral
window.”' Later, the same team developed gold
nanobeacons targeting osps-integrin, a heterodimeric
transmembrane glycoprotein presented on the lumi-
nal zone of proliferating endothelial cells and consid-
ered as a neovascular biomarker. The authors
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FIGURE 3 | Principle of photoacoustic imaging. Near infrared
(NIR) laser (1) is applied on tissue containing gold nanoparticles
(GNPs) (2), generating ultrasound waves (3, 4), detected by ultrasonic
transducers (5).
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demonstrated that ospz-integrin coated GNPs pro-
vided an efficient and sensitive means of detecting
angiogenesis in a Matrigel-plug mouse model. This
strategy offers the possibility to detect and quantify
developing angiogenic bridges and sprouts undetecta-
ble in the baseline images.’! These results were
explained by the specific accumulation of the targeted
nanoparticles either into the thrombus or the endo-
thelial cells. Because gold nanobeacons entrap multi-
ple copies of tiny GNPs (2-4 nm), their mutual
interaction can greatly amplify the signal and provide
strong acoustic signal for PAL

In addition, several other preclinical imaging
applications of GNPs have been tested in the cardio-
vascular field. PAI using gold nanorods as contrast
agents, coupled with focused-ultrasound, was per-
formed to induce blood-brain barrier opening in a
rat model.”® This strategy allowed the monitoring of
in vivo focused ultrasound effect. Other in wvitro
experiments have demonstrated the possibility of
tracking stem cells”” or macrophages’® by using PAL
Loading GNPs into endosomal compartments of
stem cells does not alter cellular functions including
cell viability and differentiation.””

Another elaborate strategy has been developed
by the Emelianov team. This method, which com-
bines intravascular ultrasound and intravascular
photoacoustic (IVUS/IVPA) imaging, represents an
attractive modality to assess atherosclerotic plaque
and to detect lipid regions in the aorta.”” IVUS pro-
vides morphological information but lacks sensitivity
in the identification of lipid-rich plaques,®® while
IVPA enables imaging of the full arterial thickness.
By using IVUSAVPA (Figure 4(c)), the authors
showed that gold nanorods colocalize with athero-
sclerotic regions after injection in rabbits with ather-
osclerotic plaques. Ex vivo results demonstrated a
high photoacoustic signal from localized GNPs in
regions with atherosclerotic plaques. These findings,
confirmed on histological sections, were explained by
the fact that the GNPs extravasate in atherosclerotic
regions with compromised luminal endothelium and
acute inflammation.®® In another experiment, Emelia-
nov and coworkers demonstrated that GNPs can
aggregate after their uptake by the macrophages, one
of the key components involved in the pathology of
atherosclerosis. In addition, in a rabbit injected with
macrophages loaded with GNPs, the authors were
able to detect ex vivo, a strong photoacoustic signal
in the area of rabbit aorta.>!

More recently, multispectral optoacoustic
tomography (MSOT) offered the ability to visualize
tissues based on their distinct spectral signatures after
multiple illumination wavelengths.®*~** This method

© 2017 Wiley Periodicals, Inc.
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TABLE 1 | Strategies in Preclinical Cardiovascular Imaging Using GNPs as Contrast Agents

