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Introduction

The common goal in using liposomes for diagnostics and therapy is to deliver a pharmaceutic to the injured area. Liposomes
are spherical, self-closed structures formed by one or several concentric lipid bilayers with an agqueous phase inside and
between the lipid bilayers. Their ability to entrap different water-soluble compounds within the inner aqueous phase and
lipophilic agents between liposomal bilayers has made them useful for delivery of different kinds of drugs and for carrying
diagnostic agents in all imaging modalities — gamma-scintigraphy, magnetic resonance imaging (MRI), computed tomography
(CT) imaging, and sonography. Liposomal modification with polyethylene glycol (PEG) increases their field of usage by enhanc-
ing circulation time and attachment of antibodies or different targeting moieties to their surface to target specific affected areas.
Such modified liposomes and immunoliposomes can be considered for intravascular drug delivery, using cells and noncellular
components (such as endothelial cells, subendothelial structures, and blood components) as the targeted sites for diagnosing
and treating the most important cardiac pathologies, including myocardial infarction, coronary thrombosis, and atherosclerosis
(Figure 1).
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Figure 1. Diagram of an arterial section with atherosclerotic plaque and thrombus, showing possible interaction with vascular target antigens attached to
nanocarriers that are loaded with therapeutic or site-specific diagnostic ligands.

Accumulation of Liposomes and Immunoliposomes 9mTe-DTPA was used as an MRI contrast agent.> However, to

in the Ischemic Heart get a clear picture, the imaging agent needed to be delivered in
relatively high quantity to the area of investigation. This problem
was solved when immunoliposomes were used for the first time to
visualize ML® To enhance binding to a damaged area, liposomes
with covalently attached antibodies to canine cardiac myosin

were labeled with "InCl, and used to “actively” target infarcted
myocardium in a dog experimental MI model. After temporary
occlusion of the left coronary artery, animals were injected with
antimyosin-labeled liposomes. Infarct imaging performed with a

Occlusion of coronary arteries by thrombi results in myocardial
infarction (MI). Timely reperfusion is required to protect the
myocardium from more permanent damage. During the ischemic
phase and following reperfusion, extensive myocardial cell death
occurs within the ischemic zone.! Cardiac myocyte death during
coronary occlusion occurs mostly by apoptosis? or necrosis. *

The ability of plain, unmodified liposomes to accumulate
in regions of experimental MI was described long ago when
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gamma camera showed the accumulation of immunoliposomes in
the infarcted zone.

However, rapid sequestering of liposomes or immunoliposomes
by the reticuloendothelial system in the infarct zone, with its
limited blood supply, and opsonization of liposomes by plasma
proteins lowers the ability of liposomes to reach the damaged
organ. One of the ways to increase liposome circulation time is by
coating them with polyethylene glycol (PEG). This decreases the
rate of liposome opsonization and their recognition by liver cells,
which then significantly increases nanoparticle lifetime in the
blood.” The long-circulating PEG-coated liposomes can be made to
target an antigen by incorporating antibodies onto the liposome’s
surface. In an in vivo study, PEG-liposomes radiolabeled with
MIn and with attached anti-myosin antibodies were used to target
experimental MI in dogs and rabbits and provided good gamma-
immunoscintigraphic images of the infarct within several hours of
intravenous administration.®

Myocardial infarcts were also visualized by sonography when
gas-filled liposomes were used for infarct imaging in rabbits.’ Use
of echogenic liposomes for diagnosing cardiovascular pathology
will be discussed below.

