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The barrier layers are non-polymers and are formed from the drug material itself by beam processing. The holes may be in patterns to
spatially control drug delivery. Flexible options permit combinations of drugs, variable drug dose per hole, multiple drugs per hole,
temporal control of drug release sequence and profile. Methods for forming such a drug delivery system are also disclosed. Gas
cluster ion beam and/or accelerated Neutral Beam derived from an accelerated gas cluster ion beam may be employed.



134

[
LA

20

)
L)

30

WO 2013/028529 PCT/US2012/051381

DRUG DELIVERY SYSTEM AND METHOD OF MANUFACTURING THEREOF

FIELD OF THE INVENTION

This invention relates generally to drug delivery systems such as, for example, medical
devices implantable in a mammal {e.g., coronary and/or vascular stenis, implantable prostheses,
eie.), and more specitically 1o a method and system for applying drugs to the surface of medical
devices and/or for conirolling the surface characteristics of such drug delivery systems such as,
for example, the drug release rate and bin-reactivity, using beam technelogy, preferably through
the use of an accelerated neutral gas cluster beam (GCIB) or an accelerated neuiral monomer
beam, wherein the accelerated neutral gas cluster beam or accelerated neuntral monomer beam is
derived from an accelerated gas chuster ion beam, Such technology is applied in a manner that

promotes efficacious release of the drugs from the surface over time.

BACKGROUND OF THE INVENTION

Medical devices intended for implant into or for direct contact with the body or bodily
tissues of a mammal (including a human), 8s for example medical prosthesas or surgical
implants, may be fabricaied from a variety of materials including various metals, metal alloys,
plastic, polymer, or co-polymer materials, solid resin materials, glassy materials and other
materials as may be sultable for the application and appropriately biocompatible. As examples,
ceriain stainless steel alloys, cobalt-chrome alloys, titanium and titanium alloys, biodegradable
metals like iron and magnesium, polyethylene and other inert plastics have been used. Such
devices include for example, without limitation, vascular stents, artificial joint prostheses (and
components thereof), coronary pacemakers, etc, Implantable medical devices are frequently
employed to deliver a drug or other biologically active beneficial agent to the tissue or organ in
which it is implanted.

A coronary or vascular stent is just one example of an implantable medical device that
has been used for localized delivery of a drug or other beneficial agent. Stents may be inserted
into a blood vessel, positioned at a desired location and expanded by a balloon or other
mechanicsl expansion device, Unfortunately, the body's response to this procedure often includes
thrombosis or blood clotting and the formation of scar tissue or other frauma-induced tissue

reactions at the treatment site. Statistice show that restenosis or re-narrowing of the artery by scar
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tissue after stent implantation occurs in a substantial percent of the treated patients within only
six months after these procedures, leading to severe complications in many patients.

Coronary restenctic complications associated with stents are believed to be caused by
many factors acting alone or in combination. These complications can be reduced by several
types of drugs introduced locally at the site of stent implantation. Because of the substantial
financial costs associated with treating the complications of restenosis, such as catheterization,
re-stenting, intensive care, ete., a reduction in restenosis rates would save money and reduce
patient suffering.

There are many curreni popular designs of coronary and vascular stents.  Although the
use of coronary stenis is growing, the benefits of their use remain controversial in certain clinical
situations or indications due io their potential complications. § is widely held that during the
process of expanding the stent, damage occurs to the endothelial lining of the blood vessel
trigpering a healing response that re-occludes the artery. To help combat that phenomenon, drug-
bearing stenis have been introduced to the market to reduce the incidence of restenosis or re-
occluding of the blood vessel. These drugs are typically applied to the stent surface or mixed
with a liguid polymer or co-polymer that is applied to the stent surface and subsequently hardens.
When implanted, the drug elutes out of the polymeric mixiure in time, releasing the medicine
into the surrounding tissue. There rerain a number of problems assoctated with this technology.
Because the stent is expanded at the diseased site, the polymeric material has a tendency to crack
and sometimes delaminate from the stent surface. These polymeric flakes can travel throughout
the cardio-vascular systern and cause significant damage. There is evidence to suggest that the
polyvmers themselves cause a toxic regetion in the body. Additionally, because of the thickaess of
the coating necessary to carry the required amount of medicine, the stents can become somewhat
rigid making expansion difficult, Also, because of the volume of polymer required to adequately
contain the medicine, the total arnount of medicine that can be loaded may be undesirably
reduced,

In other prior art stents, the bare wire or metal mesh of the stent itself is coated with one
or more drugs through processes such as high pressure loading, spraying, and dipping. However,
loading, spraying and dipping do not always yield the optimal, time-release dosage of the drugs
delivered to the surrounding tissue. The drug or drug/polymer coating can include several layers

such as the above drug-containing layer as well as a drug-free encapsulating layer, which can
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help to reduce the initial drug release amount caused by initis! exposure 1o liquids when the
device is first implanted.

A variety of methods bave been employed to attach drugs or other therapeutic agents to
an implantable medical device and to control the release rate of the drug/agent afler surgical
implantation. An example includes providing holes in the surface of the implantable medical
device. These holes are filled with the desired drug or apent or combinations thereof. US Pat,
7,208,011 issued to Shanley et al. discloses the use of drug-filled holes in & coronary stent.
Barrier lavers of polymers or co-polymers are formed at the bottoms and/or tops of the holes to
control the release rates of the attached drugs/agents and/or o control the rate of diffasion of
external fhuds (such as water or biological fluids) into the attached drugs. Drug/polymer
mixtures are also employed in filling the holes, The use of holes to contain the drug increases
the amount of drug that can be retained on the sient and also reduces the amount of undesirable
polymer or co-polymer that is required, However, as previously explained, these polymers or
co-polymers, while contributing to the control of the drug release rate, can have undesirable
characteristics that reduce the overall medical success of the drug loaded implantable device and
it is desirable that they could be completely eliminated.

(las cluster ion beams have been employed to smooth or otherwise modify the surfaces of
implantable medical devices such as stents and other implantable medical devices, For example,
US Pat. 6,676,989C1 issued to Kirkpatrick ot al. teaches a GCIB processing system having a
holder and manipulator suited for processing tubular or cylindrical workpieces such as vascular
stersts. Tn another example, US Pat, 6,491,80082 issued to Kirkpatrick et al. teaches a GCIB
processing system having workpiece holders and manipulators for processing other types of non-
planar medical devices, including for example, hip joint prostheses. In siill another example, US
Pat, 7,105,199R2 issued to Blinn et al. teaches the use of GCIB processing to improve the
adhesion of drug coatings on stents and to modify the elution or release rate of the drug from the
coatings.

Tons have long been favored for many processes becauss their slectric charge facilitates
their manipulation by electrostatic and magnetic flelds. This introduces great flexibility in
processing. However, in some applications, the charge that is inherent to any ion (including gas
cluster tons in @ GCIB) may produce undesirable effects in the processed swrfaces. GCIB hasa

distinet advaniage over conventiona! lon bearns in that a gas cluster fon with & single or small
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multiple charge enables the transport and control of a much larger mass-flow (a cluster may
consist of hundreds or thousands of molecules) compared to a conventional 1on {a single atom,
motecule, or molecular fragment.) Particularly in the case of insulating materials, surfaces
processed using ions often suffer from charge-induced damage resulting from abrupt discharge
of accumulated charges, or production of damaging electrical ficld-induced stress in the material
{again resulting from accumulated charges.} In many such cases, GUiBs have an advantage due
to their relatively fow charge per mass, but in some instances may not eliminate the {arget-
charging problem. Furthermore, moderate to high current intensity ion beams may suffer froma
significant space charge-induced defocusing of the beam that tends to inhibil transporting a well-
focused beam over long distances. Again, due {0 their lower charge per mass relative to
conventional ion beams, GCIBs have an advantage, but they do not fully eliminate the space
charge transport problem,

Although GCIB processing has been employed successfully for many appiications, there
are new and existing application needs not fully met by GUIB or other state of the art methods
and apparatus, and wherein accelerated Neutral Beams produce superior processing resulis. In
many situations, while g GCIB can produce dramatic atomic-scale smoothing of an initially
somewhat rough surface, the ultimate smoothing that can be achieved is often less than the
required smoothness, and in other situations GCIB processing can result in roughening
moderately smooth surfaces rather than smoothing them further,

Other needs/opportunities also exist as recognized and resolved through the present
invention. in the field of drug-etuting medical implants, GCIB processing has been successful in
treating surfaces of drug coatings on medical implants to bind the coating to a substrate or fo
modify the rate at which drugs are eluted from the coating following implantation into a patient,
However, it has been noted that in some cases where GCIB has been used to process drug
coatings (which are often very thin and may comprise very expensive drugs), there may ocour a
weight loss of the drug coating (indicative of drug loss or removal) as a result of the GCIB
processing, For the particolar cases where such loss occurs {certain drugs and using certain
processing parameters) the cecurrence is generally undesirable and having a process with the
ability to avoid the weight loss, while still obtaining satisfactory control of the drug elution rate,
is preferable. Since many drugs are elecirically insulating materials, dislectric materials, or high

electrical resistivity materials, they may be susceptible to damage by electrical charge. Such
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potential for damage may be reduced when accelerated Newtral Beams are used in place of gas
cluster ion beams,

A further instance of need or opportunity arises from the fact that alihough the use of
beams of neutral raolecules or atoms provides benefil in some surface processing applications
and in space charge-free heam transport, it has not generally been easy and cconomical
produce intense beams of newtral molecules or atoms except for the case of nozzle jets. where the
energies are generally on the order of a few milli-electron-volts per atom or moleculs, and thus
have Hroited processing capabilities. More encrgetic neutral particles can be benelicial or
necessary in many applications, for example when it is desirable to break surface or shallow
subsurface bonds to facilitate cleaning, etching, smoothing, deposition, smorphization, or o
produce surface chemistry effects. In such cases, energies of from about an eV up to a few
thousands of eV per particle can often be usefid. Methods and apparatus for forming such
Meuiral Beams by first forming an accelerated charged GCIB and then neutralizing or arvanging
for newtralization of at least a fraction of the beam and separating the charged and uncharged
fractions are disciosed herein, The Neutral Beams may conaist of neutral gas clusters, neutral
monomers, or a combination of both, Although GCIB processing has been employed
suceessfully for many applications, there are new and existing application needs not fully met by
GCIB or other state of the art methods and apparatus, and wherein aceelerated Neutral Beams
may provide superior results. For example, in many situations, while g GCIB can produce
dramatic atomic-scale smoothing of an initially somewhat rough surface, the nltimate smoothing
that can be achieved is often less than the required smoothness, and in other situations GCUIB
processing can result in roughening moderaiely smooth surfaces rather than smoothing them
further.

I view of this new approach to in situ drug delivery, it is desirable to have the greater
drug loading capacity provided by the use of holes, while reducing or eliminating the necessity
of ermnploying a polymer material to bind the drug and/or control its release or elution rate from
the implantable device as well as conirol over other surface characteristics of the drug delivery
medium,

It is therefore an obiect of this invention to provide a means of applying substautial

quantities of drugs to medical devices and controlling the elution or release rate withowt
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requiring the incorporation of polymers by using beam technology, preferably gas cluster ion
beam technology or accelerated Neutral Beam technology.

