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ABSTRACT: Although drug-eluting stents have dramatically reduced the recurrence of restenosis after vascular interventions, the
nonselective antiproliferative drugs released from these devices signiﬁcantly delay reendothelialization and vascular healing, increasing
the risk of short- and long-term stent failure. Eﬃcient repopulation
of endothelial cells in the vessel wall following injury may limit
complications, such as thrombosis, neoatherosclerosis, and restenosis, through reconstitution of a luminal barrier and cellular secretion of paracrine factors. We assessed the potential of magnetically
mediated delivery of endothelial cells (ECs) to inhibit in-stent
stenosis induced by mechanical injury in a rat carotid artery stent
angioplasty model. ECs loaded with biodegradable superparamagnetic nanoparticles (MNPs) were administered at the
distal end of the stented artery and localized to the stent using a brief exposure to a uniform magnetic ﬁeld. After two
months, magnetic localization of ECs demonstrated signiﬁcant protection from stenosis at the distal part of the stent in
the cell therapy group compared to both the proximal part of stent in the cell therapy group and the control (stented,
nontreated) group: 1.7-fold (p < 0.001) less reduction in lumen diameter as measured by B-mode and color Doppler
ultrasound, 2.3-fold (p < 0.001) less reduction in the ratios of peak systolic velocities as measured by pulsed wave Doppler
ultrasound, and 2.1-fold (p < 0.001) attenuation of stenosis as determined through end point morphometric analysis.
The study thus demonstrates that magnetically assisted delivery of ECs is a promising strategy for prevention of vessel
lumen narrowing after stent angioplasty procedure.
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proliferation and subsequent abluminal migration of vascular
smooth muscle cells (VSMCs) that undergo a phenotypic switch
from highly specialized contractile type to a synthetic or proliferative type in response to injury.3 Drug eluting stents
(DESs) capable of delivering in situ potent antiproliferative

rogressive atherosclerosis causing luminal narrowing and
obstruction in arteries is currently treated by a mechanical
revascularization procedure known as stent angioplasty.1,2 However, this procedure is accompanied by severe
arterial wall damage with concurrent endothelial denudation3
and inﬂammatory response,4 often leading to a recurrent blockage of the stented artery a condition known as in-stent restenosis.5,6 The key pathophysiologic factor responsible for restenosis after stenting is intimal hyperplasia, which is a result of the
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drugs signiﬁcantly reduced the clinical incidence of restenosis in
comparison with bare-metal stents, transforming the ﬁeld of
endovascular intervention.1,7 However, because DESs release
nonselective drugs that do not discriminate between proliferating
VSMCs and endothelial cells (ECs), the reconstitution of the
injured luminal EC layer and subsequent vascular healing are
substantially delayed and altered.8−11 In addition, recent
evidence suggests that DESs impair EC function.12,13 These
factors promote in-stent neoatherosclerosis and very late stent
thrombosis, the key contributors to late stent failure.14,15
Eﬃcient restoration of the functional endothelial lining has
the potential to reestablish an antithrombotic luminal surface and
eﬀectively inhibit thrombosis and formation of neointima.11,16
Increased coverage of the stent strut surface by ECs correlates
with decreased rates of thrombotic events in human autopsy17−19
and animal studies.9 Experimental inhibition of endothelial repair
after denudation of the luminal surface has been shown to result
in dramatically elevated rates of thrombosis,20 while regeneration
of endothelial lining in animal vascular injury models correlates
closely with reduced or absent neointima formation.21,22
Recognizing the therapeutic potential of reendothelialization
as a cell-based strategy to promote repair of the injured vascular
intima, several experimental approaches aiming to repopulate
ECs at the site of injury have been studied. Approaches involving
local placement of ECs on an endovascular stent by seeding
stents with ECs23−25 or capturing endothelial progenitors
from the bloodstream with antibodies attached to the stents,26
however, did not demonstrate eﬃcacy, safety, and feasibility for
clinical applications due to injury of ECs caused by the balloon
distention, small number of progenitor cells in circulation, or
potential nonspeciﬁc capture of inﬂammatory cells. Local endovascular delivery of cultured ECs has been reported as well but is
also restricted by the requirement for prolonged occlusion of
blood ﬂow and low cell engraftment at the injury site.27,28
Magnetic targeting of ECs to the vessel wall is an intriguing
and promising technique that has been applied to address the
drawbacks of previous strategies. The feasibility of magnetic
localization of ECs to stented blood vessels has been demonstrated using transiently29 and permanently30 magnetized
vascular stents. A recent study demonstrated that magnetic EC
delivery to transiently magnetized stents in a rat carotid artery
stenting model enhanced capture, retention, and proliferation
of ECs at the site of stent implantation.31 Circumferential

localization of ECs overexpressing endothelial nitric oxide
synthase (eNOS) in the nonstented vessel has been shown to
improve vascular function in a mouse carotid artery injury
model.32 A circular Halbach array, which augments the magnetic
ﬁeld at its center, was used to demonstrate an increase in cell
retention in nonstented vessels leading to a nonsigniﬁcant
reduction of restenosis 3 weeks after cell delivery in a rabbit
model.33 These studies provide encouraging indications that
magnetic targeting of ECs can oﬀer an eﬀective way for accelerated recovery of denuded endothelium in blood vessels and
potentially mitigate pathological side-eﬀects associated with
mechanical injury after implantation of endovascular stents.
In the present study, we investigated the hypothesis that
magnetically mediated delivery of syngeneic endothelial cells to
transiently magnetized vascular stents will result in eﬃcient cell
homing and long-term retention with subsequent prevention or
attenuation of experimental in-stent stenosis induced by mechanical injury in a rat carotid artery stent angioplasty model
(Figure 1).