Protection of Infarcted Myocardium
with Liposomal Formulations

“Plug and Seal” Mechanism

The presence of membrane lesions in ischemic tissue, in the
form of microscopic holes, permits washout of intracellular
macromolecules into the circulation. Intracellular proteins,
including the components of the cytoskeleton (myosin, vimentin),
can become exposed through these holes to the surroundings.
Antibodies against intracellular cytoskeletal antigens could be
used to reveal cell membrane lesions and, if coupled to liposomes,
could deliver phospholipid vesicles to an affected cell’s surface.
This suggestion was evaluated with antibody-directed liposomes
to cytoskeletal antigens in an attempt to prevent or reduce
hypoxia-induced release of intracellular contents and cell death by
sealing (plugging) the membrane lesions. Antimyosin antibody
was used to indicate the region of necrotic myocyte hypoxia-
induced damage. Prevention of necrotic cell death by plugging
and sealing was demonstrated in H9C2 rat embryonic cardiocytes
under hypoxia conditions using myosin as the anchor antigen
on the cell surface and the antimyosin antibody as the targeting
device attached to the liposomes (Figure 2).° An important
step was later made by Khaw’s group when it was shown in
a Langendorff isolated rat heart model that treatment with
cytoskeketal antigen-specific immunoliposomes can preserve cell
and organ viability and function.!
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Figure 2. Representation of the targeted delivery process, using
antimyosin-labeled immunoliposomes loaded with drug or DNA.
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Antimyosin immunoliposomes were also used in an in vivo
rabbit model of experimental left ventricular MI. Mean myocardial
infarct size in rabbit hearts treated with immunoliposomes was
five times smaller than in those treated with nonspecific control
liposomes or vehicle.”>? Immunoliposome targeting of areas of
inflammation after an acute MI could also provide the means by
which proangiogenic compounds can be selectively delivered to
an infarcted region. The adhesion of a drug carrier composed
of immunoliposomes coated with an antibody to P-selectin
was quantified in a rat model of MI following left coronary
artery ligation.!® After treatment with anti-P-selectin-conjugated
liposomes containing vascular endothelial growth factor (VEGF),
noticeable improvements in cardiac function and post-infarct
vasculature areas quantified in the model were accompanied by
a 21% increase in the number of anatomical vessels and a 74%
increase in the number of perfused vessels in the infarcted region
of treated animals.

Liposomal Drug Delivery

The depletion of high-energy phosphates during ischemia or
hypoxia is the fundamental cause of cell damage. Intravenous
infusion of strongly charged adenosine triphosphate (ATP) as an
additional energy supply is insufficient because of its molecular
charge and short half-life in circulation. To protect ATP from
degradation, Xu et al. tested different liposomal formulations in
vitro and in vivo.’® Biodistribution studies demonstrated significant
accumulation of ATP liposomes in ischemia-damaged canine
myocardium.®

Later, Verma et al. demonstrated that optimized and targeted
liposomes loaded with ATP can produce cardioprotective effects
ex vivo in the Langendorff isolated rat heart model!® ATP-
liposomes (ATP-L) injected 1 minute before starting a period of
global ischemia provided significant protection to the ischemic
myocardium after 30 minutes of reperfusion. At the end of
reperfusion, the left ventricular end diastolic pressure was
significantly reduced with ATP-L (61%) compared to the Krebs-
Henseleit (KH) buffer.!® When myosin-specific monoclonal
antibodies were also attached to the liposomes, the left ventricular
developed pressure significantly recovered to above 80% of the
baseline compared to 25% in the KH buffer group.” This protective
effect also depended on the amount of the antibody attached to
the liposomal surface. The ATP-L were used for in vivo study in
rabbits with an induced MI. Liposomes were administered by
intracoronary infusion followed by 30 minutes of occlusion and
3 hours of reperfusion. The final irreversible damage in ATP-L-
treated animals was approximately 30% of the total area at risk
as compared with about 60% in the group treated with empty
liposomes and roughly 70% in the KH buffer-treated group.!®

Coenzyme Q10 (CoQ10) has been reported as a potential agent
for treatment and prevention of ischemia-reperfusion injury,
hypertension, hyperlipidemia, coronary artery disease, and heart
failure.” The possibility for reducing the experimental myocardial
infarct size by intracoronary infusion of CoQ10 liposomes was
again evaluated with the rabbit model of acute experimental
infarction.?’ CoQ10-loaded empty liposomes or control buffer were
administered by intracoronary infusion followed by 30 minutes
of occlusion and 3 hours of reperfusion. The final irreversible
damage in CoQ10-liposome-treated animals was only 30% of the
total area at risk compared to the control. Thus, the ischemic heart
was effectively protected by enhanced intracellular delivery of
liposomal CoQ10.

Large-scale clinical trials have suggested the potential value of
adenosine as another cardioprotective therapy for patients with
acute ML but this agent has an extremely short half-life and
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causes hypotension and bradycardia because of its vasodilatory
and negative chronotropic effects.?? An experimental infarction
study in rats, however, showed that an infusion with PEGylated
liposomes augmented the cardioprotective effects of adenosine
against ischemia/reperfusion injury and reduced its unfavorable
hemodynamic effects.??

