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Current strategies to prevent restenosis following endovascular
treatment include the local delivery of anti-proliferative agents
to inhibit vascular smooth muscle cell (VSMC) proliferation
and migration. These agents, not specific to VSMCs, are depos-
ited on the luminal surface and therefore target endothelial
cells and delay vascular healing. Cell-targeted therapies, (e.g.,
RNA aptamers), can potentially overcome these safety concerns
by specifically binding to VSMC and inhibiting proliferation
and migration. The purpose of this study was to therefore
demonstrate the ability of a perfusion catheter to deliver cell-
specific RNA aptamer inhibitors directly to the vessel wall.
RNA aptamers specific to VSMCs were developed using an
in vitro cell-based systematic evolution of ligand by exponential
enrichment selection process. Two aptamers (Apt01 and
Apt14) were evaluated ex vivo using harvested pig arteries in
a pulsatile flow bioreactor. Local drug delivery of the aptamers
into the medial wall was accomplished using a novel perfusion
catheter. We demonstrated the feasibility to deliver aptamer-
based drugs directly to the medial layer of an artery using a
perfusion catheter. Such cell-specific targeted therapeutic drugs
provide a potentially safer and more effective treatment option
for patients with vascular disease.
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INTRODUCTION
Cardiovascular disease, the primary cause of death and morbidity in
the Western world, accounts for nearly 800,000 deaths yearly in the
US.1 The total cost of cardiovascular disease is estimated to more
than $300 billion each year. Atherosclerosis is the primary cause of
cardiovascular disease, resulting in inflammation and narrowing of
arteries and potentially life-threatening complications such as stroke,
heart attack, and peripheral disease. Percutaneous revascularization
(balloon angioplasty and stenting) is the preferred therapy of nar-
rowed arteries due to reduced cost, morbidity, mortality, and in-hos-
pital stay as compared to vascular bypass surgery.2 Unfortunately, the
success of bare metal stents (BMSs) and uncoated balloon angioplasty
is limited by the migration and proliferation of vascular smooth mus-
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cle cells (VSMCs) into the intima leading to high rates of restenosis
(reocclusion).3,4 Currently, the only available therapy to directly
prevent VSMC proliferation is to coat stents and balloons with
anti-proliferative drugs such as paclitaxel or limus (sirolimus, zotar-
olimus, everolimus, etc.).5–7 However, these drugs are not selective
in their suppression of VSMC growth and also inhibit endothelial
cell (EC) proliferation.8 Therefore, it is not surprising that late stent
thrombosis, a rare but life-threatening complication of drug-eluting
stents (DESs), has emerged as a major safety concern.9 Autopsy
studies have demonstrated that the most powerful predictor of stent
thrombosis is endothelial coverage.10

Additionally, the prevalence of neoatherosclerosis is increased in DES
autopsy cases, suggesting that long-term adverse impact of impaired
vascular healing could lead to accelerated progression of atheroscle-
rosis.11 To overcome these limitations, the ideal therapy would deliver
a VSMC-specific drug directly into the medial layer, not hindering the
natural reendothelialization and vascular healing process.

We have previously shown a VSMC-targeted RNA aptamer delivered
in a mixture of pluronic gel blocks cell migration and inhibits neointi-
mal formation in a murine model of carotid injury.12 Nucleic acid ap-
tamers represent an emerging class of pharmaceuticals under develop-
ment for diagnostic and therapeutic use.13 Aptamers routinely achieve
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Schematic Diagram of the Ex Vivo Bioreactor System

Aptamer and controls were delivered to the explanted pig artery via the perfusion

catheter. The specific treatment zone within the explanted pig arteries were be-

tween the proximal and distal occlusion balloons of the perfusion catheter.