Imaging Targeting ~ Animal
Modality NPs Shape  Size Strategy Model Detection Way of Injection Main Results Ref
PAI Nanospheres ~40 nm  No Mouse Brain vasculature iv 2 h after iv injection, the >
images depicted brain
blood vessel as small
as ~100 pm
PAI Nanoshells ~37 nm VCAM-1  Mouse Atherosclerotic iv Targeting aorticarch &
plaques Enhanced contrast for
atherosclerotic plaque
imaging
PAT Nanobeacons ~154 nm No Rat  Thrombus iv Gold nanobeacons o
provide more than 10-
fold signal
enhancement in PAT
PAI Nanobeacons ~159 nm o33 Mouse Angiogenesis in iv Integrin-o,B5 targeted >’
Matrigel-plug nanobeacons
penetrated deep into
the Matrigel-plug and
bound the neovessels
IVPA/IVUS  Nanospheres ~50 nm  No Rabbit Atherosclerotic Ex vivo, in the outer Detection of 62
plaques and inner regions macrophages in
of the aorta atherosclerotic plaque
due to a strong PA
signal
IVPA/IVUS  Nanorods  Less than No Rabbit Atherosclerotic iv Ex vivo imaging reveal a ®
50 nm plaques high PA signal in
atherosclerotic
plaques
PT-OCT Nanoroses  ~30 nm  No Rabbit Atherosclerotic iv Estimation of the NPs
plaques concentration on
excised aorta
ocT Nanoroses  ~30 nm  No Rabbit Aorta inflammation iv Nanorose-loaded 4
macrophages are
ex vivo detected
superficially within
20 pum from the
luminal surface
SERS Nanospheres ~100 nm ICAM-1 Mouse Early stages iv SERS allowed 65
inflammation of noninvasive
atherosclerotic measurement of
lesions ICAM-1 expression
in vivo
Multispectral Nanospheres ~7.2 nm HDL Mouse Atherosclerotic iv Accumulation of NPs- 56
T plaques HDL were detected in
the aorta of the mice
cT Nanospheres ~31 nm  No Mouse Atherosclerotic iv (NPs labeled Noninvasively in vivo ¢
plaques monocytes) traking of labeled
monocytes migration
into atherosclerotic
plaques
) Nanospheres ~127 nm No Mouse Thrombi in carotid v Direct thrombus imaging ©

arteries

using GNPs

© 2017 Wiley Periodicals, Inc.
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TABLE 1 | Continued
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Imaging Targeting ~ Animal
Modality NPs Shape  Size Strategy Model Detection Way of Injection Main Results Ref
Quantification and serial
monitoring of
thrombus lysis
cT Nanospheres ~127 nm Fibrin Mouse Cerebral iv Fibrin-targeted GNPs 69
targeting thromboemboli allow the assessment
peptide of the location and
thrombolysis of
cerebral thrombi by
using CT imaging
cT Nanospheres ~50 nm  Collagen ~ Mouse Myocardial scar iv Specific targeting of 70
targeting myocardial scar with
peptide the homming peptide
(CNA35) Better tissue retention

and enhanced X-ray
attenuation

CT, computed tomography; GNPs, gold nanoparticles; HDL, high-density lipoprotein; ICAM-1, intercellular adhesion molecule-1; IVPA/IVUS, intravascular
photoacoustic/intravascular ultrasound; OCT, optical coherence tomography; PAI, photoacoustic imaging; PAT, photoacoustic tomography; PT-OCT,
photothermal-optical coherence tomography; SERS, surface-enhanced Raman scattering; VCAM-1, vascular cell adhesion molecule 1.

uses a nanosecond pulsed light from multiple wave-
lengths to illuminate the tissue to analyze. After the
absorption of light pulses, the thermoelastic expan-
sion of tissue generates ultrasound waves. The ampli-
tude of the generated ultrasound waves depend on
the local light fluence and optical absorption
capacities of the biological tissues. By using MSOT
imaging, Taruttis et al. were the first to image
ex vivo gold nanorods into the carotid arteries, the
aorta, and the heart.®® Later, they applied this ima-
ging strategy to visualize in vivo mouse heart®® or
myocardial infarction in a murine model of coronary
artery ligation.®?

These preclinical results demonstrated that
GNPs could be applied in PAI as well as on hybrid
imaging methods (IVUS/IVPA) for CVDs assessment.
By using PAI modalities, these different teams have
demonstrated that the employment of GNPs is an
attractive means to target and to visualize atheroscle-
rotic plaque in vivo in small animals as well as
ex vivo. However, fewer limitations may still be
addressed for clinical implementation. These limita-
tions are principally linked to the deep localization of
the lesion in humans and the degree of sensibility of
lesion detection by using GNPs.

