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Abstract
This review focuses on the new and emerging large-molecule bioactive agents delivered from stent
surfaces in drug-eluting stents (DES) to inhibit vascular restenosis in the context of interventional
cardiology. New therapeutic agents representing proteins, nucleic acids (small interfering RNAs and
large DNA plasmids), viral delivery vectors and even engineered cell therapies require specific
delivery designs distinct from traditional smaller molecule approaches on DES. While small
molecules are currently the clinical standard for coronary stenting, extension of the DES to other
lesion types, peripheral vasculature and non-vasculature therapies will seek to deliver an increasingly
sophisticated armada of drug types. This review describes many of the larger molecule and
biopharmaceutical approaches reported recently for stent-based delivery with the challenges
associated with formulating and delivering these drug classes compared to the current small molecule
drugs. It also includes perspectives on possible future applications that may improve safety and
efficacy and facilitate diversification of the DES to other clinical applications.
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Introduction
Stenting – the surgical placement of an intravascular hollow cylindrical device into vascular
lesion sites following percutaneous transluminal coronary angioplasty (PTCA) – is a common
procedure to inhibit vessel restenosis, particularly in the coronary vasculature. However, in-
stent restenosis is observed at the stented site in 15–20% of PTCA patients following bare
metal stent implantation.1–4 Clinical trials using systemic drug administration (i.e.,
parenterally administered anti-restenotic agents) have failed. This is attributed to insufficient
drug doses actually reaching the vascular target site, and adverse systemic side effects.1, 5–7
This emphasizes the importance of local delivery directly from the stent surface to influence
local cell populations in the vascular wall. To reduce doses required and the incidence of
systemic complications, and ensure appropriate drug dosing directly at the target site, drugs
can be directly and continuously delivered to the tissue of interest. Catheter-based delivery
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devices have been developed to locally deliver drugs to vascular sites as well to perform PTCA.
1, 7 However, beyond simple drug delivery, controlled release of therapeutic agents to specific
targets, primarily anti-restenotic agents at stented sites, is often required. Drug-eluting stents
(DES) provide anti-restenotic drug therapy with low-dose local drug delivery from the coated
stent surface to the vessel tissue bed has rapidly become a clinically routine therapeutic
approach to inhibit in-stent restenosis to less than 5% in millions of cases annually.8 The DES
comprises a dose of drug typically embedded within a carrier coating (generally polymer, but
also inorganic phases) applied to the wire mesh comprising the stent.3, 9

Implantation of bare metal stents, while common, in principle presents a highly reactive metal
surface known to activate coagulation cascades, produce thrombosis and inflammatory
reactions, and release toxic metal ions (i.e., chromium, nickel, molybdenum).10 Surface
modification had been known for over four decades to improve metal-blood compatibility.
Hence, stent coating is popular both to produce a local drug release matrix as well as limit
intrinsic thrombogenicity and foreign body responses. Carbon coating is used without drug
loading to produce a passivating surface with claims to improved biocompatibility in vitro and
in preclinical testing.11–14 However, as these carbon coatings have been extended to human
stent trials, performance in vivo has been non-distinguishing, reducing the enthusiasm for
carbon-coated stents in human implants.15–17 Synthetic polymers, hydrogels and
polysaccharide coatings provide a reasonable coating matrix with reduced pro-coagulant
activity compared to bare metal stents. Bioactive agents (drug dose ~ micrograms/stent) loaded
into these coatings are intended for local release to affect specific cell types in the vascular
wall following stent intravascular deployment. To produce desired pharmacological effects
while avoiding side effects, the DES must be designed to limit drug release prior to deployment,
and release the proper dosing at the desired kinetics after deployment. Additional important
DES design criteria are (1) minimal thrombogenic DES procoagulant or complement activation
in the blood stream, (2) acceptable stent and coating stability in the vascular wall upon
placement, (3) solubility compatibility between polymer, solvent and drug during the coating
formulation process, (4) and coating stability and integrity during stent deployment where
shape-memory or luminal expansion effects produce mechanical stress and strain.

Many previous reviews have extensively documented the current US Food and Drug
Administration (FDA)-approved clinical methodologies and pharmacologies, and expected
related innovations, all emphasizing smaller molecule drug release.1, 6, 18–20 Nevertheless,
newer emerging DES designs are using increasingly sophisticated bioactive agents, including
new macromolecular drugs (e.g., proteins, nucleic acids, viral vectors) with unique
pharmacologies but also specific delivery requirements. Device-based delivery approaches that
have shown clinical efficacy to date with small drugs do not necessarily translate to efficacy
with biopharmaceuticals. It is likely therefore that many aspects of controlled release DES
formulations used in coronary stenting will require re-design to both accommodate dosing and
delivery issues for large molecule drugs and distinct pathology and pharmacology in many
other cardiovascular stenting sites.

1. Overview of small molecule therapeutics in DES designs
Several clinical trials have already shown that rapamycin (e.g., CYPHER, RAVEL, SIRUS)
and paclitaxel (e.g., ASPECT, ELUTES, TAXUS) eluted from polymer-coated stents exhibit
superior performance in preventing vessel restenosis compared to bare metal stents.9, 18, 19,
21–26 Within cells, sirolimus inactivates mammalian target of rapamycin (mTOR) by forming
a complex with FK506-binding protein 12 (FKBP12). As a result, the down-regulation of
kinase p27 is prohibited, inhibiting passage of the cell cycle from G1 to S phase, and preventing
cell proliferation.9 By contrast, paclitaxel binds to beta-tubulin, resulting in inhibition of
microtubule depolymerization in a dose-dependent fashion. At high concentrations, this
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inhibits smooth muscle cell (SMC) proliferation and migration by disturbing the cell’s M phase.
25 As shown in this review, there may be many other strategies now evolving to produce the
same targeting of proliferating, mobilized cell types in the vascular bed more specifically, with
improved efficacy and safety for DES deployment.

