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To date nanotechnology offers great promise 
for life sciences and healthcare. Nanoparticles 
with their small dimensions, high volume 
to surface ratio and special physicochemical 
properties enable the development of novel 
diagnostic and therapeutic procedures. For 
biomedical applications, superparamagnetic 
nanoparticles are preferentially used. They 
display strong magnetic properties when 
exposed to a magnetic field and show no 
residual magnetization in its absence, which 
reduces their aggregation. A frequently used 
type of magnetic nanoparticles (MNPs) is 
that of the core shell type  [1,2] comprising a 
magnetic core based on iron oxide and a poly-
mer coating that stabilizes the particle. Iron 
oxide based MNPs are widely used because 
they display good biocompatibility. Moreover, 
the biological response to the MNPs is deter-
mined by their coating that also defines the 
functionality of the particle  [3]. For example, 
the composition of the surface controls the 
adsorption of drugs, the complex formation 
with nucleic acids and viral vectors as well as 
the uptake of the MNPs by cells. Addition-
ally, by the attachment of targeting ligands 
such as antibodies a tissue-specific delivery 
can be facilitated. Thus, MNPs can be uti-
lized as carriers for drug, gene or cell therapy, 
reducing the required dose or amount and 
limiting adverse side effects. This is achieved 
due to active targeting by site-specific delivery 
of the load mostly using specifically designed 
magnetic fields. Additionally, MNPs can be 
applied as contrast agent for imaging purposes. 
This is then referred to as ‘theranostics’, the 
combination of therapy and diagnostics [4].

Blood vessels are ideal targets for MNP-
dependent treatment and also diagnostic 
approaches because MNPs can be directly 
injected into the vasculature. Consequently, 
they are transported by the bloodstream 
thereby potentially reaching all vascular beds 
within the body. Especially the endothelium 
is easy to target because it covers the inner 
surface of the vessel and therefore no pen-
etration of MNPs through tissues is neces-
sary. Although vascular disease is mostly 
systemic, there exist special predilection sites 
in vascular segments with perturbed blood 
flow (e.g., carotid bifurcation) that require a 
local therapy. Thus, with the help of MNP-
assisted drug, gene and cell therapy vascular 
disease of all stages can be treated.

Vascular disease can result in atheroscle-
rosis and ischemic end organ damage pre-
senting as heart attack or stroke and is the 
leading cause of death worldwide. Therefore, 
MNPs applied for vascular repair could help 
to alleviate a severe public health problem 
with a high economic burden. Current thera-
peutic strategies of vascular disease have sev-
eral drawbacks. At the early stage, systemic 
drug applications are employed that reduce 
risk factors for vascular disease such as high 
cholesterol levels or elevated blood pressure 
but the drugs have a limited half-life, dis-
play no site specificity in the vasculature and 
do not directly act on the endothelium. At 
later stages when atherosclerotic plaques have 
already formed invasive procedures such as 
balloon angioplasty, stent implantation or 
surgical plaque removal are required. How-
ever, all these interventions damage the vas-
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cular wall, which can lead to restenosis or thrombosis. 
Thus, novel treatment options for vascular disease are 
urgently needed.

Where we stand now: experimental vascular 
therapies using MNPs
Drug therapy
Drug therapy of vascular disease has been proposed 
for the inhibition of angiogenesis in atherosclerotic 
plaques  [5] and the prevention of restenosis after sur-
gical intervention  [6]. However when systemically 
administered, anti-angiogenic or cytostatic agents 
often display unwanted side effects. To enable a local 
application of the compounds they were adhered to 
balloons or stents  [7] that are used for percutaneous 
transluminal angioplasty. This strategy and especially 
the establishment of drug-eluting stents loaded with 
anti-proliferative agents has strongly improved clinical 
outcome with restenosis rates below 10% [8]. However, 
balloons and stents can only release pharmacological 
agents during a limited time span without the option 
to reload the drug. To improve the duration and local 
efficiency of drug release, a combination of MNPs and 
external magnetic fields is very promising. Paclitaxel-
loaded MNPs were employed after arterial ligation in 
a rat carotis stenting model. Thereby an external mag-
netic field strongly increased the deposition and slowed 
the elimination rate of drug-loaded MNPs after res-
toration of blood flow, which resulted in reduced in-
stent restenosis [9]. However, also the use of stents has 
several disadvantages as it cannot be applied in spe-
cial anatomical locations (e.g.,  vascular bifurcations) 
and it inhibits re-endothelialization resulting in in-
stent thrombosis. In order to avoid stents, in another 
study MNPs were loaded with the anti-angiogenic 
drug fumagillin and site-specificity was provided by a 
peptide specific for vascular aνβ3 integrins; this strat-
egy resulted in an inhibition of plaque angiogenesis 
in atherosclerotic rabbits  [10]. Similarly, rapamycin-
loaded aνβ3-integrin-specific MNPs were locally 
applied to rabbit arteries after balloon injury leading 
to a reduction of restenosis [11]. In both studies, MNPs 
also enabled MRI analysis confirming the intramu-
ral binding of drug-loaded particles and permitting 
quantification of plaque neovascularization.

