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Abstract
The use of arterial stents and other medical implants as a delivery platform for surface
immobilized gene vectors allows for safe and efficient localized expression of therapeutic
transgenes. In this study we investigate the use of hydrolysable cross-linkers with distinct kinetics
of hydrolysis for delivery of gene vectors from polyallylamine bisphosphonate-modified metal
surfaces. Three cross-linkers with the estimated t1/2 of ester bonds hydrolysis of 5, 12 and 50 days
demonstrated a cumulative 20%, 39% and 45% vector release, respectively, after 30 days
exposure to physiological buffer at 37°C. Transgene expression in endothelial and smooth muscles
cells transduced with substrate immobilized adenovirus resulted in significantly different
expression profiles for each individual cross-linker. Furthermore, immobilization of adenoviral
vectors effectively extended their transduction effectiveness beyond the initial phase of release.
Transgene expression driven by adenovirus-tethered stents in rat carotid arteries demonstrated that
a faster rate of cross-linker hydrolysis resulted in higher expression levels at day 1, which declined
by day 8 after stent implantation, while inversely, slower hydrolysis was associated with increased
arterial expression at day 8 in comparison with day 1. In conclusion, adjustable release of
transduction-competent adenoviral vectors from metallic surfaces can be achieved, both in vitro
and in vivo, through surface immobilization of adenoviral vectors using hydrolysable cross-linkers
with structure-specific release kinetics.

INTRODUCTION
Gene therapy holds promise for providing unique remedies to treat human diseases.
However, its clinical implementation is hampered by several formidable obstacles, such as
insufficient levels and duration of transgene expression at the target site, off-target
inoculation of healthy tissues and vector-triggered immune and inflammatory responses [1].
Along with increased sophistication in vector engineering [2], advanced methods of vector
delivery to the site of action have recently emerged as potential solutions for overcoming the
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limitations of experimental and clinical gene therapy systems [3]. One of the main directions
explored in an attempt to resolve the inherent challenges of gene therapy is localized
delivery of gene vectors [3, 4]. Spatial restriction of vector localization and ensuing
transgene expression to the disease site is highly desirable in focal pathological processes,
such as solid tumors [5], fibrotic reactions [6] and cardiovascular diseases [3, 7]. The latter
group has an added advantage of direct accessibility via well-developed vascular
catheterization techniques [3, 8]. Furthermore, interfacing gene therapy with medical
implants presents an opportunity for increasing the effectiveness of localized gene transfer,
limiting side effects related to off-site transduction and promoting healing of tissue
surrounding the implanted device [9]. To this end, immobilization of gene vectors on the
surface of medical implants results in a highly controllable transgene expression in the
tissues directly adjacent to the implant, achieved via a process termed “reverse transfection”
[10] or “substrate mediated gene transfer” [11, 12]. Moreover, vector immobilization allows
for modulation of vector release rates, and both the extent and duration of transgene
expression [13].

Endovascular stents [14] deployed in the coronary and peripheral arteries to relieve
atherosclerotic occlusions are by far the most often used implants in medical practice [15].
The effectiveness of stents as a frontline approach for treating patients with symptomatic
atherosclerosis is marred by a 5-15% rate of in-stent restenosis (a secondary re-obstruction
of treated arteries due to unresolved inflammation and activation of smooth muscle cells in
arterial wall) [16]. For more than 20 years restenosis has represented a putative target for
gene therapy [17, 18]. A number of experimental strategies have been investigated to make
use of stents as delivery platforms for both non-viral [19-25] and viral [26-32] gene therapy
formulations for the prevention of restenosis.

Our previous work has explored reversible immobilization of adenoviral vectors on
polyallylamine bisphosphonate-modified uncoated stainless steel surfaces of endovascular
stents using either vector-specific affinity binding-protein adaptors [26] or synthetic
hydrolysable cross-linkers (HC) [27] to tether vectors to the substrate. Two water-soluble
polyallylamine bisphosphonate compounds utilized in our past studies (lacking (PAB) [26] ,
and comprising (PABT) [27] installed latent thiol groups) were shown to create an ultra-thin
(< 5 nm) monolayer arrangement on the surface of steel and other alloys due to the
formation of strong coordination bonds between the bisphosphonic groups and the metals
and metal oxides of the steel surfaces. This “coatless” method of vector immobilization
distinguishes our approach from other studies employing multi-micron polymer coatings of
the stent struts to incorporate gene vectors in the bulk of the polymer. Both, our affinity
binding [26] and HC tethering [27] Ad immobilization strategies have demonstrated
effective local transduction of vascular tissue and inhibition of restenosis in stented arterial
segments using stents configured with Ad vectors encoding inducible nitric oxide synthase
(Ad-iNOS). Since the immobilization scheme realized using cleavable (hydrolysable) cross-
linkers [27] allowed for better control of vector loading and release, it was chosen for further
development of stent-based gene delivery. Our present work focused on a family of
chemically related cross-linkers with dissimilar kinetics of hydrolysis. Here we report on
studies that investigated vector release kinetics and subsequent transgene expression in vitro
and in vivo as a function of the hydrolysis rate of cross-linkers used for vector
immobilization on steel surfaces.

