Micromechanical Devices for Intravascular Drug Delivery
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Abstract O Microfabrication technology, more commonly applied to
the manufacture of integrated circuits, can be used to build devices
useful for mechanical delivery of drugs and genes. Microprobes
fabricated using silicon micromachining have been used to deliver
DNA into cells as an alternative to bombardment and microinjection.
This idea can be extended to intravascular stents with integrated
microprobes capable of piercing compressed plaque and delivering
anti-restenosis therapies into coronary arteries. Preliminary experi-
ments using filleted rabbit arteries have demonstrated transection of
the internal elastic lamina. New nonplanar microfabrication technolo-
gies are necessary for creating practical devices with cylindrical
symmetry; a promising possibility is to use microfabricated structures
of anodic metal oxides.

Introduction

Microfabrication technologies, used primarily in the
manufacture of electronic integrated circuits, have been
applied to several biomedical related areas. Most of these
applications are in diagnostics (i.e., microfabricated pres-
sure transducers, thermometers, ultrasonic sensors, and
the like). More recently, there has been considerable
interest in so-called “lab-on-a-chip” applications where a
large number of chemical or biological assays are performed
in parallel. Most of these applications are straightforward
extensions of microelectronic processing and silicon micro-
machining, in which precise patterns are etched or other-
wise configured onto a planar substrate of semiconductor
silicon. The dominant tool used in all planar processing
is photolithography, in which information in the form of a
two-dimensional map is transferred from a glass plate (the
mask) to a light-sensitive organic film (the photoresist).
Because this process affords parallel manufacturing, with
many thousands of devices fabricated simultaneously,
enormous economies of scale result, which drive the cost
per individual device down as this technology is introduced.

In this paper, we discuss the use of microfabrication
technology applied to mechanical drug injection devices.!
Our goal is to develop an indwelling coronary stent with
micromechanical probes capable of piercing compressed
plague and delivering anti-restenosis therapies into the
arterial wall. In the next sections, we first introduce the
idea of using mechanical microprobes to transfer DNA into
cells. We then describe the gene stent and experiments
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with tissue penetration using microprobes fabricated from
silicon. We then discuss the limitations of conventional
planar microfabrication technology for this application, and
conclude with an alternative method that facilitates the
fabrication of three-dimensional microstructures.

DNA Transfer Using Microprobes

Several gene transfer techniques have been developed
for the introduction of foreign genes into both plant and
animal cells. One of the more commonly used methods is
cell bombardment, in which small particles coated with
genetic material are ballistically transported into target
cells.?2 Alternatively, electrophoration techniques can be
used; this involves the use of an electric field to transport
the material across the cell wall.® An effective but labori-
ous and time-consuming method needing highly skilled
practitioners is direct microinjection. In this technique, a
fine hypodermic needle is inserted into the target cell by
direct manipulation under a microscope; the DNA is then
directed through the needle lumen.

Another method is to use micromechanical piercing
structures, as shown in Figure 1. These structures,
fabricated in dense arrays using silicon micromachining
techniques, are ~80 um high and have an extremely sharp
point, with a radius of curvature of <0.1 um. When the
microprobes are coated with genes and pressed into cells
or tissues, the sharp tips penetrate into the cells and effect
the transport of genetic material, which is subsequently
expressed in the target cells and their progeny. Successful
expression of foreign genes using this technique has been
demonstrated in the nematode Caenorhabditis elegans* and
tobacco leaf cells.> More recently, we have shown that
transfection can occur in mammalian cells. In these
experiments, smooth muscle cells from rat arteries were
cultured. A solution containing DNA was centrifuged onto
microprobe arrays and pressed into smooth muscle cell
monolayer samples. Figure 2 illustrates typical results.
At the top is shown a control sample in which no DNA was
applied to microprobe tips. The regular pattern of dots,
spaced 250 um apart, are depressions caused by the
microprobes as they were pressed through the cultured
cells. The bottom picture illustrates successful incorpora-
tion of f-galactosidase into the smooth muscle cells, as
evidenced by the blue stains. Note that the staining is not
coincident with the location of probe tips, which means that
either the DNA was transported laterally away from the
tips, or more likely the cells have rearranged themselves
after transfection.® This result, coupled with the lack of
any evidence of dead cells, indicates that microprobes do
not cause catastrophic cell injury during the transfection
process.