Following aptamer delivery, a computer-controlled gear pump generated and

circulated culture medium at physiological flow rates. The treated artery and flow

reservoir were housed within a CO2 incubator.
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binding affinities and specificities comparable to therapeutic antibodies
and, due to their amenability to modification by medicinal chemistry,
avoid immunogenicity concerns of protein-based drugs. RNA thera-
pies are currently being developed and tested for ophthalmology,14

coagulation (thrombosis),15 oncology,16 and inflammation.17

The purpose of this study was to determine the feasibility of delivery
of a VSMC-specific bio-drug (RNA aptamer) directly to the medial
wall via a novel catheter approach.12,18 RNA aptamers are single-
stranded oligonucleotides whose binding properties comparable to
those of antibody and antigen interactions.19,20 Here, we quantify
the binding and retention of VSMC-specific aptamers delivered via
a perfusion catheter.21 We show the capability of the perfusion cath-
eter to deliver aptamer directly to the medial layer and that delivery of
VSMC-specific aptamers improves retention in the vessel wall as
compared to control aptamer.

RESULTS
Visualization and Quantification of Fluorescent Signal

Figure 1 shows a representative image of a porcine carotid artery
being treated by a perfusion catheter within the ex vivo bioreactor
system. The explanted vessels (n = 3 per group; total of 24 arteries)
were pulsed for 1 and 24 h while being subjected to physiological
flow conditions and varying RNA aptamers. To visualize and quantify
aptamer penetration, arteries were sectioned and visualized via
confocal microscopy following 1- and 24-h post-delivery (Figure 2).
Aptamer penetration was greatest for Apt01 as compared to Apt14,
nonspecific control (NSC), and vehicle control at 1 h post-delivery
(signal depth, 92.12 ± 32.45 mm versus 41.87 ± 24.10 mm versus
13.03 ± 7.79 mm versus 0.07 ± 0.06 mm, p = 0.003). At 24 h post-de-
livery, Apt14 showed the greatest depth penetration as compared to
Apt01, NSC, and vehicle control (signal depth, 19.55 ± 3.96 mmversus
10.27 ± 1.52 mm versus 0.10 ± 0.00 mm versus 0.10 ± 0.00 mm, p <
0.0001). In comparing Apt01 and Apt14, both aptamers showed a
loss in signal depth from 1 to 24 h post-delivery, although only the
decrease in the Apt01 was significant (Apt01, 92.12 ± 32.45 mmversus
10.27 ± 1.52 mm, p < 0.0001; Apt14, 41.87 ± 24.10 mm versus 19.55 ±
3.96 mm, p = 0.210).

Similar patterns were also observed in themean fluorescencemeasure-
ments, as Apt01 showed greater levels at 1 h, followed by Apt14, NSC,
and vehicle (mean fluorescence, 52.67 ± 17.86 optical density (OD)
versus 16.30 ± 4.62 OD versus 2.97 ± 6.22 OD versus 0.00 ± 0.00
OD, p = 0.0006). At 24 h post-delivery, the fluorescencemeasurements
reversed, and Apt14 was greater as compared to Apt01, NSC, and
vehicle (mean fluorescence: 18.73 ± 7.73 OD versus 7.37 ± 1.44 OD
versus 0.27 ± 0.42 OD versus 0.00 ± 0.00 OD, p = 0.0013). In
comparing Apt01 and Apt14, the fluorescence of Apt14 remained
similar between 1 and 24 h post-delivery (16.30 ± 4.62 OD versus
18.73 ± 7.73 OD, p = 0.999), whereas in Apt01, the fluorescence
significantly decreased (52.67 ± 17.86 OD versus 7.37 ± 1.44 OD,
p < 0.0001).

Ex Vivo RNA Aptamer Delivery

Aptamer tissue concentration was determined using both aptamer
fluorescence binding and internalization (AFBI) assay22 and qRT-
PCR. At 1 h post-delivery, Apt01 showed higher arterial retention as
compared to Apt14 and NSC (AFBI post-extraction, 1.880 ±

0.841 nM versus 1.409 ± 0.425 nM versus 1.165 ± 0.634 nM, p =
0.0277). However, at 24 h post-delivery, Apt14 had more retention
as compared to Apt01 and NSC (AFBI post-extraction, 1.705 ±

0.783 nM versus 0.592 ± 0.191 nM versus 0.695 ± 0.275 nM, p = <
0.0001). In comparing Apt01 and Apt14 (Figure 3), Apt14 tissue levels
remained similar between 1 and 24 h (1.409± 0.425 nM versus 1.705±
0.783 nM, p = 0.878), whereas in Apt01, tissue aptamer level decreased
(1.880 ± 0.841 nM versus 0.592 ± 0.191 nM, p < 0.0001).