Since approval of the sirolimus-eluting stent by FDA, various sirolimus analogues including
zotarolimus (ABT-578), biolimus-A9 and everolimus have also been shown to be effective
against restenosis (e.g., ENDEAVOR, FUTURE and other trials) in DES formats.19, 20, 27–
29 Sirolimus-eluting DES may also elicit adverse effects as rapamycin pharmacology is not
specific to cell type but more generally toward all proliferating phenotypes. In particular, recent
studies suggested that DES implantation adversely affects local endothelium regeneration.
30–33 While the coronary arterial stent represents substantial clinical impact, other more
difficult stenting sites are current targets for new DES techniques, seeking to demonstrate
efficacy in challenging diabetic patients34–36 and more complex disease sites, e.g., small
vessel22, 37 and bifurcated lesions38–40, and peripheral vasculature including venous sites.
41–43 Thus, new stent designs will likely be combined with new therapeutic drug mixtures.
For example, stent coatings releasing dexamethasone (STRIDE) and actinomycin D
(ACTION) are shown to inhibit SMC proliferation.44, 45 Nitric oxide (NO) with its potent
modulation of significant several vascular events including SMC proliferation,46–48 and select
bioactive peptides with specific binding activities (cyclic Arg-Gly-Asp (RGD)-containing
peptides, angiotensin, and angiopeptin)49–51 might also be candidates for DES-released anti-
restenotic agents. Recently, anti-restenotic effects of NO donor-loaded stents have been
investigated.52, 53 Angiopeptin blockade of growth factor-induced SMC proliferation51 and
of platelet receptors that inhibit platelet aggregation by RGD-containing peptides,49 relevant
peptide-eluting stents might demonstrate efficacy in reducing neointimal hyperplasia.54, 55
Recently, the delivery of microfilament inhibitor, cytochalasin D, produced significant
inhibition of platelet aggregation and SMC proliferation in pig coronary arteries, compared
with that of paclitaxel.56 In summary, many different bio-active agents have been or are being
screened to address in-stent restenosis, targeting many different cellular mechanisms in the
vascular bed.

Drug therapeutic efficacy in stent-based delivery depends upon many factors, including:
• local physiology (i.e., venous vs. arterial sites, vessel lesion pathology)
• drug pharmacology (specificity, potency) and toxicity
• stent-based drug formulation (dose, release rate, bioavailability, duration)

Effective drug dosing and dose release from stent coatings depends on many factors including
potency, local pharmacology and toxicity, clearance, formulating constraints on-stent, and drug
physicochemical properties (molecular weight, stability, chemistry, solubility). To date, most
drugs loaded onto and released from stents are relatively low molecular weight compounds
(e.g., 400–900 Da). Current small molecule therapeutics in this context have been well-
documented and often reviewed1, 6, 18–20 and are summarized in Table 1. Small molecule
drugs provide several strategic advantages in dosing and formulation: smaller drugs tend to be
more robust than large biological drugs (i.e., proteins or nucleic acids), and amounts of drug
(i.e., moles) are larger per unit mass formulated. Nevertheless, at present, a diverse array of
candidate drugs is required to address various targets against restenosis, (i.e., inhibition of
neointimal hyperplasia), thrombosis, blockade of inflammatory responses, and promotion of
re-endothelialization.2, 4, 5 Use of new, relative high molecular weight molecules expands
therapeutic possibilities of drugs and their targets for stent-based delivery systems. Currently,
innovative new biopolymer-based therapeutics (RNAi, DNA transgenes, proteins and
polysaccharide drugs) are being investigated for stent-based delivery against numerous targets.
While primarily focused at anti-restenotic effects, these drug candidates could provide
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appropriate treatments diverse bio-active actions beyond this treatment regimen in the future,
depending respective lesions and stent formulations.

2. Nucleotide-based drugs for stent-based delivery
2.1 DNA-based drugs

Gene therapy – the deliberate exogenous delivery of a therapeutic transgene62 – is currently
being evaluated in hundreds of clinical trials for various conditions. It also offers the potential
for new treatments for specific cardiovascular diseases, both systemically and from the surfaces
of cardiovascular devices.63–67 DNA plasmids encoding an anti-restenotic transgene can be
directly perfused or injected at an injury site using catheters. While naked DNA plasmids are
commonly used, transgene vectors – various viral or non-viral polymers or lipid carriers of the
DNA therapeutic gene – can be exploited to facilitate necessary gene penetration into cells and
into the nucleus. However, in all cases, control of the possible systemic bio-distribution of the
therapeutic gene is required. Transgene uptake into vascular tissue sites takes time, so to prevent
systemic distribution of the catheter-based gene therapy dose from vascular flow, direct
perfusion methods often temporarily halt blood flow in the vasculature surrounding the lesion,
infuse the dose via catheter, incubate the transgene dose under no flow conditions, rinse with
saline, then restore normal vascular flow. To prevent hypoxia or necrosis, intravascular
perfusion times can not exceed minutes, limiting dose penetration to the desired site and
increasing prospects for systemized exposure. In contrast, stent-based gene delivery puts a
smaller transgene dose on the stent surface, places the delivery surface directly into contact
with the vascular bed to better deliver a reliable and local dose without systemic issues or
kinetic delivery limitations. Tissue penetration from locally delivered doses is conceivably a
much more attractive method to both control adverse systemic side effects while attempting
to inhibit restenosis.