Gene therapy
To obtain a long-lasting therapeutic effect, gene ther-
apy approaches may be better suited than drug-based 
strategies. For vascular treatment, different delivery 
vectors have been tested. While nonviral vectors dem-
onstrated low efficiency, especially lentiviruses and 
adeno-associated viruses proved to be better suited for 
prolonged vascular expression [12]. For endothelial treat-

ment intravascular application of the vectors appears 
most promising, however, the continuous blood flow 
impedes targeting and stop-flow conditions bear the 
risk of ischemia. This may be also an important reason 
for the lack of efficiency of gene therapy in clinical tri-
als addressing vascular diseases so far. Up to now there 
are only very few studies aiming at an MNP-depen-
dent localized gene transfer within vessels under blood 
flow. Chorny et al. could show that adenovirus-loaded 
MNPs enable vascular gene transfer under blood flow 
in a rat model of stent angioplasty [13]. Moreover, our 
group demonstrated that lentivirus/MNP complexes 
and external magnets can be used for the local trans-
duction of the native endothelial cell layer in ex vivo 
perfused mouse aortas without stents. Additionally, 
we could illustrate that the placement of external mag-
nets on the abdominal wall altered tissue distribution 
after intravascular injection of the complexes in mouse 
in vivo [14]. These studies, however, are somewhat lim-
ited because they only showed reporter gene expression 
in the vessels. So it is unclear if the experimental strate-
gies are efficient enough to allow functional improve-
ment when therapeutic genes are applied. Functional 
genes/proteins of special interest for endothelial over-
expression may be eNOS that augments NO bioavail-
ability and enhances vascular function at early stage 
vascular disease as well as angiogenic growth factors 
that induce collateral growth and perfusion of ischemic 
tissues in late stage occlusive disease.

Endothelial cell therapy
After interventional or surgical procedures for plaque 
removal, the endothelial cell layer of vessels is often lost. 
In this situation, a site-specific cell replacement strategy 
may be the optimal approach to restore vascular func-
tion and to prevent thrombosis and restenosis. In previ-
ous studies, even when the cells were locally applied 
by catheters, the restoration of blood flow resulted 
in the detachment of the majority of cells. Thus, the 
combination of MNPs and magnetic fields may be also 
a sophisticated strategy to permit an increased effi-
ciency of cell replacement. In fact, the retention rate 
of MNP-loaded endothelial cells could be strongly 
enhanced by magnetized stents or vascular grafts in 
vivo  [15–17]. To prevent the risks of vascular injury by 
stent positioning or end organ damage by interrupted 
blood flow, our group has established a strategy for an 
endothelial cell replacement with direct targeting of 
the vascular wall under flow conditions. Therefore, 
we first employed lentivirus/MNP complexes for the 
efficient concomitant transduction and MNP labeling 
of endothelial cells. These cells were then injected into 
the blood stream of a denuded murine carotid artery 
in vivo. In the initial study, we could site-specifically 
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retain reporter gene expressing cells by a small magnet 
imposed on the carotid artery of the anesthetized ani-
mal [14]. To improve the efficiency of cell retention and 
to also modulate vascular function, in the next step, 
we optimized magnetic targeting and overexpressed 
the functional gene eNOS in the replacement cells. 
Using a specially designed magnet configuration [18] we 
obtained a radially symmetric deposition of endothelial 
cells at the inner surface of the vessel. Importantly, mag-
net-assisted overexpression of eNOS enabled enhanced 
NO production of the cells modulating vascular tone of 
murine vessels ex vivo and in vivo [19].

Future perspective
During the last years, the application of MNPs has 
provided major advances in experimental therapies 
of vascular diseases. The site-specific positioning of 
drugs, genetic vectors and cells in the vasculature using 
a combination of MNPs and magnetic fields increases 
their local therapeutic actions in the vascular wall and 
minimizes remote adverse effects. While for MNP-
based drug and cell therapy strategies, functional 
improvements have been demonstrated in animal stud-
ies, experimental gene therapy is still awaiting evidence 
to profit from MNP-based techniques. In fact, the 
high number of recent clinical trials of vascular gene 
therapy with unsatisfactory results reveals the need for 
novel delivery concepts. However, also the translation 
of successful MNP-dependent targeting approaches 
to humans requires further efforts. In order to opti-
mize MNPs, their composition needs to be improved 
enabling prolonged circulation in the blood stream 
while still supporting efficient targeting. To achieve 
this, our understanding of MNP surface modifications 
in the blood (e.g., the formation of a protein corona) 
needs to expand. Additionally, the uptake mecha-
nisms by vascular cells but also the processes result-
ing in unintended MNP accumulation in liver and 
spleen require clarification. This would then permit 
the development of special surface modifications for 
efficient MNP shielding and the design of multimodal 
MNPs that are similarly suited for drug, gene and cell 
transfer as well as novel imaging approaches. These 
particles may also help to unravel so far unsolved ques-
tions about MNP distribution, fate, long-term effects 
and toxicity in the human body.

Apart from an improved MNP design, there is also 
a demand for more sophisticated magnetic fields, in 

particular for human application. For MNP-based 
targeting approaches in large vessels with high blood 
flow velocities as found in humans, much stronger 
magnetic fields than in rodent models are required. 
Thus, to achieve an efficient radially symmetric 
retention of drugs, genetic vectors or cells in large or 
deep vessels, novel strategies comprising permanent 
or electromagnets with performance enhancing ele-
ments need to be developed. These magnet configura-
tions then have to be explored in large animal mod-
els that better resemble the size and hemodynamics 
of human vessels. Additionally, for the application in 
humans innovative viral vector concepts with an opti-
mized safety profile but also long-lasting expression 
are required. For cell therapy, autologous endothelial 
cells demonstrating a high regenerative potential, 
for example, endothelial progenitor cells or endothe-
lial cells derived from induced pluripotent stem cells 
(iPS), would be ideal. Thus, novel protocols enabling 
the generation of high numbers of these cell types 
need to be established.

In summary, the combination of MNPs and mag-
netic fields revealed the potential to open up new ave-
nues for site-specific vascular therapies. Future studies 
will have to demonstrate functional vascular improve-
ment for MNP-assisted gene therapy and the applica-
bility in large animals and humans.
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