Microprobe arrays are attractive as a research tool for
genetic engineering because they are relatively inexpen-
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Figure 1—Silicon microprobe fabricated by anisotropic silicon etching. Arrays
of microprobes are micromachined onto planar silicon wafers using photoli-
thography and wet chemical etching. The sides of the microstructure are
defined by crystalline planes inside the silicon substrate.

sive, effective, and easy to use, especially in comparison
with microinjection. A natural question is, therefore, can
such devices be used in vivo for therapeutic applications?

Restenosis

Heart disease, evidenced by the progressive narrowing
of coronary arteries by atherosclerotic plaque, continues
to be a leading cause of death in the United States and
worldwide. Commonly used transcatheter therapies for
restoring lumen patency include balloon angioplasty,
atherectomy, and coronary stenting. Despite the overall
initial success of these procedures, approximately one-fifth
to one-third of all patients will suffer restenosis (re-
blockage) within 6 months of the initial procedure. Nu-
merous pharmacological agents and genes have been shown
to inhibit restenosis in animal models; however, all have
failed in human trials. A chief difficulty is that local
delivery methods relying on diffusion or pressure gradients
are unable to transport therapeutic agents through the
compressed layer of plaque, which can be up to 200 um
thick.

Balloon angioplasty is essentially a trauma-inducing
event. The body responds to this trauma with a set of
responses, including elastic recoil, smooth muscle cell
migration and proliferation, associated extracellular matrix
synthesis, vessel wall remodeling, and thrombus organiza-
tion and incorporation.”~1° The end result is the formation
of a mass of material integrally coupled with the intimal
wall. Elastic recoil of the vessel wall takes place after
balloon deflation. Minutes following the injury, a thin layer
of platelets and fibrin is deposited on the injured lumen.
Within hours to days, inflammatory cells begin to infiltrate
the site and vascular smooth muscle cells begin to migrate
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Figure 2—Images of transfected rat smooth muscle arterial cells. (Top) Control
sample, with no DNA applied to microprobe tips. The regular array of dots
are the depressions of the microprobes into the plastic Petri dish. The
microprobes are spaced 250 um apart. (Bottom) Blue staining illustrates
successful incorporation of 3-galactosidase into the smooth muscle cells. Note
that the staining is not coincident with the location of probe tips.

toward the lumen. These smooth muscle cells then convert
from their normal contractile phenotype to a synthetic
phenotype in which they hypertrophy and begin to secrete
extensive extracellular matrix, thereby increasing the
thickness of the intima.1?~14 These events are collectively
termed “neointima” formation. During this time, the
lumen surface is colonized by endothelial cells that slowly
regain their normal barrier function and secretory func-
tions in making tissue plasminogen activator and endo-
thelial derived relaxation factor. The media remodels to
adjust for the restored lumen size.

If the vessel response to injury is excessive, most or all
of the gain in lumen diameter produced by the initial
interventional procedure may be lost to the healing process,
with return of a severe stenosis and ischemic symptoms.
During the 6-month period when clinical restenosis occurs,
different arteries appear to undergo varying degrees of
proliferation and vessel remodeling, resulting in an ob-
served patient-to-patient variation in the amount of late
loss in lumen diameter. There tends to be a linear
relationship between the late loss in lumen diameter
caused by the healing response and the acute gain in lumen
diameter caused by the intervention.'> One consequence
of this finding is that larger lumen diameters immediately
after intervention translate into larger lumen diameters
at the end of this 6-month healing time. The acute gain
in the lumen produced by the intervention is only partially



Figure 3—(Upper) Wall stent. (Lower) Palmaz—Schatz stent. (Data from Baim
and Grossman.’)

lost during the repair process, resulting in a long-term net
gain in lumen diameter.