MATERIALS AND METHODS
Adenoviral vectors

Replication defective type 5 (E1, E3 deleted) Ad were used in these studies. All vectors
were constructed with the human cytomegalovirus promoter. Both Ad expressing enhanced
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green fluorescent protein (GFP) and Ad expressing firefly luciferase (Luc) were obtained
from the Gene Vector Core of the University of Pennsylvania (Philadelphia, PA).

Chemicals
The chemicals used for Ad conjugation to steel surface, were either synthesized in-house
(PABT, PEIPDT, HC) or were purchased from Thermo Scientific (Rockford, IL) (TCEP -
[Tris-(2-carboxyethyl) phosphine], DTT – dithiothreitol, and non-hydrolysable cross-linker,
sulfo-LC-SPDP [sulfosuccinimidyl 6-(3′-[2-pyridyldithio]-propionamido)hexanoate]).
Remaining chemicals and biologicals were from Sigma-Aldrich (St. Louis, MO) unless
indicated otherwise in the text. The synthesis and characterization of PABT and PEIPDT
were previously reported [27].

Synthesis and characterization of hydrolysable cross-linkers (HC)
Three HC with different kinetics of ester bond hydrolysis in the linker backbone (rapidly,
intermediately and slowly hydrolysable cross-linkers, referred to as RHC, IHC and SHC
respectively) were synthesized and characterized in our laboratory as follows.

To synthesize the RHC (t1/2=5 d), 2-(2-pyridyldithio)-ethanol was esterified with N-
succinimidyl ester of Boc-glycine. The protective group was removed, the resulting amine
was reacted with adipic anhydride, and the corresponding amido-acid was transformed into
its N-sulfosuccinimidyl ester.

For the synthesis of IHC (t1/2=12 d) 2-(2-pyridyldithio)-ethanol was reacted with succinic
anhydride. The resulting hemi-ester was activated via N-succinimidyl-derivatization and
coupled with 6-aminocaproic acid, with the final formation of N-sulfosuccinimidyl ester.

To prepare SHC (t1/2=50 d), SPDP was reacted with 3-aminopropanol. The resulting alcohol
containing a 2-pyridyldithio group was reacted with adipic anhydride, and finally, N-
sulfosuccinimidyl ester was formed from the remaining carboxylic group.

Design of the ester groups in the cross-linkers was selected based on the hydrolysis kinetics
of model esters as follows: 1) N-acetylglycine ethyl ester as a model of RHS, 2) ethyl N-
butylsuccinamate as a model of IHC and 3) ethyl acetate, modeling SHC. Hydrolysis rates
of the model esters were measured using 1H NMR monitoring in phosphate buffer at pH = 7
and 22°C, resulting in t1/2 27 d, 63 d and >200 d for the models of RHC, IHC and SHC
correspondingly. These values were corrected for the effects of temperature resulting in the
estimated t1/2 of 5, 12 and 50 days for ester hydrolysis of the model molecules, respectively.

Immobilization of adenoviral vectors on stainless steel surfaces
316 grade stainless steel mesh disks (Electron Microscopy Sciences, Hatfield, PA) or 304
grade stainless steel stents (Laserage, Waukegan, IL) were cleansed with isopropanol/1.5 N
nitric acid, prior to the incubation in 1.5% PABT/DDW (pH 4.5) at 72°C for 4 hours with
shaking. The samples were washed with DDW, treated with 20 mg/ml TCEP in 0.1M acetic
buffer at 28°C for 20 min with shaking, washed again with degassed DDW and reacted in an
argon atmosphere with 2% PEIPDT/DDW (pH 4.5) at 28°C for 2 hours with shaking,
followed by the conversion of PTD groups to thiols upon exposure to DTT/DDW (20 mg/
ml) at 28°C for 10 minutes.

In parallel with the steel surface modification, 2×1011 particles of Ad were diluted with 300
μl of carbonate/bicarbonate buffer (pH 9.3) and exposed to either RHC, IHC, SHC or NHC
(30-500 μM final concentrations) for at 28°C for 1 hour. The modified Ad was then gel-
filtrated via Sepharose 6B (Sigma, St. Louis, MO) into degassed PBS/10 mM EDTA with a
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typical yield of 75-85%. The tethering of thiol-reactive Ad vectors to thiolated metal
surfaces was achieved by incubations at 28°C for 2 h in an argon atmosphere in the presence
of 1% maleimide-capped BSA to minimize non-specific binding of the vector.

