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ABSTRACT: Delivery of gene therapy to inhibit intimal hyperplasia has been proposed to prevent
postangioplasty restenosis. We sought to apply gene therapy by using a stent-based technique.
"There are several hurdles that must be overcome before gene-stent therapy can be applied success-
fully in clinical trials. These include increasing the efficiency of gene delivery through atheroscle-
rotic plaque; increasing intramural retention times; preventing the inflammatory reaction that stents
coated with biodegradable polymers can elicit; overcoming the risk of systemic gene delivery; and
accessing the adventitia via percutaneous approach. We evaluated a gene-stent delivery mechanism
based on microporous metal microneedles developed with nanotechnology in an attempr to over-
come some of these problems.

A novel approach to the transfection of genes by microfabricated technology was evaluated in
smooth muscle cells in culture. We demonstrated that microneedles can deliver gene therapy to
smooth muscle cells in culture and can produce controlled penetration of the IEL and intima. We
conclude that taller microneedles need to be developed to reach the media in discased human ar-
teries and that this technology has the potential to be incorporated in a stent to deliver gene ther-
apy in atherosclerotic plaque.
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I. INTRODUCTION

Coronary restenosis following intervention remains an area of active investigation.
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One proposed treatment to prevent and/ or treat reste-nosis is the delivery of gene
therapy to inhibit intimal hyperplasia. Previous investigators have beep successful
at delivering gene therapy to in vivo blood vessels by direct gene t%*a}lsfer to the ar-
terial wall.1-? More recently, local application of gene therapy to injury models of
intimal hyperplasia has been shown to either inhibit* or enhance® ¢ this process,

Early success with intimal hyperplasia models engendered great expectations
for the potential of gene therapy as a possible solution to coronary restenosis. As
a result, a clinical trial (ITALICS) of stent placement followed by c-myc antisense
oligonucleotide delivered by catheter (Scimed, Minnesota) for the i11.hibition of in-
timal hyperplasia has been completed.” However, the ITALICS trial ShOW(?d no
benefit by clinical, angiographic, or intravascular ultrasound parameters. It is un-
clear whether this was due to failure of gene therapy or to other reasons.® The fail-
ure of this trial as the first attempt to examine gene therapy in combination with
stent placement was predictable. There are still many issues to be resolved before
gene therapy can be applied clinically with the expectation of successful outcome.
Specifically, there are 5 hurdles yet to be overcome:

» The efficiency of gene delivery to vascular tissues is currently too low. Studies of
delivery devices report fractional intramural delivery (ratio of intramural de-
livery mass to total delivered mass) of 0.1-1.0% in normal coronary arteries.”-!!
The atherosclerotic plaque represents a barrier that further reduces fractional
intramural delivery. Feldman et al.’2 demonstrated that atherosclerosis re-
duced the transfection efficiency of adenoviral-mediated transfection 10-fold.
Similarly, French et al.! noted a nearly 4-fold reduction in delivery of a re-
combinant adenovirus expressing luciferase activity in the arteries of choles-
terol-fed and/or balloon-injured animals compared to arteries of normal ani-
mals. Finally, although Simari et al.!# achieved successful transfection through
atherosclerotic plaque and inhibited restenosis, gene expression was only promi-
nent along the dissection plane created by the initial balloon injury. In sum-
mary, the development of a method to penetrate plaque in a predictable fash-
ion to deliver bioactive agents into the media and adventitia is needed.

* The intramural retention times are too short. Brief exposure prevents the bioac-
tive agent from exerting a biological effect.' In the restenotic process, the great-
est decrease in luminal diameter occurs from weeks to months. The retention
time of most locally delivered bioactive agents is hours to days. For instance,
the retention time for heparin has been shown to be approximately 48 h in an-
imal models!17 and patients.!8 To prolong retention times, controlled release
matrices have been developed, mostly consisting of microparticles of biodegrad-
able polymers that can be impregnated with drugs. However, using this ap-
proach, the retention time of Colchicine was only 24 h,'0 and some of the
breakdown products can incite an inflammatory reaction.!® One exception may
be agents such as modified oligonucleotides with cell binding properties. They
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persist up to 2 weeks following transfection, which is still short of the reten-
tion times required.2?