1t is a further object of this invention to transform the surfaces of medical devices inio
drug delivery systerns by providing holes for drug retention and treating the surfaces of the drugs
with a beam, preferably a gas cluster fon beam or an accelerated Neutral Beam so as o facilitate
a timed release of the drug{s) from the surfaces.

Yet another object of this invention io transform the surfaces of medical devices into drug
delivery systerns by providing holes for drug retention and treating the surfaces of the drugs with
a beam, preferably a gas cluster ion beam or an accelerated Neutral Beam so as {o retard the
diffusion of an external (water or biclogical) fluid into the retained drug.

Still another object of this invention is to provide a medical device that is a drug delivery
systern for delivering a substantial quantity of a drug with spatial and temporal control of the
drug delivery by emploving barrier layers formed by irradiation with an accelerated Neutral

Beam.

SUMMARY OF THE INVENTION

The objects set forth above as well as further and other objects and advantages ot the
present invention are achieved by the invention deseribed herein below,

The present invention is divected to the use of holes in a medical device for containing ¢
drug, the introduction of drugs into the holes for containment therein, and the use of beam
processing, preferably GCIB or accelerated Neutral Beam processing, to modify the surface of
the contained drug to modify a surface layer of the contained drug so as to control the rate at
which the drug or agent is released or eluted and/or 1o control the rate at which external fuids
penetrate through the surface layer to the underlying drug, thereby eliminating the need for a
polymer, co-polymer or any other binding agent and transforming the medical device surface
into a drug delivery system, This will prevent the problem of loxicity and the damage caused by
transportation of delaminated polymeric material throughout the body. Unlike the above-
described prior art stengs that contain drug-filled holes and utilize a separately applied polymer
barrier layer material or a drug-polymer {or co-polymer) mixtwre to conirol drug release or

elution rate, the present invention provides the ability to completely avoid the use of a polymer

&
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or co-polymer binder or barrier layer o the preparation of a drug-releasing implantable medical
device.

Beams of energetic conventional ions, electrically charged atoms or molecules
aceelerated through high voltage fields, are widely utilized to form semiconductor device
junctions, to smooth surfaces by sputtering, and fo enhance the properties of thin films. Unlike
conventional ions, gas cluster ions are formed from clusters of large numbers (having a typical
disiribution of several hundreds to several thousands with a mean value of a few thousand} of
weakly bound atoms or molecules of materials (that are gaseous nnder conditions of standard
temperature and pressure — commonly inert gas such as argon, for example) sharing common
electrical charges and which are accelerated together through high voltages (ou the order of from
about 3 to 70 kV or more) to have high tofal energies. Being loosely bound, gas cluster ions
disintegrate upon impact with a surface and the total energy of the clusier is shared among the
constituent atoms. Because of this energy sharing, the atoms are individually much less energetic
than the case of conventional ions or jons not clustered together and, a8 a result, the atoms
penetrate to much shorter depths,

Because the energies of individual atoms within an energetic gas cluster fon are very
small, typically a few eV {0 some tens of eV, the atoms pencirate through only a few atomic
layers, at most, of a target surface during impact, This shallow penetration {typically a {ew
nanomeiers to about ten nanometers, depending on the beam acceleration) of the irpacting
atoms means all of the energy carried by the entire cluster lon is consequently dissipated in an
extremely small volume in the top surface layer during a time period less than a microsecond.
This is different from using conventional ion beams where the penetration into the material is
sometimes several hundred nanomeiers, producing changes deep below the surface of the
material. Because of the high total energy of the gas cluster ion and exiremely small interaction
volume, the deposited energy density at the impaet siie is far greater than in the case of
bombardment by conventional ions, For this reason, the GCIB or an accelerated Neutral Beam
derived from a GCIR is capabie of interacting with the surface of an organic material fike a drug
to produce profound changes in a very shallow surface layer of about 10 nanometers of less.
Such changes may include cross linking of molecules, densification of the surface layer,
carbonization of organic materials in the surface layer, polymerization, and other forms of

denaturization.
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GCIBs are generated and transported for purposes of irradiating a workpiece according fo
known techniques as taught for example in the published U.S. Patent Application
2009/0074834A1 by Kirkpatrick et al. Various types of holders are known in the art for holding
the ohiect in the path of a GCIB or other type of beam for irradiation and for manipulating or
scanming the object to permit irradiation of a multiplicity of portions of the object. Neutral
beams may be generated and transported for purposes of irradiating a workpiece according to
techniques taught herein.

As used herein, the term “drug” is intended to mean a therapeutic agent or a material that
is active in a generally beneficial way, which can be released or eluted locally in the vicinity of
an implantable medical device to facilitate implanting (for example, without limitation, by
providing lubrication) the device, or to facilitate (for example, without limitation, through
biological or biochernical activity) a favorable medical or physiological ouicome of the
implantation of the device. “Drug” is not intended 1o mean a mixture of a drug with a polymer
that is employed for the purpose of binding or providing coherence to the drug, attaching the
drug to the medical device, or for forming a barrier layer to control release or elution of the drug.
A drug that has been modified by ion beaw irradiation to densify, carbonize or partially
carbonize, partially denature, cross-link or partially cross-link, or to af least partially polymerize

[

molecules of the drug is intended to be included in the “drug” definition.

As used herein, the term “elution” is intended to mean the release of an at least somewhat
soluble drug material from a drug source on a medical device or in a hole in a medical device by
gradual solution of the drug in a solvent, typically a bodily fluid solvent encountered after
irplantation of the medical device in a subject. In many cases the solubility of a drug material is
high encugh the release of the drug into solution oceurs more rapidly than desired, undesirably
shortening the therapeutic lifetime of the drug following implantation of the medical device, The
rate of elution or rate of release of the drug may depend on many factors such as for exarmples,
solubility of the drug or exposed surface area between the drug and the solvent or mixture of the
drug with other materials to reduce solubility. However, barrier or encapsulating layers between
the drug and selvent can also modify the rate of elution or release of the drug. It is often
desivable to delay the rate of release by clution to extend the time of therapeutic influence at the
implant site. The desired elution rates are well known per se to those working in the arts of the

medical deviees, The present invention enhances thelr contro] of those rates in the devices, See,
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e.. hitp A e ws-inedical.netbeal (' Drug-Blating-Stent-RDesignaspy. (duration of elution),

U8 3,641,237 teaches some specific drug elution rates.  Haery et al,,"Drug-eluting stents: The
heginning of the end of restenosis?”, Cleveland Clinic Journal of Medicine, V71(10}, (2004),
includes sorne details of drug release rates for stenis at pg. 8§18, Col. 2, paragraph 5.

As used herein, the term “diffusion” is intended to mean the concentration gradient
driven transport of a materiaf across or through a barrier layer. A fluid (such as a biclogical
fluid) diffusing across a barrier layer typically results in a molecular scale movement from the
side on which the fluid is more abundant to the side where it is less abundant, with & resulling
concentration gradient within the layer,

As used herein, the term “polymer” is intended to include co-polymers and to mean a
material that is significantly polymerized and which is not biologically active in a generally
bencficial way in either its monomer or polymer form. Typical polymers may include, without
Hmitation, polylactic acid, polvglyeolic acid, polylactic-co-glyenlic acid, polyiactic acid-co-
caprolactone, polyethylene glycol, polyethylene oxide, polyvinyl pyrrolidone, polyorthoesters,
polysaccharides, polysaccharide derivatives, polyhyaluronic acid, polyalginic acid, ¢hitin,
chitosan, various celluloses, polypeptides, polylysine, polyglutamic acid, polyanhydrides,
polvhvdroxy alkonoates, polyhydroxy valerate, polyhydroxy butyrate, and polyphosphate esters.
The term “polymer” is not intended to include a drug that has been modified by jon beam
irradiation to densify, carbonize or partially carbonize, partislly denature, cross-link or partially
cross-ink, or to at least partially polymerize molecules of the drug,

As used herein, the term “hole” is intended to mean any hole, cavily, crater, trough,
trench, indentation or depression penetrating a surface of an implantable medical device and may
extend through a portion of the device (through-hole), or only part way through the device
(blind-hole, or cavity) and may be substantially cylindrical, rectangular, or of any other shape.

As used herein, the terms “GCIBY, “gas cluster ion beam” and “gas cluster ion” are
intended to encompass not only ionized bearns and ions, but also accelerated bearns and jons that
have had all or a portion of their charge states modified (including nentralized) following their
aceeleration. The terms “GCIB” and “gas cluster ion beam” are intended to encompass all
beams that comprise acceleraled gas cluster ions even though they may also comptise non-
clustered particles, As used herein, the term “Neutra] Beam” is intended to mean a bearm of

neutral gas clusters and/or neutral monomers dertved from an accelerated gas cluster lon beam
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and wherein the scecleration resulls from acceleration of a gas cluster ion beam, As used herein,
the term “monomer” refers equally to either a single atom or a single molecule. The terms
“atom,” “molecule.” and “monomer” may be used interchangeably and all refer {o the
appropriate monomer that is characteristio of the gas under discussion {(either s component of a
cluster, a componesnt of a cluster ion, or an atom or wolecule). For example, & monatomic gas
like argon may be referred to In terms of atoms, molecules, or monomers and each of those terms
means a single atom. Likewise, in the case of a diatomic gas like nitrogen, it may be referred to
in terms of atoms, melecules, or monomers, sach term meaning a diatomic molecule,
Furthermore a molecular gas like €Oy, may be referred to in terms of atoms, molecules, or
monomers, each lerm meaning a thres atom molecule, and so forth, These conveuntions are used
to stmplify generic discussions of gases and gas clusters or gas cluster ions independent of
whether they are monatomie, distomic, or molecular in their gaseous form.

Beams of energetic conventional tons, gocelerated slectrically charged atoms or
molecnies, are widely utilized to form semicenductor device junciions, to modify surfaces by
sputtering, 1o modify the properties of thin films and to produce a wide variety of other
processing effects, Unlike conventional lons, gas cluster fons are formed from clusters of farge
nurnbers (having a typical distribution of several hundreds to several thousands with a mean
value of a few thousand) of weakly bound atoms or molecules of materials that sre gaseous
under conditions of standard temperature and pressure (conmumonly oxygen, nitrogen, or an inert
gas such as argon, for example, but any condensable gas can be used to generate gas cluster lons)
with each cluster sharing one or more elecirical charges, and which are accelerated together
through large electric potential differences {nn the order of from about 3 kV 1o about 70 kY or
more) to have high total energies. After gas cluster fons have been formed and accelerated, their
charge states may be altered or become aliered (even neutralized), and they may fragment or may
be induced to fragment into smaller cluster ions or into monomer {ons and/or nentralized smaller
clusters and neutralized monomers, but they tend to retain the relatively high velocitizs and
energies that result from having been accelerated through large clectric potential ditferences,
with the energy being distributed over the fragments. After gas cluster tons have been formed
and aceelerated, their charge states may be altered or become altered {even neutralized} by
collisions with other cluster ions, other neutral clusters, or residual background gas particles, and

thus they may fragment or may be induced to fragment into smaller cluster fons or into monomer
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ions and/or into neutralized smaller clusters and neutralized monomers, but the resulling clusier
ions, nentral clusters, and monomer tons and neutral monomers tend to retain the relatively high
velocitics and energies that result from having been accelerated through large electric potential
differences, with the accelerated gas cluster jon energy being distributed over the fragments.