RESULTS
Stent Targeting via Systemic Cell Administration. Due
to implementation advantages of utilizing an intravenous
(iv) route of cell administration, we ﬁrst characterized the
biodistribution pattern of syngeneic rat aortic endothelial cells
(RAECs) laden with biodegradable superparamagnetic nanoparticles (MNPs) and labeled with a lipophilic near-infrared
(NIR) ﬂuorophore injected via the tail vein. At 1 h after iv cell
administration, 89% ± 9% of the totally administered cells were
detected in the lungs irrespective of cell dose (Figure 2A), while
at 6 h only 42% ± 6% (Figure 2B) of the cells remained in the
lungs showing that a signiﬁcant fraction of cells redistributed to
the post-lung organs (17% ± 2% in liver, 30% ± 3% in spleen,
8.0% ± 0.7% in kidneys, and 2.6% ± 0.3% in heart).
The patterns of cell distribution were obtained by means of
ﬂuorescence that does not reﬂect cell viability. To assess whether
detected cells in various organs were alive, we employed live
bioluminescent imaging, injecting cells loaded with MNPs,
labeled with a NIR ﬂuorophore, and transduced with luciferase
enzyme encoding adenovirus. Using whole body imaging, at 6 h
after iv cell administration, live cells were detected only in the
lungs (Figure 2C). Imaging of the excised organs conﬁrmed the

Figure 1. Rat carotid artery stent angioplasty model. (A) Injury of the common carotid is induced with four passages of the 2F Fogarty
embolectomy catheter introduced through arteriotomy in the left external carotid artery (LECA) proximal to permanent ligature. Left internal
carotid artery (LICA) is temporary ligated. (B) A bare-metal stent mounted onto an angioplasty catheter inserted into the midsection of the
balloon injured left common carotid artery (LCCA) and deployed. (C) MNP-laden cells injected through a catheter positioned at the distal end of
the implanted stent under stop-ﬂow conditions (clamped common carotid artery). The excess of liquid is evacuated through the open left internal
carotid artery. (D) Operative photograph of the stented left common carotid artery.
B
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Figure 2. Cell biodistribution and stent targeting via systemic cell administration. The ﬂuorescent and luminescent images were obtained using
IVIS Lumina XR in vivo imaging system (PerkinElmer Inc.). (A) Biodistribution pattern (per ﬂuorescence) of 3 × 106 and 10 × 106 cell doses at
1 h after intravenous (iv) cell administration; n = 3 for each group. (B) Biodistribution pattern (per ﬂuorescence) of 10 × 106 cells at 1 and 6 h
after iv cell administration; n = 3 for each group. (C) Live luminescent imaging of a Lewis rat 6 h after iv administration of 10 × 106 ECs loaded
with MNPs, labeled with NIR-ﬂuorescent dye, DiR, and transduced with luciferase-encoding adenovirus showing live cells only in the lungs.
(D) Luminescent and (E, F) ﬂuorescent images of the explanted organs showing live cells (per luminescence) in the lungs but not in the other
post-lung organs; for panels C−F, n = 3. (G) Stent targeting experiment with iv administered ECs. Stented animals injected with 10 × 106 cells
into the tail vein and exposed to a uniform magnetic ﬁeld of 0.14 T for 45 min started at the time of cell injection did not show detectable cells in
the stented artery segment, while showing presence of live cells only in the lungs; n = 3. Data represent the means ± SD.

cell delivery catheter was positioned (Figure 3A,B). Additionally,
the ﬂuorescent signal (Figure 3B) validated cell localization
in the stented artery segment eliminating the possibility of potentially free viral particles present in cell suspension that could
transduce tissue of a recipient animal during local cell delivery.
Two to three weeks post-cell delivery, the bioluminescent signal
decreased ∼2.5-fold to a level of ∼40 × 103 viable cells staying
stable until the animals were sacriﬁced (Figure 3C−E).
Progression of Vascular Treatment by Delivered Cells
Monitored with Ultrasound. The progression of treatment of
injured arteries with magnetically delivered ECs was monitored
by high frequency ultrasound imaging measuring morphological
(lumen diameter of the vessel with blood ﬂow conﬁrmed using
B-mode and color Doppler ﬂow imaging) and hemodynamic
changes (peak systolic velocity (PSV), measured by quantitative
pulsed wave Doppler mode) at the proximal and distal part of
the stent. Animals with stented, mechanically injured arteries
without cell delivery were used as control. Animals with cell
delivery under nonmagnetic conditions were not included in this
study because our earlier investigation showed that under nonmagnetic conditions the eﬃciency of cell delivery was about
10-fold inferior than under magnetic conditions.29 Before injury,
the normal diameters of the right carotid artery (used as internal
control) and left carotid artery (implanted with a stent) were
1.09 ± 0.05 and 1.08 ± 0.04 mm, respectively (n = 26). Immediately after injury, the right carotid artery showed a transient
drop in diameter, recovering to its nearly normal value with a
nonsigniﬁcant 3% increase (p > 0.05) corresponding to 1.12 ±
0.04 mm 2 months later (Figure 4A). The transient drop in
diameter could be a result of posttraumatic injury and eﬀect of
inﬂammation mediators (thromboxanes), while the subsequent
increase seems to be a compensatory response due to decreased
blood ﬂow through the left common and external (permanently
ligated) carotid artery. At the distal part of the stent, the control
group showed marked ∼22% reduction of luminal diameter,
narrowing artery lumen to 0.85 ± 0.05 mm, while the diameter
reduction in the cell therapy group was more moderate ∼13%,
resulting in luminal narrowing to 0.95 ± 0.04 mm after 2 months
(Figure 4A).
Contrastingly, quantitative analysis of the luminal diameter
change at the proximal part of the stent did not show statistically
signiﬁcant diﬀerences in luminal narrowing between the cell therapy