To facilitate detection of immobilized vector in the release experiments, Ad vectors were co-
modified by reacting them with both HC and the amine-reactive fluorescent dye, Cy3-NHS2
(GE Healthcare, Piscataway, NJ). Briefly, Ad virus prep (2×1012 particles) was first
modified with Cy3-NHS2 followed by purification using gel-filtration via Sepharose 6B and
concentration with centrifugal filter devices (Centriprep YM-30; EMD Millipore, Billerica,
MA) with an overall yield of 55-60% as estimated by light absorbance at 260/280 nm. The
average number of fluorophore molecules attached to a virus capsid was 746 (i.e. less than
5% of all amine groups exposed on the surface of Ad particle [33]). Cy3-labeled Ad was
then further reacted with RHC, IHC, SHC and NHC at amine groups that were not
consumed during the labeling step. The further purification and conjugation of Cy3-labeled
Ad was carried out as indicated above for non-labeled vectors. The number of fluorescently
labeled Ad particles attached to the meshes was determined fluorimetrically by the depletion
of a fluorescent suspension of viral particles using the experimentally resolved ratio between
fluorescent and spectrophotometric scales. Additionally, the Ad immobilization yield with
different cross-linkers was determined by qPCR. Ad-GFP was attached to the meshes using
RHC, IHC, SHC or NHC tethering. Adenoviral DNA was eluted from the surface of meshes
using a QIAamp mini kit (Qiagen, Germantown, MD) per manufacturer instructions. The
DNA was amplified in a Sybr Green reaction using GFP-specific primers (forward: 5′ CTC
CTC GCC CTT GCT CAC 3′, reverse: 5′ CAG TGG ATG TTG CCT TTA CTT CTA G
3′) along with DNA extracted in a similar way from a known amount of Ad-GFP.

Ad release experiments
To determine the release rate of Ad vectors immobilized on steel surfaces via HC/PABT-
PEIPDT chemical interactions, meshes formulated with 2×109 Cy3-labeled Ad particles per
mesh were individually incubated in release buffer (0.1% BSA/0.1% TWEEN-20/PBS) at
37°C with shaking (50 rpm). The release of Cy3-labeled Ad from the mesh surfaces was
examined by fluorescence microscopy and fluorometry using standardized microscope,
CCD camera and fluorometry plate reader setting for 30 days. Prior to each measurement the
release buffer was withdrawn and replaced with fresh release buffer.

Cell culture experiments
Meshes derivatized with approximately 2×109 Ad-GFP particles (immobilization density of
3×1010/cm2) were individually placed on top of confluent BAEC or A10 cells (both from
ATCC, Gaithersburg, MD) in the wells of 96-well plates. Transduction kinetics, assessed by
GFP expression from cells treated with virus tethered meshes, was studied by fluorescence
microscopy and well-scan fluorometry. The settings of the microscope, CCD camera
software and fluorometer were kept constant for the duration of the experiment.

In a subset of cell culture experiments, designed to determine transduction competence of
Ad vectors released from the meshes at the deferred time intervals after commencement of
release, BAEC were removed from the wells 2 days after the mesh placement by
trypsinization, followed by extensive in situ washing of the partially depleted meshes to
remove transduced cells. After the completeness of GFP-positive cell elimination was
confirmed by fluorescence microscopy and fluorometry, new non-transduced BAEC were
re-plated over the partially released meshes. New transduction events caused by the virus
particles subsequently released from the mesh carrier after the 2 day time point were then
assessed by fluorescence microscopy and fluorometry.
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Alternatively, a set of Ad-GFP-tethered meshes was placed on top of confluent BAEC not
immediately upon formulation, but after 72 hours incubation in full DMEM with 10% FBS
at 37°C with mild shaking. The transgene expression in this experiment was assessed by
fluorescence microscopy and fluorometry as above.

Animal experiments
Custom-designed multi-link stainless steel (304 grade) stents were formulated with ~
1.3×1010 Ad-Luc particles appended via RHC, IHC, SHC and NHC to the polyallylamine
bisphosphonate-modified steel surface. Carotid stent angioplasties were carried out in
420-450 g male Sprague-Dawley rats. After performing carotid balloon denudation with 3
passages of a 2F Fogarty catheter (Edwards LifeSciences, Irvine, CA) the stents were
deployed with PTA catheters (1.5 mm nominal diameter; NuMed, Hopkinton, NY) at 16 atm
in the mid-segments of the left common carotid arteries as described in our previous
publications [26, 27, 34, 35]. To compare in vivo transduction effectiveness and durability
of vascular transgene expression with stent-tethered and non-immobilized vectors, an
additional group of BMS-stented animals was intralumenally delivered with 1.3×1010 free
Ad-Luc particles for 20 min. At days 1 and 8 after stent deployment, all animals underwent
bioluminescent imaging (IVIS Spectrum, PerkinElmer, Waltham, MA) immediately after
intravenous administration of 50 mg luciferin [27, 35].

Animal studies were approved by the Institutional Animal Care and Use Committee and
conducted in accordance with principles and procedures outlined in the NIH Guide for the
Care and Use of Animals.