Biodegradable polymer coatings with a strong medical device track record, FDA approval in
a number of therapeutic contexts with accepted biocompatibility and drug reservoir capacities,
Degradable FDA-approved polymer coatings comprising poly-L-lactic acid (PLLA), poly-
D,L-lactic acid (PDLA), poly(caprolactones) (PCL) and polyglycolic acid (PGA) have been
often used for stent coatings as well as completely degradable stents.68, 69 Bioresorbable
polymers show high tensile strength, controlled degradation rates and reliable fatigue
properties.70 Importantly, these biodegradable polymers also have been used as non-viral gene
vectors for over a decade.71, 72 For example, plasmid DNA is loaded into polylactic-
polyglycolic acid (PLGA) on a bare metal stent by stent immersion into a PLGA emulsified
organic-aqueous solution containing plasmid DNA (e.g., model green fluorescent protein
(GFP) plasmids, 0.9–1.1 mg of DNA loaded into 8–9 mg of PLGA emulsion on a Crown™
stent, Figure 1), producing a coating.73 As shown in Figure 2, plasmid DNA releases from the
stent coating and transfects cells locally within the vascular wall. Additionally, non-degradable
polymer coatings might better be used to deliver plasmid DNA release from stents74 while
also limiting associated thrombosis issues after stent implantation using polymer coatings
comprising biomedical polyurethanes, heparin sulfates and other glycosaminoglycans,
hyaluronic acids, and other hydrophilic polymers (e.g., hydrogels). To date, polymer coatings
have been used to demonstrate the possibility for local gene delivery from gene-eluting stents.
However, stent-based gene delivery would likely require a transfection system (e.g., vector)
for efficacious gene expression. Vectors are either viral (e.g., gene-loaded adenovirus or adeno-
associated virus (AAV)) or non-viral (cationic synthetic polymeric or colloidal electrostatically
complexed transgenes).62, 72, 75, 76 Muhs et al. performed gene delivery by catheter injection
of plasmid lipoplexes with cationic lipids into pig coronary arteries in vivo,77 demonstrating
that these complexes of plasmid DNA encoding nitric oxide synthase (NOS) and lipids could
produce gene expression sufficient to inhibit SMC proliferation and migration, attributed to
the anti-restenotic activity of expressed NOS as an NO producer.78, 79 However, while claims
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to efficacy are often made for such transgene systems in vitro (e.g., in serum-free media),
further improvements in transfection efficiency and duration of expression are needed to
achieve significant inhibition of restenosis in vivo from non-viral vectors. Thus, while polymer-
based (e.g., non-viral) gene delivery agents might effectively produce local arterial gene
transfer,80 their use in gene delivery from stents has been quite limited to few studies.73, 81

Because of their higher intrinsic transfection efficiency, viral vectors have realized significant
reduction in neointimal formation using therapeutic genes.82, 83 Adenoviral vectors in
particular have been studied for therapeutic effects on hyperplasia and restenosis.63, 64, 79,
84, 85 For example, adenovirus encoding PTEN, an intracellular protein regulator inhibiting
neointimal hyperplasia, was injected into ligated rat carotid artery under no-flow conditions,
reducing neointimal hyperplasia.85 Ye et al. reported stent-based delivery of adenovirus
encoding β-galactosidase using bioresorbable microporous stents comprising a polylactide/
polycaprolactone blend for the stent coating.86

At present, stent-based drug loading is realized primarily by direct application of polymer
solutions containing the drug of choice to stent surfaces (dip coating or spray coating). Many
polymers of interest are not readily water-soluble, producing problems for the stability of many
attractive biologically derived drugs in organic media. As an alternative, collagen can be used
as a base coating capable of drug physical incorporation, direct collagen bioconjugation and
drug surface coupling. Recently, stent spray coating using collagen solutions mixed with drug
was investigated.87 Collagen coating also provides significant biocompatibility,
biodegradability and tensile strength to stenting.88–90 Combined use of adenoviral vectors
and collagen using antiviral antibodies covalently conjugated to pre-coated collagen and
subsequent gene-loaded viral binding to the antibody has been reported.91–93 Stainless steel
stents were coated with bovine type I collagen by immersion into collagen solutions. Anti-
knob (Fab)’2 antiviral antibodies were conjugated with the collagen activated with standard
thiol coupling reagents (SPDP) and then viral particles loaded with transgenes were bound by
simple association. Adenovirus encoding GFP loaded on-stent produces GFP local expression
in cultured SMCs around this collagen-coated stent. A surface density of 2.5 × 1010 viral
particles per mg of collagen was achieved by this technique, and adenovirus was successfully
delivered into coronary arteries upon deployment in vivo as shown by GFP expression in a
stented coronary artery.91 Denatured collagen (gelatin) was used to deliver naked plasmid
DNA encoding GFP without adenoviral vectors.94 Enhanced gene expression was proposed
to be enhanced by specific interaction of denatured collagen with the SMC αvβ3 integrin.95,
96 In this system, 500 µg of plasmid DNA produced 10.4 ± 1.23% neointimal cells expressing
GFP in a pig coronary artery.

Recently, stent-based polymer coatings have been correlated with late thrombosis,
inflammation, and restenosis,97–102 prompting some approaches to deliver bio-active agents
from stent surfaces without coatings. Sirolimus-eluting stents have been reported without
polymer coating.103, 104 Rapamycin is loaded onto stainless steel microporous stents by spray
coating with rapamycin solutions. This drug-loaded stent produced significant inhibition of
neointimal formation in a coronary artery stent model. Fishbein et al. reported adenovirus
loaded directly onto metal stents without polymer coating.105 Because bisalkylphosphonates
exhibit high-affinity binding activity to certain metallic oxide surfaces though phosphonate-
metal coordination,106, 107 adenovirus vectors have been loaded on metal stents using
polyallylamine grafted with bisphosphonate and modified with anti-adenovirus antibodies as
shown in Figure 3. Local delivery of adenovirus encoding inducible NOS from the stent showed
significant therapeutic effects following rat carotid stent implantation with inhibition of
restenosis compared with bare metal stents.
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Phosphorylcholine (PC)-based co-polymer coatings have been reported to enhance stent blood-
and bio-compatibility.108–110 Large numbers of PC-analog polymer coatings have been
developed for DES as well as biodegradable polymer coatings,28, 29, 44, 54, 60, 61, 111,
112 including that currently commercialized by Abbott Labs’ DES (ENDEAVOR trial).20
Walter et al. reported local delivery of plasmid DNA encoding vascular endothelial growth
factor-2 (VEGF-2) from PC-coated stents.113 Because of the acceleration of re-
endothelialization,2, 4, 5 local delivery of VEGF is useful to reduce neointimal
formation114, 115 as shown using catheters to deliver the VEGF gene at balloon-injured sites
(see Figure 4).116, 117 In stent-based delivery, PC coating enabled loading of ~200 µg VEGF-2
plasmid, achieving a reduction of SMC proliferation in rabbit iliac arteries. Tissue inhibitor of
metalloproteinase (TIMP) is also a potentially therapeutic gene against restenosis because it
limits matrix metalloproteinase (MMP) activity and has direct effects on cell growth. In this
regard, gene expression of TIMP in SMCs was reported to inhibit neointimal formation.118,
119 In particular, the study demonstrated that TIMP-3 was superior to TIMP-2 for inhibition
of neointimal formation in pig vein grafts.120, 121 A follow-on study demonstrated that local
delivery of adenovirus encoding TIMP-3 from PC-coated stents successfully reduced
neointimal formation in a pig coronary model.122

While adenoviral vectors have produced high gene expression in many studies using gene-
eluting stents, more recently AAV has become a next-generation focus because of its high
safety profile and preference in clinical trials to disease.83 Because AAV serotype 2 (AAV2)
has been particularly investigated, Sharif et al. loaded AAV2 encoding model β-galactosidase
onto PC-coated stents.123 Though no difference in transfection activity between AVV2-
eluting and adenovirus-eluting stents was observed, release kinetics for up to 28 days
distinguished the former from the latter approach (see Figure 5). Importantly, different AVV
serotypes are expected to show different transfection activity depending on targeted cell and
tissue types.76, 124 Hence, further study of AAV-eluting stents should better clarify specific
effects of AAV on the potential inhibition of restenosis and other stent-associated issues.