presence of live cells in the lungs, but not in other organs
(Figure 2D). At the same time, ﬂuorescence indicated the presence of cell-associated label in the post-lung organs (Figure 2E).
Although these observations indicate that at most an extremely
low fraction of viable cells can pass lung capillaries, we experimentally evaluated the possibility of capturing iv administered
ECs on a stent implanted in carotid artery using tail vein
administration of the ECs. Stented animals injected with 10 × 106
cells into the tail vein and exposed to the magnetic ﬁeld for
45 min started at the time of cell injection did not have detectable
cells in the stented artery segment, repeatedly showing the
presence of live cells only in the lungs (Figure 2G). These
experiments demonstrate that injection of RAECs via tail vein is
not a suitable route for systemic cell administration to target
stents implanted into rat carotid artery; therefore the next
experiments were carried out using local delivery of cell therapy
in a temporary isolated rat carotid artery (Figure 1) that has
been shown to result in successful cell targeting to stents in our
previous studies.29
In Vivo Long-Term Cell Survival after Local Cell
Delivery. To determine the cell dose for a local (at the stent)
cell delivery setting, we estimated that about 100 × 103 cells can
fully cover the accessible stent surface, assuming that the eﬀective
surface area of one EC is about 100 μm2 and the internal stent’s
surface is ∼10 mm2. To be able to inject 100 μL of cell suspension
in the stop-ﬂow setting, we kept an internal carotid artery branch
open (Figure 1) to enable displacement of the added volume of
cell suspension during magnetically guided delivery of cell
therapy. Because the eﬃciency of targeting in the local cell
delivery setting was unknown, we administered a 3-fold higher
cell dose (∼300 × 103 cells).
Bioluminescent imaging was used to conﬁrm delivery of cell
therapy and assess long-term cell survival over the two-month
experimental time course. The ﬁrst time point was evaluated at
1 week after cell delivery enabling animals to recover after the
invasive procedure. At 1 week after cell delivery, about (107 ±
41) × 103 viable cells were detected in the stented artery
segment, corresponding to ∼30% of the totally administered cell
dose in the local cell delivery setting (Figure 3A,E).
Interestingly, both the bioluminescent and ﬂuorescent signals
emitted by the targeted cells were asymmetrical, showing higher
signal density at the distal part of the stent, the point where the
C
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Figure 3. In vivo local magnetic cell delivery in a rat carotid stenting model under stop-ﬂow conditions. The cells were loaded with MNPs, labeled with
NIR-ﬂuorescent dye (DiR), and transduced with luciferase-encoding adenovirus and administered at the distal end of the stent exposing the animal to a
uniform magnetic ﬁeld of 0.14 T generated across the neck area for 12 min. (A) Luminescent and (B) ﬂuorescent signal emitted by the cells delivered to
the stent 1 week after cell targeting. (C, D) Luminescent signal emitted by the originally delivered cells to the stented artery segment after 5 and 9 weeks
postdelivery, respectively. (E) Numbers of the delivered cells over 9 weeks of the experimental time course, n = 13. Data represent the means ± SD.

Figure 4. Protection from in-stent stenosis by the magnetically targeted ECs to the stented arteries assessed by the ultrasound. (A, B) Changes in
diameter of the stented artery at the distal and proximal end, respectively (n ≥ 11). (C) Ratios of the peak systolic velocity (PSV) at the distal to
proximal ends in studied animal groups (n ≥ 11). (D) B-mode ultrasound image of the stented left carotid artery. (E−H) Representative color
Doppler images of the stented arteries at diﬀerent time points. Arrows indicate distal end of the stented artery segment. Data represent the
means ± SD. Data comparisons were made using one-way analysis of variance (ANOVA) with Tukey’s post hoc test; **p < 0.01 and ***p < 0.001
versus untreated (control) arteries; ns, nonsigniﬁcant, p > 0.05. Normal are the values measured prior to stent implantation.

Quantitative blood ﬂow evaluation was based on pulsed wave
Doppler measurement of peak systolic velocity (PSV), a hemodynamic parameter inversely proportional to the vessel’s diameter in the power of four per corollary to the Poiseuille’s law.

and control groups (p > 0.05) (Figure 4B). These results show a
selective 1.7-fold (p < 0.001) greater protection from restenosis
at the distal part of the stent in the cell therapy group compared
to the proximal part of the stent.
D
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The normal PSV in the right and left carotid arteries was 937 ±
103 and 936 ± 150 mm/s, respectively (n = 26) (Figure 4C).
In clinical practice, the absolute velocities in the internal common
carotid (ICA) are usually normalized to the corresponding
velocities in the ipsilateral common carotid artery (CCA) by
generating ICA/CCA ratios. Such ratios are theoretically more
robust measures because they may compensate for diﬀerences in
clinical or physiological factors such as presence of tandem
lesions, blood pressure, contralateral high grade stenosis,
hyperdynamic cardiac state, or low cardiac output.34,35 Following
this clinical standard, we compared ratios of PSVdistal/PSVproximal
for each group, which represent ratios of velocities of the distal to
proximal parts of the stented artery segment. The PSV ratios
clearly indicate superior patency of the stented arteries in the cell
therapy group, showing ∼21% reduction from the normal ratio
versus much more pronounced decrease to ∼48% in PSV ratio in
untreated, control group (Figure 4C). These results correlate
well with the diameter changes showing 2.3-fold (p < 0.001)
greater protection from restenosis in the cell therapy group.
Throughout the study there were no episodes of stent thrombosis, and all the stented arteries remained patent to various
degrees prior to euthanasia, as observed by the color Doppler
ﬂow imaging (Figure 4E−H).
Prevention of Restenosis by Targeted Cell Therapy Per
Histological End Point Analysis. Morphometric analysis