Data analysis
Values expressed as means ± SE. Analysis of variance with a post-hoc Tukey test was
employed to analyze the differences between the corresponding points in the release and
transduction curves. Values of P< 0.05 were considered statistically significant.

RESULTS
Release of Ad vectors tethered to stainless steel surface via HC with different kinetics of
hydrolysis

In order to study the effects of HC chemical structure on the release rate of Ad vectors, we
utilized Ad vectors covalently modified with a fluorescent dye, Cy3 [36]. Since Cy3 labeling
utilizes the same chemical reaction as HC modification [36], no more than 5% of the
primary amines of the Ad capsid were consumed during fluorescent labeling (data not
shown), thus preventing potential interference of Cy3 labeling with subsequent tethering of
Ad vectors. Following completion of Cy3 labeling, the remaining amine functionalities on
the virus surface were further modified with HC to render reactivity with the thiols groups
introduced onto the stainless steel surface by sequential PABT coordination, thiol
deprotection, PEIPDT modification and PDT reduction ([27] and Fig. 1a;). Three HC with
different kinetics of ester bond hydrolysis in the linker backbone, RHC, IHC and SHC, Fig.
1b), as well as a parent non-hydrolysable cross-linker compound, commercially available
sulfo-LC-SPDP, designated as NHC (Fig. 1b), were used at a final concentration of 0.5 mM
for vector modification. Additionally, a sample of Cy3-labeled Ad vector was modified with
RHC at a 0.1 mM concentration. Following the attachment of approximately 2×109 Cy3-
labeled vectors to the surface of model stainless steel meshes, samples formulated using the
different cross-linkers were individually placed into the wells of a 96-well plate in release
buffer. Fluorescence microscopy images of mesh surface and fluorometry data sets
generated immediately upon release commencement and at multiple time points in the
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course of vector release were used for determining kinetics of Ad detachment from the metal
substrate.

The relative intensities of surface-associated fluorescence signal decreased over the 30-day
time course of this experiment (Fig. 2a). Vector release rates for NHC and SHC were
virtually identical, suggesting a lack of hydrolysis-mediated vector release for SHC
mediated vector tethering (Fig. 2a) in the time frame of this experiment. Therefore, the
apparent release of 20% of the initial virus load with both NHC and SHC observed by day 9
and remaining invariable through day 30, likely represents loss of the vector physically
adsorbed rather than chemically coupled onto the thiol-engrafted metal surface. Ad vectors
attached through IHC and RHC linkages demonstrated significantly faster (p<0.001)
detachment from the surface, resulting in respectively 39% and 45% release of the vector by
day 30 (Fig. 2a). Finally, Ad vectors immobilized using a lower concentration of cross-
linker (0.1 mM RHC, designated as RHC-L) resulted in a statistically faster (p<0.05) release
rate as compared to vectors formulated according to the standard HC modification (0.5 mM
RHC) protocol (Fig. 2a). The latter finding supports the mechanism according to which in
addition to the chemical nature of the HC, the number of tethers between capsid and metal
substrate plays an important role in determining the actual release rate of the vector, since all
tethers that contain the vector near the metal surface must be hydrolyzed to allow virus
release.

Fluorescence microscopy data used to corroborate the fluorometry-based quantitative release
analysis (Fig. 2b), demonstrate a faster and more profound decrease of surface-associated
fluorescence with mesh samples formulated using IHC-, RHC- and RHC-L-tethered vectors
in comparison with their NHC- and SHC-tethered counterparts (Fig. 2b).

Transduction of SMC and endothelial cells with mesh-immobilized Ad-GFP tethered to
steel surface using HC with different kinetics of hydrolysis

To test whether kinetics and overall transduction efficiency of substrate-immobilized Ad
vectors can be modulated with the use of HC exhibiting different rates of the ester bond
hydrolysis, we prepared mesh disks appended with equal amounts of Ad-GFP (~2×109 viral
particles) using either NHC, SHC, IHC or RHC. Quantification of Ad particle
immobilization on stainless steel meshes was based on 1) fluorimetrically estimated drop of
Cy3Ad titer in the formulations of HC-modified Ad vectors exposed to the activated mesh
samples in comparison with the same vector formulations incubated without the meshes, and
2) direct PCR-based enumeration of GFP gene copies associated with the individual meshes.
Generally the PCR based estimation (Fig. 3) exceeded vector attachment as determined by
fluorimetry by 180-280%, which is a satisfactory correspondence given vastly different
assay methodologies and known caveats of quantitative PCR [37].

The mesh structure and material (stainless steel) were chosen to model vector
immobilization onto and release from stent struts. The meshes were individually placed into
the wells of a 96-well plate, and the ensuing GFP expression in transduced endothelial and
SMC was studied over time by fluorescence microscopy and fluorometry.