Optical Coherence Tomography

OCT is an emerging noninvasive imaging modality,
which provides images with axial and lateral resolu-
tion of 10 and 20-40 pm, respectively,*® while the
tissues depth penetration is up to 2 mm. The
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principle of this technique (Figure 5) is based on the
directing of a beam of NIR light from a broad-band
coherent light source to a targeted biological tissue
and capturing light that is backscattered from that
tissue. Depth information is obtained from the detec-
tion of interferences between the backscattered light
and the light reflected from a reference mirror.®” The
low-coherence length resulting from the broadband
light source results in a precise axial sectioning.®®%’
Contrast is obtained from the various scattering sig-
natures of biological materials and architectures.

OCT was initially demonstrated in clinical prac-
tice for retinal imaging, which was followed by appli-
cations in new clinical areas such as dermatology or
vascular diseases.”®* OCT can assist in determination
of diverse histological constituents of atherosclerotic
plaque. As OCT imaging is sensitive to hemoglobin,
the major absorber of the light in tissues, this imaging
method was employed to visualize vascularization in
clinical setting”® and to determine the different histo-
logical constituents. OCT enables high-resolution char-
acterization of vascular layers and can identify
morphological changes of the atherosclerotic plaques
including fibrous and calcified lesions.>*80-7%%°

The utility of OCT can be further enhanced by
using external contrast agents. However, the tradi-
tional fluorescent and bioluminescent probes do not
emit coherent light, and thus provide no contrast
with OCT. Because GNPs exhibit large optical scat-
tering or absorption cross sections, different reports
have demonstrated that the GNPs can be used to
provide contrast enhancement in OCT for in vivo

© 2017 Wiley Periodicals, Inc.
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FIGURE 4 | Some examples of in vivo photoacoustic imaging application in the cardiovascular field using gold nanoparticles (GNPs) as

contrast enhancement agents. (a) Enhanced photoacoustic (PA) signals revealed large (yellow-framed picture) and small (green-framed picture)
blood vessels in mouse brain 2 h after intravascular (V) injection of PEGylated GNPs. Small blood vessels with a diameter ~100 pm are indicated
by arrows. (Reprinted with permission from Ref 59. Copyright 2016 American Chemical Society). (b) Upper panel: View of parasternal short axis,
aortic arch area in one animal pre- and postinjection (t = 3 min 20 s p.i.) (S, sternum; AAr, aortic arch; LSVC, left superior vena cava. Bar 1 mm).
Bottom panel: lllustrative example of control results and ApoE™~ mice in optical projection tomography, with localization of vascular cell adhesion
molecule 1 (VCAM-1)-targeted immunonanoshells in the aortic arch. (Reprinted with permission from Ref 60. Copyright 2012 John Wiley & Sons,
Ltd). (c) Intravascular ultrasound (IVUS), intravascular photoacoustic (IVPA), and combined IVUS/IVPA images obtained on a section of aorta
extracted from a rabbit with high cholesterol diet for 3 months. Macrophages loaded with GNPs were injected into the outer and inner boundary
of the aorta. Area of injection is indicated with green arrows (A, B, E). The IVUS image (panel A) is displayed using 50 dB dynamic range. The
normalized IVPA images (panels B-D) and combined IVUS/IVPA images (panels E-G) were taken using 700, 750, and 800 nm wavelength. High
photoacoustic signal on the injected regions is obtained with the IVPA and combined IVUS/IVPA (panels B and E). (Reprinted with permission from

Ref 62. Copyright 2009 American Chemical Society)

high-resolution imaging (Table 1).”™? For example,
gold nanoshells are attractive contrast agents for
OCT because they resonate in the NIR, where OCT
typically operates, and have a high backscattering
coefficient.'%%1%! Zagaynova et al.'®? demonstrated
that the injection of nanoshells into rabbit skin
increases the signal brightness in OCT and allows
delimitation between the area with nanoshells and
the area without nanoshells.