showed that at the proximal and central part of the stented artery,
intimal area was not statistically diﬀerent (p > 0.05) between cell
therapy and control animals as shown by percentage of stenosis
(Figure 5A), neointima/media ratio (Figure 5B), and qualitative
histological images (Figure 5E−G). However, at the distal part of
the stented artery, cell delivery resulted in signiﬁcant inhibition of
in-stent stenosis with a prominent 1.8-fold (p < 0.0001) reduction
in the percentage of stenosis (40% ± 1% vs 72% ± 11%) and
2.3-fold (p = 0.0002) reduction in the neointima/media ratio
(1.54 ± 0.38 vs 3.18 ± 0.76) in cell therapy and control group,
respectively (Figure 5A,B), which is also shown on the qualitative
histological images (Figure 5C,D).
It is noteworthy, that in control animals, the greatest degree of
stenosis was observed at the proximal and distal stent parts
(edges) compared with the central part per both percentage of
stenosis and neointima/media ratio. This result correlates closely
with the modeling of balloon catheter inﬂation and stent expansion showing much more rapid and stronger expansion of the
stent at the proximal and distal parts (edges) compared to the
central part (Figure 6A,B).
Moreover, in control animals, the trend for signiﬁcantly greater
degree of stenosis was observed at the distal part of the stent
compared to the proximal part resulting in percentage of stenosis
of 72% ± 11% and 52% ± 12% (p = 0.002) or neointima/media
ratio of 3.18 ± 0.76 and 2.36 ± 0.16, (p = 0.002) respectively.

Figure 5. Protection from in-stent stenosis by the magnetically targeted ECs to the stented arteries assessed by morphometric analysis. The
results expressed as (A) percent of stent stenosis and (B) neointima/media ratios along the stent (n ≥ 11). (C−G) Representative Verhoeﬀ-van
Gieson (vVG) and Prussian blue (PB) with nuclear fast red as counterstain sections of stented arteries in control and cell therapy group at
diﬀerent stent location points. Blue staining in the Prussian blue-stained histological slices indicate presence of MNPs in the vessel wall.
(H) Distribution of the MNPs along the stented artery segment quantiﬁed from the Prussian blue-stained histological slices. The scale is
0.25 mm. Data represent the means ± SD. Data comparisons were made using two-tailed unpaired Student’s t-test; ***p < 0.001 versus untreated
(control) arteries; ns, nonsigniﬁcant, p > 0.05.
E
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Figure 6. Illustration of the stent geometry during expansion. (A) The von-Mises stress within the stainless steel stent illustrated by a colored
map. Six representative timeframes are demonstrated to show the diﬀerential expansion of the central and exterior sections (edges) of the stent.
(B) The actual outer diameter of the central and the exterior parts (edges) of the stent are compared by plotting them versus the time of
expansion. The COMSOL Multiphysics software (COMSOL Inc., Burlington, MA) was used to perform stent expansion modeling.

potential of magnetically guided delivery of syngeneic ECs to
inhibit experimental in-stent stenosis induced by mechanical
injury in a rat carotid artery stent angioplasty model.
The targeted cell delivery strategy implemented in this study
utilizes a uniform magnetic ﬁeld capable of penetrating deeply
into the body in combination with a magnetizable implant
(endovascular stent) to magnetize ECs laden with superparamagnetic nanoparticles (MNPs) only during the time of the ﬁeld
application and generate high ﬁeld gradients localized in the
proximity to the steel stent wire network resulting in an attractive
force facilitating targeting of MNP-laden ECs at the site of stent
implantation. The main advantage of this approach is in using
modest (below 0.2 T) external uniform magnetic ﬁeld for
realization of magnetically mediated cell delivery29,31 or other
types of therapies38,39 that can be implemented even in deep
anatomical sites of the human body. Generation of such modest
uniform magnetic ﬁelds across large animals or even humans is
feasible (either by use of large custom designed electromagnets
or MRI devices), as opposed to situations where gradient ﬁelds
are used for the same purpose. This distinction makes our
approach highly attractive for the future clinical translation. Since
the stent and MNPs do not retain remnant magnetization after

Consistently with morphometric and ultrasound data, traces of
iron oxide nanoparticles were largely found at the distal part of
the stented artery per quantitative Prussian Blue (PB) staining,
conﬁrming selective localization of the delivered cells at the distal
part of the stent (Figure 5C−E, cell therapy (PB) panel).