Various mechanical devices have been developed in
search for a way to reduce the incidence of restenosis. Of
these mechanical devices, only intracoronary stenting has
been shown to reduce the incidence of restenosis (32%
versus 42%, p < 0.05).18 The success of stenting has been
attributed to the elimination of elastic recoil and fibrotic
vessel contraction. However, stents aggravate intimal
hyperplasia, the major histologic component of restenosis.
Two kinds of stents, the Wall stent and the Palmaz-Schatz
stent, are shown in Figure 3.

Further reduction of restenosis could be accomplished
by delivering drug or gene therapy to the site of injury.
Several attempts have been made to deliver pharmacologic
agents with various catheter-based systems locally in high
concentrations to overcome the tolerated dose limitations
of systemically administered therapeutics. These systems
have been recently reviewed by Hofling and Huehns,'8 and
can be categorized as diffusion through close contact (i.e.,
hydrogel balloons, coated stents), pressure-driven diffusion
(such as porous balloons and infusion sleeves), and me-
chanically assisted transport (needle catheters, ionto-
phoretic balloons, cutting balloons). With these devices,
successful delivery of pharmacological agents as well as
genetic materials have been demonstrated in normal
arteries.’721 However, both the internal elastic lamina
(IEL) and the compressed atherosclerotic plaque present
in diseased vessels act as a barrier, and none of the
available local delivery devices are capable of penetrating
these layers.?2 For example, research by Feldman23 showed
that delivery of reporter genes to atherosclerotic arteries
was one-tenth as efficient as in normal arteries.

Our goal is to engineer a stent capable of overcoming
these barriers and delivering a therapeutic agent to prevent

smooth muscle cell proliferation and thus reduce the
incidence of restenosis. A diagram of the device is shown
in Figure 4. A metal stent is studded with microprobes
that could be capable of piercing atherosclerotic plaque and
transecting the IEL. Therapeutic agents coating the stent
can then be delivered into the vessel wall as the stent is
deployed by an inflation balloon.

Because micromachined probes have been shown to
transfect mammalian smooth muscle cells, there are,
broadly speaking, two issues to be considered for this
device. The first issue is whether a microprobe is capable
of piercing through atherosclerotic plaque, and if, so, what
is the appropriate height, geometry, and pressure needed.
Second, how can a three-dimensional structure like that
shown in Figure 4 be fabricated? In the remainder of this
paper we address these two points.

Microprobe Penetration into Blood Vessels

The scanning electron micrograph in Figure 5 illustrates
in cross-section a silicon microprobe, ~80 um high, inserted
into a rabbit iliac artery. Although the microprobe is quite
sharp, it is insufficiently tall to break through the internal
elastic lamina. Instead, the IEL is deformed around the
microstructure.

We conducted a number of experiments to investigate
the interaction of microprobes and blood vessels as a
function of microprobe height and applied pressure. Three
different microprobe geometries were evaluated in both
normal and atherosclerotic vessels. For each of these
groups, the microprobe-arterial wall interactions were
examined at pressures of 100, 300, and 500 mmHg to
simulate the intraluminal pressures seen clinically during
stent deployment. Details of these experiments are re-
ported elsewhere;?224 here we give an abbreviated descrip-
tion of the procedure and summarize the main results
regarding applied pressure.

Six-month- to two-year-old, 3—4 kilogram, New Zealand
white rabbits were used in this study. Atherosclerotic
lesions were created by feeding the rabbits a hypercholes-
terolemic diet containing 5% cholesterol and 7% peanut oil
for a period of 3 weeks. At the conclusion of this period,
arterial balloon injury was performed using a Fogarty 2F
catheter.?> The rabbits were returned to the animal facility
and the hypercholesterolemic diet was resumed for another
3—5 weeks to complete atherosclerotic lesion formation.
Atherosclerotic and normal iliac arteries were harvested
from the rabbits and filleted using the tissue handling
protocol developed by Fry et al.26-28