Photothermal OCT (PT-OCT) uses photother-
mal heating, where photon absorption by a target
(e.g., GNP) leads to a temperature increase in the
environment surrounding the target, causing thermo-
elastic expansion of the sample, shifts in the local
index of refraction, and alteration of the local optical
path length. Thus, PT-OCT provides molecular con-
trast by combining phase sensitive OCT with laser

© 2017 Wiley Periodicals, Inc.

excitation of targeted chromophores to measure opti-
cal path length variation.'®™'% Using this imaging
strategy, Paranjape et al.®* detected the presence of
macrophages loaded with gold nanoroses on ex vivo
rabbit atherosclerotic arteries. The nanoroses
engulfed by macrophages were injected into rabbits
with atherosclerotic plaque into ear vein and ana-
lyzed 3 days later. This strategy allowed the estima-
tion of nanorose concentration in atherosclerotic
lesions as these regions were rich with macrophages
loaded with nanoroses. Later, by using the same
strategy, Wang et al.**’® detected the presence of
macrophages loaded with gold nanoroses as well as
lipid deposits in atherosclerotic plaques (Figure 6).
The authors concluded that the nanorose loaded
macrophages could be detected superficially within
20 pm from the luminal surface of the aorta.**
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FIGURE 5 | Principle of optical coherence tomography (OCT). OCT
is based on white-light interferometry, in which interference signals
are only detected if the light in the sample and in the reference arm
has traveled equal distances within the coherence length of the
source.

Recently, in an experimental procedure, Hu et al.'%®

have found that gold nanoshells provide the best con-
trast enhancement by using a clinical intracoronary
3D OCT catheter. The next step would be the valida-
tion of these results iz vivo in a real pathophysiologi-
cal condition.

These results demonstrate that OCT with plas-
monic GNPs as contrast agents can offer new applica-
tions in cardiovascular molecular imaging opening the
perspective to monitor based plaque macrophages
loaded with GNPs overtime. A problem could arise for

wires.wiley.com/nanomed

clinical imaging application, which is linked to the fact
that the biodistribution of GNPs into plaque could be
nonuniform and thus induce false results.

Surface-Enhanced Raman Scattering

Raman spectroscopy is a spectroscopic nonlinear
optical technique, which allows the molecular detec-
tion of biomolecules based on the inelastic scattering
of light.'”” SERS has emerged as an alternative to
fluorescence-based spectroscopy as it significantly
increases the sensitivity of Raman spectroscopy and
it enables label-free measurements. Advantages of
SERS include the remarkable multiplexing capacity,
the quantification of SERS signatures, and the high
photostability.'°®!%? As SERS is a noninvasive and
highly sensitive imaging modality, it has been used
for visualizing and quantifying the distribution of tar-
get molecules such as proteins in cells and
tissues,"'%"'% mainly for sentinel lymph node map-
ping and tumor targeting in mice.

The Raman phenomenon was discovered in
1974 by Fleischmann and coworkers and has largely
been used since in Raman spectroscopy.''*'"> How-
ever, its very small molecular cross section has strongly
limited its sensitivity. When molecules are adsorbed
onto the metallic nanoparticles surface, they undergo a

FIGURE 6 | Detection of gold nanoroses on abdominal aorta surface by using optical coherence tomography (OCT) in combination with two-
photon luminescence (TPL) microscopy on aorta from rabbits. Images a—c are from Positive rabbit (with nanorose) and images e—g are from
Control rabbit (with saline buffer). Images a and e show unstained histological sections of surface aorta. Images b and f show detailed surface
structure of aorta segments with peak and valley regions, which are clearly visible in the three-dimensional (3D) OCT. Nanorose is also detected by
TPL microscopy in the same aorta segment as denoted by the red boxes (c) but no signal in control mice (g). (Reprinted with permission from Ref

44. Copyright 2012 John Wiley & Sons, Ltd)
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dramatic enhancement of the Raman signal because of
the local strong electric field amplification resulting
from the plasmonic resonance.*''® Moreover, the opti-
cal interaction being nonlinear, sensitivity can reach
that of single molecule detection.® Various organic
dyes, such as Cy3, Cy35, 3,3'-diethylthiatri-carbocya-
nyanine, and rhodamine, are used for Raman spectros-
copy applications.*1°%17=11% Eor iy vivo applications,
gold provides an excellent choice because of its strong
plasmonic resonance and its chemical stability as well
as its biocompatibility.