DISCUSSION
Endothelial denudation and dysfunction are considered to be
primary traumatic sequelae of endovascular interventions, often
leading to an acute thrombosis and restenosis. Clinically used
DESs, although signiﬁcantly reducing the incidence of restenosis,
result in substantially delayed reendothelialization due to release
of nonselective drugs that inhibit both VSMCs and ECs in
the injured vessel.9 The prolonged impairment of endothelial
regeneration, critical to vascular healing, directly contributes to
objectionably high rates of late thrombosis and neoatherosclerosis.11,15 Early restoration of endothelial integrity has been
shown to modify thrombogenic and proliferative vascular wall
properties in a number of animal models.36,37 These observations
motivated us to test the hypothesis that accelerating endothelium
recovery may prevent postangioplasty complications and improve
long-term patency of vascular stents. In this study, we assessed the
F
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the external ﬁeld is removed (due to superparamagnetic
properties), any problems associated with retaining permanently
magnetic objects within the patient are eliminated. If redosing of
therapy is required, the stent can be remagnetized through the
application of an external uniform magnetic ﬁeld and the therapy
delivery procedure repeated.
To test our hypothesis that prompt targeted delivery of ECs to
stented arteries can attenuate experimental in-stent stenosis, we
used laboratory rats as the smallest and most cost-eﬀective
animals that enable direct implantation of a stent in the carotid
artery.29,40−43 The use of autologous cells in the long term
therapeutic eﬃcacy studies is an ideal strategy to eliminate
immunological rejection of the delivered cells by the host.
However, rats are too small for the generation of autologous
vascular ECs. Therefore, the current therapeutic eﬃcacy study
was conducted using inbred Lewis rats and syngeneic primary
aortic ECs isolated from closely related individuals. The syngeneic cells used in this study represented a highly pure culture of
ECs (98% CD31+, 90% Tie-2+, and 4% α-SMA− (SMA = smooth
muscle actin) per ﬂow cytometry)44 that were tolerated well by
all the recipient animals. It is noteworthy that the internalization
of polymeric MNPs used in this study to confer cells with
magnetic responsiveness for achieving eﬃcient targeting was
accomplished by loading an individual cell on average with
∼25 pg of magnetite. This did not markedly aﬀect cell functional
competence, gene expression, intracellular organelles, or cell
respiration.44,45
The results from our previous study demonstrated the
feasibility of magnetic guidance to target (model) ECs to
stented rat carotids mediated by a uniform magnetic ﬁeld. ECs
administered into the left ventricular cavity via intracardiac
injection were uniformly captured from systemic circulation
onto the stent struts.29 Due to noncompatibility of traumatic
intracardiac injections with a long-term survival experiment, we
evaluated the possibility of an alternative systemic administration
of ECs. Since all accessible arteries in rats are downstream of
carotids, the only feasible method for systemic cell administration was via the tail vein. Because recent data suggested that
the majority of intravenously administered mesenchymal stem
cells (MSCs) are initially trapped inside the lung capillaries
(the pulmonary “ﬁrst-pass” eﬀect)46,47 with only a few cells
reaching the area of injury, we evaluated the feasibility of iv cell
administration in our speciﬁc case. Although per ﬂuorescence we
observed cell-associated label in the post-lung organs at 1 h
and more profoundly at 6 h post-cell administration, the bioluminescent imaging indicated that this signal did not represent
live cells that apparently were able to pass the lung barrier.
Consistent with this observation from the biodistribution experiments, no viable cells were captured on stents in magnetic targeting
experiments involving iv cell administration (Figure 2G). In contrast, in the stop-ﬂow setting of local cell delivery, we observed
signiﬁcant numbers of ECs present in the stented artery segment
1 week after cell delivery, corresponding to ∼30% of the initially
administered cell dose, which may be a result of multifactorial
eﬀects due to cell replication and transient expression of
luciferase transgene, typical to adenoviral vectors. Notably, the
asymmetric shape of both bioluminescent and ﬂuorescent signals
(Figure 3A,B) indicates a non-uniform cell distribution, with
preferential cell accumulation at the distal part of the stented
artery, the point of positioning of a cell delivery catheter.
Sustained cell homing and engraftment in the stented artery
tissue was evidenced by a persistent bioluminescent signal
detected 3−9 weeks post-cell delivery, while marked ∼2.5-fold

reduction of cell number may be a result of partial cell loss or
transient expression of luciferase transgene. A recent study
involving largely similar animal model and targeting conditions
demonstrated that syngeneic RAECs delivered at ∼30-fold lower
cell dose compared to the current study expanded over 1 week
after targeting.31 Because EC proliferation is intrinsically
exempliﬁed by contact inhibition, future eﬃcacy studies will
need to be conducted to carefully optimize cellular dose
accounting for cell proliferation and the shortest possible timeframe for achieving fully reendothelialized stented artery tissue.
High frequency ultrasound allowed us to determine the
patency of stented arteries and identify potential thrombotic
events and also enabled us to noninvasively monitor the
progression of the induced disease along with treatment in the
studied animals. Remarkably, the ultrasound observations
indicated a selective partial therapeutic eﬀect due to magnetically
localized ECs at the distal part of the stented artery per both
morphological and hemodynamic parameters (Figure 4A−C),
consistent with bioluminescent imaging. Dissection of the entire
segment of the stented artery in histological samples clearly
validated this observation, demonstrating marked antirestenotic
eﬀect at the distal part of the stent, consistent with the visible
presence of MNP traces at the distal part of the stent and the
adjacent artery (Figure 5C−E, cell therapy (PB) panel). It is
interesting to note that in the control group, the greatest extent of
neointimal tissue was present at the proximal and distal regions of
the stent, which agrees with ﬁndings in animal48,49 and clinical
studies.50 Our stent expansion model (Figure 6A,B) demonstrates that a stent expands more rapidly and to a greater extent at
the ends (edges) rather than along the axis from the ends. This
indicates a potentially greater stress concentration applied by the
stent to the artery wall at the edges, where the elastic properties
of the two materials are mismatched.51 Proliferation of VSMCs in
the media and neointima seem to be an adaptive response to
compliance mismatch that exists in regions of stress concentration, thereby leading to stronger restenosis at the stent ends.
In addition to the edge phenomenon observed in control
animals, the extent of neointimal thickening was greater at the
distal part comparing to proximal. This result points out that a
greater degree of injury at the distal part of the stented artery
segment may be an eﬀect of a higher traﬃc of catheters
introduced in close proximity to the distal part of the stented
artery through the external carotid during stenting and cell
delivery procedures.
Despite the expected stronger injury at the distal end, as was
observed in the control animals, magnetically assisted delivery of
ECs markedly attenuated this eﬀect in the same site of the
treatment group animals, indicating that repopulation of ECs
recreated a microenvironment promoting vascular healing at the
site of the stronger injury. The partial nature of the antirestenotic
eﬀect in our local cell delivery setting seems to be reasonably
attributed to a nonuniform targeting of ECs, creating a gradient
of conditions in the vessel wall and translating into incomplete
vascular healing of the entire stented artery segment. Although
this situation may be regarded as one of the nonanticipated study
limitations, we recognize this outcome as demonstrating built-in
dose-dependence, showing that the lack of protection from
in-stent stenosis is caused by incomplete coverage of ECs.
This view, in our opinion, strengthens our observations supporting
that therapeutic eﬀect was selectively promoted at the artery site
that was successfully repopulated with ECs.
Cell delivery at the distal end of the stent under stop-ﬂow
conditions, though suboptimal, was the only experimentally
G
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CONCLUSIONS
Recurrent arterial narrowing and late stent thrombosis after
mechanical injury caused by stent implantation remain the
Achilles’ heel of endovascular intervention. Current standards of
clinical care focus on inhibition of smooth muscle cells using
drug-eluting stents that release nonselective antiproliferative
drugs, which also aﬀect endothelial cells, the important
modulators of vascular hemostasis, ﬁbrinolysis, and proliferative
state of the smooth muscle cells. Alternatively, the promotion of
healing in the vascular endothelium may be a more natural and
consequently safer approach in the prevention of vascular
restenosis and thrombosis. This work demonstrates that
magnetically mediated targeting of nonmodiﬁed endothelial
cells prevented development of in-stent stenosis nearly 2-fold
earlier and with 2-fold greater magnitude in treated animals in
comparison to untreated controls. In the future, addressing
uniformity of cell delivery, choice of stent material, cell source
and considering enhancement of EC function via genetic
manipulation, the methodology investigated here may provide
the basis for designing the next generation of cell-based therapy
for vascular healing after stent angioplasty. Thus, the potential
therapeutic value, safety, and feasibility of the approach
presented here merit further investigation.