Stent-based delivery allows lower doses of therapeutic genes compared with systematic gene
delivery or even local catheter-based intravascular infusion. Control of the transgene dose and
distribution is essential to improve and optimize the effect of gene delivery on restenosis. Local
dose tissue processing, pharmacokinetics and expression duration of most delivered genes are
virtually unknown. Systemic fate and viral vector distribution analysis is limited by method
detection limits. As described above, stent coatings of biodegradable synthetic polymers,
collagen and PC are primary techniques for gene-eluting stents to date. The polyelectrolyte
layer-by-layer (LBL) technique is also becoming more useful for controlled local release of
DNA to tissues and cells.125, 126 Polymer electrostatically based multilayer coating formation
enables control over DNA loading and possibly transfection efficiency. Additionally, it is
expected to protect plasmid DNA loaded on-stent from ubiquitous nuclease digestion.127,
128 A recent study demonstrated gene delivery from a stent coated with polyelectrolyte
multilayers.81 Plasmid DNA encoding GFP was delivered from a multilayered film of the
degradable cationic polymer, poly(β-amino ester) and DNA to cultured COS-7 cells in vitro,
producing GFP expression. In other studies, Nakayama et al. developed a gelatin-based
photocuring coating system triggered by visible laser.129 Brief laser irradiation on a stent
immersed in gelatin solution produced a hydrogel coating on the stent by photopolymerization
of styrene-grafted gelatin.130 Adenoviral vector encoding model β-galactosidase was
delivered from the photocurable gelatin-coated stent to rabbit carotid arteries. Drug release rate
from the photocurable gelatin was controlled by the crosslinking density and gel density.131
Thus, these stent coating strategies could be useful to achieve significant loading and controlled
release of anti-restenotic genes from stents.
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2.2 Antisense oligonucleotides
Antisense oligonucleotide (ODN) delivery can effectively modulate gene expression within
cells, with therapeutic potential.132, 133 Antisense ODN interference in critical steps in the
SMC growth cycle has been investigated using cdc2 kinase, proliferating-cell nuclear antigen,
134 the ERK family of mitogen activated protein kinases (AMK1),135 early growth response
factor-1 (Egr-1)136 and other targets. As noted for other antisense therapies, chemical
modifications of antisense ODN influence antisense strategies for treatment of restenosis.
133 Gunn et al. reported that because of their nuclease stability and relative ease of synthesis,
phosphorothioate-ODN (S-ODN) (shown in Figure 6) may effectively reduce neointimal
formation after PTCA, compared to unmodified ODNs.137 For example, S-ODN against
Midkine successfully inhibited neointimal formation following stent implantation.138 To
obtain high transfection activity, the antisense ODN was injected with LipofectAmine™
reagent (Invitrogen) directly to the injured area. However, it was concluded that Midkine
antisense ODN effects were not sufficient to significantly suppress neointimal formation. That
is, selection of the anti-restenosis therapeutic target is as important as ODN delivery efficiency
to the target site. A very recent study reported that stent-based delivery of S-ODN targeted to
platelet-derived growth factor (PDGF) A-chain significantly decreased in-stent restenosis in
porcine coronary artery.139 Immersion of hydrogel-coated stents into a S-ODN solution
containing polyethylenimine was used to produce antisense ODN-coated stents. Importantly,
differences in endothelialization between antisense ODN-targeted PDGF A-chain and
sirolimus-eluting stents were shown in vivo. In contrast to sirolimus that prevents not only
SMC proliferation but also vascular re-endothelialization, resulting in late thrombosis, these
data suggested that vascular delivery of PDGF A-chain did not interfere with
endothelialization.

C-myc, a short-lived sequence-specific DNA-binding nuclear phosphoprotein and regulatory
transcription factor, is the most effective target to date in antisense therapy for restenosis. Shi
et al. reported that local delivery of antisense S-ODN against c-myc showed potential to reduce
neointimal formation in a coronary artery balloon injury model.140 To achieve stent-based
delivery of c-myc targeting S-ODN, the S-ODN (550 µg) was loaded into gelatin-coated
platinum-iridium stents, and released into a rabbit carotid artery model.141 While local
delivery of antisense S-ODNs against c-myc effectively inhibited SMC proliferation, Kutryk
et al. reported that injection of 10 mg S-ODN directly into the stented site did not significantly
reduce neointimal formation;142 one set of conclusions is that either S-ODN is not the most
effective chemically modified ODN for inhibition of restenosis, or that soluble S-ODN
injection is not as effective in producing a local effect versus coating-based delivery of the
ODN-based therapeutic.