* Stents coated with biodegradable drug-impregnated polymers can incite inflam-
matory reaction. Because of their mechanical effects, stentsantagonize the elas-
tic recoil and adventitial remodeling components of restenosis but do not affect
intimal hyperplasia. This makes stents a suitable platform for sustained drug
or gene administration, targeted to the intimal hyperplasia. Unfortunately, the
polymers used as carriers can produce a marked inflammatory effect.22 This
has been partially overcome by the addition of dexamethasone to high den-
sity poly-L-lactic acid. However, the same material at a lower density still in-
cited inflammatory reaction.?? An alternative carrier that does not induce in-
flammatory reaction is fibrin-covered stents,24 but their application to patients
is problematic because the fibrinogen used is from human donors. Because
metal stents have an excellent track record of being biocompatible and not in-
ducing inflammatory reaction even after years of evaluation, the development
of a drug-delivery metal stent is an attractive possibility.

* Bioactive agent delivery strategies still suffer from the risk of systemic distribu-
tion. Studies that have successfully delivered intramural agents, including viral
vectors via intramural approach, have relied on surgically isolating the arter-
ial segment, side branches, or both. However, this approach cannot be applied
percutaneously. Use of new percutaneous delivery devices such as microporous
balloons, which can typically deliver volumes of 2 ml, has demonstrated that
only 2.5% of radiolabeled proteins are deposited locally, and the remainder is
distributed systemically.?> This would be of concern if viral vectors were used.
March and coworkers?® have detected luciferase expression as well as PCR-de-
tected vector DNA in multiple tissues in the rabbit atherosclerotic model. Al-
though other investigators have not confirmed this degree of systemic distri-
bution,?” the development of a method to achieve greater local delivery is essential.

* The ability to access the adventitia via percutaneous approach needs to be fur-
ther developed. Remodeling is an important component of restenosis and is
hypothesized to be based in the adventitia. The activation of adventitial myo-
fibroblasts by mechanical injury appears to result in local production of scar
tissue, resulting in vessel shrinkage and restenosis. The only percutaneous
methods to access the adventitia are the needle catheter?® and the nipple or
infiltrator balloon.2? Less traumatic and more precise delivery devices need to
be developed.

Stent placement simplifies the biology of restenosis by being a pure model of in-
timal hyperplasia. Therefore, it is reasonable that gene therapy in patients should
be delivered by stents. Accordingly, we propose the development of a gene-stent
to overcome many of the hurdles outlined above.?%3! Our proposed device is a
gene-stent studded with microneedles whose tips are sharp and can cut through
atherosclerotic plaque to gain access to the media and adventitia (Figure 1). These
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microneedles are microporous to hold bioactive agents by surface tension, pro-
longing intramural retention times. Because the proposed device is entirely metal-
lic, problems encountered with biodegradable polymers causing inflammatory re-
actions are presumably overcome. Because any viral vectors used are delivered slowly
by the microporous needles, the risk of systemic exposure is minimized. These
microneedles are produced by nanotechnology, which is used to introduce DNA
into cells by microinjection needles.32:33 Microneedles are potentially less traumatic
than the needle catheter or the infiltration balloon. Finally, because the microneedles
are based on a stent, their effect is aimed at delivering gene therapy to the intimal
hyperplasia, seemingly the sole reason for stent restenosis.®

This research shows that stent-based microneedles can deliver gene therapy to
smooth muscle cells in culture and that they can produce controlled penetration
through the internal elastic lamina and hyperplastic intima, which constitute major
barriers to the delivery of bioactive agents to diseased vessels.

Il. METHODS

Microneedles used in this study were fabricated by reactive ion etching (RIE) of
silicon.?4 The silicon substrate, which was thermally oxidized to grow a 1.5-mm
layer of 8iO,, was sputter-coated with a 60004 layer of aluminum. UV-photo-
lithography was used to print arrays of circular patterns representing the location
of the probes onto the aluminum layer. The substrate was then immersed into a
mixture of phosphoric, nitric, and acetic acids (4:1:4). Areas of aluminum that were
not protected by a photosensitive polymer coating were etched out, transferring
anegative of the patterns onto the silicon substrate. The remaining aluminum pat-
tern formed a protective mask for the silicon etch. Reactive ion etching of silicon
was performed with a mixture of SFs and O, gas in 25:1 ratio. This gas ratio pro-

FIGURE 1. Conceptual depiction of a gene-stent. The surface of this metallic stent will
be studded with microneedles. {The microneedles in this drawing are not to scale.)
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duced the desired lateral and horizontal etch rate to form a pointed microstruc-
ture approximately 20 um high. After an average etching time of 85 min, the sub-
strate was thoroughly cleaned and 6000A of platinum was sputtered on the sub-
strate to improve DNA adhesion to the microneedle surface.