feasible approach due to the small size of the rat anatomy.
We assume that the following reasons can explain the selective
cell localization at the distal part of the stent. First, injecting a cell
suspension into a ∼1 mm stented blood vessel under interrupted
blood ﬂow condition (clamped common carotid) may not create
a ﬂow pattern enabling all the cells to pass through the stent
resulting in uniform distribution of cells. Second, cells delivered
at the distal end are likely to experience the highest ﬁeld gradient
at the stent’s edge attracting most of the delivered cells to the
distal part of the stent.
While the bioluminescent data indicates that only a fraction of
the originally delivered ECs was still viable 2 months post-cell
delivery, due to transient cell transduction with luciferase
transgene, the proliferation potential of the delivered cells
could not be assessed with this technique. Additionally, for
technical reasons, we were not able to speciﬁcally stain ECs in
histological samples to obtain a morphological picture of EC
localization in the stented artery wall. These limitations did not
allow us to make deﬁnitive conclusions regarding the reendothelialization in the studied animals. Despite these limitations,
ultrasound measurements of both artery diameter reductions at
the distal end (Figure 4A) and PSV ratios (Figure 4C) show that
the progression of in-stent stenosis halts after ∼1.5 and 3.3 weeks
(per diameter, p > 0.05 after these time-points) and after
∼2.4 and 4.3 weeks (per PSV ratios, p > 0.05 after these time
points) in cell therapy and control animals, respectively,
demonstrating that magnetically mediated targeting of nonmodiﬁed ECs prevented development of in-stent stenosis nearly
2-fold earlier and with 2-fold greater magnitude in treated animals
in comparison to untreated controls.
In the future clinical setting, uniform cell delivery to stented
arteries can be achieved immediately after stent deployment by
administering cells through the delivery channel of the stent
deploying catheter or post-dilatation balloon catheter under
ﬂuoroscopy, gradually drawing the catheter from one end to
another end of the stented artery segment without occlusion of
the blood vessel. From a clinical perspective, a few additional
important issues should be addressed for translation of the
magnetic targeting methodology. In this study, we used stents
made of 304-grade stainless steel, which is not approved by the
Food and Drug Administration (FDA) for vascular applications
due to inferior corrosion resistance compared to clinically used
stents made of 316L-grade stainless steel. The cold working
process by changing the microstructure of the stainless steel can
be potentially used to increase magnetic permeability of the 316L
stainless steel. Alternatively, if the proposed magnetic cell
targeting methodology will oﬀer signiﬁcant improvements in
long-term stent performance, substantially reducing clinical
complications associated with currently used stents, the inferior
corrosion resistance may be outweighed, providing the rational
for clinical approval of the 304-grade stainless steel. To avoid
potential immunologic/rejection problems, the proposed
methodology would require the patient to be the autologous
donor for the ECs. We envision that in the future, the
technologies will further evolve to safely transform patient’s
cells into induced pluripotent cells (iPS), which can be
controllably diﬀerentiated into ECs or any other cell type that
can be used for regenerative needs. Having a technology to
preserve cells isolated from a person until the potential health
risk for the person is identiﬁed, the preserved autologous cells
can be prepared for a planned medical treatment in advance.