When accelerated gas chuster ions are fully dissociated and neutralized, the resulting
neutral monomers will have energies approximately equal to the total energy of the original
accelerated gas cluster ion, divided by the number, I, of monomers that comprised the original
gas cluster jon at the time it was accelerated. Such dissociated neutral monomers will have
energies on the order of from about 1 eV to tens or even as much as a few thousands of eV,
depending on the original accelerated energy of the gas cluster ion and the size of the gas cluster
at the time of acceleraiion.

The present invention may erploy a high beam purity method and syster for deriving
from an accelerated gas cluster ion beam an acoelerated neutral gas cluster and/or neutral
monemer beam {preferably an accelerated neutral monomer beam) that can be employed for a
variety of types of surface and shallow subsurface materials processing and which is capable, {or
many applications, of superior performance compared to conventional GCIB processing. 1t can
orovide well-focused, accelerated, intense neutral monomer beams with particles having energies
it the range of from about 1 eV to as much as a few thousand eV, This is an cuergy range in
which it has heretofore been impractical with sivople, relatively inexpensive apparatus to form
intense neutral beams.

These accelerated Neutral Beams are generated by first forming a conventional
accelerated GCIB, then partly or essentially fully dissociating it by methods and operating
conditions that do not introduce impurities into the beam, then separating the remaining charged
portions of the beam from the neutral portion, and subsequently using the resulting accelerated
Neutral Beam for workpiece processing. Depending on the degree of dissociation of the gas
cluster ions, the Neutral Beam produced may be a mixture of neuniral gas monomers and gas
clusters or may essentially consist entirely or almost entirely of neutral gas monomers, It is
preferred that the accelerated Neutral Beam is a fully dissociated neutral monomer beam.

An advantage of the Neutral Beams that may be produced by the methods and apparaius
of this invention, is that they may be used to process electrically insulating materials without

producing damage to the material due to charging of the surfaces of such materials by beam
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transported charges as commonly ocours for all ionized besms tncluding GCIB. For example, in
semiconductor and other electronic applications, ions often contribute to damaging or destructive
charging of thin dielectric films such as oxides, nitrides, ete. The use of Neutral Beams can
enable successtul beam processing of polymer, dielectric, and/or other elecirically insulating or
high electrical resistivity materials, coatings, and films in applications where lon beams may
produce undesived side effects due o surface or other charging effects, Hxamples include
{without limitation} processing of corrosion inhibiting coatings, and irradiation cross-linking
and/or polymerization of organic films. In other examples, Neutral Beam induced modifications
of polviner or other dieleciric materials (e.g. sterilization, smoothing, improving surface
biocompatibility, and improving gttachment of and/or control of elution rates of drugs) may
enable the use of such materials in medical devices for implant and/or other medical/surgical
applications. Fuﬁﬁer examples include Neutral Beam processing of glass, polymer, and ceramic
bio-culture labware and/or envirorunental sampling surfaces where such beams may be used to
improve surface characteristics like, for example, roughness, smoothness, hydrophilicity, and

biocompatibility.

=
oy
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Since the parent GCIB, from which accelerated Neutral Begrus may be formed by ¢
methods and apparatus of the invention, comprises ons i s readily accelerated to desired energy
and is readily focused using conventional lon beam techniques. Upon subsequent dissociation
and separation of the charged lops from the neutral particles, the neutrs] bear particles tend to
retain their focused frajectories and may be transported for extensive distances with good effect,

When neutral gas clusters in a jet are lonized by clectron bombardment, they becoms
heated and/or excited. This may result in subsequent evaporation of monomers from the ionized
gas cluster, after acoeleration, as it travels down the beamline, Additionally, collisions of gas
cluster ions with background gas molecules in the lonizer, aceelerator and beamline regions, also
heat and excite the gas cluster ions and may result in additienal subsequent evolution of
monomers from the gas cluster ions following acceleration, When these mechanisms for
evolution of monomers are induced by electron bombardment and/or collision with background
gas molecules (and/or nther gas clusters) of the same gas from which the GCIB was formed, no
contamingtion is contributed 1o the beam by the dissociation processes that resulls in evolving

the monomers.
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There are other mechanisms that can be employed for dissociating (or inducing evelution
of monomers from) gas cluster ions in a GCIB without intreducing contamination into the bearm.
Some of these mechanisms may also be employed to dissociate neutral gas clusters in a neutral
gas cluster beam. One mechanism is laser irradiation of the cluster-ion beam using mfra-red or
other laser energy. Laser-induced heating of the gas cluster ions in the laser vadisted GCIB
results in excitement and/or heating of the gas cluster lons and causes subsequent evolution of
monomers from the beam. Another mechanism is passing the bearn through a thermally heated
tube so that radiant thermal energy photons impact the gas cluster ions in the beam. The induced
heating of the gas cluster ions by the radiant thermal energy in the tube results in excitement
and/or heating of the gas cluster ions and causes subssquent evolution of monowers {from the
beam. In another mechanism, crossing the gas cluster ton beam by a gas jet of the same gas or
mixture as the source gas used in formation of the GCIB (or other non-contaminating gas) results
in collisions of monorers of the gas in the gas jet with the gas clustess in the fon beam
producing excitement and/or heating of the gas cluster fons in the beam and subsequent evolution
of monomers from the excited gas cluster ions. By depending entirely on electron bombardment
during initial jonization and/or collisions {with other cluster jons, or with background gas
molecnles of the same gas{es) as those used to form the GCIB) within the beam and/or laser or
thermal radiation and/or crossed jet collisions of non-contaminating gas to produce the GCUIR
dissociation and/or fragmentation, contamination of the beam by collision with other materials is
avoided,

As a neutral gas cluster jet from a nozzle travels through an fonizing region where
electrons are directed to ionize the clusiers, a cluster may remain un-ionized or may acquire a
charge state, ¢, of one or more charges (by ejection of electrons from the cluster by an incident
electron). The ionizer operating conditions influence the likelihood that a gas cluster will take on
a particular charge state, with more intense ionizer conditions resulling in greater probability that
a higher charge state will be achieved. More intense ionizer conditions resulting in higher
jonization efficiency may result from higher electron Hux and/or higher (within limits) electron
euergy. (nce the gas cluster has been lonized, it is typically extracted from the lonizer, focused
into a beam, and accelerated by falling through an electric fieid. The amount of acceleration of
the gas cluster ion is readily controlied by controlling the magnitude of the accelerating electric

ficld. Typical commercial GCIB processing tools generally provide for the gas cluster jons to be
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accelerated by an electric field having an adjustable accelerating potential, Ve, typically of, for
example, from about 1V 0 70 kV (but not Himited to that range — Vae up to 200 Y oreven
more may be feasibie). Thus a singly charged gas cluster ion achieves an energy in the range of
from 1 to 70 keV (or more if farger Ve 19 used ) and a multiply charged (for example, without
Heitation, charge state, ¢=3 electronic charges) gas clusier lon achieves an energy in the range of
from 3 1o 210 keV {or more for higher Vag). For other gas cluster fon charge states and

acceleration potentials, the accelerated energy per cluster is qVaq eV, From g given ionizer with
a given ionization efficiency, gas cluster lons will have a distribution of charge states from zero
{not ionized) to 3 higher number such as for exaruple 6 {or with high fonizer efficiency, even
more), and the most probable and mean values of the charge state distribution also increase with
increased ionizer efficiency (higher electron flux and/or energy). Higher ionizer efficiency also
results in increased numbers of gas chuster ions being formed in the fonizer, In many cases,
GCIB processing throughput increases when operating the ionizer at high efficiency results in
increased GCIR current. A downside of such operation is that multiple charge states that may
aocur ou intermediate size gas cluster ions can inerease orater and/or rough interface formation
by those ions, and often such effecis may operate counterproductively to the intent of the
processing. Thas for many GCIB swiace processing recipes, selection of the jonizer operating
parameters tends fo involve more considerations than just waximizing beam current. In some
processes, use of & “pressure cell” (see US Pat. 7,060,98%, to Swenson et al.) may be employed
to permit operating an tonizer at high tonization efficiency while still obtaining acceptable bear
processing performance by moderating the beam energy by gas collisions in an elevated pressure
“nressure cell”

With the present invention there is no downside o operating the lonizer at high efficiency

—in fact such operation is sometimes preferred. When the lonizer is operated at high efficiency,
there may be a wide range of charge stales in the gas clusier lons produced by the tonizer, This
results in a wide range of velocities in the gas cluster fons in the extraction region between the
ionizer and the accelerating elevtrade, and also in the downstreany beam. This may result inan
enhanced frequency of collisions betwesn and among gas cluster ions in the beam that generally
resuits in a higher degree of fragmentation of the largest gas cluster lons. Such fragmentation
may result in a redistribution of the cluster sizes in the beam, skewing it toward the simaller

cluster sizes, These cluster fragments retain energy in proportion 1o their new size (N} and so
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beeome less energetic while essentially retaining the accelerated velocity of the initial
nnfragmented gas cluster ion. The change of energy with retention of velocity following
eollisions has been experimentally verified (as for example reperted in Toyoda, N, etal,,
“Cluster size dependence on energy and veloctly distributions of gas cluster ions after collisions
with residual gas,” Nucl. Instr. & Merh, in Phys. Research B 257 (2007}, pp 662-663).
Fragrmentation may also result in redistribution of charges in the cluster fragments. Some
uncharged fragments likely result and multi-charged gas cluster ions may {ragment into several
charged gas cluster ions and perhaps some uncharged fragments. 1t is understood by the
inventors that design of the focusing fields in the lonizer and the exiraction region may enhance
the focusing of the amaller gas cluster lons and monomer lons to increase the likelthood of
collision with larger gas cluster ions in the beam extraction region and in the downstream beam,
thus contributing to the dissociation and/or fragmenting of the gas cluster ions,

In an embodiment of the present invention, background gas pressure in the ionizer,
acceleration region, and bearmniine may optionally be arranged to have a higher pressare than i3
normally utilized for good GCIB transmission. This can result in additional evolution of
monomers from gas cluster ions (bevond that resulting from the heating and/or excitement
resulting from the initial gas cluster tonization event). Pressure may be arranged 30 that gas
cluster ions have a short enough mean-free-path and a long enough flight path between ionizer
and workpiece that they must underge multiple collisions with background gas molecules.