Liposomal Gene Delivery

The treatment of myocardial ischemia using gene therapy is a
rather novel but promising approach. When coupled to liposomes,
antimyosin antibodies can deliver phospholipid vesicles to
the affected cell surface and not only plug them directly into
membrane holes but bring DNA entrapped in liposomes to the
cytosol of damaged HIC1 embryonic cardiomyocytes in vitro.?
All cell viability tests demonstrated a highly improved survival
of hypoxic cells in the presence of immunoliposomes (up to 95%
survival after 24 hours of hypoxia). Under hypoxic conditions,
immunoliposomes successfully delivered entrapped plasmid to
the HIC2 cells.

Gene delivery to targeted cells may be increased not only
with specific antimyosin antibody but by combining specificity
with enhanced intracellular penetration.?? Double-targeted
delivery systems were first used in vitro when liposome-plasmid
DNA complexes modified with cell-penetrating transactivating
transcriptional activator peptide (TATp) and/or monoclonal
antimyosin antibody were tested with normoxic and hypoxic
H9C2 cardiomyocytes. Transfection under both conditions was
enhanced by the presence of TATp and was further enhanced
by the additional modification with antibodies. In the in vivo
rat study with experimental MI, an increased accumulation
of immunoliposomes modified with TATp and an enhanced
transfection of cardiomyocytes in the ischemic zone was clearly
demonstrated.”

Liposomes for Diagnosis of Thrombosis and
Monitoring Thrombolytic Therapy

Visualization of thrombi and thrombolytic therapy are
now mostly based on targeted delivery of contrast agents and
thrombolytic drugs, such as the enzymes urokinase, streptokinase,
and tissue plasminogen activator (tPA). The most important
disadvantage of these pharmaceutics is their short plasma half-
life. To solve this problem, liposomal formulations of thrombolytic
enzymes were developed; *™Tc-radiolabeled fibrinolytic urokinase
or streptokinase? %’ was loaded onto liposomes and demonstrated
ample enzymatic capacity and a slow release profile. Tracking the
biodistribution behavior of these preparations by y-imaging showed
an increased thrombus uptake of the liposomal enzymes compared
to that of the free streptokinase and an improved imaging quality
of thrombi.

One of the additional approaches in this area is based on the
concept of acoustically reflective (echogenic) liposomes (ELIP)
that can be targeted to promote site-specific acoustic
enhancement.?®? Liposomes conjugated with antifibrinogen
antibodies via a thioether linkage acquired the ability to attach to
fibrin-coated surfaces and thrombi in cell culture and in blood-
flow models.*® A recent study in an in vivo rabbit aorta clot model
showed that ultrasound enhances thrombolysis when combined
with a thrombolytic and a contrast agent.*» Thrombi were created
in denuded abdominal aorta, and tPA-loaded echogenic liposomes
or empty liposomes were injected. Doppler ultrasound treatment
resulted in earlier and more complete recanalization rates with
tPA-loaded ELIP.

Thrombolytic Therapy with Polymeric Nanocarriers
and Immunoliposomes

Several types of nanocarriers for delivery of thrombolytic drugs
have been used to decrease ischemic damage after thrombus
formation. One of the first thrombolytic agents, heparin, is
degraded to inactive oligomer fragments when ingested orally,
while systemic administration is complicated by the need for
continuous infusion and the potential for uncontrolled hemorrhage.
In 1988, Kim et al. showed that liposomal heparin administered
intravenously into rats stayed in plasma longer than untreated
heparin.®? The prolonged biological activity was apparently due to
a gradual release of heparin from the liposomes entrapped in the
reticuloendothelial system and not due to prolonged circulation
in the blood. Inhalable liposomal heparin was later studied in
rat models of pulmonary embolism and deep vein thrombosis.®
A once-every-other-day inhaled dose of PEGylated liposomes
loaded with low-molecular-weight heparin showed similar
efficacy in reducing thrombus weight as with a once-daily dose of
subcutaneously administered drug. Liposomal prostaglandin E1
administered intravenously before thrombolytic therapy resulted
in a significant shortening of thrombolysis time, improvement
in coronary patency and blood flow during reperfusion, and a
reduction in infarct size.3

For treatment of MI, a liposome-encapsulated thrombolytic
agent (t-PA) was compared with free t-PA in a rabbit jugular vein
thrombosis model.* Injection of liposomal t-PA had significantly
better thrombolytic efficiency than equimolar doses of free t-PA.
On the other hand, liposome encapsulation of t-PA did not affect
the systemic activation of alpha 2-antiplasmin and plasminogen.
For this model, improved thrombolytic efficacy of t-PA is achieved
by liposome encapsulation.