METHODS
Nanoparticles and Cell Preparation. Polylactide-based magnetic
nanoparticles were formulated with inclusion of nanocrystalline
magnetite by a modiﬁed emulsiﬁcation−solvent evaporation method
as described elsewhere.52,53 The particles contained 48.2% ± 1.32%
(w/w) magnetite (per spectrophotometry) and were ﬂuorescently
labeled by boron-dipyrromethene (BODIPY) 650/665 nm (Thermo
Fisher Scientiﬁc, Rockford, IL, USA) as described elsewhere.54
The MNPs had a mean hydrodynamic diameter of 278 ± 1.62 nm
and ζ-potential of −14.4 ± 0.34 mV. Magnetization of the MNPs
measured at 0.5 T was 24.6 ± 1.22 emu/g of composite. Full
physicochemical characterization of MNPs can be found in ref 52.
Rat aortic endothelial cells (RAECs) were isolated and characterized
according to previously published protocol.44 For cell loading, RAECs
were seeded on clear-bottom 12-well plates (BD Biosciences, USA)
using MCDB 131 medium supplemented with 5% fetal bovine serum
(FBS), epidermal growth factor (EGF) (10 ng/mL), hydrocortisone
(1 μg/mL), and L-glutamine (10 mM). The original MNP suspension
(20 μL, an equivalent of 0.736 mg) was dispersed in 10 mL of the cell
culture medium and ﬁltered through a Millipore syringe driven ﬁlter
with 5.0 μm pores. The MNP suspension was given to cells in the
volume of 2 μL (0.0736 mg) of MNPs per 300 000−350 000 cells
(a given dose of ∼100 pg of magnetite/cell for 48% w/w MNPs) and
incubated at 37 °C for 24 h on a 96-well magnetic separator with surface
force density of 66 T2/m (LifeSep 96F, Dexter Magnetic Technologies,
USA). The cells were washed three times with PBS to remove
noninternalized particles. Then, cells were trypsinized and resuspended
in PBS for further use in in vivo experiments. After overnight incubation
of cells with particles on a magnetic separator, the magnetite content
within RAECs was estimated to be 25.3 ± 0.75 pg of magnetite/cell as
quantiﬁed by the method described elsewhere.55
Cell Biodistribution Studies. For biodistribution studies, MNPloaded cells were labeled with a lipophilic near-infrared (NIR)
ﬂuorescent probe (DiR from Thermo Fisher Scientiﬁc, Rockford, IL,
USA) in order to minimize the ﬂuorescence background of the animal
tissue in the visible range.56 Upon completion of MNP-loading, the cells
were trypsinized, centrifuged for 5 min at 1000 rpm, resuspended in
2 mL of MCDB131 medium supplemented with 16 μg/mL of DiR, and
incubated for 45 min in the tissue culture incubator. Thereafter, the
labeled cells were washed twice with 10 mL of PBS, with centrifugation
for 5 min at 1000 rpm between the washes. After the ﬁnal wash, the
cells were counted and resuspended in PBS to generate two cell doses
at a ﬁnal concentration of 3 × 106 and 10 × 106 cells/300 μL.
H
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Imaging Studies. One week and subsequently 3, 5, 7, and 9 weeks
after magnetic cell delivery, the animals of the treatment group were
subjected to bioluminescent and ﬂuorescent imaging to track delivered
cells (IVIS Lumina XR, PerkinElmer Inc., Waltham, MA, USA). Bioluminescent imaging involved local application under general anesthesia
of 100 μL of D-Luciferin (30 mg/mL) admixed with 250 μL of 37.5%
(w/v) Pluronic F127 (Sigma-Aldridge, St. Louis, MO, USA) solution
applied to the external surface of the stented common carotid. The
bioluminescence data acquisition started immediately after application
of the luciferase containing gel using 5 min integration time.
For ultrasound imaging, under general anesthesia the animal was
placed on the study platform of the Vevo2100 Imaging System
(VisualSonics Toronto, ON, Canada) in dorsal position with extremities
taped to the electrodes for ECG tracing. After general visualization in
B-mode to locate the stented and contralateral carotid arteries, images
were recorded for subsequent diameter measurements in selected
control zones of the stented segments of left common carotid artery
(proximally to the stented segment, most proximal, the most distal, and
immediately distally to the stented segment). Presence of blood ﬂow
and its nonquantitative evaluation were conducted in color Doppler
mode with 250 MHz probe positioned at 60° angle to the studied vessel.
Evaluation was based on the shape, color scale, and homogeneity of the
ﬂow image. For quantitative analysis of peak systolic velocity (PSV),
pulsed wave Doppler mode recordings were conducted at the same
control zones of left common carotid arteries as for diameter measurements making sure of the optimal probe positioning based on the color
Doppler image. Recordings in the same modes were conducted at the
corresponding 10 mm length area of right common carotid artery
proximately to its bifurcation as control site. Cardiac and respiratory
functions of the tested animal were monitored during ultrasound
recording to ensure acquisition of true measurements. The ultrasound
recordings were done before surgery and weekly after stenting and cell
delivery procedure.
Morphometric Analysis. Approximately 64 days post-stent
implantation and cell delivery procedure (64 ± 1 day), animals were
euthanized. During the necropsies, the stented arteries were located,
ﬂushed with PBS, and ﬁxed in situ by perfusion with 10% neutral
buﬀered formalin. The stented arterial segments were glycol
methacrylate embedded (JB-4, Electron Microscopy Sciences, PA,
USA). Serial 5-μm cross sections were obtained at subsegmental
intervals of 100−200 μm using rotary microtome HM355S (Microm
International, Germany) equipped with a tungsten carbide knife
(Delaware Diamond Knives, DE USA). Cross sections were stained
by Verhoeﬀ−van Gieson elastin stain or by Prussian blue staining with
nuclear fast red as counterstain. The morphometric analysis was
performed using ImageJ software (version 1.43, NIH) by an observer
blinded to the study groups. The morphometric analysis was performed
to measure the areas inside the lumen, internal elastic lamina (IEL) and
external elastic lamina (EEL). Measurements allowed for calculation of
intimal area (IEL area − lumen area) and medial area (EEL area − IEL
area) and subsequently for neointima/media ratio and percent stenosis
[1 − (lumen area/IEL area)] × 100%.57 The distribution of MNPs was
analyzed by the ImageJ software measuring area occupied by MNPs
from the Prussian blue stained slices and presented as a percent relative
to the area of the media.
Stent Expansion Modeling. In order to determine the stent
geometry during its expansion, we used COMSOL Multiphysics
software (COMSOL Inc., Burlington, MA). For symmetrical reasons,
it was suﬃcient to model only 1/20 of the stent’s geometry. The stent is
comprised of cold-worked 304 grade stainless steel, and the Young’s
modulus was set to 196 GPa,58 the Poisson’s ratio to 0.27,58 the initial
yield stress to 277 MPa,59 the density to 7955 kg/m3,58 and isotropic
tangent modulus to 692 MPa.60 We used the solid mechanics modulus,
while a radial outward pressure was applied on the inner surface of the
stent to represent the expansion of a balloon. In order to simulate the
balloon-derived pressure, the load was represented with a step function;
the load was set to drop to zero as soon as the inner radius of the stent
was higher than the preset radius of 0.547 mm. Due to the highly
nonlinear nature of this model, a displacement control parameter
was used to improve the convergence during the computation of the