In the cardiovascular field (Table 1), McQuee-
nie et al.*®> have used SERS imaging for the first time
to detect inflammation, one of the key mechanisms in
the development of different stages of atherosclerosis.
They used SERS-GNPs targeting ICAM-1, a protein
expressed by endothelial cells principally during
inflammation. Using SERS imaging (Figure 7), the
authors were able to identify expression levels of
ICAM-1 on ex vivo tissue sections of the ApoE-
deficient mice. The authors concluded that this strat-
egy could open the way for new applications in
inflammation detection of rheumatoid arthritis or
even parasitology.

Yet, the major limitation of SERS in CVDs is its
limited deep detection in the body. For i vivo imaging
applications, improvements of the devices as well as of
the exogenous contrast agents are mandatory. Moreo-
ver, additional studies are required in order to investi-
gate the i1 vivo toxicity of the Raman-GNPs over short
and long-term periods of time.

CT Imaging
X-ray CT is a noninvasive diagnostic imaging tech-
nique in clinical practice. It allows fast 3D anatomic
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imaging with a good spatial resolution (50-200 pm)
and deep tissue penetration.'*'?° X-ray imaging is
based on the principle that a detector measures the
attenuation of X-ray photons when they pass
through the body.'* However, these systems require
delivery of barium sulfate suspensions or iodinated
contrast agents to better distinguish tissues with simi-
lar or low X-ray attenuation.'*'='*> These contrast
agents show limitations linked to their in vivo short
circulation time because of their rapid clearance by
the kidney and thus a short imaging window. Hyper-
sensitivity to iodine and potential damage to the kid-
ney in some patients was equally noted.'**

GNPs have gained attention as an X-ray con-
trast agent following initial reports by Hainfeld
et al. in 2004 and 2006.'>'%¢ The use of GNPs for
X-ray contrast-enhanced imaging is based on the fact
that gold possesses a high atomic number (Zx, = 79)
and high mass absorption coefficient which provide
2.7-fold greater X-ray contrast per unit weight than
iodine.'*1%3:12¢ Furthermore, the K-edge energy for
gold (80.7 KeV) is higher than the K-edge for iodine-
based contrast agents (33.2 KeV) suggesting that a
better contrast would be achieved with gold. More-
over, absorption edge subtraction can be used to
increase the signal-to-noise ratio by subtracting
images taken at energy levels above and below the
K-edge of GNPs.'**'2” Thus, the unique properties
of GNPs, including small size, biocompatibility,
increased circulating half-life when PEGylated, tar-
geting capacity, and high atomic number make them
appealing as contrast agents for iz vivo CT-imaging
assessment. GNPs were evaluated in preclinical
CVDs models (Table 1). By using GNPs targeted
with a high-density lipoprotein (GNPs-HDL) and a
multicolour (spectral) CT, Cormode et al.®® have

(b)

Signal/noise ratio
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FIGURE 7 | Examples of surface enhanced Raman scattering (SERS) spectroscopy. (a) Mice receiving intravenous injections of anti-intercellular
adhesion molecule-1 (anti-ICAM-1)-conjugated nanotags (red) but no apparent spectra in mice with intravascular (IV) injections of control (IgG2b)
nanotags (blue). (b) Signal-to-noise ratio of ICAM-1/control shows greater signal-to-noise for SERS compared with Two-Photon fluorescence
Microscopy (TPM). ***P < 0.001. (Reprinted with permission from Ref 65. Copyright 2012 American Chemical Society)
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visualized in vivo accumulation of GNPs in macro-
phages rich plaques in ApoE™™ mice. CT imaging
methods that sample an entire X-ray spectrum with
allocation of X-rays in multiple spectra are called
spectral (multicolor) CT.'® The CT imaging was
used to track the recruitment of monocytes into athe-
rosclerotic plaque. The recruitment of monocytes
from circulation has been found to correlate with the
progression and severity of atherosclerosis. Their
accumulation and detection could thus be useful for
identifying atherosclerotic plaque in vivo. In another
approach, Chhour et al.*” labeled primary monocytes
with GNPs (15 nm in diameter) before injecting them
into ApoE-deficient mice (Figure 8, left panel). By
using a micro-CT scanner, they identified in vivo the
monocytes loaded with GNPs inside the plaque. This
strategy outlines new opportunities for iz vivo identi-
fication and management of atherosclerotic plaque.
Moreover, these results give a new perspective to a
theranostic approach by simultaneously using GNPs
as therapeutic platforms and imaging contrast agents.
After further preclinical investigations, this strategy
could be applied in clinics to detect the vulnerable
plaque and thus the high-risk patients.