Echogenic liposomes were used to further develop the targeted
delivery of t-PA and to investigate the effect of ultrasound exposure
on thrombolytic efficacy. Following a 50% t-PA entrapment into
ELIP, ex vivo porcine clots treated with tPA-loaded echogenic
liposomes were lysed with an effect similar to treatment with free
t-PA.% T-PA can also be delivered as a PEGylated anionic gelatin
complex¥ or in microbubbles with the Arg-Gly-Asp-Ser (RGDS)
tetrapeptide as a targeting agent.® In both cases, after IV injection
in a rabbit model, t-PA was released from the nano-sized delivery
complex when exposed to ultrasound.

To test whether liposomal entrapment would enhance the
streptokinase effect, a fibrinolytic formulation with a different
mode of action and inactivation (liposomal streptokinase) was
compared with free enzyme in an experimental rabbit model
of thrombolysis.?* 4° The result showed that both liposomes and
polymer microcapsules reduced time to reperfusion and residual
clot mass and improved return of blood flow compared to identical
dosages of free streptokinase in the thrombosed rabbit carotid
artery. The fibrinogen-mimetic cyclic arginine-glycine-aspartate
(RGD) peptide, which has an affinity for activated platelets, may
be useful for the targeted delivery of thrombolytic agents. Viadya
et al. developed RGD-peptide-conjugated liposomes loaded with
streptokinase.*! This in vitro drug release study showed that
nearly 40% of the entrapped drug was released in 12 hours in
phosphate buffered saline (pH 74). However, on incubation with
activated platelets, about 90% of the drug was released within 45
minutes. Urokinase, another member of the thrombolytic cascade,
can also be delivered by thrombus-targeted immunoliposomes
incorporating a D-dimer monoclonal antibody to liposomes, and
it increases the thrombolytic efficiency compared to free drug in a
rabbit pulmonary thromboembolism model.*?
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Targeting of Atherosclerotic Lesions for
Tomographic Imaging and Treatment

Localization and visualization of atheromas has usually been
performed with various antibodies labeled with radioactive
y-emitting isotopes "'In- and *™Tc or heavy metals bound to the
antibody via chemical incorporation of a chelating group.** * Later
liposomal formulations were designed for MRI of atherosclerotic
lesions. E-selectin-expressing human umbilical vein endothelial
cells (HUVEC) were incubated with PEGylated paramagnetic
fluorescently labeled liposomes carrying anti-E-selectin
monoclonal antibody as a targeting ligand. In this study, both
MRI and fluorescence microscopy revealed specific association
of the liposomal MRI contrast agent with stimulated HUVEC,*
suggesting that this newly developed MRI system may serve as a
useful diagnostic tool to investigate these pathological processes
in vivo.

For early detection of atherosclerotic plaques by computed
tomographic (CT) imaging, Danila et al. investigated the use of
immunoliposomes loaded with the CT contrast agent.*® Anti-
ICAM-1 monoclonal antibodies covalently attached to PEGylated
liposomes loaded with iohexol bound specifically to activated
human coronary artery endothelial cells in cell culture. Thus,
iohexol-filled immunoliposomes have potential use in CT
angiography for noninvasive detection of atherosclerotic plaques
that are prone to rupture.

The ICAM-1 antibodies were also used to develop acoustically
reflective liposomes that can be conjugated for site-specific
acoustic enhancement.*” In Yucatan mini pigs with experimental
atherosclerosis, conjugated liposomes retained their acoustically
reflective properties and provided ultrasonic image enhancement
of their targeted structures. Liposomes conjugated to antifibrinogen
attached to thrombi and to fibrous portions of the atheroma,
whereas liposomes conjugated to anti-ICAM-1 attached to early
atheromas. Ultrasound-enhanced delivery of Rhodamine-
labeled echogenic liposomes (Rh-ELIP) within the arterial wall
to detect atheroma was observed in an ex vivo mouse model.*®
Subendothelial penetration of Rh-ELIP was present in all
ultrasound-treated aortae and was absent in those not exposed
to ultrasound.

Almer et al. recently investigated a promising new candidate
for improved visualization of atherosclerotic plaques.*’ Globular
domain of adiponectin (gAd) was coupled to liposomes and
evaluated for its potency to characterize in critical scenarios
within early and advanced atherosclerotic plaque lesions using
an atherosclerotic mouse model.*’ Ex vivo imaging performed by
confocal laser scanning microscopy showed a strong fluorescent
signal at the surface of atherosclerotic plaques treated with
gAd-coupled nanoparticles.