For bioluminescent measurements, the cells were additionally
transduced with luciferase enzyme encoding, replication defective
adenovirus (Vector Core Facility, University of Pennsylvania, PA, USA)
at multiplicity of infection (MOI) = 2000 at which we achieved maximal
transduction eﬃciency without adversely aﬀecting cell viability.
All animal studies were performed with the approval and according to
the guidelines of the Institutional Animal Care and Use Committee of
the Drexel University, College of Medicine, PA, USA. A total of 12 male
Lewis rats with body weight of 350−400 g (Envigo, East Millstone, NJ,
USA) were used in biodistribution studies. The cell preparations were
injected into the tail vein of rats at a rate of 0.67 × 106 cells/min. At 1 and
6 h after cell administration, the animals were euthanized, and organs
were collected for NIR ﬂuorescent measurements (710−760 nm and
810−875 nm excitation and emission passbands, respectively) using
IVIS Lumina XR in vivo imaging system (PerkinElmer Inc., Waltham,
MA, USA). The total radiant eﬃciency measured for each organ from
both sides was normalized to the organ mass. The cell fraction contained
within each organ was obtained as a ratio of the ﬂuorescence from a
particular organ to the total ﬂuorescence from all the organs and
presented as a percent of the total administered cells. In bioluminescent
biodistribution experiments, the D-Luciferin Fireﬂy potassium salt
(PerkinElmer Inc. USA) was administered into a tail vein at a dose
of 150 mg/kg per manufacturer protocol prior to the imaging. The
collected bioluminescent signal was integrated over 5 min. Living
Image Software, version 4.3.1, PerkinElmer Inc., was used to analyze the
obtained imaging data.
Stent Angioplasty and in Vivo Cell Delivery. A total of 29 male
Lewis rats (26 for local cell delivery and 3 for tail vein cell
administration) with body weight of 450−500 g were used from
Envigo, East Millstone, NJ, USA. Animals were started on antiplatelet
therapy (aspirin, 30 mg/L in drinking water) 2−3 days before surgery,
and this therapy continued for 1 week. Under general anesthesia (2−3%
isoﬂurane) prior to surgery, the animals were injected with
subcutaneous (sc) meloxicam (1 mg/kg), intramuscular (im) cefazolin
(20 mg/kg), and intraoperatively following vascular dissection with iv
heparin (200 units/kg). The supplemental ﬂuids (20 mg/(kg·h), iv)
were infused during the surgical procedure. Left common carotid
arteries along with external and internal carotids were isolated with blunt
dissection. The external carotid was permanently ligated as distal as
possible. The proximal part of the common carotid and internal carotid
were temporary occluded with vascular clip and temporary ligature,
respectively. Injury of common carotids was induced with four passages
of 2F Fogarty embolectomy catheter (Edwards Lifesciences, Irvine, CA,
USA) introduced through arteriotomy in external carotid proximal to
ligation (Figure 1A). A 304-grade stainless steel stent (Laserage
Technology Corp. Waukegan, IL, USA) was introduced into common
carotid through the conductor tube inserted in external carotid and
deployed at the injured artery segment with angioplasty balloon catheter
(NuMED Inc., Hopkinton, NY, USA) applying hydrostatic pressure of
12 atm for 20 s (Figure 1B). This procedure is visually described
elsewhere.42 In control animals (n = 13), the procedure was completed
with permanent ligation of the external carotid distal to common carotid
bifurcation, blood ﬂow was restored, and the wound was closed. In cell
delivery animals (n = 13), a 26 gauge First PICC S/L catheter (Argon
Medical Devices Inc. Plano, TX, USA) preﬁlled with a suspension of
MNP-laden RAECs was introduced and aﬃxed by ligature on external
carotid keeping the tip of the catheter at the distal end of the stent. The
temporary ligature on the internal carotid was released to allow liquid
evacuation during the injection of cells (Figure 1C). The animal was
transferred and positioned between the poles of a C-core electromagnet
with a 4 cm gap and 100 μL of 3 × 103 cells/μL was injected at a rate
50 μL/min exposing the animal to a uniform magnetic ﬁeld of 0.14 T
generated across the neck area by two symmetrical electromagnets for
12 min. After cell delivery procedure, the catheter was removed, the
external carotid was tied oﬀ distally to the common carotid bifurcation,
blood ﬂow was restored by removing the clamp and temporary ligature
(Figure 1D), and the wound was closed. Animals were monitored
for body weight changes and signs of general well-being and were
administered antibiotics (cefazolin) and analgesia (meloxicam) daily
over 3 days after the surgical procedure using doses described above.
I
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solution. Here, the average displacement of the stent’s inner radius is
prescribed, and a global equation is used to compute the corresponding
applied pressure load.
Statistical Analysis. Data are expressed as means ± SD (standard
deviation). Statistical calculations were performed with GraphPad
Prism 5 (Graphpad, La Jolla, CA). Statistical tests used to compare the
diﬀerences are speciﬁed in the ﬁgure legends. The data were tested
for normality by the Shapiro−Wilk method; p values of <0.05 were
considered signiﬁcant. In ultrasound or histology analyses, a few replicates were not included due to poor signal or sample quality (n speciﬁed
in the ﬁgure legends).
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