Later, Kim et al.®® injected GNPs to visualize,
using CT, the presence and the extent of thrombi in

525

330

135

Attenuation (HU)
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mouse carotid arteries. They were able to detect the
therapeutic efficacy of the thrombolysis with tissue
plasminogen activator. More recently, the same team
injected glycol/chitosan-coated GNPs conjugated
with fibrin targeting peptides in mice with carotid
thrombus and/or embolic stroke. This strategy allows
the detection and quantification of cerebral and
carotid thrombi, and the ability to monitor tissue
plasminogen activator therapy by CT imaging.®’

In cardiac imaging, CT offers superior evalua-
tion of coronary lesion but lacks the capability to
measure the transmural extent of scar tissue.'*”'*° In
order to improve the detection sensitivity of scar tis-
sue, Danila et al.”® developed an innovative approach
based on specific targeting of myocardial scar tissue.
They coated GNPs (40-70 nm) with collagen target-
ing peptide (CNA3S5), a peptide against collagen-I,
and injected them into mice with heart ischemia fol-
lowed by reperfusion for 30 days (Figure 8, right
panel). The images obtained using CT X-ray showed
large scar tissue with focal contrast enhancement in
the myocardium of mice subjected to heart ischemia.
These results were further validated on histological
staining. This was the first article to demonstrate the
potential of CT to detect myocardial scar tissue by
using GNPs coated with a collagen-homing peptide

FIGURE 8 | Two examples of in vivo X-ray computed tomography (CT) imaging application in cardiovascular field using gold nanoparticles
(GNPs) as contrast enhancement agents. Left panel: CT scans of an atherosclerotic mouse injected with gold-labeled monocytes on day 0 and day
5. White boxes indicate aortic region of interest. Attenuation increases in the aorta over 5 days as compared with the day 0. (Reprinted with
permission from Ref 67. Copyright 2016 Elsevier). Right panel: CT imaging obtained in mice 30 days after ischemia—reperfusion of the heart. A
hyperintense region (a) was detected by CT scanning in the myocardial scar corresponding to accumulation of GNPs targeting collagen-1 (CNA35-
GNPs); no contrast enhancement was observed in control mice (b). On the histological slide stained with picrosirius red (pink), the myocardial scar
showed GNP retention after silver staining (black), with no GNPs presence in the control mouse (d). (Reprinted with permission from Ref 70.

Copyright 2016 Elsevier)
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on preclinical models. As the fibrous cap in athero-
sclerotic plaque is composed mainly of collagen and
elastin, this strategy could be used to identify athero-
sclerotic plaques and thus to determine the plaque
stability.

DISCUSSION AND FUTURE
PERSPECTIVES

In this study, we described the preclinical applica-
tions of GNPs as contrast agents for optical and X-
ray imaging in CVDs. The characteristics of GNPs
(e.g., good chemical stability and iz vivo biocompati-
bility) render them suitable as an exogenous contrast
agent. Moreover, the optical properties of GNPs can
be relatively easily tuned by changing the shape
and size.