Transgene expression in rat aortic smooth muscle cells (A10 cell line) brought about by Ad-
GFP immobilized via SHC, IHC and RHC peaked at day 4 after mesh placement onto a
monolayer of cells in culture (Fig. 4a and b). All types of HC provided significant spatial
specificity of gene transfer with >95% of GFP-positive cells located under the mesh or
within 500 microns from the mesh edge (Fig. 4a). The relative intensity of maximal GFP
expression achieved with RHC-mediated tethering was more than 5-fold higher than one
observed with SHC-mediated vector binding, while IHC-immobilized vectors resulted in
peak levels of transgene expression intermediate between the SHC and RHC vector
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immobilization values (Fig. 4a and b). The vectors appended via NHC (sulfo-LC-SPDP)
resulted in minimal GFP expression at all time points (Fig. 4a and b), reflecting the lack of
active release of transduction-competent viral particles.

In bovine aortic endothelial cells (BAEC) transduction brought about by mesh-immobilized
Ad-GFP similarly peaked at 4 days post mesh placement (Fig. 4c and d), although the
respective GFP expression levels were 2.5-fold higher in BAEC than in rat SMC (compare
Fig. 4b and d). The relative fluorescence intensity values at peak transduction were 8-fold
and 1.8-fold higher in wells treated with RHC tethered meshes, as compared to SHC and
IHC tethered counterparts, respectively, essentially reproducing the transduction pattern
observed in SMC. Although scattered GFP positive cells were present in wells treated with
meshes formulated with NHC-immobilized Ad-GFP, the peak expression levels achieved
with the vector linked to steel substrate using the non-cleavable cross-linker were
significantly (p<0.001) lower than with any of the HC (Fig. 4b and d). It is important to note
that after reaching a peak transgene expression at day 4, GFP expression produced by the
RHC-containing mesh disks dropped steeply by days 7 and 9, while the GFP expression
brought about by the IHC-containing meshes remained relatively stable, resulting in a
crossover of the cell transduction curves at day 6 (Fig. 4d). This transgene expression
pattern is compatible with the paradigm of more sustained release of gene vectors appended
via the IHC tether in comparison with a shorter time course of the RHC hydrolysis-mediated
Ad release and transduction.

To rule out the possibility that the vastly different transduction efficiencies of Ad vectors
appended to the surface of mesh substrates via the three HC and their non-hydrolysable
analog, sulfo-LC-SPDP, result from the varying extent of virus inactivation upon
modification with different cross-linkers, we reacted identical Ad-GFP aliquots with 4 cross-
linkers and used the modified non-immobilized Ad vectors for BAEC transduction. Under
experimental conditions corresponding to those used for the mesh-tethered Ad-GFP
transduction study, vector capsid modification with all 4 cross-linker molecules resulted in a
significant (p<0.001) 100-150-fold drop of GFP expression in comparison with non-
modified Ad-GFP (Fig. 4 e). However, no significant differences in vector transduction
competences were observed among the vectors reacted with the 4 different cross-linkers
(Fig. 4 e).

Transduction competence of Ad vectors released from mesh substrates at delayed time
points

Two distinct experimental approaches were used to attest that Ad particles released from the
mesh substrate at deferred time points after initiation of HC hydrolysis remained capable of
effective transduction of underlying cells.

First, meshes configured with Ad-GFP vectors immobilized via NHC, SHC, IHC and RHC
were used to transduce freshly confluent BAEC. After assessing the ongoing GFP
expression at day 2 by fluorescence microscopy and fluorometry (Fig. 5a and b), the cells
were trypsinized and removed from the wells without disturbing the virus-bearing meshes.
Fresh non-transduced BAEC were then seeded into the wells, on top of the partially depleted
meshes. The completeness of removal of the first-round BAEC was verified by fluorescent
microscopy and fluorometry. The transduction of the second-round BAEC was then
examined over time (Fig. 5a and b) demonstrating a 1.4-fold, 4-fold and 5.7-fold increase of
the GFP specific signal between days 2.5 and 4 in the wells with re-plated cells, transduced
with the partially depleted meshes configured using SHC, IHC and RHC for vector
tethering, respectively. Since the only source of any transgene expression in the second-
round (re-plated) BAEC is the vector released from the meshes after the trypsinization and
removal of the first round (initially transduced) BAEC, these results unequivocally confirm
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the transduction competence of Ad vectors released from the meshes during the 2-4 days
interval after the commencement of virus release.

To confirm the findings of preserved transduction potential of chemically immobilized Ad
vectors in the course of extended in vitro release, another sets of NHC-, SHC-, IHC- and
RHC-tethered Ad-GFP meshes were exposed to complete cell growth medium (DMEM with
10% FBS) at 37°C with mild shaking for 3 days prior to extensive washing and relocation of
the mesh disks into wells with freshly seeded BAEC. The ensuing GFP expression in cell
cultures was monitored by fluorescent microscopy and fluorometry. Very low levels of GFP
expression were observed in the wells treated with NHC- and SHC-containing meshes (Fig.
5c and d). However, the cells transduced using the pre-released meshes, employing IHC and
RHC for vector immobilization, demonstrated significant transgene expression (Fig. 5c and
d), which was only 2-fold lower than the transduction levels observed with the meshes used
for cell transduction immediately upon preparation (compare Fig. 4d and 5d). Interestingly,
the difference between transduction profiles of RHC- and IHC-containing meshes was less
prominent in the cells transduced with pre-released meshes in comparison with the cells
treated by the respective non-released counterparts (Fig. 4d and 5d). The latter finding is in
agreement with a larger depletion of the meshes configured using RHC versus IHC vector
linkage during the pre-plating adenoviral release phase.