qRT-PCR analysis showed similar patterns to the AFBI assay. Reten-
tion of Apt01 was approximately 4-fold (3.995 ± 1.607-fold change)
higher than the NSC control at 1 h, whereas Apt14 was equivalent
to the NSC control (1.592 ± 0.328-fold change). However, at 24 h,
fold change was greater for the Apt14 as compared to the NSC control
versus Apt01 (3.37 ± 1.52-fold change versus 1.59 ± 0.33-fold change,
p = 0.057). Additionally, a significant decrease in Apt01 was observed
from 1 to 24 h (p = 0.0058) as shown in Figure 3.
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Figure 2. Confocal Microscopy Analysis of Aptamer

Signals in Porcine Carotid from the 2-h Experiment

(A) Representative confocal images: Aptamers are visu-

alized in blue, smoothmuscle in red (phalloidin-Alexa Fluor

568), elastic fiber (auto-fluorescence) in green. High

magnifications of boxed areas in panels in the left column

are shown to the right side of each panel. Arrows indicate

areas of prominent aptamer fluorescence. Scale bars,

1 mm for panels in the left column, 25 mm for panels in the

right column. (B) Bar graph (with SE bars) showing

normalized signal intensity in the wall of artery within

150 mm (the maximal signal depth of all) for each treat-

ment. (C) Bar graph (with SE bars) representing signal

depth of each treatment.
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DISCUSSION
This study was designed to evaluate, for the first time, the delivery of
cell-specific RNA aptamers directly into the medial layer of an intact
artery using a perfusion catheter. Specifically, we compared two ap-
tamers (Apt01 and Apt14) that were selected to bind to VSMCs
against a control aptamer (NSC). The study was performed ex vivo us-
ing harvested swine carotid arteries under pulsatile flow conditions.
The delivery and retention of the aptamer was evaluated at 1 and
24 h post-delivery, a critical time point to evaluate the potential
success of therapeutic drugs delivered locally without the use of a
permanent platform such as a stent.21,23,24 Results demonstrated
the delivery and retention of VSMC-specific aptamers were successful
using the perfusion catheter. Confocal microscopy confirmed the
presence of the aptamers within the medial region of the artery at
1 h post-delivery. A 24 h post-delivery, RNA aptamer Apt14 main-
tained similar tissue concentration and fluorescence as compared
to 1 h, whereas RNA Apt01 (along with controls) decreased. These
362 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
results suggest that Apt14 more selectively tar-
gets the arterial wall as compared to Apt01.
Overall, this study demonstrates the capability
of the perfusion catheter to deliver aptamer
directly to the medial layer and that delivery of
VSMC-specific aptamers improves retention in
the vessel wall as compared to control aptamer.

The current therapeutic approach to inhibit
restenosis following an endovascular procedure
such as stenting or balloon angioplasty is to
locally deliver anti-proliferative agents. Howev-
er, devices such as drug eluting stents or drug-
coated balloons universally delay and hinder
the healing process.9,10 Notably, since the anti-
proliferative drugs such as paclitaxel and the
limus family drugs are not specific to VSMCs,
they target proliferating ECs and delay reendo-
thelialization.8 Bio-drugs, such as aptamers,
can thus play a significant role in developing
next-generation pro-healing therapeutic op-
tions, accelerating the healing of arteries and
reducing the dependencies of anti-platelet therapy that minimize
the thrombotic risks associated with incomplete reendothelialization.

For purposes of this study, we chose to test two aptamers (Apt01 and
Apt14) that demonstrated high selective VSMC internalization and a
control non-specific aptamer (NSC). Previously, we have shown that
both Apt01 and Apt14 aptamers were distinct in sequence similarity
and in structure similarity.18 Specificity of the aptamers to VMSCs is
performed by combining a cell-based selection method with high-
throughput sequencing and bioinformatics analyses to rapidly iden-
tify cell-specific, internalization-competent RNA aptamers.18 We
have previously identified that Apt14 functions as a smart drug by in-
hibiting the phosphatidylinositol 3-kinase/protein kinase-B (P13K/
Akt) and VSMC migration in response to multiple agonists by a
mechanism that involves inhibition of platelet-derived growth factor
receptor (PDGFR)-b phosphorylation.12 The target of Apt01 still
remains unknown and the focus of ongoing research.