For a homogeneous gas cluster ion containing N monomers and having a charge state of
g and which has been accelerated through an electric field potential drop of Ve viits, the cluster
will have an energy of approximately qVae/N; eV per monomer, where Ny is the number of
monomers in the cluster ion al the time of acceleration. Except for the smallest gas cluster ions,
a collision of such an ion with a background gas monomer of the same gas as the cluster source
gas will result in additional deposition of approximately gV ae/MNy eV inte the gas cluster ion.
This energy is relatively small compared to the overall gas cluster fon energy (qVac) and
generally results in excitation or heating of the cluster and in subsequent evolution of monemers
from the cluster. 1t is believed that such collisions of larger clusters with background gas seldom
fragment the cluster but rather heats and/or excites i to result in evolution of monomers by
gvaporation or siniilar mechanisms. Regardless of the sowrce of the excitation that results in the

avolution of a monomer or monomers from a gas cluster ion, the evelved monomer(s) have
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approximaiely the same energy per particle, qVae/N; eV, and retain approximately the same
velocity and frajectory as the gas cluster jon from which they have evolved. When such
monomer evolutions occur from a pas cluster ion, whether they result from exeitation or heating
due to the original lonization event, a collision, or radiant heating, the charge has a high
probability of remaining with the larger residual gas cluster fon. Thus afler a sequence of
monomer evelutions, g large gas cluster ion may be reduced to a cloud of co-traveling monomers
with perhaps a smaller residual gas cluster ton {or possibly several if fragmentation has also
oceurred). The co-traveling monomers following the original beam trajectory all have
spproximstely the same velocity as that of the original gas cluster lon and each has energy of
approximately gV ae/N; €V, For small gas cluster jons, the energy of collision with g
background gas monomer is likely to completely and violently dissociate the small gas cluster
and it is uncertain whether in such cases the resulting monowers continue to travel with the beam
or are gjected from the beam,

Prior to the GCIB reaching the workpiece, the remaining charged particles {gas clusier
ions, particularly small and intermediate size gas cluster long and some charged monomers, but
also incloding any remaining large gas cluster lons) in the beamm are separated from the neutral
portion of the beam, leaving only a Meutral Beam for processing the workpieve.

In typical operation, the fraction of power in the neutral beam component relative to that
in the full (charged plus neutral) beam delivered at the processing target is in the range of from
about 5% to 95%., so by the separation methods and apparatus of the present invention it is
possible to deliver that portion of the kinetic energy of the full accelerated charged beam to the
target as a Newtral Bearn.

The dissociation of the gas cluster ions and thus the production of high neutral monomer
beam energy is facilitated by 1) Operating at higher acceleration voltages. This increases
qV e’ N for any given cluster size. 2) Operating at high ionizer efficiency. This increases
GV aee/™ for any given cluster size by increasing q and increases cluster-ion on cluster-ion
collisions in the exiraction region due to the differences in charge states between clusters; 3)
Crperating at a high ionizer, acceleration region, or bearntine pressure or operating with & gas jet
crossing the beam, or with a longer beam path, all of which Increase the probability of
background gas collisions for a gas cluster ion of any given size; 4) Operating with laser

irradiation or thermal radiant heating of the bearn, which directly promote gvelution of
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monemers from the gas cluster ions; and 53 Operating at higher nozzle gas flow, which
increases transport of gas, clustered and perhaps unclustered into the GCIB trajectory, which
increases collisions resulting in greater evolution of monomers.

Measuremnent of the Neuoiral Beam cannot be made by current measurement as is
conventent for gas cluster jon beams. A Neutral Beam power sensor is used to faciliigte
dosimetry when hradigting a workpiece with a Neutral Beam, The Neutral Beam sensoris g
therral sensor that intercepts the beam {or optionally a known saraple of the beam). The rate of
rise of temperature of the sensor is related to the energy flux resulting from energetic beam
irradiation of the sensor, The thermal measurements must be made over a limited range of
femperatures of the sensor (o avoid errors due to thermal re-radiation of the energy incident on
the sensor. Por a (3CIB process, the beam power (watts) is equal to the beam current {amps)
timies Vs, the bearn acceleration voliage, When a GUIB irradiates a workpiece for a peried of
time {seconds), the energy (ioules) received by the workpicee 1¢ the product of the bearn power
and the frradiation time, The processing effect of such a beam when it processes an extended
area is distributed over the area {for example, e, For ion beams, it has been conveniently
conventional o specify a processing dose in terms of iradiated ions/om?, where the fons are
either known or assumed to have al the thme of acceleration an average charge state, g, and to
have been accelerated through a potential difference of, Vag volis, so that each ton carviss an

energy of q Vace €V (an oV is approximately 1.6 % 107 Joule). Thua an jon beam dose for an
average charge state, q, accelerated by ¥ ag. and specified in ionsfem’ corresponds to a readily

caloulated energy dose expressible in joules/om®. For an accelerated Neutral Beam derived from
an accelerated GCIB as uiilized in the present invention, the value of g at the time of acceleration
and the value of V4., is the same for both of the (later- formed and separated) charged and |

o

uncharged fractions of the beam. The power in the two {neutral and charged) fractions of the
GCIB divides proportional o the mass in each beam fraction. Thus for the accelerated Neutral
Beam as employed in the invention, when equal areas are irradiated for equal times, the energy
dose (joules/em®) deposited by the Meutral Beam is necessarily less than the energy dose
deposited by the full GCIB. By using a thermal sensor to measure the power in the full GCIB Py
and that in the Neutral Beam Py (which is conunonly found to be about 5% 10 95% that of the
full GCIB} it i¢ possible to calenlate a compensation factor for use in the Meutral Beam

processing dosimetry, When Py is aPq, then the compensation factor is, k= 1/a. Thusifa
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workpiece is processed using a Neutral Beam derived from a GCIB, for a time duration is made
to be k times greater than the processing duration for the fill GCIB {including charged and
neutral beam portions) required to achieve a dose of D ions/em?, then the energy doses deposited
in the workpiece by both the Neutral Beam and the full GCIB are the same {though the results
may be different due to qualitative differences in the processing effects due to differences of
particle sizes in the two beams.} As used herein, a Neutral Beam process dose compensated in
this way 1s sometimes described as having an energy/em® equivalence of a doss of D ions/em’,

Use of a Neutral Beam derived from a gas cluster ion beam in combination with a
thermal power sensor for dosimetry in many cases has advaniages compared with the use of the
fill gas cluster ion beam or an intercepted or diveried portion, which inevitably comprises a
mixture of gas closter ions and neutral gas clusters and/or newtral monomers, and which is
conventionally measured for dosimetry purposes by using a beam current measurement. Some
advaniages are as follows:

1} The dosimetry can be more precise with the Neutral Beam using & thermal sensor for
dosimetry becaunse the total power of the beam is measured. With a GCIB employing the
traditional beam current measurement for dosimeiry, only the coniribution of the ionized portion
of the beam is measured and employed for dosimetry. Minute-to-minute and setup-to-setup
changes to operating conditions of the GCIB apparatue may result in variations in the fraction of
neutral monomers and neutral clusters in the GCIB. These variations can result in process
variations that may be less controlied when the dosimetry 1s done by beam current measurement.

2) With & Neutral Beam, any material may be processed, including highly insulating
materials, materials with high electrical resistivity (such as many drugs), and other materials that
may be damaged by electrical charging effects, without the necessity of providing a source of
target neutralizing electrons to prevent workpiece charging due to charge transported to the
workpiece by an ionized beam, When employed with conventional GCIR, target neutealization
to reduce charging is seldom perfect, and the neutralizing electron source itself ofien introduces
problems such as workpiece heating, contamination from evaporation or sputtering in the
electron source, ete. Sincea Neutral Bearn does not transport charge to the workpiece, such
problems are reduced,

3} There is no necessity for an additional device such as a large aperture high strength

magnet to separate energetic monowmer ions from the Neutral Beam. In the case of conventiona!
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GCIB the risk of energetic monomer jons (and other small cluster ions) being transported 1o the
workpiece, where they penetrate producing deep damage, is significant and an expensive
magnetic filter is rontinely required (o separate such particles from the beam. In the case of the
Meutral Beam apparatus of the invention, the separation of all ions from the beam to produce the
Neutral Beam inherently removes all monomer ions,

The application of the drug(s) to the medical device may be accomplished by several
methods. The surface of the medical device, which may be composed, for example, of a metal,
metal alloy, ceramic, or many other materials, is first processed to form one or more holes in the
surface thereof. The desired drug(s) is then deposited into the holes, The drug deposition (hole
toading) may be by any of numerous methods, including spraying, dipping, electrostatic
deposition, ultrasonic spraying, vapor deposition, or by discrete droplet-on-demand fluid jetting
technology. When spraying, dipping, electrostatic deposition, ultrasonic spraying, vapor
deposition, or similar techniques gre employed, a conventional masking scheme may be
employed to limit deposition to selected locations. Discrete droplet-on-demand fluid-jetting is a
preferred method because it provides the ability to introduce precise volumes of liguid drugs or
drugs-in-solution into precisely programmable locations. Diserete droplet-on-demand flnid
jetting may be accomplished using commercially available fluid-jet print head jetting devioes 83
are available (for example, not Hmitation) from MicroFab Technologies, Inc., of Plano, Texas,

After the holes have been drug-loaded, the present invention uses {on beam krradiation,
preferably GCIB or accelerated Neutral Beam irradiation, to modify a very shallow surface layer
of the retained drug io alier the drug in that layer in a way that modifies its properties in a way
that forms a thin surface film with barrier properties that Hmit diffusion across the surface film,
This results in the ability to control the rate of diffusion of water or other biclogical fluids into
the drug retained in the hele, and to control the rate of elution of the drug cut from the hole. The
modification of the surface portion of the drug that becomes the surface film having barcier
properties may consist of any of several modification outeomes depending on the nature of the
drug, and the nature of the ion beam (preferably GCIB or accelerated Neutral Beam) processing.
Possible outcomes include cross-linking or polymerizing of the drug molecules, carbonization of
the drug material by driving cut more volatile atoms from the molecules, densification of the
drug, and other forms of denaturization that result in reduced solubility, erodibility, and/or in

reduced porosity or diffusion rates.
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The application of drugs via GCIB or accelerated Meutral Beam surface modification
such as described above will reduce complications, lead o genuine cost savings and an
improvement in patient quality of life, and overcome prior problems of thrombosis and
restenosis. Preferred therapeutic agents for delivery in the drug delivery systems of the present
invention include anti-coagulants, antibiotics, immunosuppressant agents, vasodilators, anti-
profifics, anti-thrombatic substances, anti-piatelet substances, cholesterol reducing agents, anti-
tumor medications and combinations thereof.

{me embodiment of the present invention provides a method of modifying a surface ot a
medical device comprising the steps: forming one or more holes in the surface of the medical
device: firat loading at least one of the one or more holes with a first drug; and first irradiating an
exposed surface of the first drug in at least one loaded hole with a first accelerated Neutral Beam
1o form a first barrier layer at the exposed surface,

The first accelerated Neutra] Beam may be derived from a first gas cluster ion beam, The
method may further comprise the sieps, prior 1o the loading step: forming a second beam; and
second irradiating at least a portion of the one or more holes of the medical device with the
second beam to: clean the at least a portion of the holes; and/or remove a sharp or burred edge on
the at least a portion of the holes. The second beam may be an accelerated MNeutral Beam, The
second beam may be a gas cluster ion beam, The accelerated MNeutral Beam may be derived from
an accelerated pas cluster 1on bearn.