Stent-based transduction of rat carotid arteries with Ad-Luc vectors immobilized to steel
surface using HC with different kinetics of hydrolysis

To investigate whether modification of vector release and transduction profiles achieved in
vitro using HC with dissimilar hydrolysis kinetics can be reproduced in vascular tissue of
living animals, endovascular stents configured with 1.3×1010 Ad-Luc particles immobilized
on the PABT/PEIPDT – treated stent surface through either NHC, SHC, IHC or RHC tethers
were deployed in balloon-injured carotid arteries of Sprague-Dawley rats. Animals stented
with BMS followed by local intralumenal delivery of 1.3×1010 Ad-Luc served as non-
immobilized Ad vector control. Luciferase expression was studied in living animals by
bioluminescence imaging following systemic administration of 50 mg luciferin. Signals
emitted from the stented carotid arteries of rats implanted with the SHC-, IHC- and RHC-
configured stents 1 day after stent deployments were respectively 146-, 273- and 496-fold
higher than in the animals treated with stents employing a non-hydrolysable analog, sulfo-
LC-SPDP, for vector tethering. The animals implanted with BMS and intralumenally
delivered an equivalent dose (1.3 × 1010 viral particles) of free, non-modified Ad-Luc
exhibited bioluminescence signal comparable with those achieved using vector tethering
through RHC, IHC and SHC (Fig. 6a and b). The difference between vascular transgene
expression in the RHC, IHC and SHC groups was not statistically significant, although the
SHC-configured gene stents tended to result in a lower signal. The imaging was repeated 8
days after stent deployment. Arterial luciferase expression levels had dropped significantly
in the animals treated with free vector and RHC modified gene eluting stents in comparison
with transgene expression observed at 1 day post-stenting (2.5- and 1.8-fold, respectively;
Fig. 6a and b). In contrast, increase of the average bioluminescence signal between days 1
and 8 was observed in animals treated with IHC and SHC-modified stents (1.4- and 1.8-fold,
respectively; Fig. 6a and b).

DISCUSSION
Localized delivery of substrate-immobilized gene vectors has gained attention as a clinically
translatable approach for the delivery of therapeutic transgenes in the setting of medical
conditions that require implantation of temporary or permanent bioprosthetic devices, such
as urological, bronchial and endovascular stents, orthopedic implants and pacemakers
[38-41]. The added benefit of gene therapy provided in combination with medical device
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implantation is two-fold: 1) to increase the therapeutic effectiveness of the implant and 2) to
promote its integration into the host tissues. Endovascular stents [14], widely applied to treat
atherosclerotic obstruction in coronary, carotid and peripheral circulation, are only partially
effective since a significant fraction of patients develop a secondary “restenotic” obstruction
of stented arteries due to uncontrolled activation of smooth muscle cells, leading to their
proliferation, centripetal migration toward the arterial intima, and elaboration of abundant
extracellular matrix encroaching on the lumen[16]. Therefore, augmenting the therapeutic
effectiveness of stenting by combining the structural facilities of bare metal stents with
stent-based gene therapy targeting the core mechanisms of restenosis came into sight as a
logical extension of drug-eluting stent technology [17, 41].

Previous experimental work from our group [20, 22, 26, 27, 29], as well as from others [11,
19, 21, 24, 28, 30-32] has established the feasibility and therapeutic efficacy of gene vector
immobilization on the surface of stents for the prevention of in-stent restenosis. However,
methods previously used for tethering gene therapeutics to stent struts do not allow for strict
control over the release rate of the vectors [20, 21, 26, 29, 42]. Numerous reports [43, 44]
have documented that suppressed neointimal growth can recur if the inhibiting modality is
withdrawn early, thus advocating for a sustained release of gene vectors over a 2-4 week
vulnerability period. However, in the majority of published studies employing passive
immobilization of gene vectors in a stent coating, up to 90% of vector payload is typically
released within 24-48 hours [21, 42, 45]. Furthermore, bulk immobilization of viral and non-
viral vectors in polymer coatings engineered on the surface of stents is associated with
polymer-triggered inflammatory reaction [46]. To this end, our study demonstrates that
immobilization of Ad vectors on PABT-modified, uncoated stainless steel results in a
protracted (more than 1 month) time course of vector release. Moreover, the release rate of
adenovectors from the substrate can be modulated to an extent by cross-linker chemistry and
the concentration used for vector coupling. In our experiments vector tethered to solid
support remains capable of transduction for 2-4 days after exposure to chemical
environment and temperature conditions that cause rapid deterioration (1-2 log/day) of free
adenovector [47]. This important finding suggests that stent tethering of gene vectors via HC
can prolong the temporal window of stent-based gene delivery to affect both resident arterial
cells and blood borne inflammatory cell types that typically get recruited to the angioplasty
site within several days of stent placement [48].