The tissues were mounted, endothelial side up, in a
device designed to simulate the circumferential vessel
distention (typically 10 to 30%) caused by stenting. Mi-
croprobe arrays were placed on the lumen (now a planar
surface due to the filleting procedure) and a calibrated
pressure was applied. Following microprobe application,
the culture medium was replaced with 2.5% gluteraldehyde
in phosphate buffer for 20 min.?2 This time period was
sufficient for the fixative to preserve the deflections and/
or incisions caused by the microprobes. Following tissue
fixation, the pressure and microprobes were removed, and
excess fixative was pipetted from the tissue chamber. All
tissue samples were fixed in gluteraldehyde within 3 h of
death. The fixed tissues were sectioned and imaged (SEM,
TEM, and light microscopy) to observe the effects of the
microprobes.

Tissue samples processed for light microscopy were
cryosectioned by rapidly freezing them in isopentane chilled
in liquid nitrogen and microtoming them to produce
samples ~5—7 um thick. Approximately 200—250 sections
were collected per tissue sample. All collected samples

Journal of Pharmaceutical Sciences / 1389
Vol. 87, No. 11, November 1998



Figure 4—Micromechanical gene stent. A metal stent is studded with microprobes that can penetrate atherosclerotic plaque and deliver genes or drugs to the

vessel wall.
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Figure 5—Incomplete microprobe penetration. A silicon microprobe, ~80 um
high, deforms the internal elastic lamina of a rabbit iliac artery, but does not
penetrate through it.

were screened with a 10X light microscope for microprobe
penetrations. Slides that contained penetrations were
stained and processed for data collection. Normal iliac
artery sections were stained with hematoxylin and eosin
(H&E).2° The hematoxylin stained the cell nuclei blue, and
the eosin stained the cell cytoplasm red. Atherosclerotic
iliac artery cryosections were stained with Oil red O—2-
propanol method, which uses hematoxylin as a counter-
stain.?® The Oil red O-stained the lipids red, and the
hematoxylin stained the cell nuclei blue.

Figures 6, 7, and 8 show cross-sectional optical micro-
graphs of tissues where arrays of 140-um-high microprobes
were applied with two different pressures. In each of these
micrographs, the vessel adventitia is on top, whereas the
vessel media, bounded by the external elastic lamina
(center) and internal elastic lamina (bottom), is beneath.
Figure 6 illustrates a normal vessel where the microprobes
were applied with a pressure of 100 mmHg. There is some
media compression, but deep penetration into the media
does not occur. IEL transection was confirmed by fluores-
cence microscopy (not shown). Compression of the media
was also noted with 65-um-high microprobes at all applied
pressures, however, IEL transection did not occur with
these shorter microprobes.

Figure 7 shows a normal tissue subjected to an array of
140-um-high microprobes at a higher pressure of 500
mmHg. Here, it is clear that the microprobes have suc-
cessfully transected the internal elastic lamina, the media,
and the external elastic lamina. All other normal vessel
cross-sections obtained using these same conditions show
transection of the IEL, although not all show penetration
through to the adventitia.

Figure 8 shows a cross-section of atherosclerotic vessels
penetrated by 140-um-high microprobes at 500 mmHg. The
plaque is visible in the top micrograph as large red areas.
The bottom image is a fluorescence micrograph that clearly
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Figure 6—Cross-sectional optical micrographs of incomplete microprobe
penetration in a normal vessel. In these photos, 140-um-high microprobes
were applied with a pressure of 100 mmHg. (In these and the following cross-
sections, the top, lightly stained areas are the vessel adventitia; the lower
regions correspond to the vessel media.)

shows the transection of the internal elastic lamina (dull
blue). The area between the two small arrows indicates
where the IEL is no longer continuous, having been



Figure 7—Cross-sectional optical micrographs of microprobe transection
through the internal elastic lamina, media, and external elastic lamina in a
normal vessel. Here, 140-um-high microprobes were applied with a pressure
of 500 mmHg.

disrupted by the microprobe. Other cross-sections indicate
that the success of transection depends strongly on the
thickness of the plaque, and the degree to which it covers
the vessel intima.