Using this fabrication process, microneedles with spacing of 40, 60, and 100
pm apart were produced on separate wafers (Figure 2). Increasing microneedle
density was developed to test the hypothesis that the higher the density, the greater
the smooth muscle cell transfection. The mean microneedle height was 20 £ 5 pm,
and the mean tip size was 0.4 = 0.1 pm (n = 6). This is similar to the size range of
the micropipette tips used to inject DNA into single cells.32:33 For studies of mi-
croneedle penetration into normal and atherosclerotic vessel walls, additional mi-
croneedles were developed using similar fabrication methods. These microneedles
were 65 = 15 and 140 *+ 20 mm tall, had tip diameters of <3 mm, and had tip-to-
tip distances of approximately 300 and 500 mm, respectively. Density, tip size, and
height measurements were made with a scanning electron microscope.

II.LA. Cell Culture

Vascular smooth muscle cells were obtained from the thoracic aortas of adult
Sprague—Dawley rats with modifications of a previously reported method.?5 Aor-
tas were blunt dissected to remove fat and adventitia, minced, digested for 90 min
at 37 °C in DMEM/F12 containing 2 mg/ml bovine serum albumin (Sigma, St.
Louis, Missouri), 0.25 mg/ml soybean trypsin inhibitor (Sigma), 0.125 mg/ml elas-
tase (Type I, Sigma), and 1.0 mg/ml collagenase (Worthington, Newark, New Jer-
sey). After filtration (70 p nylon mesh), cells were plated on untreated 12 well plates
at3 % 10° cells/mlin DMEM/F12 (Gibco, Grand Island, New York), 10% fetal bovine
serum (Paragon, Baltimore, Maryland), 10 mmol/L (mM) HEPES, 1 mmol/L
(mM) glutamine, 100 U/ml penicillin (Paragon, Baltimore, Maryland), 100 ug/ml
streptomycin (Paragon), 0.5pug/ml gentamicin, and 0.5p1g/ ml amphotericin B (Me-
diatech, Herdon, Virginia) and grown in 5% CO2 at 37 °C. At confluence, cells
were removed with 0.25% trypsin (Life Sciences, Denver, Colorado) and replated.
Transfection studies were performed using cells between the 1st and 4th passage.
We previously performed immunostaining with a monoclonal antibody sensitive
to smooth muscle a-actin (Sigma) to confirm the predominant cell type to be vas-
cular smooth muscle.

II.B. Plasmid Isolation

Propagation of pIEPLacZ (7.0kb CMV promoter) plasmid was obtained from the
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FIGURE 2. Micrographs of the microneed|es, Scanning electron microscopy was used
to generate these micrographs of microneedles with spacing of 100 (top), 60 (middle),
and 40 (bottom) pum, etched an silicon wafers sputter-coated with aluminum. The
mean tip size was 0.4 £ 0.1 pm, and mean height was 20 = 5 um. The bar is 100 pm.
Ali micrographs are at the same magnification.

bacterial strain DHS50; using 50 g/ ml of ampicillin in LB medium. DNA was iso-
lated and purified via a plasmid kit (Qia gen-tip 2500, Mega, Quiagen, Santa Clarita,
California).
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lll.C. Transfection of Cells with Microneedles

A custom designed apparatus was used to centrifuge DNA onto the microneedles.
The silicon wafers, each coated with different densities of microneedles, were cleaved
into 1cm? pieces and bonded onto the apparatus. There is a removable reservoir
over the microneedles to which solutions can be added and centrifuged. The mi-
croneedles were pretreated in the apparatus with 200 ul of 0.1M spermidine at
22 °Cfor 10 min. This solution was replaced with the DNA precipitation mixture
consisting of 40 pg of DNA, 400 pl of 0.25 M CaCl,, and 200 ul of 0.1M spermi-
dine incubated at 22 °C for 10 min. The mixture, reservoir, and microneedles were
centrifuged at 4500 RPM at 4 °C for 1 h, The mixture and reservoir were removed
and the microneedles washed with 100% ethanol and allowed to air dry. The wash-
ing procedure was repeated with 70% ethanol. Prior to transfection, the probes
were presoaked in 1 ml of dd H,0 for 2 min to remove residual salt. After this, the
DNA retained by the microneedles was 6.7 + 0.6 ug, as confirmed by spectropho-
tometry.