A comparison of vector release kinetics and the respective transduction profiles of mesh-
immobilized Ad vectors prepared using NHC, SHC, IHC and RHC demonstrated a
correlation between the expected rate of ester bond hydrolysis in a HC backbone, vector
release, and subsequent cell transduction in vitro. Indeed, at any time point, RHC-tethered
Ad vector exhibited faster release from the steel substrate than IHC- and especially SHC-
immobilized Ad vector. This dissimilarity in vector release rates translated into different
peak levels of transgene expression and duration of the expression plateau attainable with
the individual HC.

Since NHC does not contain any cleavable moieties, the virtually identical vector release
kinetics from samples formulated using NHC and SHC vector tethering suggests that at the
concentration used for Ad modification (500 μM), no identifiable ester hydrolysis-mediated
release of vector occurs with SHC tethering in the time-frame of this experiment (Fig. 2a, 30
days). Nevertheless, in contrast to the NHC-tethered vector, SHC-tethered Ad-GFP
possesses distinct transduction activity in vitro (Fig. 4a-d) and in vivo (Fig. 6a and b). It is
feasible that the release of SHC-bound vector in amounts below the limit of detection is
responsible for the localized transgene expression. Furthermore, a non-specific attachment
of complex proteinaceous assemblies to the surface has been demonstrated to result in
partial denaturation and the loss of functional properties of surface-bound material [49].
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Moreover, exposing Ad vectors to catheters used for cardiovascular gene delivery was
shown to result in a rapid deterioration of infective vector titers [50], presumably because of
virus interaction with catheter material since pre-flushing of the catheters with albumin
solution prevented virus titer loss [50]. Therefore, a non-specific attachment of Ad vectors to
the PABT-modified steel surface may result in release of damaged Ad vector possessing
minimal transduction activity. On the other hand, even very slow ester hydrolysis-mediated
release of the vector attached via SHC tethering leads to effective transduction. This
mechanistic difference alone can explain why seemingly identical vector release rates
observed with SHC and NHC tethering may lead to vastly different transduction profiles
(Fig. 4). Alternatively, the release of 20% of the initial virus load with NHC tethering can be
explained by a reductive cleavage of disulfide bridges formed during vector tethering in the
course of reaction between pyridyldithio groups of HC-modified Ad vector and thiol groups
introduced onto steel surface. However, this scenario appears to be less probable since it
does not reconcile release and transduction discrepancies observed with NHC and SHC
tethering. Additionally, disulfide bonds are known to be relatively stable in a pro-oxidative
extracellular microenvironment [51]. Transduction of arterial tissue with stent-tethered Ad-
Luc resulted in site-specific transgene expression at the location of stent implantation.
Although rat carotid luciferase expression 1 day after deployment of RHC stents was 1.8-
and 3.4-fold higher than in arteries of rats receiving IHC and SHC stents, respectively, these
differences were not statistically significant. Ad-Luc stent tethering via any of the three HC
resulted in significantly higher (p<0.05) luciferase expression than was observed in animals
treated with stents formulated using a non-hydrolysable cross-linker (NHC), sulfo-LC-
SPDP, validating a key role of linker’s shaft hydrolysis in productive in vivo transduction of
arterial tissue.

An equivalent dose of free unmodified Ad-Luc vector dwelled in the stented segment of the
artery for 20 min resulted in the levels of luciferase expression comparable to those
observed using HC tethering of Ad-Luc to stents. This finding reflects remarkable
augmentation of Ad transduction potency upon vector immobilization since 1) only a small
fraction of stent-tethered vector is immediately mobilizable and thus able to contribute to
arterial wall transduction at the day 1 time point (Fig. 2a and b) and 2) specific transduction
effectiveness of HC-modified vectors is about 2 orders of magnitude lower than that of non-
modified Ad (Fig. 4e).

A notable decrease of arterial transgene expression levels observed between days 1 and 8
post-procedure in the animals treated with free non-modified Ad-Luc and RHC-tethered Ad-
Luc (Fig. 6a and b) reflects a common shortcoming of first generation Ad vectors as they
lead to strong, but short-lived transgene expression due to the generation of an intensive
inflammatory response against both virus and Ad-transduced cells [1]. To this end, vectors
with a protracted expression profile in vivo, such as AAV, were recently demonstrated (data
not shown) to lend themselves to immobilization onto steel surfaces via the same chemical
modifications used in this study. In contrast with the decreasing luciferase expression in the
carotid arteries of animals treated with RHC-configured stents, the bioluminescence signals
emitted from the arteries treated with the IHC- and SHC-formulated stents demonstrated
increased intensity at day 8 compared to the day 1 time point. A protracted release of
transduction-competent Ad vectors beyond the initial release phase enabled by the deferred
hydrolysis of IHC and SHC is the most plausible explanation of the dissimilar transduction
kinetics in these groups of animals.