These results show that microprobes of sufficient height
that are applied under the appropriate conditions are
capable of transecting the arterial wall in both normal and
atherosclerotic vessels. However, for clinical application,
the microprobes must be taller than those used in these
experiments to penetrate through the plaque to reach the
media. A therapeutic agent coating the microprobes can
thus be delivered through the plaque into the vessel media;
alternatively, microprobes fabricated with internal lumens
would act as a conduit for drugs or genes delivered through
a balloon.

Figure 8—Cross-sectional optical micrographs of microprobe transection
through the internal elastic lamina and media in a diseased vessel by 140-
um-high microprobes applied with a pressure of 500 mmHg. (Top) Arrow
indicates the location of microprobe application. The plaque is visible as large
red areas. (Bottom) Fluorescence image shows the internal elastic lamina
transected by the microprobe (two small arrows) and penetration through the
media almost to the external elastic lamina.

Microfabrication Issues

The silicon microprobes used in these experiments
(similar to Figure 1) were fabricated by anisotropic etching
of crystalline silicon substrates.> Briefly, silicon wafers are
thermally oxidized to grow a thin (~1.5 um) layer of SiO,
on the surface. The SiO; layer is patterned using photo-
lithography into an array of squares. The wafers are
subsequently immersed in an aqueous solution of potas-
sium hydroxide that etches the silicon at an appreciable
rate (~1.5 um/min) but attacks the SiO, at a much reduced
rate. Consequently, the squares of SiO, function as a mask
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that defines the microprobe locations. Moreover, the KOH
silicon etching process has the interesting property that
different crystalline planes in the silicon are etched at
different rates. The four faces defining the microprobe
pyramids are the fastest etching planes under the experi-
mental conditions used. Hence, the angle of the micro-
probes is set by the properties of silicon crystals and the
nature of the etching process, and it cannot be changed to
an arbitrary value by varying the etching conditions.

The height of the microprobes is determined by the time
at which the four fast etching planes that undercut the
square SiO, mask pattern meet at a point. Overetching
beyond this point results in a shorter microprobe. Because
the pyramids are defined by fast-etching planes, it is very
easy to overshoot the process endpoint and end up with
microprobes much shorter than the design value. Also,
there is some natural nonuniformity in the etching process
across the wafer diameter, so overetching is necessary to
ensure proper microprobe geometry over the surface.
These factors conspire to make the manufacture of silicon
microprobe arrays with a consistent, uniform height quite
problematic. Additionally, the microprobe height is a
strong function of the pattern size, so it is impossible to
make tall microprobes beyond a certain limiting areal
density using this technique.

There exist other methods for etching microprobes from
crystalline silicon using anisotropic etching.3132 These
processes use ion milling or plasma etching (i.e., reactants
generated in a gaseous glow discharge) and are more
flexible than KOH etching. However, they also suffer from
uniformity problems, and it is likewise difficult to produce
microstructures of the requisite height in large quantities
using these techniques.

More importantly, both types of processes have been
developed for etching silicon substrates, and are not well
suited to other materials. For use as a research tool,
microprobes fabricated from silicon are quite useful, but
for clinical application, silicon devices have several draw-
backs. Silicon is brittle and nonductile; it cannot be rolled,
drawn, or forged. Conventional microfabrication technol-
ogy is based on having extremely flat substrates; litho-
graphic pattern transfer tools have a depth of focus of <1
um. Indeed, a major objective in manufacturing integrated
circuits is to make the structures as planar as possible, to
minimize dimensional variations arising from this depth
of focus limitation. Thus, microfabrication tools and
processes have largely been optimized to make shallow
structures, which make the construction of “high-aspect-
ratio” structures extremely difficult. (The aspect ratio of
interest is the ratio of height out of the substrate plane, to
the width in the plane. Conventionally, the width can
range from <1 um to several centimeters, but the height
is practically limited to only a few micrometers.)