Figure 3. Measurement and Quantification of

Recovered Aptamer

(A) Bar graph (with SE bars) showing fold increase in the

recovery and quantification of aptamers 01 and 14 from

pig carotids through RT-qPCR from the 1- and 24-h

experiment using qRT-PCR. (B) Bar graph (with SE bars)

showing measurement and quantification of NSC and

aptamers 01 and 14 fluorescence post-extraction for the

1- and 24-h experiment using AFBI Assay.

www.moleculartherapy.org
We observed an overall trend of greater delivery and retention of
Apt01 versus Apt14 at 1 h post-delivery; however, at 24 h, the trend
is reversed, favoring Apt14. Significant loss in Apt01 from 1 to 24 h
post-delivery is confirmed by confocal microscopy and aptamer tissue
levels. Themore favorable results of Apt01 at 1 h post-delivery suggest
that Apt01 may have structural features that favor vascular wall pene-
tration. The perfusion catheter delivers the aptamer by convection
(rather than diffusion), pressurizing the treatment chamber and
driving the aptamer across tissue layers into the medial wall. From
previous studies using taxol,21 factors that influence drug penetration
include treatment chamber pressure, viscosity of the liquid drug, and
severity of injury. In this study, all these factors were similar between
the two groups (data not shown). Further studies are warranted to
compare the structure of aptamers Apt01 versus Apt14.

At 24 h post-delivery, Apt14 maintained and showed greater tissue
levels as compared to Apt01. The data thus suggest Apt14 is better re-
tained either by greater affinity or enhanced internalization to
VMSCs. Previously, we have shown that Apt14 can inhibit neointimal
formation in a murine carotid injury model.12 The aptamer was deliv-
ered to the injured artery via a peri-adventitial application of a plur-
onic gel (containing Apt14). The findings from this study indicate
that the aptamer by itself has the potential to inhibit cellular pro-
cesses. However, the delivery of aptamer using endovascular tech-
niques provides a more suited clinical approach that can deliver
aptamer in a minimally invasive manner. Furthermore, the local
liquid delivery approach enables either a single aptamer or multiple
aptamers concurrently delivered with complimentary function to
inhibit vascular inflammation and VSMC growth. In addition, the
construction of a chimera containing the aptamer and an siRNA or
microRNA (miRNA) would allow SMC-specific delivery of these
pathway modulators.

Limitations of this study include the fact that the aptamers utilized in
this study were positively selected using murine VSMCs and not
swine VSMCs.18 And although the data seems to show cross-species
reactivity, the purpose of this study was proof of principle, and spe-
cies-specific aptamer selection may have resulted in improved reten-
tion and binding. Similar selection protocols can be implemented to
identify aptamers that bind to pig or human SMCs and not to ECs. An
additional limitation is that our ex vivo system used culture medium
as the working fluid rather than whole blood and utilized healthy
(non-diseased) arteries, although we have shown that Apt 14 has a
half-life of 300 h in human serum.12

Conclusions

This study provides first evidence of the use of a perfusion catheter to
directly deliver RNA aptamer into the medial wall and that delivery of
VSMC-specific aptamers improves retention in the vessel wall as
compared to control aptamer. Further studies are warranted to
demonstrate the safety and efficacy profile of the aptamer in vivo
with comparisons to current gold standards. Overall though, such
specific targeted therapeutic drugs provide a potentially safer and
more effective treatment option for patients with vascular disease.