CONCLUSIONS
Our studies demonstrate that the use of a panel of hydrolysable cross-linker tethers with
dissimilar t1/2 of cross-linker cleavage can fine-tune the release rate of viral vectors from the
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metal surface of medical implants, thus enabling modulation of the time course of ensuing
localized transduction in the interfacing tissue.
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Figure 1. Chemical modification of Ad vector with HC for metal substrate attachment and
hydrolysis-mediated release
A scheme representing Ad vector tethering to a PABT/PEIPDT-modified stainless steel
surface via a HC and subsequent release of the vector upon cross-linker hydrolysis is shown
(A). See text for additional explanations. Structural formulas of cross-linkers (NHC, SHC,
IHC and RHC) used throughout the described studies (B).
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Figure 2. Release kinetics of Ad vector tethered to metal substrates with HC
316 grade stainless steel meshes were formulated with ~2×109 Cy3-labeled Ad particles
attached to the PABT/PEIPDT-modified surface after modification with 500 μM NHC, SHC,
IHC, RHC and 100 μM RHC (designated as RHC-L). The release of fluorescently labeled
Ad-particles was studied at the indicated time points by (A) well-scan fluorometry at
530/555 nm and (B) fluorescent microscopy (rhodamine filter set; original magnification
100×). Fluorometry results are presented as means ± SEM, n =8-10. p<0.001 for all
comparisons between the NHC and SHC vs IHC, RHC and RHC-L groups were determined
by Anova with a post-hoc Tukey test.
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Figure 3. Amount of surface-immobilized Ad vector particles as determined by qPCR
The stainless steel meshes were configured with Ad-GFP immobilized via RHC, IHC, SHC
or NHC (n=3 for each condition). After proteinase K treatment, viral DNA was eluted and
purified using a QIAamp mini kit (Qiagen). Amplification of viral DNA using GFP-specific
primers was carried out in SDS-7500 engine (Applied Biosystems) and detected with Sybr
Green. Data normalization was based on a calibration curve prepared with a known amount
of non-immobilized Ad-GFP.
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Figure 4. Transduction of BAEC and SMC with Ad vector immobilized to metal surfaces with
HC
Meshes were derivatized with ~2×109 Ad-GFP particles appended via NHC, SHC, IHC and
RHC. Meshes were then individually placed on top of confluent A10 (A, B) and BAEC (C,
D) monolayers. Transduction (expressed as GFP expression levels) from cells treated with
Ad vector-tethered meshes was assessed by fluorescence microscopy (A, C) and well-scan
fluorometry (B, D). Fluorometry results are presented as means ± SEM, n =4 . Transduction
of BAEC with non-immobilized Ad-GFP following modification with NHC, SHC, IHC and
RHC (500 μM final concentration for all 4 cross-linkers) as compared to non-modified Ad-
GFP (E). Fluorometry results are presented as means ± SEM, n =3.
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Figure 5. Transduction competence of substrate immobilized Ad vectors at delayed time points
Ad-GFP was tethered to metal meshes via NHC, SHC, IHC or RHC and the meshes were
placed on a confluent monolayer of BAEC. Two days post mesh placements, BAEC were
trypsinized and removed without disturbing the meshes. New, non-transduced cultures of
BAEC were then seeded onto the meshes. Ad-GFP transduction competency was measured
by GFP expression through fluorescent microscopy (A) and fluorometry (B). Measurements
were taken at indicated days, representative images were used and fluorometry results are
means ± SEM, n = 4 Another set of Ad-GFP tethered meshes were incubated in complete
cell growth medium at 37°C with mild shaking for 3 days prior to placements on a confluent
monolayer of BAEC. Ad-GFP transduction competency was measured by GFP expression
through fluorescent microscopy (C) and fluorometry (D). Measurements were taken at
indicated days, representative images were used and fluorometry results are presented as
means ± SEM, n = 4.
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Figure 6. Transduction efficiency of Ad-Luc immobilized to metal surfaces with HC of differing
kinetics of hydrolysis in vivo
Ad-Luc (1.3×1010 particles) was tethered to endovascular stents via NHC (n=3), SHC (n=4),
IHC (n=4) or RHC (n=4) as described in the Materials and Methods. An additional group of
animals (n=4) was implanted with BMS, and the stented segment was intralumenally
instilled with 1.3×1010 Ad-Luc for 20 min. Transduction efficiency of Ad-Luc was
measured by bioluminescence imaging (IVIS Spectrum) 1 and 8 days post stent deployment
(A, B). Representative images were used. Individual data were plotted using a logarithmic
scale. The respective means were presented as horizontal bars.
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