The first irvadiating step may form the first barrier layer by modifying the first drug af the
exposed surfsce by: cross-linking first drug molecules; densifying the first drug; carbonizing the
first drug; polymerizing the first deug; or denaturing the first drug. The fivst loading step may
comprise introducing the first drug into the one or more holes by: spraying; dipping: electrostatic
deposition; ultrasoric spraying; vapor deposition; or discrete droplet-on-demand fluid jetting,
The first loading step may farther comprise emploving a mask o control which of the at least
one or more holes are loaded with the first drag,

The first barrer layer may control a rate of inward diffusion of a fluid into the at least one
ivaded hole, The ene or more holes may be disposed on the surface in g predetermined pattern to
distribute the first drug on the surface according 1o a predetermined distribution plan. The
method may further comprise the step of: second loading at least one of the one or more holes

with a socond drug different from the fivst drug. At least one of the one or more holes may be
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loaded with a first quantity of the first drug that differs from a second quantity of the first drug
lnaded in at least another of the one or more holes.

The first loading step may not completely {1l the at least one hole, the method further
comprising the steps oft second loading the at least one incompletely filled hole with a second
drug overtying the flrst barrier layer; and third irradiating an exposed surface of the second drag
in at least one second loaded hole with a third beam to form a second barrier layer at the
exposed surface of the second drug in the at least one second loaded hole, The third beam may
be a gas cluster ion beam. The third beam may be an accelerated Nentral Beam, The fivst barnier
layer and the second barrier layer may have different properties for differently controlling elution
rates of the first and second drugs, The third lon beam may be & third gas cluster jon beam. The
forming step may comprise forming one or more holes by laser machining or by focused ion
beany machining.

Another embodiment of the present invention provides a drag ehuting medical device
having a region with one or more drug coating layer(s), wherein at lesst one of the drag coating
layer(s) comprises a barrier layer formed from Neutral Beam irradiated drug, and wherein the
harrier laver is adapted to control a rate of flow of material across the barrier. The region may be
disposed within a hole in 4 surface of the medical device. The rate of Sow of material may bea
drug elution rate. The rate of flow of material may be a {huid diffusion rate. The device may bea

drug eluting stent.

BRIEF DESCRIPTION OF THE DRAWINGS

For & better understanding of the present invention, together with other and further
objecis thereof, reference is made fo the accompanying drawings, wherem:

Figure! is & schematic illustrating elements of a prior art GCIB processing apparatus
1100 for processing a workpiece using a GCIB;

Figure 2 is a schemalic llustrating elements of another GCIB processing apparatus 1200
for workpiece processing using a GCIB, wherein scanning of the lon beant and manipulation of
the workpiece is employed;

Figure 3 is a schematic of a Neutral Beam processing apparatus 130¢ according (o an
embodiment of the invention, which uses electrostatic deflection plates 1o separate the charged

and uncharged beams;
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Figore 4 is a schematic of a Meutral Beam processing apparatus 1400 according to an
embodiment of the invention, using a thermal sensor for Neutval Beam measurement;

Figures 34, 58, 53C, and 5D show processing results indicating that for a metal film,
processing by a neutral component of a beam produces superior smoothing of the film compared
to processing with either a full GUIB or a charged component of the beany;

Figures 6A and 6B show comparison of a drug coating on g cobalt-chrome coupon
representing a drug elating medical device, wherein processing with the Neutral Bear produces
a superior result (o processing with the full GCIB;

Figure 74 is a coronary stent with through-boles as may be employed in embodiments of
the invention, Figure 7B is a second view of the corenary stent stmplified for clarity by romova
of detatl beyond the neargst surface;

Figure 8 is g view of coronary stent with blind-holes as reay be employed in
embodiments of the invention;

Figures 9A, 98, and 9C are views of prior art heles in prior art stents, illustrating various
prior art loading of boles by emploving polymers;

Figures 10A, 10B, 10C, and 101 show steps in the formation of a drug loaded through-
hole in a stent according to an ermnbodiment of the invention;

Flgures 114, 118, and 11C show steps in the formation of a drug loaded blind-hole in a
stent according to an embodiment of the mvention;

Figuses 12Aand 128 show optional steps for processing of a hole edge sccording to an
embodiment of the invention; and

Figure 12 shows a cross section view of a portion of & surface of an implantable medical
device, illustrating the variety of methods that can be employed within the present invention to

control drug adminisiration.

DETAILED DESCRIPTION OF THE PREFERRED METHODS
AND EXEMPLARY EMBODIMENTS
In the following description, for simplification, item numbers from earlier-described
figures may appear in subseguently-described figures without discussion. Likewise, items
discussed in relation to eariier figures may appear in subsequent figures without item numbers or

additional description. In such cases items with Hke nombers are like ttems and have the
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previously-described features and functions, and {lustration of items without item numbers
shown in the present figure refer to like ttems having the same functions as the like Homs
iHustrated in earier-discussed numbered figures.

in an embodiment of the invention, a Neuiral Beam derived from an accelerated gas
eluster ion beam is emploved to process insulating (and other sensitive) surfaces such as drags.

An Acceleraied Low Fnerev Neutral Beam Derived from an ascelerated GCIB

Refersnce is now made to Figore 1, which shows a schematie configuration for g GCIB
processing apparatus 1100, A low-pressuve vessel 1102 has three fluldly connected charmbers: 8
nozzle chamber 1104, an ionization/acceleration chamber 1106, and a processing chamber 1108,
The three chambers are ovacuated by vacuum pumps 1146a, 1146b, and 1146¢, respectively, A
pressurized condensable source gas 1112 (for example argon) stored in a gas slorage cyhnder
1111 flows through a gss metering valve 1113 and a feed tube 1114 into 2 stagnation chamber
1116, Pressure (typically a few atmospheres) in the stagnation chamber 1114 vesults in giection
of gas into the substantislly lower pressure vacuum through a nozzle 1110, resulting in formation
of a supersonic gas jet 1118, Cooling, resulting from the expansion in the jet, causes a portion of
the gas jet 1118 to condense inio chusters, each consisting of from several 1o several thousand
weakly bound atoms or molecules. A gas skimmer aperture 1120 is employed to control flow of
pas jnto the downstream chantbers by partially separating gas molecules that have not condensed
into a cluster jot from the cluster jet. Exvessive pressure in the downstream chambers can be
detrimental by interfering with the transport of gas cluster ions and by interfering with
management of the high voltages that may be employed for beam formation and transport.
Suitable condensable source gases 1112 include, but are not limited to argon and other
condensable noble gases, nitrogen, carbon dioxide, oxygen, and many other gases and/or gas
mixtures. After formation of the gas clusters in the supe ersonic gas jet 1118, at least a portion of
the gas clusiers are lonized in an ionizer 1122 that is typically an ¢lectron bmpact ionizer that
produces electrons by thermal emission from one or more incandescent filaments 1124 {or from
other sutiable electron sources) and aceelerates and directs the elecirons, enabling them to collide
with gas clusters in the gas jet 1118, Electron impacts with gas clusters gject electrons from
some portion of the gas clusters, causing those clusters to become positively fonized. Sor
clusters may have more than one electron ejected and may become multiply lonized. Control of

the number of electrons and thelr energies after acceleration typieally infhuences the number of
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ionizations that may occur and the ratio between multiple and single lonizations of the gas
clusters, A suppressor elecirode 1142, and grounded electrode 1144 extract the cluster ions from
the ionizer exit aperture 1126, accelerate them to a desived energy (typically with acceleration
potentials of from several hundred V to several tons of kY, and focuses them to form a GCIB
£128. The region that the GCHB 1128 traverses between the onizer exit aperture 126 and the
auppressor slectrode 1142 is referred to as the extraction region. The axis (determined at the
nozzle 1110), of the supersonic gas jet 1118 containing gas clusters is substantially the same as
the axis 1154 of the GCIB 1128, Filament power supply 1136 provides filament voltage Vito
heat the lomizer filament 1124, Anode power supply 1134 provides anode voltape ¥V to
accelerate thermoelectrons emitted from fifament 1124 fe cause the thermoelectrons to irradiate
the cluster-containing gas jet 1118 to produce clusier lons, A suppression power supply 1138
supplies suppresaion voltage Vs (on the order of several hundred to a few thousand volts) to bias
suppressor elecirode 1142, Accelerator power supply 1148 supplies acceleration vohtage Vag 10
bias the ionizer 1122 with respect to suppressor elecirode 1142 and grounded electrode 1144 so
as to result in a total GCIB acceleration potential equal to Vag. Suppressor slectrods 1142
serves 1o extract ons rom the fonizer exit aperture 1126 of fonizer 1122 and to prevent
undesired electrons from entering the fonizer 1122 from downstream, and to form a focused
GCIB 1128,

A workpiece 1160, which may {for example} be a medical device, a semiconducior
material, an optical element, or other workpiece to be processed by GCIB processing, is held on
a workpiece holder 1162, which disposes the workplece in the path of the GCIB 1128, The
workpiece holder is attached to bui electrically insulated from the processing chamber 1108 by
an electrical insulator 1164, Thus, GCIR 1128 striking the workpiece 1160 and the workplece
holder 1162 flows through an electrical lead 1168 to a dose processor 1170, A beam gate 172
controls transmission of the GUIB 1128 along axis 1154 to the workpiece 1160, The beam gate
1172 typically has an open state and a closed state that is controlled by a linkage 1174 that may
be (for example) slectrical, mechanical, or electromechanical. Dose processor 1170 controls the
open/elosed state of the beam gate 1172 to manage the GCIB dose received by the workpisce
1160 and the workpieee holder 1162, In operation, the dose processor 1170 opens the beam gate
1172 1o initiate GCIB irradiation of the workpiece 1160, Dose processor 1170 typically

integrates GCIB elecirical current arviving at the workpiece 1160 and workpiece holder 1162 to



(¥4

34

WO 2013/028529 PCT/US2012/051381

calculate an accumulated GCIB irradiation dose. Al a predetermined dose, the dose processor
1170 closes the beam gate 1172, terminating processing when the predetermined dose has been
achicved,

Figure 2 shows a schematic ilfustrating elements of another GCIB processing apparatus
1200 for workpiece processing using a GCIB, wherein scanning of the ion beam and
manipulation of the workpiece is employed. A workpiece 1160 to be processed by the GCIB
processing apparatns 1200 is held on a workpiece holder 1202, disposed in the path of the GCIB
1128, Inorder to accomplish uniform processing of the workpiece 1160, the workpiece holder
1202 is designed to manipulate workpiece 1160, as may be required for uniform processing,

Any workpiece surfaces that are non-planar, for example, spherical or cup-like, rounded,
irregular, or other un-flat configuration, may be oriented within a range of angles with respect to
the beam incidence to obtain optimal GCIB processing of the workpiece surfaces. The
workpicoe holder 1202 can be fully articulated for orienting all non-planar surfaces to be
processed in suitable alipnment with the GCIB 1128 to provide processing optimization and
uniformity, More specifically, when the workpiece 1160 being processed is non-planar, the
workpiece holder 1202 may be rotated in a rotary motion 1210 and articulated in articulation
maotion 1212 by an articulation/rotation mechanism 1204, The articulation/rotation mechanism
1204 may permit 360 degrees of device rotation about longitudinal axis 1206 (which is coaxial
with the axis 1154 of the GCIB 1128) and sufficient articulation about an axis 1208
perpendicular to axis 1206 to maintain the workpiece surface to within a desired range of beam
incidence.