Morpholino-backbone antisense ODN against c-myc is also a potent alternative candidate
therapeutic drug against restenosis.143–145 As neutrally charged nucleic acid analogue
oligomers, morpholino nucleotides (MOs) represent an unusual DNA chemistry with a
nucleobase tethered to a six-membered morpholine ring and uncharged phosphorodiamidate
linkage (compare structures in Figure 6).133, 146 As MOs have high nuclease resistance and
antisense activity against mRNA, inhibiting translation, Summerton reported that MO
antisense activity often achieved equal or better efficacy compared with S-ODNs.146
Kipshidze and co-workers used antisense MOs against c-myc for inhibition of neointimal
formation in the porcine coronary model, confirming that catheter-based local delivery of
antisense MOs significantly reduced neointimal formation.143, 144 Moreover, they performed
stent-based delivery of antisense MOs by immersing a polymer-coated stent into 30 mg/mL
MO solution for 5min, yielding 81.5 ± 14.4 µg of antisense MOs on a PC-coated stent.145 MO
charge neutrality protected these antisense ODNs from interactions with charged biological
species (proteins, lipids) perhaps providing more efficient interactions with target mRNA to
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enhance cellular uptake of c-myc antisense ODNs. Recent studies, in contrast, used
conventional antisense S-ODNs with a cationic PC copolymer to control ODN loading and
release147, 148 using a previously reported PC copolymer.149, 150 Cationic charge density
was controlled by co-polymerizing cationic co-monomers with choline methacrylate as shown
in Figure 7. The loading amount and the release kinetics of S-ODNs were controllable by the
combined use of S-ODN and cationic PC coating as shown in Figure 8. In contrast to the MO
utility, considering that drug loading is a key factor for drug-eluting stent efficacy, the S-ODN
anionic charge density could be useful to optimize stent-based delivery.

2.3 Decoy ODNs
While several antisense strategies have been investigated to inhibit restenosis, therapy using
decoy ODNs also provides efficient cell cycle modulation for treating certain cardiovascular
diseases.151 Nuclear factor-kappa B (NF-kB) is a most popular target against restenosis in the
ODN decoy strategy.152–154 NF-kB plays a critical role in coordinated gene trans-activation
of cytokines and cell adhesion molecules. Kitamoto et al. reported that transfection of NF-kB
decoy ODNs into coronary arteries after coronary angioplasty inhibited SMC proliferation.
152 Clinical application of the NF-kB decoy in reducing restenosis after PTCA was until now
investigated in only two patients.154 In experimental studies, Kalinowski et al. reported that
NF-kB decoy delivery using a balloon catheter did not significantly reduce neointimal
formation in rabbit iliac arteries,155 and Radke et al. loaded decoy NF-kB ODNs onto stents
coated with a cationic PC copolymer for better control of loading and release evidenced by
successful ex vivo ODN deposition in the vessel wall.156 As for antisense ODNs against c-
myc,147, 148 ODN loading amount was controlled by cationic charge density in the polymer
coating and the ODN concentration. As a result, a PC copolymer coating containing 20%
cationic co-monomer was maximally loaded with 41 ± 6 µg of decoy ODNs (3 × 1012 ODN
molecules) on-stent. This decoy ODN-eluting stent provided significant antisense transfer into
vessel walls in ex vivo experiments. However, this did not result in significant reduction of
SMC proliferation after stent implantation in vivo. These data suggest that rapid intravascular
release of ODNs prior to or concomitant with stent implantation, and penetration through other
potential physiological barriers to antisense transfer (e.g., lesions, thrombus, cholesterol
plaques) must be improved to obtain a significant effect on restenosis. On the other hand, Ohtani
et al. observed that stent-based local delivery of NF-kB decoy reduced in-stent neointimal
formation in iliac arteries of hypercholesterolemic rabbits.157 This study reported that rapid
release (<7 days) of NF-kB decoy from polyurethane-coated stents inhibited in-stent
neointimal formation. Their results, shown in Figure 9, indicated that stent-based delivery of
NF-kB decoy reduced NF-kB-dependent gene expression (e.g. monocyte chemoattractant
protein-1 (MCP-1), interleukin-1, interleukin-6) but not for NF-kB-independent genes (e.g.,
PDGF).

Currently, many potent new targets against restenosis have been discovered and advocated.
This means that various types of therapeutic approaches and molecules now available must be
matched with specific drug-eluting techniques required to produce optimal efficacy in vivo.
DES therapeutic value will strongly depend on the balance of loaded drug pharmacology,
release kinetics, loading method (coating polymer), site of deployment, basic stent platform,
and patient variables. Stent-based delivery of plasmid DNA encoding NOS, antisense ODN
against c-myc and NF-kB decoys have been investigated in pre-clinical trials, but with mixed,
equivocal results. Data to date do not clearly suggest a rational route to improve these results,
but progress with these biological drugs will allow extension of the techniques to other
therapeutic agents.
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3. Protein therapeutics
3.1 Therapeutic antibodies and affinity protein ligands

Over 20% of new drug applications are antibody-based therapeutics. It is likely that this highly
successful drug class will find application in DES. Accumulation of activated inflammatory
cells and release of chemotactic inflammatory mitogenic cytokines upon acute injury from
stent implantation are important factors inducing SMC mobilization, proliferation and
migration. Thus, blockade of local inflammatory responses is a common technique to attempt
to inhibit neointimal formation.4, 7 For example, the inflammatory cytokine, tumor necrosis
factor-α (TNF-α) is expressed by SMCs in balloon-injured sites, activating SMC migration.
158 Blockade of TNF-α with a soluble TNF-α receptor efficiently inhibited coronary
neointimal formation.159 A monoclonal anti-TNF-α antibody exhibited high anti-proliferative
activity, resulting in significant reduction of SMC proliferation by neutralization of TNF-α.
160 Antibody loading was achieved by immersion of a cellulose polymer-coated stent in anti-
TNF-α antibody solution.161 About 0.25 µg of antibody per mg of stent achieved marked
reduction of SMC proliferation in human saphenous vein organ cultures. Specific
neutralization of SMC TNF-α by the antibody might avoid unwanted side effects in other cells.
160 As expensive, large (~160kDa globular proteins) glycosylated therapeutics, antibodies
require new delivery strategies for specialized local delivery;162 stent-based delivery of
therapeutic antibodies has a large unexplored potential against numerous targets.

Anti-platelet therapy potentially reduces intimal formation induced by platelet aggregation.
Platelet glycoprotein receptor GP II b/III a has an important role in platelet activation and
remains a clinical target to inhibit thrombosis.163 Monoclonal antibodies against the human
GP II b/III a receptor provide significant inhibition of platelet aggregation when systemically
infused in human therapies (abciximab, c7E3, ReoPro™, Centocor Inc.). An anti-rabbit GP II
b/III a receptor antibody, AZ1, has been used to inhibit platelet function at vascular injury sites.
164 Aggarwal et al. reported local delivery of AZ1 from cellulose polymer-coated stents loaded
by direct immersion of cellulose-coated stents into AZ1 coating in solution.165 After 24 h
incubation in 1 mg/mL of AZ1 coating solution, antibody density of 104.3 ± 1.3 ng/10-mm
stent wire segment with more than 14 days of continuous release was achieved. However, this
stent-based delivery system did not significantly inhibit neointimal formation in vivo.