The microneedle assembly was inverted and applied to the smooth muscle cells
in culture. A 100-g weight was placed on top of the apparatus to provide driving
force to pierce the cells. The apparatus was removed after 4 min, and 1 ml of fresh
medium was added to the wells. After 24 h, the cells were washed and replenished
with 2 ml of fresh media. The cells were then grown for 24 h before staining for
LacZ. The same procedure was used for all microneedle densities.

Il.D. Calcium phosphate-DNA precipitation

To compare microneedle cell transfection efficiency to standard techniques, we
also examined calcium phosphate?:37 and liposome38-40 transfection methods. Be-
fore the transfection procedure, media from the cultured cells was removed and
replaced with 1 ml of fresh medium. A solution of 150 ul of 0.25 M CaCl, and 150
pl of 2xBBS (50mM BES, 1.5smM Na,HPO,, 80mM NaCl, pH 6.95) along with 5
ug of plasmid DNA were mixed together and incubated for 15 min at 37 °C. Cal-
cium-phosphate DNA solution (300 ul) was added dropwise to each well, swirling
to mix. The cells were incubated overnight and then washed with phosphate-
buffered solution (PBS). Fresh medium (2 ml) was added to the cells and incubated
for a further 24 h before gene expression was analyzed.

ILE. Liposome Transfection

Positively charged polycationic liposomes (LipofectAmine reagent, Gibco) containing
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2,3—dioleyloxy-N-{2(spermine-carboxamido)ethyl-N-demethyl-1-propanaminium-
trifluoroacetate (DOSPA) and the neutral lipid dioleoyl phosphatidylethanolamine
(DOPE) were used in the liposome transfections. Prior to transfection, the cells
were washed with serum-free medium, and 1 ml of the serum-free medium was
added to the wells. Plasmid DNA (1 pg) was diluted into 200 pl of serum-free media,
and LipofectAmine (4 pl) was mixed with 200 pl of serum-free media. The 2 solu-
tions were mixed and incubated for 15 min at room temperature. The existing medium
was removed, and LipofectAmine/DNA complex (400 pl) was added to the cells.
After 4 h, the transfection mixture was removed and replaced with 2 ml serum-
supplemented medium. The cells were allowed to grow for 48 h, then examined
for B-galactosidase expression.

I.F. Analysis of Gene Expression

[3-galactosidase expression was assessed, as previously described.4! The existing media
was removed, and the cells were washed with PBS. Cells were fixed with 1 ml of
ice-cold paraformaldehyde (4%) and incubated at 4 °C for 15 min. Cells were in-
cubated for 4 hat 37 °C in the reaction mixture 5-bromo—4-chloro-3-indoyl--D-
galactoside chromogen (X-gal, 8 mg/ml) in 200 pl of DMSO, potassium ferri-
cyanide (10 mmol/L), potassium ferrocyanide (10 mmol/L), and 6.8 ml Tris-buf-
fered saline (TBS) (pH 8.0). The blue-stained cells were counted in 5 sample re-
gions. Results between groups were compared by one-way ANOVA with Tamhame
post-hoc test. Regional distribution differences were analyzed by calculating the
variance of every well and comparing each treatment using Levene’s test for equal
variances.

Il.G. Isolated lliac Arteries

Ten iliac arteries, removed from 5 normaland 5 atherosclerotic New Zealand white
rabbits (6 months to 2 years old, 3-4 kilograms) were used in this study. The pro-
tocol was approved by the Institutional Animal Care and Use Committee of the
University of Pittsburgh and conformed to the National Institutes of Health Guide-
lines for Use of Animals in Research. The rabbit model of atherosclerosis devel-
oped by Block etal.#2 and Faxon et al.43 was used. The atherosclerotic lesions were
created by feeding the rabbits a diet containing 5% cholesterol and 7% peanut oil
for 3 weeks. Arterial balloon injury to the iliac artery was then performed with a
2F Fogarty catheter, and the hypercholesterolemic diet was resumed for another
3-5 weeks.