Under certain conditions, depending upon the size of the workpisee 1160, a scanning
system may be desirable to produce vniform irradiation of a large workpiece, Although often not
necessary for GCIB processing, two pairs of orthogenally oriented electrostatic scan plates 1136
and 1132 may be utilized to produce a rasier or other scanning pattern over an extended
processing area. When such beam scanning is performed, a scan generator 1156 provides X-gxis
scanning signal voltages to the pair of scan plates 1132 through lead pair 1159 and Veaxis
scanning signal voltages 1o the pair of scan plates 1130 through lead pair 1158, The scanning
signal voltages are commonly triangular waves of different frequencies that cause the GCIB
1128 to be converted jnto a scanned GCIB 1148, which scans the entire surface of the workpiece

1160, A scanned beam-defining aperture 1214 defines a scanned area. The scanned beam-



i

A\~
Lo}

o2
ey
o}

WO 2013/028529 PCT/US2012/051381

defining aperture 1214 is electrically conductive and is electrically connected to the low-pressure
vessel 1102 wall and suppér’ted by support member 1220, The workplece holder 1202 1s
electrically connected vig a flexible electrical lead 1222 to a faraday cup 1216 that surrounds the
workpiece 1160 and the workplece helder 1202 and collects all the current passing through the
defining aperture 1214, The workpiece holder 1202 is electrically isolated from the
articulation/rolation mechanism 1204 and the {araday cup 1216 is electrically isolated from and
mounted to the low-pressure vesse! 1102 by insulators 1218, Accordingly, all current trom the
scanned GCIB 1148, which passes through the scanned beam-defining aperture 1214 is collectad
in the faraday cup 1216 and Hows through electrical lead 1224 to the dose processor 1170, In
aperation, the dose processor 1170 opens the beam gate 1172 to initlate GCIB irradiation of the
workpiece 1160, The dose processor 1170 typically integrates GCIB electrical current arriving
at the workpioce 1160 and workpiece holder 1202 and faraday cup 1216 to caleulate an
accumulated GOUE irradiation dose per unit area. At a predetermined dose, the dose provessor
1170 closes the beam gale 1172, terminating processing when the predetermined dose has been
gehioved, During the accumulation of the predetermined dose, the workpiece 1160 may be
manipulated by the articulation/rotation mechanism 1204 1o ensure processing of ail desired
surfaces.

Fignre 3 is a schematic of a Neutral Beam processing apparatus 1300 of an exemplary
type that may be employed for Neutral Beam processing according to embodiments of the
invention. It uses electrostatic deflection plates to separate the charged and uncharged portions
of o GUIB. A beamline chamber 1107 encloses the fonizer and accelerator regions and the
workpiece processing regions. The beamline chamber 1107 has high condustance and so the
pressure i substantially uniform throughout. A vacuum pump 1146b evacuates the beamiine
chamber 1107, Gas flows into the beamline chamber 1107 in the form of clusiered and
unclustered gas transported by the gas jet 1118 and in the form of additional unclustered gas that
leaks through the gas skimmer aperture 1120, A pressure sensor 1330 transmits pressure data
frora the beamlbine chamber 1197 through an electrical eable 1332 to a pressure sensor controller
1334, which measures and displays pressure in the beamline chamber 1107, The pressure in the
bearniine chamber 1107 depends on the balance of gas flow into the beamline chamber 1107 and
the pumping speed of the vacuun pump 1 146b, By selection of the diameter of the gas skimmer

aperiure 1120, the flow of source gas 11172 through the nozzle 1110, and the pumping speed of
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the vacunm pump 1 146b, the pressure in the beamline chamber 1107 equilibrates at & pressure,
Py, determined by design and by nozzle flow. The beam flight path from grounded electrode
1144 1o workpisce holder 162, is for example, 100 om. By dosign and adjustrent Pe may be
approximately 6 x 107 tory (% x 107 pascal). Thus the product of pressure and beam path length
is approximately 6 x 10 torr-cm (0.8 pascal-cm) and the gas target thickness for the beam is

4
{11

approximately 1.94 x 10" gas molecules per om”, which is cbserved (o be effective fur

dissociating the gas cluster ions in the GCIB 1128, Vi may be for example 30kV and the
GUIB 1128 s accelerated by that potential, A palr of deflection plates (1302 and 1304} is
disposed abont the axis §154 of the GCIB 1128, A deflector power supply 1300 provides g
positive deflection voltage Vp to deflection plate 1302 via electrical lead 1308, Detlection plate
1304 is connected to electrical ground by electrical lead 1312 and through current sensor/display
1310, Deflector power supply 1306 is manually contrellable, Vi, may be adjusted from zerp to o
voltage sufficient to completely deflect the fonized portion 1316 of the GCIB 1128 onto the
defioction plate 1304 (for example a few thousand volts). When the fonized portion 1316 of the

£33

GCIB 1128 is deflected onto the deflection plate 1304, the resulting current, Ip flows through
electrical lead 1312 and current sensor/display 1310 for indication. When Vi is zero, the GUIB
1128 ie undeflectad and navels to the workpiece 1160 and the workpiece holder 1162, The
GCIB beam current In is collected on the workpicce 1160 and the workpiece holder 1162 and
flows through electrical lead 1168 and current sensor/display 1320 to eloctrical ground. g is
indicated on the current sensor/display 1320, A beam gate 1172 is controlled through a linkage
1338 by beam gate controiler 1336, Beam gate controfler 1336 may be manual or may be
electrically or mechanically timed by a preset value to open the beam gate 1172 fora
predetermined interval, In use, Vp is set to zero, the beam current, Ig, striking the workpiece
holder is measurad. Based on previcus experience for a given GCIB process recipe, an initial
irradiation time for s given process is determined based on the measured current, Iy, Vo is
increased until all measured beam current is iransferred from Ip to Inp and In no longer increases
with increasing V. Al this point a Neutral Beam 1314 comprising energatic dissociated
components of the initial GCIR 1128 frradiates the workpiecs holder 1162, The beam gate 1172
is then closed and the workpiece 1160 placed onto the workpieee holder 1162 by conventional
workpiece loading means (not shown), The beam gate 1172 is opened for the predetermined

initia] radiation time. Afier the frradistion interval, the workpiece may be examined and the
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processing time adjusted as necessary to cslibraie the duration of Neutral Beam processing based
on the measured GCIB beam current Ix. Following such a calibration process, additional
workpicees may be proceased using the calibrated exposure duration,

The Neutral Beam 1314 contains a vepeatable fraction of the initial encrgy of the
accelerated GOIB 1128, The remaining lonized portion 1316 of the original GCIB 1128 has
heen removed from the Neniral Beam 1214 and is collected by the grounded deflection plate
1304. The ionized portion 1316 that is removed from the Newtral Bearn 1314 may inclade
monomer ions and gas cluster fons including intermediate size gas cluster ions. Because of the
monorer evaporation mechanisms due io cluster heating during the tonization process, intra-
beam collisions, background gas collisions, and other canses (all of which result in erosion of
clusters) the Meutral Beam substantially consists of neutral monomers, while the separated
charged particles are pradominately cluster ions, The inventors have confirmed this by suitable
measurements that include re-ionizing the Neutral Beam and roeasuring the charge to mass ratio
of the resulting lons. As will be shown below, certain superior process results are obtained by
processing workpieces using this Neutral Beam,

Figure 4 is a schematic of a Meutral Beam processing apparatus 1400 as may, for
example, be used in generating Neutral Beams as may be employed in embodinents of the
invention, [t uses a thermal sensor for Neutral Beam messurement. A thermal sensor 1402
atiaches via low thermal conductivity sttachment 1404 to a rotating support arm 1410 attached to
a pivet 1412, Actuator 1408 moves thermal sensor 1402 via a reversible rotary moticn 1410
between positions that infercept the Neutral Beam 1314 or GUIB 1128 and 4 parked position
indicated by 1414 where the thermal sensor 1402 does not infercept any bearn, When thermal
sensor 1402 is in the parked position (indicated by 1414) the GCIB 1128 or Neutral Beam 1314
continues along path 1406 for frradiation of the workpiece 1160 and/or workpiece holder 1102,
A thermal sensor controller 1420 controls positioning of the thermal sensor 1402 and performs
processing of the signat generated by thermal sensor 1402, Thermal sensor 1402 communicates
with the thermal sensor controller 1420 thwough an elecirical cable 1418, Thermal sensor
controller 1420 communicates with a dosimetry controller 1432 through an electrical cable 1428,
A beamn current measurement device 1424 measures beam currsnt [y flowing in electrical lead
1168 when the GCIB 1128 strikes the workpiece 1160 and/or the workpiece holder 1162, Beam

purrent measurcment device 1424 communicates s beam current measurement signal o
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dosimetry controller 1432 via electrical cable 1426, Dosimelry controtier 1432 controls setting
of epen and closed states for beam gate 1172 by control signals transmitted via Hrkage 1434,
Diosimetry controller 1432 controls deflector power supply 1440 via electrical cable 1442 and
can control the deflection voltage Vo between voltages of zero and a positive voltage adeguate to
completely deflect the ionized portion 1316 of the GCIB 1128 1o the deflection plate 1304
When the fonized portion 1316 of the GCIB 1128 sirikes deflection plate 1304, the resulting
current bp is measured by current sensor 1422 and communicated to the dosimetry controller
1432 via electrical cable 1430, In operation dosimetry conroller 1432 sets the thermal sensor
1402 1o the parked postiion 1414, opens beam gate 1172, sets Vo to zero so that the full GCIB
1128 sirikes the workpiece holder 1162 and/for workpicee 1160, The dosimetry controlier 1432
records the beam current Iy transmitied from bean: current measurement device 1424, The
dosimetry controlier 1432 then moves the thermal sensor 1402 from the parked position 1414 1o
intercept the GOIRB 1128 by cormmands relayed through thermal sensor controller 1420, Thermal
sensor controller 1420 measures the beam energy flux of GCIB 1128 by caloulation based on the
heat capacity of the sensor and measured raie of temperature rise of the thermal sensor 1402 as
its temperature rises through a predetermined measurement temperature (for example 70 degroes
C) and communicates the caloulated beam energy flux to the desimetry controller 1432 which
then calculates a calibration: of the bear energy flux as measured by the thermal sensor 1402 and
the corresponding beam current measured by the bearn current measurement device 1424, The
dosimetry controtler 1437 then parks the thermal sensor 1402 at parked position 1414, sllowing
it to cool and commands application of positive Vi to deflection plate 1302 antil gl af the
current Ip due 1o the ionized portion of the GCIB 1128 is transferred to the dellection plate 1304,
The current sensor 14722 measurse the corresponding Iy and communicates it fo the dosimelry
coniroller 1432, The dosimetry controlier alse moves the thermal sensor 1402 from parked
position 1414 to intercept the Neutral Beam 1314 by commands relayed through thermal sensor
controiler 420, Thermal sensor controller 420 measures the beam energy flux of the Neutral
Rearn 1314 using the previously determined calibration facior and the rate of temperature rise of
the thermal sensor 1407 as its temperature rises through the predetermined measurement
terperature and communicates the Neutral Beam energy flux to the dosimetry controfler 1432,
The dosimetry controller 1432 calculates a neutral beam fraction, which is the ratio of the

therrnal measurement of the Neutral Beam 1314 energy flux to the thermal measurement of the
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full GCIB 1128 enerpy flux at sensor 1402, Under typical operation, a neutral beam fraction of
from about 5% to about 95% 18 achieved. Before beginning processing, the dosimeliry controller
1432 also measures the current, Tp, and determines a current ratio between the initial values of g
and Ip. During processing, the instantaneous ip measurement muftiplied by the initial In/T; ratio

nay be used as a proxy for continuous measurement of the Iy and employed for dosimetry during
control of processing by the dosiroelry controtler 1432, Thus the dosimetry controlier 1432 can
compensate any beam fluciuation during workplece processing, just as if an actual beam current
measuremernt for the full GCIB 1128 were available. The dosimetry controlier uses the neutral
beam fraction to compute a desired processing tims for a particular beam provess. During the
process, the processing tme can be adjusted based on the calibrated measurement of Ip for
porrection of any beam fluctuation during the process.