Blockade of the αvβ3 integrin (vitronectin receptor) on SMCs efficiently inhibits SMC
proliferation and migration.163 Cyclic RGD peptide binds to αvβ3 integrin, reducing
neointimal formation where delivered.49 Cyclic RGD-eluting stent implantation effectively
inhibits neointimal hyperplasia.55 The human monoclonal antibody against human platelet GP
II b/III a, abciximab (c7E3, ReoPro™), also has ability to bind cell vitronectin receptors
including αvβ3 integrin because of its relatively non-specific binding property.163, 166 Thus,
abciximab with intrinsic high anti-platelet activity administered by intravenous dose has been
used in stent implantation.167 However, the delivery strategy must be considered to optimize
significant benefits.168 Considering that the rabbit AZ1 anti-platelet antibody has no
measurable affinity against the cell vitronectin receptor165 and produced no anti-restenotic
activity in vivo, selective receptor targeting abilities to produce effective therapy could be very
subtle for the success of anti-platelet agents: binding activity to SMC vitronectin receptor may
be clinically advantageous to inhibit both platelet aggregation and neointimal hyperplasia in
situ. Abciximab-loaded polymer-coated GR II stents (Cook Inc, USA) produced slow antibody
release from the stent (approximate 50% stent release over 12 days) by simple immersive
loading.169 Abciximab has also been covalently attached to stent surfaces using plasma
polymerization.170, 171 The loading produced 90 µg/stent of slow antibody release, likely by
hydrolysis. In vivo antibody bioactivity remains unknown. While antibody doses and optimal
release kinetics are virtually unknown, stent-based delivery allows much lower antibody dosing
locally (µg) compared with systemic doses (>>mg) but, due to the fragility of these globular
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protein therapeutics, specific assays of antibody bioactivity post-release must be carefully
assessed.162

3.2 Release of vascular endothelial growth factor (VEGF)
Rapid vessel re-endothelialization is an attractive strategy to inhibit SMC proliferation.4, 7
Both host endogenous circulating endothelial cells (ECs) and endothelial progenitor cells
(EPCs) are actively recruited to the stented site for re-endothelialization.172–174 Chemotactic
mitogenic cytokines such as basic fibroblast growth factor (bFGF) and VEGF can act in this
capacity as potent mitogenic agents of ECs and EPCs.89, 175 Local delivery of VEGF114,
115 and plasmid DNA encoding VEGF113, 116, 117 was shown to prevent restenosis by
acceleration of neovascularization and re-endothelialization at the injured site. Stent-based
VEGF delivery was also performed by immersion of polymer-coated stents into VEGF aqueous
protein solutions loading 18.5 ± 4.1 µg of VEGF on a 3 × 20 mm stent after 2 h immersion.
176 Slow VEGF release from the stent increased growth of cultured human umbilical vein
endothelial cells (HUVECs) in vitro.

In most stent-based delivery systems, drug loading (dose) is a critical factor due to the limited
on-stent drug loading capacity (i.e., wire coating). Dosing relationships and kinetics of release
necessary to produce long-term efficacy are often thought to be dose-limited. In addition, most
protein drugs are low stability, large molecular weight, large dosage-amount agents with
difficult formulation requirements.177, 178 This has produced a shift from direct delivery of
the therapeutic protein to delivery of the transgene coding that protein, with expected longer
duration of protein dose at the locally transfected site. However, compared with delivery of
plasmid DNA encoding VEGF, VEGF protein delivery has the advantage of asserting the effect
of the known dose of delivered VEGF. In vitro efficacy of VEGF-eluting stents in promoting
endothelial cell growth does not correlate with insignificant effects of the VEGF-eluting stent
system in vivo using a rabbit iliac artery model.176 Recently, use of a thermo-responsive
polymer as a VEGF release vehicle was reported to improve dosing and efficacy.179
Additionally, use of truncated, lower molecular weight recombinant protein fragments with
the desired potency and improved stability (e.g., VEGF121, VEGF165)115, 180 could improve
stent-based delivery approaches.

3.3 Protein C delivery from stent
Protein C and protein S manifest important roles in anti-coagulation and normal hemostatic
balance.181 Thus, their local delivery at vascular injury sites is attractive for the inhibition of
thrombosis. Protein C is activated by thrombin-thrombomodulin complexes on intact
endothelial cell surfaces, prompting anti-thrombotic activity. Foo et al. performed stent-based
delivery of protein C in a balloon injury animal model using a stent coated with cellulose
polymer and then immersed in buffer solution containing protein C for 60 min.161 Local
delivery of protein C produced significant inhibition of thrombosis in a rabbit iliac artery model.

4. Polysaccharide agents
Due partly to its extensive history in coating blood-contacting devices, the natural sulfated
glycosaminoglycan anticoagulant, heparin, has been especially attractive as a stent coating,
attempting to exploit its intrinsically high anti-coagulant activity through neutralization of
thrombin by interaction with antithrombin III182, 183 even in clinical trials with mixed results.
183–186 In a great deal of such studies, heparin coating is achieved by covalent coupling of
aldehyde groups created on heparin by mild oxidation (or under saccharide aldol equilibria) to
amino groups attached on stents.182, 183, 185, 187 Such covalent coupling produces a surface
density and interaction between immobilized heparin and circulating antithrombin III. Heparin
blending with other polymers as a coating produced a reduction of stent thrombosis.89, 188
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Recently, combined use of heparin coating and injection of abciximab showed more effective
activity against coagulation than a heparin-coated stent alone or abciximab alone.189

However, it is likely that heparin delivery could have other cell-specific pharmacological
effects. Heparin specifically inhibits a protein kinase C-dependent cell cycle pathway in SMCs.
190, 191 Moreover, it interacts with cell receptors, growth factors, adhesion molecules,
resulting in prevention of SMC migration and proliferation.191 As many of these activities
require soluble heparin to bind cell receptors or penetrate intra-cellularly, binding of heparin
to stents is unfavorable to exert any anti-proliferative activity. Thus, heparin’s anti-proliferative
activity was evaluated by local delivery to the injury site,192 and compared with that of
rapamycin.193, 194 To achieve stent-based delivery of heparin, Matsumoto et al. created
multilayers of heparin and cationic molecules via layered electrostatic interactions, depicted
in Figure 10.195 Following in vivo stent implantation, immobilized heparin successfully
released from the stent: multilayer coating enabled not only slow heparin release but also by
control of heparin loading.