Because microneedles are ultimately intended to be deployed by an intravas-
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cular stent, clinical conditions were simulated. Stent deployment in patients results
in 10-30% circumferential vessel distention. The intraluminal pressures corre-
sponding to this degree of distention may be determined from previous compli-
ance measurements of normal and atherosclerotic rabbit arteries.44 The intraluminal
pressure range (AP) needed to distend the artery during stenting is related to its
compliance (C) and to the volume change (AV) of the vessel by Equation 1:

AP = AV/C (1)

Fornormal and atherosclerotic rabbit vessels, the compliance values were reported
tobe 0.058 X 10-3 and 0.061 X 10 ml/ mmHg, respectively.44 Assuming a unit length
of vessel and a concentric atherosclerotic lesion, and using the mean diameter of
rabbit iliac arteries previously determined,* these compliance values correspond
to intraluminal pressures ranging from 143 to 500 mm Hg. Based on these calcu-
lations, pressures of 100, 300, and 500 mmHg were used in this study.

To harvest the iliac arteries, rabbits were sedated with 5 mg/kg sq xylazine
(Miles, Shawnee Mission, Kansas} and 0.1 mg/kg atropine (Liphomed, Deerfield,
lllinois) followed by general anesthesia with 40 mg/kg i.v. ketamine (Fort Dodge
Lab., Fort Dodge, lowa) and 0.1 mg/kg acepromazine (Aveco, Fort Dodge, Iowa).
The tissue handling protocol developed by Fry et al.46-48 for filleted arteries in vitro
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FIGURE 3. Transfection efficiency for all methods. Among the microneedles, the 60-
pm spacing had the highest average cells/region, 2-fold greater than the 40- and 100-
pm spacing. The 60-um microneedle density was as efficient as the CaPO4 methoed,
but less efficient than liposomes.
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FIGURE 4. Regional differences in transfection. Photomicrographs of smooth muscle
cells in culture with blue-stained nuclei consistent with R-galactosidase expression
are shown. The left panel was transfected with 60-um spacing microneedles and shows
regional expression, while the middle {CaPQ4) and right (liposomes) panels show more
uniform expression.
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FIGURE 5. Scanning electron micrograph of a typical single microneedle penetration
holg (left) and group of penetrations (right) of a normal rabbit iliac artery with preser-
vation of the surrounding endothelial surface. The bars represent 100 um.65
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FIGURE 6. The mechanism of IEL penetration with the 140 = 20-um tall microneed|es
in an iliac artery is shown. Light microscopy superimposed with fluorescence microscopy
image demonstrates that the cut ends of the IEL (arrows) remain adjacent to the site
of penetration.30

was followed. Both iliac arteries were dissected from the distal side of the inguinal
ligament to the abdominal wall. The base of the aorta was ligated to allow can-
nulation of the iliac branch, permitting pressure perfusion with medium to rinse
the vessel free of blood. The vessel was opened longitudinally along its dorsal as-
pect, and clamped as a flat sheet, according to the methods of Brant et al.# Fol-
lowing removal, the vessel was bathed in Cellgro™ 199 in vitro Cell Culture medium
(Mediatech, Herdon, Virginia) at 37 °C. Harvested arterial segments were mounted
luminal side up onatissue holding device. The original circumference of the artery
was then restored by 1.4-fold distension with a tissue-stretching device.’® The
artery’s final circumference ranged from 0.795 to 0.939 cm.

The microneedles, iliac artery, and tissue stretching device were lowered
into a tissue-holding chamber. The microneedles were then applied to the ves-
sel lumen and pressure applied. Pressure was monitored via a fluid-filled trans-
ducer. During pressure application, the media was removed and replaced with
2.5% glutaraldehyde in phosphate buffer for 20 min to preserve the micronee-
dle—tissue interactions. The microneedles were removed and the tissue fixed for
an additional 60 min.
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II.LH. Tissue Processing and Imaging

Scanning electron microscopy was used to evaluate microneedle interaction with
the endothelial surface. Tissues were dehydrated using transmission electron micro-
scopy protocol, then pinned to wax wafers. The samples were dried in a thermo-
electric critical point dryer (Emscope CPD 750, Erie, Pennsylvania) and placed in
a specimen chamber with 100% ethanol. A series of soaking and venting steps with
CO, were performed until no ethanol could be detected. The chamber tempera-
ture was raised from 10 to 40 °C to dry the specimens. Dried tissue was sputter-
coated with gold and palladium (Technics Hummer V1) and placed on aluminum
mounting platforms. Samples were then placed in the sample chamber and im-
aged (Jeol JSM-T300, Peabody, Massachusetts).