Imaging of atherosclerotic plaque can also be performed
using paramagnetic gadolinium liposomes enriched with
phosphatidylserine (PS) for targeting macrophages mimicking
apoptosis.® In vivo performance of Gd-PS-liposomes was evaluated
in the ApoE(-/-) mouse model with an MRI system, which revealed
rapid and significant image enhancement of the aortic wall after
injection. Gd-PS-enriched liposomes enhanced atherosclerotic
plaque and colocalized with macrophages in experimental
atherosclerosis. Gadolinium-labeled liposomes were used as
multifunctional nanocarriers for simultaneous monitoring and
delivery of an anti-inflammatory drug to treat atherosclerosis. A
liposomal formulation of glucocorticoids (L-PLP) was developed
and applied intravenously in a rabbit model of atherosclerosis.>!
MRI was used to monitor the delivery of L-PLP into atherosclerotic

plaques. Significant anti-inflammatory effects were observed as
early as 2 days and lasted up to at least 7 days after administration
of a single dose of L-PLP. This study was a two-pronged strategy
for efficient treatment of atherosclerotic plaque and the application
of noninvasive and clinically approved imaging techniques to
monitor delivery and therapeutic responses.

Miscellaneous Drug Delivery with
Liposomes in the Cardiovascular System

The unique properties of liposomes, such as their bio-
degradability, low toxicity, high carrying capacity, and ease
of preparation, make them an excellent candidate for drug
encapsulation that can be given with reduced pain upon injection.
Vesicles formulated with phospholipids and PEG-HS, an excipient
chosen to modulate the bilayer properties, were selected as
the drug delivery system for istaroxime,® which represents a
promising and safe treatment of both acute and chronic heart
failure.

The ability of liposomes not only to release the encapsulated
drug, but also to capture compounds from the bloodstream, can
be used to treat cardiovascular intoxication. Long-circulating
liposomes with a transmembrane pH gradient were developed, and
in vivo scavenging properties were demonstrated by examining the
drug’s pharmacokinetics as a scavenging nanocarrier for diltiazem
intoxication.>

Pulmonary complications are common in cardiovascular
pathology. In these cases, liposomal formulations have also proved
to be useful for therapy and diagnosis. Plain liposomes have been
shown to protect vasoactive intestinal peptide (VIP) from rapid
proteolytic degradation in rats.>* This peptide exhibits a very short
period of activity in the lung, but the liposomal VIP remains
intact after an inhalative administration, which is preferable in
lung pathology. To enhance therapeutic or diagnostic effects of
liposomal formulations, different targeting moieties were used
for liposome modification. In the early 1990s, it was shown that
PEGylated liposomes with attached monoclonal antibodies to
pulmonary endothelial cells have prolonged circulation time
and increased binding in lungs. % Later, different molecular
determinants on the surface of pulmonary endothelial cells were
used for targeted delivery of liposomal nanocarriers.” 5

Liposomes can be used not only as an independent drug
delivery system but also in combination with polymer-coated
stents. Stents coated with polymeric material containing dispersed
or encapsulated drugs have been developed and used as a
noninvasive method to deal with stent-related complications.

The possibility of coating polymer-covered stents with heparin-
encapsulating liposomes was investigated for improvement of
their haemocompatibility.? Encapsulated heparin retained its
biological functionality, and release time depended on the lipid
composition and method of liposome preparation. The same
strategy used to develop the latest generation of drug-eluting stents
was applied to show the possibility for gene delivery. To reduce
coronary restenosis, Brito et al.%®* developed a gene-eluting stent
with liposome/DNA complexes immobilized on the stainless steel
surface. In vivo studies in an iliac artery restenosis model in rabbits
showed that green fluorescent protein expression in arterial tissues
developed after 24 hours of implantation.

Future Applications

One of the important and promising directions of drug
delivery systems for cardiovascular therapy and imaging has
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been the attempt to combine molecular imaging for detection of
inflammation, apoptosis, extracellular matrix, and angiogenesis
with drug delivery of a therapeutic agent.®! Using a broad spectrum
of targeting moieties such as vascular and intracellular adhesion
molecules, selectins, macrophages and their scavenger receptors,
and integrins, new nanocarriers may be developed for noninvasive
treatment of patients with cardiovascular diseases to reduce the
morbidity and mortality rates.
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