MATERIALS AND METHODS
RNA Aptamers

RNA aptamers were either chemically synthesized (50C12-NH2, 50

biotin C12-NH) by TriLink Biotechnologies (San Diego, CA, USA)
or generated by in vitro transcription with 20-fluoro pyrimidines and
20-OH purines. The in vitro transcription was performed using the
Y639F mutant T7 RNAP (obtained from Dr. Rui Sousa, University
of Texas, San Antonio, TX, USA) on double-stranded DNA (dsDNA)
from extended single-stranded DNA (ssDNA) template oligos as pre-
viously reported.12,18 The ssDNA templates were synthesized by Inte-
grated DNA Technologies (IDT; Coralville, IA, USA) at 25 nmol/L
scale with desalting purification and no modifications as follows:

aptamer 14 50-TCGGGCGAGTCGTCTGGGGAGGTCAGAAC
GAAAGGCCCGCATCGTCCTCCC-30,

aptamer 01 50-GGGAGGACGAUGCGGUCCUGUCGUCUGU
UCGUCCCCAGACGACUCGCCCGA-30,

aptamer NSC 50-TCGGGCGAGTCGTCTGCGAGGCAACAAG
CTCGTAATCCGCATCGTCCTCCC-30.

Synthetic and in vitro transcribed RNA aptamers were folded at
3 mmol/L concentration using the following protocol: 5 min 95�C,
15 min 65�C, and 20–30 min 37�C. The folded aptamer RNA was
diluted to 150 nmol/L in full media.

Ex Vivo Bioreactor System

Twenty-four porcine carotid arteries were harvested from large pigs
(110–160 kg) from a local abattoir (Semmes, AL, USA) and transferred
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 363
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Figure 4. Schematic Illustration of the Perfusion Catheter

Two occluding balloons are deployed to momentarily stop circulating flow to a

portion of a vessel. Trapped blood within the perfusion chamber is then flushed

with saline. Drug can be delivered through the inflow port. The outflow port can be

closed and drug delivered to the lesion with external pressure. The delivery

pressure is measured by a fiberoptic pressure sensor located at the inlet port.

Following the delivery of the drug, the remaining drug in the chamber is cleared

through the outflow port to ensure no additional drug is introduced into the

circulatory system.
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in sterile PBS with 1% antibiotic-antimycotic (Gibco, Grand Island,
NY, USA). Vessels were then rinsed in sterile PBS in a culture hood.
The excess fat, connective tissue, and fascia were removed from each
vessel. Vessels were cut into approximately 8-cm segments and stored
in 15-mL centrifuge tubes at�20�C until needed. Frozen vessels were
thawed in a 37�C water bath and placed into the bioreactor system to
be studied.

The bioreactor system used in this study consisted of a flow reservoir,
pump, vessel housing compartment, and a distal flow constrictor, as
described previously.21 In brief, the pressure was monitored via a cath-
eter pressure transducer (Millar Instruments, Houston, TX, USA). The
flow was monitored by an ultrasonic flow meter (Emtec flow technol-
ogy, Berkshire, NY, USA) that was positioned prior to the bioreactor.
A custom LabVIEW program was used to generate pulsatile wave-
364 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
forms and to control and monitor the mechanical conditions (flow
and pressure) within the bioreactor system. The bioreactor medium
consisted of DMEM containing low glucose, (1,000 mg/L), 4.0 mM
L-glutamine, 110 mg/L sodium pyruvate, pyridoxine hydrochloride,
10% fetal bovine serum (Gibco), and 1% antibiotic-antimycotic
(Gibco).

To deliver aptamer locally to selected regions, a multi-lumen balloon
perfusion catheter (Advanced Catheter Therapies, Chattanooga, TN,
USA) was utilized. Prior to aptamer delivery, ex vivo arteries under-
went endothelial denudation using an angioplasty balloon catheter
(5.0 mm � 15 mm). The perfusion catheter can temporarily occlude
the target area from blood flow by deploying occlusion balloons (Fig-
ure 4). The treatment chamber can then be flushed to remove trapped
circulating media. Following flushing of the treatment chamber, the
aptamer was delivered to the treatment chamber. The delivery of
aptamer is accomplished by pressure differences created by an in-
crease in luminal pressure by the perfusion catheter thereby driving
the aptamer across tissue layers into the medial wall. Aptamers
were delivered at a final concentration of 250 nM for 2 min. Following
delivery, the treated arteries were exposed to physiological flow con-
ditions for either 1 or 24 h.