Figures 34 through 53D show the comparative effects of full and charge separated beams
on a gold thin film. In an experimental sctup, & gold film deposited on a silicon substrate was
processed by g [ull GCIB {charged and nevtral components), a MNeutral Beam (charged
components deflected out of the beam), and a deflected beam comprising only charged
componenis. All three conditions are derived from the same initial GCIB, a 30kY accelerated Ar
GCIB. Gas target thickness for the beam path after acceleration was gpproximately 2 x 1M
argen gas atoms per cm®, For each of the three bearns, o {posures were matchad to the total
encrgy carried by the full beam {charged plus nentraly ataniondose of 2 x 10" pas eluster ions
per cm”. Bnergy flux rates of each beam were measured using a thermal sensor and process
durations were adjusied to ensure that each sample received the same toial thermal energy flux
equivalent 1o that of the full (charged plus neutral) GCIB.

Figure 3A shows gn atomic force microscope (AFM) 5 micron by 5 mieron sean and
statistical analysis of an as-deposited gold film sample that had an average roughness, R, of
approximately 2.22 nm. Figure 5B shows an AFM scan of the gold surface processed with the
full GCIB — average roughness, Ra, has been reduced to approximately 1.76 nm, Figure 5C
shows an AFM scan of the surface processed using ondy charged components of the beam {after
deflection from the neuiral beam component) — average roughness, Ra, has been increased {0
approximately 3,51 nm. Figure 30 shows an AFM scan of the surface processed using only the
neutral component of the beam (after charged components were detlected oul of the Neutral

Beam) — average roughness, Ra, 1s smoothed to approximately 1,56 nm. The full GOIB
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processed sample (B) is smoother than the as deposited fifm (A}, The Neutral Bean provessed
sample (I} is smoother than the full GCIB processed sample (B). The sanple () processed
with the charged component of the beam is substantially rougher than the as-deposited [iim. The
results support the conclusion that the neutral portions of the beam contribute io smoothing and
the charged components of the beam contribute to roughening,
Figures 6A and 6B show comparaiive results of full GCIB and Neutral Beam processing

of a drug film deposited on a cobalt-chrome coupon used to evaluate drug elution rate for a drug

eluting coronary stent, Figure 13A represents a sample using an argon GUIB (including the
charged and neutral coruponents) accelerated using Vage of 30KV with an irradiated dose of 2%
10" gas cluster ions per cot®. Figore 135 represents a sample radiated nsing 2 Newtral Beam
derived frony an argon GCIB accelerated using Vage of 30KV, The Neutral Beam was irradiated

with a thermal energy dose equivalent to that of a 30KV accelerated, 2 x 1015 gas cluster lons per
em” doss {equivalent determined by beam thermal energy flux sensor). The irradiation for both
samples was performed through a cobalt chrome proximity mask having an array of cirenlar
apertures of approximately SO microns diameter for allowing beam transmission. Figure 0A isa
searming slectron micrograph of a 300 micron by 300 micron region of the ssrople that was
irradiated through the mask with full bearn, Figure 6B is g scanning eleciron micrograph of a
300 micron by 300 micron region of the sample that was irradiated through the mask with a
Neutral Beam. The sample shown in Figure 64 exhibiis damage and etching caused by the il
eam where it passed through the mask. The sample shown in Figare 68 exhibits no visible
effect. In elution rate tests in physiclogical saline solution, the samples processed like the Figure
B sample (but without mask) exhibited superior (delayed) elution rate compared to the samples
pracessed Hike the Figure 6A sample (but without mask). The results support the conclusion that
processing with the Neutral Bearn contributes o the desired delayed ehulon effect, while
processing with the full heam (charged plus neutral components) contributes to weight loss of the
drug by etohing, with inferior (less delayed) elution rate effect

Figure TA is a perspective view of an expandable coronary stert 100 with through-holes

as may be emploved in embodiments of the invention. It is understoed by the inventors that the
present invertion is applicable to a wide varlety of implantable medical devices, but for
explanatory purposes, the stent 100 is shown as an example. Stent 100 is an expandable metal

coronary sternt shown in an expanded, or partially expanded state. Expandable stenis are
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marufactured in many configurations sach having various advantages and disadvantages. The
configuration shown in Figure 7A is a simple diamond-shaped mesh shown not for Iimitation but
to simplify explanation of the present invention. The stent 100 has struts (110 for examples) and
intersections (112 for examples) that join the struts 110, The stent 100 has an inner surface
{indicated a8 108A and 1088, for example) forming the lumen of the stent and an outer surface
{indicated as 106) forming the vascular scaffold, Holes (102 for examples) may be located in the
struts. Gther holes {104 for example) may be localed in the intersections. The holes 102 and 184
are through-holes, penetrating from the outer surface 106 to the inner surface 108A and 1083,
The struts 1180 and intersections 112 are pointed out to iHustrate the common fact that stents of
diverse configurations may have differing regions that may be differently affected when the stent
is expanded. For example, in the stent 100, as illustrated here, certain holes 102 located near the
intersections 112 may experience more strain during expansion than will holes 104 in the
intersections and other holes 102 located further from the intersections 112, It will be apparent
1o those skilled in the art that sients of other configurations may have locations where holes will
experience groater or lesser degrees of strain during expansion, In Figure 7A, the holes 102, 104
are shown as having a relatively large dameter in comparison o the dimensions of the struts 110
and infersections 112, These relative sizes are chosen for clartly of Hhustration of the concept
and are not intended to be Himiting of the invention. 1t will be appreciated by those skilied in the
art that holes of smaller relative diameters than those iHustrated may experience smaller degrees
of strain doring expansion of the stent than that experienced by the larger holes as ilustrated. It
will be appreciated by those skilled in the arts that the holes could be any of a variety of sizes
and patterns and in differing locations relative to features of the stent and still be within the spirit
of the invention. Figure 74 represenis g stent thai is similar to prior art stents and that is also
suitable for itlustrating the present nvention.

Figure 7B is a scoond view of the expandable coronary stent 100, 1t s the identical stent,
but the drawing is simplified for clarity by removal of detail beyond the nearest surface. That is
to say, the portion 108B of the inner surface, which is behind the pearer nortions of the stent 100,
has been removed from the drawing to simplify and clarify it, while the portion of the inner
surface 108A remains in the drawing,  Figure 7B represents a stent that is similar to prioy art

stents and that is also sultable for tlustrating the present invention. According to the present
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invention, the holes 102, 104 may be formed by any practical methed including laser machining
or by focused ion beam machining,

Figure § is a perspective view of an expandable coronary stent 200 with blind-holes as
may be employed in embodiments of the invention. The drawing is simplified for clarity by
removal of detail bevond the nearest surface. Stent 200 is an expandable metal coronary stent
shown in an expanded, or partially expanded state. The stent 200 has siruts (210 for examples)
and intersections {212 for examples) that join the struts 210, The stent 200 has an inner surface
208 forming the lumen of the stent and av outer surface 206 forming the vascular scaffold,

Holes (202 for examples) may be located in the struts. Other holes (204 for example) may be
located in the intersections, The holes 202 and 204 are blind-holes, not penetrating from the
puter surface 206 o the inner surface 208, but rather penetrating only part of the way through the
thickness of the stent wall. The holes 202, 204 are shown as having g relatively large diameter in
comparison to the dimensions of the struts 210 and intersections 212, These relative sizes are
chosen for clarity of illustration of the concept and are not intended to be limiting of the
invention. It will be appreciaied by those skilled in the art that holes of smaller relative
diameters than those illustrated may experience smaller degrees of strain during expansion of the
stent than that experienced by the larger holes as illustrated. It will be appreciated by those
skilled in the arts that the holes could be any of a variety of sizes, patterns, depths, and in
differing locations relative to features of the stent and still be within the spiril of the invention.
Figure & represents a stent that is similar to prier art stents and that 15 alse suitable for Hlusirating
the present invention, According to the present invention, the holes 202, 204 may be formed by
any practical method including laser machining or by focused ion beam machining,

Figure 9A shows a sectional view 300A of a prior ant bole 102 in prior art stent 100,
iHhustrating a prior art method of leading a hole with a drug by employing polymers. A
therapeutic layer 304 cousisis of a drug or a drug-polymer mixture. A barrier layer 307 ou the
inner aurface 108 of the stent 100 comprises a polymer and prevents slution or controls the
elution rate of the therapeutic layer 304 to the inner portion (fumen} of the stent. A second
barrier laver 306 on the outer surface 106 of the stent 100 comprises a polymer and controls the
clution rate of the therapeutic layer 304 to the cuter portion (vascular scaffold) of the stent, The
bharrier lavers 302 and 306 may also controf or prevent the diffusion of water or other biclogical

fluids from outside of the steni into the therapeutic layer 304 retained by the hole in the stent.
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The barrier lavers 302 and 306 may be biodegradable or erodible materials comprising polymer
to provide a delayed release of the enclosed therapeutic layer 304, The therapeutic layer 304
may be g drug or alternatively may be a raixture of drug and polymer to further delay or control
the elution or release rate of the therapeutic layer 304,

Figure 9B shows a sectional view 3008 of a prior art hole 102 in prior art stent 100,
ilustrating a prior art methed of loading a hole with ruultiple layers of a drug by erploying
polymers. Therapeutic layers 308, 312 consist respectively of a drug or a drug-polymer mixture
and may comprise similar or dissimilar drugs. Barrier layer 302 on the inner surface 108 of the
stent 100 comprises a polymer and prevenis elution or controls the elution rate of the thergpeutic
layer 308 to the inner portion {fumen) of the stent. A second barrier layer 314 on the outer
surface 106 of the stent 100 comprises a polymer and controls the elution rate of the therapoutic
layer 3172 to the ouier portion (vascular scaffold) of the stent. A third barrier layer 310 may
eomprise polymer and separates the therapeutic layers 308 and 312 and may also prevent the
elution or control the elution rate of the therapeutic layers 308 and 310, The barrier layers 302,
310 and 314 may aiso control or prevent the diffusion of water or other biclogical fluids from
cutside of the stent into the therapeutic favers 302 and 312 retained by the hole in the stent. The
bartier layers 302, 310, and 314 may be biodegradable or erodible materials comprising polymer
te provide a delayed release of the enclosed therapeutic layers 308 and 312, The therapeutic
favers 308 and 312 may be each be either & drug or slternatively may be & mixture of drug and
polymer to further delay or control the elution or release rate of the therapeutic layers 308 and
312