Light superimposed with fluorescence microscopy was used to quantitate IEL
and BEL penetration and plaque compression by the microneedles. Samples were
transferred from the fixative to 30% sucrose for 24 h, then frozen in isopentane
chilled in liquid nitrogen. Following sectioning, normal iliac arteries were stained
with hematoxylin and eosin. Atherosclerotic iliac arteries were stained with Oil
red O-isopropanol with hematoxylin as a counterstain. Both vessel types were im-
aged with a light microscope. A fluorescence microscope was used to auto-fluo-
resce the IEL and EEL. The fluorescence image was superimposed on the light
field image to determine if the [EL and EEL had been penetrated. Penetration was
defined as cell nuclei at 90° to an adjacent microprobe tip. Compression was de-
fined as cell nuclei parallel to an adjacent microneedle tip.

lll. RESULTS

LA, Expression of B-Galactosidase in Rat Aortic Smooth
Muscle Cells

A summary of the transfection efficiency by B-galactosidase encoded plasmid
using microneedles, CaPOy, and liposomes is found in Figure 3. The number of
LacZ positive stained cells per region with 40 pm density microneedles (3.2 + 0.54)
was comparable with 100 um density microneedles (2.7 4 0.54). The 60 pm den-
sity microneedles had the highest average number of cells per region (6.1 + 0.92),
which was 2-fold greater than that obtained with 100 pm density microneedles(p
< 0.05). The 60 um density microneedles were as efficient as the CaPO, method
(p = NS).

Controls revealed that when 10 pg plasmid DNA was added to the wells, trans-
fection did not occur (n = 18). When 10 ug plasmid DNA was added directly to the
well and the 40-, 60-, and 100-um density microneedles were applied, transfection

58




did not occur (n = 11). Finally, when 10 pg plasmid DNA was added directly to the
well and silicon wafers without microneedles were applied, transfection did not
occur (n = 4).

Transfection using liposomes with a plasmid containing plEPLacZ yielded the
greatest number of positive nuclei containing nuclear 3-galactosidase expression.
When liposomes were compared with microneedles and CaPO,, the liposome method
had a significantly greater number of stained cells per region (p < 0.01, Figure 3).
Liposome efficiency was 2X greater than were CaPO, and 60 um, and 4X greater
than were the 40- and 100-um spaced microneedles.

lIl.B. Variability in Transfection Efficiency

To investigate the possibility that regional distribution of stained cells among the
3 methods of transfection was different, we calculated the variance of the 5 sam-
pled regions in each well, for each method. The microprobes were found to have
a greater variability of transfected nuclei than both chemical methods. The vari-
ance of the 60-pum spaced microprobes was greater than that of the CaPO, method
(p < 0.01) and the liposome method (p < 0.05). The variance of the CaPQy
method was also lower than the liposome method (p < 0.01). The average vari-
ance of the 60-pum spaced probes was 32 £ 8, the liposomes 21+ 5, and the CaPO,
10 £ 2.

H.C. Microneedle Penetration into Normal, Isolated Rabbit lliac
Arteries

Multiple microneedle penetrations and a representative single microneedle pene-
tration at higher magnification (Figure 5) show that endothelial cells are only dis-
rupted at the site of microneedle contact, with no damage to surrounding endo-
thelium.®> The incidence of IEL penetration for the 2 types of microneedles at the
3 pressures examined is summarized in Table 1. The 65 & 15 mm sharp microneedles
compressed but did not penetrate the 1EL into the media in all 34 samples, at 100,
300, and 500 mm Hg of pressure. The 140 + 20 mm microneedles penetrated the
IEL in all 24 samples at all pressures, without disruption. An example is shown in
Figure 6.

EEI. penetration was also evaluated for both microneedle sizes at similar pres-
sures, and 34, 65 + 15 mm microneedles did not penetrate the EEL at any pres-
sure. However, 2 of 24, 140 + 20 mm microneedles did penetrate the EEL, but only
at 500 mm Hg pressure.
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FIGURE 7. Scanning electron micrograph of a representative single microneedle pen-
etration (left) and group of 4 penetrations {right) in an atherosclerotic rabbit iliac artery.

Disruption of the plague is limited to the site of microneedle contact. Bars are 100
pm.ss

il

FIGURE 8. Light microscopy superimposed with fluorescence microscopy to show an
example of 140 = 20 microneedle plague penetration in an isolated atherosclerotic
rabbit iliac artery. Large arrow identifies microneedle penetration. Small arrows indi-

cate the |EL. The microneedles used in this study were not tall enough to penetrate
through the plaque to the media.
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lll.D. Microneedle Penetration in Isolated, Atherosclerotic Rabbit
lliac Arteries

The 140 20 mm microneedles penetrated into the hyperplastic intima, as shown
in Figure 7. Disruption of the plaque was only at the site of microneedle contact.