AFBI Assay

Figure 5 provides the overall approach of quantifying the RNA
aptamers. Following perfusion with RNA aptamers, each arterial
segment was placed in a 400 mg/mL proteinase K (QIAGEN,
19131) lysis buffer (100 nmol/L NaCl, 10 mmol/L Tris-HCl [pH
8.0], 0.5% SDS) and incubated overnight at 55�C. The resulting solu-
tion was measured for fluorescence intensity before and after RNA
aptamer was extracted using a miRCURY RNA tissue isolation kit
(EXIQON, 300111) from the lysed proteinase K samples. Then,
10 mL of each sample was added � 4 into a 384-well plate (Nunc,
black flat bottom), and the absorbance measured at a wavelength of
between 640 and 670 nM.

qRT-PCR Assay

Following perfusion with RNA aptamers, the RNA was extracted
from each arterial segment using a miRCURY RNA tissue isolation
kit (EXIQON, 300111) with several modifications. The proteinase K
(QIAGEN, 19131) and lysis buffer (100 nmol/L NaCl, 10 mmol/L
Tris HCl [pH 8.0], 0.5% SDS) used was not from the miRCURY
RNA tissue isolation kit (EXIQON, 300111). Each arterial segment
(25mg) was placed in a 400 mg/mL proteinase K (QIAGEN, 19131),
250mL lysis buffer (100 nmol/L NaCl, 10 mmol/L Tris HCl [pH
8.0], 0.5% SDS) and incubated overnight at 55�C, even though the
kit recommended 15 min incubation. Also during incubation, the
lysate was spiked with a known quantity of Sel1 processing control
aptamer (M12-23), then the extraction steps were followed as out-
lined in the miRCURY RNA tissue isolation kit (EXIQON,
300111). The recovered RNA aptamer was quantified by qRT-PCR
using Power SYBR Green PCR Mastermix (Applied Biosystems,
4367659) and as outlined previously.25 We performed two indepen-
dent RT and PCR reactions for each RNA sample, one with the



Figure 5. Schematic Illustration of Vessel Processing

Schematic diagram illustrating the RNA perfusion of vessel and processing for RNA

quantification and imaging.
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Sel1 primers (Sel1 PCR) and one with the Sel2 primers (Sel2 PCR).
The Sel1 PCRwas used as a normalization control for sample process-
ing. Proper processing is confirmed by similar Sel1 PCR values (cyclic
threshold [CT] values) for each sample. Any samples that are exces-
sively low or high were flagged as possibly problematic due to extrac-
tion error.

Confocal Microscopy

Histochemistry

Five-millimeter sections obtained from the perfused carotid arteries
were fixed in 4% paraformaldehyde (Affymetrix, Santa Clara, CA,
USA) at 4�C for 5 h, cryo-protected in 30% sucrose in PBS at 4�C
overnight, and then quick-froze on dry ice. Frozen 20-mm coronal
sections were cut with a cryostat (Thermo Scientific HM550) and
mounted on Colorfrost Plus microscope slides (Fisher Scientific,
Hampton, NH, USA). Sections were stained with phalloidin-Alexa
Fluor 568 (Thermo Fisher Scientific) to visualize smooth muscle in
the carotid artery. Stained sections were covered using coverslips
and Prolong Diamond Anti-Fade Reagents (Invitrogen, Carlsbad,
CA, USA) after washed with PBS.
Imaging

Fluorescently stained slides were examined with a Zeiss LSM 710
confocal laser scanning microscope. Sections were scanned sequen-
tially in different channels to separate labels. Images from different
channels were each assigned a pseudo-color and then were superim-
posed. Confocal images were obtained and processed with software
provided with the Zeiss LSM 710.

Image Analysis

The NIH ImageJ software, a public domain program available from
the NIH (https://imagej.nih.gov/ij/), was used to analyze confocal
images. Signal depth (from lumen into the muscle layer) was esti-
mated from 10 measurements performed on three independent vessel
segments with each treatment condition. Mean fluorescence was
obtained from the signal intensity of five randomly selected areas
from three independent vessel segments for each treatment condition.

Statistical Analysis

Results are expressed as mean ± SEM. Statistical comparisons were
performed by ANOVA using GrapPad Prism 7 (GraphPad Software,
La Jolla, CA, USA). Comparison of multiple groups was performed by
Tukey’s multiple comparisons post hoc test. A value of p < 0.05 was
considered statistically significant.
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