Because of its longer half-life, higher dosing possible, and extended bioavailability compared
with unfractionated heparin (approximately 15 kDa), low molecular weight heparin (LMWH,
~ 2–9 kDa) is expected to provide more effective inhibition of restenosis than unfractionated
heparin.196–198 Koromila et al. recently approached local LMWH delivery from a stent using
liposomes to achieve significant LMWH delivery from a polyethylene terephthlate (PET)-
coated stent by stent immersion into liposome solutions.199 LMWH release from the stent was
controllable, depending on liposome lipid composition, and liposome type (dehydrated-
rehydrated vesicles versus multi-lamellar vesicles). Combinations of LMWH and liposome
encapsulation could be useful as a stent-based delivery system to prevent restenosis, avoiding
known systemic LMWH systemic problems (thrombocytopenia) with minimal, local doses.

Other types of polysaccharide could also be used for stent coating. Local delivery of hyaluronan
(hyaluronic acid; HA) from a stent or coating on stent inhibited platelet thrombus formation.
200–202 Dextran is another polysaccharide that could act as an anti-platelet agent,203, 204
and also after chemical modification inhibit SMC proliferation as evidenced by direct
intralumenal injection at a stented site in rabbit iliac arteries.205 Fucoidan, a sulfated
polysaccharide extracted from brown seaweed, also shows promise as a potent therapeutic
agent.206 Some studies suggest differences in anti-proliferative activities between fucoidan
and heparin (e.g., effects on mitogenesis induced by fetal calf serum and platelet-derived
growth factor BB homodimer in human vascular SMCs). Thus, fucoidan in various molecular
weight forms might prove to be a more anti-proliferative agent than heparin.207–209 Deux et
al. reported inhibition of neointimal hyperplasia by intralumenal injection of LMW fucoidan
to injury sites in iliac arteries.210 This evidence supports the use of local delivery of LMW
fucoidan from stents as a useful strategy against restenosis.

5. Cell-based therapies
Cell-based therapeutics represent a rapidly advancing technique to treat cardiovascular
diseases.211 Nonetheless, cell sourcing and functional reliability remain issues that could delay
the transition of cell therapy from an attractive experimental tool to a comprehensive
therapeutic application. Ex vivo gene therapy is a common method to treat autologous cells
with a transgene and then implant the transfected cells back into the host. This approach was
used to produce a transfected SMC-coated stent with stable gene expression.212 In this study,
plasmid DNA encoding GFP was transfected into SMCs, and the SMCs were then seeded onto
a mesh-stent. Using fibronectin for stent coating, more than 20-fold increase in cell seeding
was realized on the stent, compared to an uncoated stent. No evidence of SMC migration from
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the stent was detected, and stable gene expression was shown for 1 month after stent
implantation.

As EPCs have an important role in endothelial repair and enhance re-endothelialization after
vessel trauma in PTCA,172–174 EPCs were seeded onto a stent to accelerate re-
endothelialization at the stented site by their migration and proliferation.213, 214 An EPC-
collagen hybrid material was formed by incubation of EPCs with collagen gel for one week.
By insertion of a metal stent into this mixture, cell loading (6.3 ± 2.5 ×105 cells on 2-cm of
stent) was achieved.213 As shown in Figure 11, EPCs covered the stent surface. EPCs delivered
from a gelatin-coated stent migrated from these seeded stents, forming an endothelialized
luminal surface.214 While EPC seeding on a stent promotes re-endothelialization, Aoki et al.
immobilized anti-CD34 antibody specific to EPC cell surface markers onto a stent.215
Captured cells from host circulation covered more than 90% of the stent surface 1 h after stent
implantation, suggesting that EPC capture provides significant clinical feasibility against
restenosis. Recently, to exert maximal potential, new materials were used to improve EC
seeding on stent-based templates.216 Cell-based approaches provide the benefits of autologous
cell seeding or endogenous recruitment, combination therapies with stent-based drug delivery
systems to suppress side effects and possible alternative cell sourcing for stent coverage in the
future. However, while EPCs comprise a significant fraction of circulating cells in animal
models, EPCs represent a very small fraction of circulating cells in humans (e.g., less than
0.1%)217, 218 and further development of this idea is required to demonstrate clinical
potential.

6. Nanotechnology approaches
Biodegradable nano- and micro-spheres enable controlled release of therapeutic drugs219,
220 and can be combined within DES coatings with combinations of other drug forms. Potent
anti-restenotic agents, tyrphostin compounds (AG-1295, AGL-2043) encapsulated in PLA
nanospheres were released in a size-dependent manner.221, 222 In this regard, stent-based
controlled release of anti-restenotic drugs such as angiostatin223 and NO donors52 formulated
within PLGA microspheres was performed from DES. Intraluminal delivery of AGL-2043 in
PLA nanospheres decreased neointimal formation in rat carotid arteries in comparison to
systemically administrated free AGL-2043.222 Kolodgie et al. used nanospheres to stabilize
the paclitaxel bioactivity in systemic parenteral dosing.224 Stabilization of protein drugs is
particularly important in their controlled release because proteins easily lose bioactivities when
formulated. Biodegradable nano- and micro-spheres are known to stabilize encapsulated
proteins.177, 178 Degradable poly(DL-lactide-co-glycolide) (PDLGA) microspheres
containing albumin (66kDa) as a model protein were loaded onto a PLLA stent by dipping in
microsphere powders and release was shown to depend on microsphere structure.225 Thus,
nano- and micro-spheres may improve anti-restenotic effects of proteins and other
biopharmaceutical drugs delivered locally from stents.