Different investigators have shown that GNPs
with a size between 10 and 60 nm tend to accumu-
late into the atherosclerotic plaque by a passive
mechanism such as macrophage uptake or by the
enhanced permeability and retention (EPR) effect.!!
However, at this size, they cannot be excreted by the
kidneys and accumulate over the time into the spleen
and liver,13%133

Another manner to enhance the accumulation
into a specific area is the targeting with antibodies,
peptides, or HDLs. This renders GNPs interesting for
noninvasive X-rays imaging, because iodine contrast
agents are limited as they cannot be conjugated with
biological markers for specific target localization.
Moreover, compared with iodinated-contrast agents,
GNPs possess a long circulation time. Different bio-
markers are identified in CVDs. For example, plaque
neoangiogenesis can induce rapid plaque growth by
intraplaque hemorrhages, which lead to plaque rup-
ture. A potential marker to detect neoangiogenesis is
Integrin oyPs3, a cell surface glycoprotein receptor,
expressed on activated endothelial cells and fre-
quently used to visualize angiogenesis. Inflammation
is another key feature of high-risk plaques and thus
imaging of monocyte/macrophage accumulation into
plaque can help to improve the patient’s risk stratifi-
cation. These markers allow the molecular imaging
of atherosclerotic plaques or thrombosis and may
improve the assessment of risk for acute
complications.

The capacity of GNPs to accumulate at athero-
sclerotic plaque level, either directly by targeting
endothelial cells or indirectly after their uptake by
macrophages and subsequent accumulation into
atherosclerotic plaque, raises another problem. This
is linked to the fact that the massive accumulation of

© 2017 Wiley Periodicals, Inc.
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GNPs could induce undesirable effects on the site of
interest. Even if GNPs at therapeutic doses are not
toxic when injected intravenously'**, in vivo toxicity
has not been systematically evaluated in preclinical
studies focused on applications of GNPs as contrast
agents. It is known that the toxicity may be linked to
the local concentration of GNPs. A better knowledge
of the long-term fate of GNPs and their effects on
targeted sites (e.g., atherosclerotic plaque, clot, and
ischemic myocardium) of GNPs at long term is essen-
tial in the future.

Research in cardiovascular imaging continues
to explore new frontiers. If the standard imaging
modalities provide anatomical information, GNPs
could be an added value for a personalized diagnosis.
Despite encouraging preclinical results, the use of
GNPs as contrast agent in cardiovascular field is still
in its infancy. At present, no imaging modality meets
clinical needs optimally. Developing multimodal ima-
ging with GNPs would enable a wide range of ana-
tomic, functional, and molecular information to
better identify the high-risk lesions and subsequently
prevention of future cardiovascular events. We note
that the multimodal imaging strategies by using the
same contrast agent permit to reduce repeated injec-
tion of the contrast agent, a better contrast enhance-
ment of the targeted area and complementary
information on the disease.

GNPs are able to create a signal enhancement
either in photoacoustic or in OCT imaging. We note
however a principal limitation linked to light penetra-
tion into deep tissues: while in a mouse model is rela-
tively easy to detect an atherosclerotic plaque, in
humans this become more complicated because of the
deeper localization of the lesion (e.g., atherosclerotic
plaque, clot, and ischemic myocardium). This can be
partially overtaken by using an intravascular probe.

Further investigations and improvements of
GNPs as contrast agents are needed before their
clinical application. This involves a deeper evalua-
tion of: the GNPs (size, local concentration, tar-
geted, or not) the preclinical model and the type of
imaging modality. For a potential cardiovascular
clinical imaging translation, the size of GNPs should
allow them to be gradually excreted by the kidney,
and in the same time to have a large imaging win-
dow (and thus avoid repeated injection). Recently,
Cheheltani et al.’° synthesized such types of GNPs
with potential applications in photoacoustic and CT
imaging. Evaluation of the contrast enhancement on
large preclinical models (e.g., pig) is essential before
the translation to the clinics. For clinical applica-
tions, the choice of imaging technique (invasive vs
noninvasive) using GNPs as contrast agents should
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take into consideration the localization of the dis-
eases, the resolution, and the sensitivity needed for a
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