The 65 £ 15 mm microneedles that did not penetrate the IEL of normal ar-
teries were not included. The 140 + 20 mm microneedles compressed the plaque
in all 20 examined samples, at the 3 pressures applied. [EL penetration, however,
was present in only 1 out of 20 examined samples, and only at 500 mm Hg of pres-
sure. There were no instances of EEL penetration. Figure 8 shows that the micro-
needles used in this study were not tall enough to penetrate through the plaque
to the media.

IV. DISCUSSION

The ultimate goal of this project is to develop a porous microneedle-studded stent
to deliver gene therapy in conjunction with coronary intervention, This study has
confirmed that microneedles can successfully transfect genes into smooth muscle
cells in culture. There was a significant increase in cell transfection by increasing
microneedle spacing from 100 to 60 um. However, a further increase in microneedle
density from 60 to 40 um resulted in a decrease in transfection efficiency. The trans-
fection efficiency of the 60 um spacing microneedles was equal to a standard tech-
nique to transfect cellsin culture, CaPQOy, although notequal to liposomes. Among
the different densities examined, 60 um microneedle spacing is optimal.

There was significant variance in microneedle transfection. For each of 5 re-
gions observed over the 1 cm? wafer that contacted the cells, there were regions
lacking transfected cells, and other areas in the same well with significant trans-
fection. Silicon wafers have no curvature, while the wells containing the smooth
muscle cells had curvature. The curvature of the wells was estimated to be 2 £ 1

TABLE 1.
Incidence of I[EL Penetration in Normal Vessels65

Microneedie Pressure (mmHg) o
Group (mm) 100 300 500

65 + 15 0/10 0/8 0/186

140 = 20 717 717 10/10

n1/n2 where n1 = number of positive occurrences, n2 = number of observations.
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pm, while the microneedles were 20 + 5 pm tall. This implies that 10% of the reach
of the microneedles was lost in the curvature of the well. In contrast, the 2 chem-
ical methods examined produced more uniform cell transfection, as was demon-
strated in Figure 4, because they have access to every cell.

The mechanism of cell transfection is believed to be the result of direct injec-
tion of DNA into individual smooth muscle cells, First, we documented that 6.7
£ 0.6 pg of DNA was on the microneedle wafer immediately prior to applying it
to the cells inculture. Second, microneedle tips were manufactured to be 0.4 + 0.1
pm, similar in size to micropipette tips used to inject DNA into cells.32:33 Third, it
was demonstrated that the observed effect was not simply irritation of the cellmem-
branc inducing endocytosis of DNA. Placement of DNA in solution outside the
cells followed by application of microneedles without DNA or silicon wafers with-
out microncedles did not result in any transfection of cells. Finally, there was an
increase in cell transfection when microneedle density was increased from 100 to
60 pm. The deerease in transfection when microneedle density was increased fur-
ther to 40 pm may be due to a greater proportion of cells’ dying, although this was
not documented.

The percentage of cells transfected by all 3 techniques was low, and consistent
with previous literature on transfection efficiency of smooth muscle cells in cul-
ture.”” Liposomes transfected 1.76% of cells while the 60-um density microneedles
and CaPO, transfected 0.78% and 0.81%, respectively. The low transfection rates
in the current study are in part due to the smooth muscle cells in culture being at
100% confluence. After confluence, cell mitosis declines. Previous investigators have
shown that mitotic smooth muscle cells in culture are preferentially transfected.?®
Nabeland coworkers#© also demonstrated a decline in transfection efficiency when
cells in culture had more than 90% confluence, and it was maximal at 75% con-
fluence. However, we chose cultures with 100% confluence so that transfection by
microneedles in direct contact with cells could be compared to CaPO, and lipo-
somes. Another explanation for the low transfection efficiency reported from this
and other studics, based on the use of LacZ gene transfer, is that histochemical
staining (X-gal) underestimates transfection efficiency compared to newer im-
munostaining methods.>1

This study has also demonstrated that microneedles developed with nano-
technology may cross barriers to local drugand gene therapy, the internal elastic
lamina and intimal hyperplasia of experimental atherosclerotic plaque. For nor-
mal rabbit iliac arteries, the 65 + 15 pm microprobes compressed, but were too
short to penctrate, the IEL. The 140  20-um tall microprobes consistently pene-
trated the JBL and entered the media. The magnitude of the applied force influ-
enced the degree of penetration of the EEL. The 140 & 20-um tall microprobes
penetrated into the adventitia only when 500 mm Hg of pressure was applied. Taller
microprobes consistently compressed the intimal, but they were rarely tall enough
to penctrate the 1BL and enter the media.