Nanoparticle surfaces can also be modified with various functional molecules, providing
specific targeted, labeled and long-circulating nanoparticles.226 For instance, tissue factor
(TF)-targeted nanoparticles modified with anti-TF antibody specifically bind to SMC
membranes in vivo. TF-modified perfluorocarbon nanoparticles containing paclitaxel
delivered to cultured SMCs decreased cell proliferation compared to non-targeted
nanoparticles.227 Iron oxide particles were used to magnetically localize ECs to stents.228
Endothelial outgrowth cells (EOCs) labeled with magnetic particles within their cytoplasm
interacted with a magnetized stent and captured on the stent surface. Following the stent
implantation in pig coronary arteries, the EOCs labeled with the microspheres localized on the
stented site.

Takahashi et al. Page 12

Biomacromolecules. Author manuscript; available in PMC 2008 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



7. Conclusions
A wide array of new, complex drug forms, primarily biopharmaceuticals comprising proteins,
nucleic acids and cell therapies, are emerging as attractive new cardiovascular therapeutic
candidates with new, specific stent-based delivery requirements for DES applications. Many
of these new drugs are substantially larger in size (molecular weights ~ 103 – 106 Da) than
current drugs typically used on DES systems (<103 Da). This means that large drug dosing
within the DES coating or on surfaces will be even more limited than for current drugs because
of these unusual drug sizes, physical chemistry, and stent loading restrictions. DES delivery
of these new molecules will require new designs and extensive new stability and
pharmacological analyses. Because of the unique targets and bioactivities of such
biopharmaceuticals, improvements in desired anti-proliferative, anti-coagulant, pro-
endothelialization, bio- and blood compatibility and/or biodegradability are expected.
Increased efficacy could also result from increased specificity and limited side effects,
improving local pharmacology compared to current FDA-approved small molecular weight
agents. However, it is likely that drugs alone will not solve all clinical stenting issues. Further
DES developments will likely combine other emerging innovations in advanced therapeutics
involving related new drug classes and cell therapies relevant to future DES delivery, as well
as implement new biomaterials, surgical and stent design improvements. To bring these agents
forward toward clinical use, creative approaches to formulating, testing and understanding the
mechanisms of action of these agents in the DES context is required. Randomized, blinded
trials that assess stent clinical efficacy without bias in study designs will be required to fully
assess performance enhancements.229, 230
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Figure 1.
Balloon-expanded arterial stents without (left) and with DNA-PLGA coating (right) (with Nile
Red dye for visualization). Reprinted with permission from Macmillan Publishers Ltd: Nature
Biotechnology (ref 73), copyright 2000.
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Figure 2.
Cell transfection with GFP plasmid DNA into A10 cells using a DNA-PLGA coated stent wire.
Line indicated by arrows the original location of the coated steel rod’s edge, at perimeter of
GFP-positive cells (200×). Reprinted with permission from Macmillan Publishers Ltd: Nature
Biotechnology (ref 73), copyright 2000.
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Figure 3.
A schematic illustration of adenoviral vector conjugation to a bisphosphonate-modified metal
surface for direct gene delivery upon deployment. Reprinted with permission from ref 105.
Copyright 2006 National Academy of Sciences, U.S.A.
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Figure 4.
Effects of local phVEGF delivery on endothelialization (A) and mural thrombus (B) at stented
sites in iliac arteries at 7 days after catheter injection. Reprinted with permission from ref
116 (as published in E. van Belle et al., “Passivation of metallic stents after arterial gene transfer
of phVEGF165 inhibits thrombus formation and intimal thickening” in J. Am. Coll. Cardiol.,
29, 1371–1379, Copyright: American College of Cardiology 1997).
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Figure 5.
Difference in gene expression profiles between adenoviral and adeno-associated viral (AAV)
delivery from their respective gene-eluting stents. Relative expression of the lacZ reporter gene
released from adenovirus (dashed line, 109 PFU) or AAV-eluting stents (solid line, 109 drp)
into the neointima of rabbit external iliac arteries at 14, 21 and 28 days following stent
deployment. Adapted from ref 123.
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Figure 6.
Schematic representations of three common oligonucleotide analog chemistries used in
therapeutics.
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Figure 7.
Molecular structure of synthetic cationic phosphorylcholine (PC)-based copolymers used for
stent-based release coatings. Reprinted with permission from ref 147. Copyright 2006
American Chemical Society.
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Figure 8.
Controlled release of antisense S-ODN from different PC copolymer films (choline
methacrylate monomer content: 0% ◆; 5% ■; 10% ▲; 20% ×) into PBS buffer at pH 7.4.
Reprinted with permission from ref 147. Copyright 2006 American Chemical Society.
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Figure 9.
Effects of NF-kB decoy-eluting stents on vascular wall mRNA levels of various pro-
inflammatory factors and tissue factor (TF) at 10 days after stenting (MCP: monocyte
chemoattractant protein, IL: interleukin, TNF: tumor necrosis factor, PDGF: platelet-derived
growth factor, VCAM: vascular cell adhesion molecule). Adapted from ref 157.
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Figure 10.
Schematic illustrations of multiple coated layers of releasable heparin complexes on
implantable stents. Adapted from ref 195.
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Figure 11.
Endothelial progenitor cell (EPC)-seeded stents attached to a balloon catheter (A, B).
Fluorescence images of an EPC-seeded stent (C, D) observed by nuclear staining of EPCs with
Picogreen™ dye. Original magnification: ×40 (C), ×20 (D). Bar = 1 mm. Reprinted with
permission from ref. 214 (as published in T. Shirota et al., “Fabrication of endothelial
progenitor cell (EPC)-seeded intravascular stent devices and in vitro endothelialization on
hybrid vascular tissue” in Biomaterials, 24, 2295–2302, Copyright: Elsevier 2003).
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Table 1
Small molecular weight anti-restenotic DES-based drugs

drug MW ref

sirolimus 914.1 (9,21)
zotarolimus 966.2 (28,29)
everolimus 958.2 (27)
tacrolimus 822.0 (57,58)
paclitaxel 853.9 (22–25)
actinomycin D 1255.4 (45)
cytochalasin D 507.6 (56)
dexamethasone 392.4 (44,59)
17-beta-estradiol 272.3 (60,61)
mycophenolic acid 320.3 (20)
angiopeptin 1096.3 (54)
cyclic RGD containing poptide 948.0 (55)
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