For the gene stent, these limitations preclude the use of
silicon wafers processed with planar techniques. The chief
difficulties are (1) a stent must have cylindrical symmetry
to be deployed in a blood vessel and (2) the stent must
expand and undergo plastic deformation upon balloon
inflation. There are no existing parallel microfabrication
processes capable of sculpting a three-dimensional object
with features ranging over a multitude of length scales,
and certainly none that would make silicon suitable for this
application. Yet, the economies engendered by a litho-
graphic manufacturing method argue strongly in favor of
a parallel fabrication technique adapted to other materials
and nonplanar geometries.

A candidate technology for this application is anodic
oxide microfabrication.®334 In this technique, a metal
substrate is anodized to the desired thickness. Anodic films
can be made much thicker than the standard thin films
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Figure 9—Test structure produced by the anodic oxide microfabrication
process. The dark area is a SiO, masking layer defined on an aluminum
substrate. Elsewhere, the aluminum was anodized and the resulting anodic
oxide stripped. The result is an aluminum microstructure with vertically oriented
sidewalls that can be used as a template for a subsequent molding process.

produced by evaporation, sputtering, or chemical vapor
deposition typically used in microsystems; thicknesses up
to several hundred microns are easily attainable. The
anodic oxide is patterned using standard photolithographic
methods and then etched. After etching, the edges of the
masked microstructures are oriented normal to the sub-
strate surface. The reason for this orientation arises from
the internal structure of the anodic oxide, which consists
of a honeycomb of pores oriented normal to the substrate.
Etchant travels vertically down the pores, and then dis-
solves the anodic oxide laterally along the length of the
pore. The result is high-aspect-ratio microstructures, tens
to hundreds of microns high, which can be fabricated on
metal substrates.

Alternatively, the masking step can be performed prior
to anodization. In this process, a thin film of SiO, is
deposited on the substrate and patterned. When the
sample is subjected to the anodization process, anodic oxide
grows only in the unpatterned areas, where the SiO; was
removed. Elsewhere, the SiO;, prevents the formation of
an anodic oxide. Stripping away the anodic oxide leaves
behind high-aspect-ratio microstructures composed of metal,
as shown in Figure 9. Using either process, the resulting
artifact can be used as a mold to mass replicate the desired
structures.

A key feature of anodic oxide microfabrication is the
microstructures are aligned normal to the surface of the
metal. This alignment is in contrast to silicon-based
techniques, where the microstructures are aligned along
the direction of illumination in the photolithographic
pattern transfer step. Thus, if the metal substrate is
machined or otherwise sculpted into a nonplanar shape,
the microstructures will always be normal to the surface.
For example, a mold for a cylindrical stent can be fabricated
by machining a semicircular groove in the metal and



subsequently using the anodic oxide microfabrication pro-
cess to pattern the groove wall with high-aspect-ratio
microstructures. Two such molds, aligned face-to-face,
would be a suitable template for electrodeposition or
injection molding of the gene stent structure.

It should also be noted that these techniques would be
useful in manufacturing other therapeutic microdevices.
Although silicon micromachining has been employed for
many biomedical devices, nearly all are directed toward
diagnostic applications (for examples, pressure and tem-
perature sensors, data telemetry systems, microanalytical
instrumentation, and microfluidic devices to name a few).
Limitations of silicon have prevented widespread use of
indwelling microdevices specifically oriented toward dis-
ease prevention and therapy. More flexible microfabrica-
tion methods, especially those that afford mass replication
of metal and polymer devices, will provide new opportuni-
ties for medical applications of microsystems, such as
fastening devices for tissue bonding and wound closure.35-37

Summary

Arrays of microprobes fabricated using silicon microma-
chining have been used to deliver DNA into cells as an
alternative to bombardment and microinjection. These
microprobes have been shown to be capable of transecting
the internal elastic lamina of normal arteries and pen-
etrating atherosclerotic plaque. Microprobes integrated
with a vascular stent are a promising vehicle for delivering
drugs or genes to the vessel wall to prevent restenosis. New
nonplanar microfabrication technologies are necessary for
creating practical devices with cylindrical symmetry; a
candidate technology is to microfabricate structures of
anodic metal oxides as a replication template.
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