The needle catheter or the nipple balloon can cause excessive trauma while
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penetrating vascular tissue barriers and can promote further development of ath-
erosclerosis and restenosis. The ability of a delivery mechanism to preserve the
[EL is underscored by the work of Sims2:53 and Sims et al.,4 who demonstrated
that the greater incidence of arteriosclerosis in the coronary as compared to the
internal mammary arteries is related to the integrity of the [EL. In autopsy spec-
imens from 300 patients, they demonstrated that the mammary artery showed only
minimal defects in the IEL atall ages, while the coronary arteries showed substantial
defects in the IEL, which increased with age. Schwartz et al.5.56 demonstrated
that the mean intimal thickness in laboratory animals increases with the degree of
laceration of the internal elastic lamina, and that intimal proliferative response near
each break reflects the magnitude of the damage. Morimoto et al.57 made similar
observations in human restenosis. Therefore, a stent studded with microneedles
could be a rational approach to delivering gene therapy while minimizing the ex-
tent of damage to the [EL.

Although the gene-stent delivery mechanism proposed in this manuscript over-
comes many of the hurdles to gene therapy outlined in the introduction, there are
limitations to this approach. Human plaque is often eccentric and has irregular sur-
faces. This implies that microneedles of constant height on a stent would not have
access to every region of the media. However, a recent study by Mintz et al. 58 demon-
strated that one consequence of balloon angioplasty is axial redistribution of plaque
to relatively even proportions. Furthermore, microneedle-studded stents could be
manufactured with microneedles of varying heights.

There are also limitations related to differences between human atheroscle-
rosis and the rabbit model of neointimal hyperplasia. The stiffness of mature
human plaque is greater than that of the plaque created in the rabbit model, de-
void of calcification and fibrosis. Loree et al.59 divided human plaques into 3
groups: cellular, hypocellular, and calcified, with circumferential tangential stiff-
ness moduli of 927 + 468 kPa, 2312 + 2180 kPa, and 1466 & 1284 kPa, respectively.
A similar range was reported by Lendon et al.5° Based on these figures, the intra-
luminal pressure needed to distend a concentric lesion by 30% ranges from 1209
to 3016 mmHg for these 3 types of human plaque. Consequently, the intralumi-
nal pressures used in this study to simulate stenting are lower than those required
for human atherosclerosis by a factor of 2.4 to 6.0. Furthermore, the micronee-
dles tested were based on flat silicon wafers, which prevented the microneedles
from full penetration. Microneedles based on cylindrical stents may be subject to
a greater applied force to the vessel wall.

Tip designs on the microprobes can be altered to enhance DNA delivery. Porous
tips can be microfabricated to hold more DNA than those tested in this study. Hol-
low tips can be microfabricated to inject DNA directly into the blood vessel, Be-
cause electrical fields are maximal at tips, and DNA is a charged particle, the abil-
ity to enhance transfection by adding iontophoresis to microneedles may enhance
gene delivery. Iontophoresis has been used to transfect cells in cultures! and en-
hance the delivery of proteins to the intact vasculature.$2 Finally, it may not be

63




necessary to directly pierce each medial smooth muscle cell in an intact blood ves-
sel to achieve efficient transfection. Recent studies of ischemic limbs by Isner and
coworkersé3:64 demonstrated that injection of nude plasmid DNA into skeletal mus-
cle results in stable transfection.

V. CONCLUSION

In conclusion, this paper proposes a novel gene-stent delivery mechanism to over-
come limitations to the clinical application of gene therapy to coronary resteno-
sis. As preliminary proof of principle, we demonstrated that smooth muscle cells
in culture could be transfected with microneedles. We also demonstrated that
microneedles can produce controlled penetration through the internal elastic lam-
ina and atherosclerotic plaque. Future studies will require the fabrication of a gene
stent and will need to demonstrate that microneedles can actually deliver gene ther-
apy to intact atherosclerotic blood vessels.
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