Figure %C shows a sectional view 300C of a prior art blind-hole 202 in a prior art stent
260, tlusirating a prior art method of loading a hole with a drug by employing polymers, A
therapeutic layer 350 consists of a drug of a drug-pelymer mixture. A barrier layer 352 on the
outer surface 206 of the stent 200 comprises a polymer and controls the elution rate of the
therapeutic layer 3590 to the outer portion {vascular scaffold) of the stent. The barrier layer 332
may also control or prevent the diffusion of water or other biological fTuids from cutside of the
sterd into the therapeutic layer 350 retained by the hole in the stent. The barrier layer 352 may
be blodegradable or erodible material comprising polymer to provide a delayed release of the

envlosed therapentic layer 350, The therapeutic laver 350 may be a drug or slernatively may be
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a mixture of drug and polymer to further delay or control the elution or release rate of the
therapeutic material,

Figure 10A shows sectional view 4004 of & strut of a stent {Hlustrating a step in the
formation of a drug-loaded through-hole in a stent 100 according to an embodiment of the
invention. A stent 100 has a through-hole 102, The stent has an inner swrface 108 forming the
tumen of the stent and has an outer surface 106 forming the vascular scaffold portion of the stent.
As a step in the embodiment of the invention, a barrier layer 402 is deposited on the inner
surface 108 of the stent 100 according to known technology. The bartier layer 402 may consist
of polymer or of other biccompatible barrier material.

Figure 10B shows sectional view 4008 of a strut of a steut illustrating a step in the
formation of a drug-loaded through-hole in a stent 100 following the step shown in Figure 10A.
In the step shown in Figure 108, a drug 410 is deposited in the hole 102 in the stent 100. The
deposition of the drug 410 may be by any of numerous methods, including spraying, dipping,
electrostatic deposition, vlivasonic spraying, vapor deposition, or preferably by discrete droplet-
on-demand fluid jetting technology. When spraying, dipping, electrostatic deposition, ultrasonic
spraying, vapor deposition, or similar techuiques are employed, a conventional masking scheme
can be beneficially employed to limit deposition to the hole or to several or all of the holes i s
stert, Diiscrete droplet-on-demand fluid-jetting is a preferred deposition method because it
provides the ability to introduce precise volumes of liquid drugs or drugs-in-solution into
precisely programmable locations. Discrete droplet-on-demand fluid jetting may be
accomplished using comumercially available fuid-jet print head jetiing devices as ave available
{for example, not limitation) from MicroFab Technologies, Inc., of Plano, Texas. When the drug
410 is a liquid or a drug-in-solution, it is preferably dried or otherwise hardened before
proceeding to the next step. The drying or hardening step may include baking, low temperature
baking, or vacuwm evaporation, as examples,

Figore 10C shows sectional view 400C of g strut of a stent {llustrating a step in the
formation of a drug-loaded through-hole i a stent 100 following the step shown in Figure 10B.
In the step shown in Figare 10C, the drag 410 deposited in the hole 102 in the stent 10018
irradiated by a bearn 408, preferably a GCIB or an accelerated Meutral Beam, to form a thin
barrier layer 412 by modification of a thin upper region of the drug 418, The thin barrier layer

412 consists of drug 410 modified to densify, carbonize or partially carbonize, denature, ¢ross-
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link, or polymerize molecules of the drug in the thin uppermost layer of the drug 410, The thin
barrier laver 412 may have a thickness on the order of about 10 nanometers or even less. In
modifying the surface a beam 408 comprising preferably argon or another inert gas in the form
of aceelarated cluster ions, acceierated neuiral clusters, or accelerated neutral monomers s
employed. The bears 408 is preferably accelerated with an accelerating potential of from SKY
1050k Y or more. The costing layer is preferably exposed to a GUIB dose of at least about Ix1 o
gas cluster ions per square centimeter (or in the case of MNeutral Beam, a dose that has the energy
equivalent determined by thermal beam energy flux sensor). By selecting the dose and/or
accelerating potential of the beam 408, the characteristics of the thin barrier layer 412 may be
adjusted to permit control of the release or elution rate and/or the rate of iInward diffusion of
water and/or other biological fluids when the stent 100 is implanted and expanded. [n general,
increasing acceleration potential increases the thickness of the thin barrier fayer that is formed,
and modifying the GCIB or Meutral Beam dose changes the nature of the thin barrier layer by
changing the degree of cross linking, densification, carbonization, denaturizalion, and/or
polymerization that results, This provides rmeans to control the rate at which drug will
subsequently release or ehute through the barrier and/or the rate af which water and/or biolpgical
fluids my diffuse into the drug from outside.

Figure 10D shows sectional view 4000 of a strut of a sient iltustrating a drug-loaded
through-hole in a stent 100 following the step shown in Figure 10C, In Figure 10D, the stops of
depositing a drug and using GCIB or accelerated Neutral Beam trradiation to form a thin barrier
faver in the surface of the drug has been repeated (for example) twice more beyond the stage
shown in Pigure 10C. Figure 10D shows the additions] layers of drugs (414 and 418) and the
additional beam-formed thin barrier layers 416 and 420. The drugs 410, 414, and 418 may be
the same drug material or may be different drugs with different therepeutic modes. T he
thicknesses of the lavers of drugs 410, 414, and 418 are shown to be different, indicating that
dif¥erent drug doses rmay be deposited in each individual layer. Altematively, the thicknesses
{and doses) may be the same in some or all layers. The properties of each of the thin barrier
layers 412, 416, and 420 may also be individuaily adjusted by selecting GCIB or accelerated
Neutral Beam properties at each barrier layer formation irradiation step by contrelling the GCIB
or accelerated Neutral Beam properties as discussed sbove, Although Figure 10D shows a hele

inaded with three layers of drugs, there is complete freedom within the constraints of the hole
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depth and drug deposition capabilities to utilize from one lo a very large number of layers all
within the spirit of the invention, The very thin barrler layers that can be formed by GCIB or
accelerated Neutral Beam ;Si'ocessing, and the ability to deposit very small volumes of drug by,
for example, discrete droplet-on-demand fluid-ietting technology, make many tens or cven
hundreds of tavers possible, Fach drug layer may be different or similar drug materials, may be
mixtares of compatible drugs, may be larger or smaller volumes, etcetera, providing great
flexibility and control in the therapeutic effect of the drug delivery system and in tailoring the
sequencing and ehution rates of one or more drugs, |

The drug delivery system shown in Figure 10D is an improvement over prior art sysiems,
Wt 1t suffers from the fact that it uiilizes a conventional barrier layer 402, that may consiat of
polymer or of other biocompatible barrier material. In the case of a stent, for example, it is
generally not convendent to forr 4 barrier laver by beam processing in the inferior (lumen)
surface of an unexpanded stent. Thus conventional barrier lgyer 402 is generally required. Use
of polymers may be avoided by employing other biocompatible materials for formation of the
barrier layer 402; however even so, there is risk of subsequent flaking of the material resulting in
its undesired release in siry. Figures 5A, 5B, and 3C show another embodiment of the present
invention that avoids the undesirable need to use conventional barrier materials,

Figure 114 shows sectional view S00A of g strut of a stent illustrating a step in the
formation of g drug-loaded blind-hole o a stent 200 according to an embodiment of the
invention. A stent 200 has a blind-hole 202, The stent has an inner surface 208 forming the
iumen of the stent and has an outer surface 206 forming the vascular scaffold portion of the stent,
As a siep in the embodiment of the invention, a drug 302 is depostied in the hole 202 in the stent
200. Mot shown, and optionally, a GCIB or aceelerated Neutral Beam cleaning process may be
emploved o clean the surfaces of the hole 202 prior to depositing drug 302 in the hole 202, The
deposition of the drug 502 may be by any of the above-diseussed methods. Discrete droplet-on-
demand fluid jetting is a preferred deposition method because it provides the ability 1o introduce
precise volumes of liquid drugs or drugs-in-solution inte precisely programmabie locations.
When the drug 502 is a liguid or a drug-in-solution, it is preferably dried or otherwise hardened
before proceeding to the next step. The drying or hardening may include baking, low

temperature baking, or vacuum evaporation, as examples.
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Figure 11B shows sectional view 3008 of a struf of a stent iiustrating a step in the
formation of a drug-loaded blind-hole in a stent 200 fnliowing the step shown in Figure 1A, In
the step shown in Figure 118, the drug 502 deposited in the hole 202 in the stent 200 is irradiated
by a bearn 504, preferably s GCIB or an accelerated Neutral Beam to form a thin barrier layer
506 by modification of a thin upper region of the drug 302, The thin barrier layer 306 consisis of
drug 302 modified {o densify, carbonize or partially carbonize, denature, cross-link, or
polymerize molecules of the drug in the thin uppermost layer of the drug 302, The thin barcier
layer 506 may have a thickness on the order of abowt 10 nanometers or even less. In modifying
the surface, a beam 304 comprising preferably argon or another inert gas in the formn of
accelerated cluster ions accelerated nentral clusters, or accelerated noutral monomers is
employed. The beam 304 is preferably accelerated with an accelersting potential of from 5kV
oS0V or more. The coating layer is preferably exposed to o GUIB dose of at least about Ix} 0P
gas cluster ions per square centimeter {or in the case of a Neuiral Beam, & dose that has the
energy equivaleni determined by a thermal beam energy thux sensory. By selecting the dose
and/or acceleraling potential of the beam 504, the characieristios of the thin barrier layer 306
may be adjusted to permit control of the elution rate and/or the rate of inward diffusion of water
and/or other biological flulds when the stent 200 is implanted and expanded. In general,
increasing acceleration potential increases the thickness of the thin barvier Jayer that is formed,
and modifying the GCIB or accelersted Mewiral Beam dose changes the nature of the thin barrier
laver by changing the denxe,, of cross Hnking, densification, carbonization, denaturization, and/or
polymerization that results. This provides means o control the rate at which drug will
subsequenily release or elute through the barrier and/or the rate at which water and/or biclogical
fluids my diffuse into the drug from outside,

Figure 11C shows sectional view 5000 of a drug-loaded blind-hole in a stent 200 having
mutltiple drug layers, according to an embodiment of the invention. The steps of depositing a
drug and using fon beam irradiation to form a thin barrier layer in the surface of the drug has
been as described above for Figures 5A and 5B have been applied (for example) thres times in
sueeession, forming a blind-hole 202 loaded with three drugs 510, 514, and 518, each having a
thin barrier layer 512, 316, and 520 having been forrusd by irradiation, preferably GCIB or
accelerated MNentral Beam, rradiation. The drugs 510, 514, and 518 may be the same drug

material or may be different drugs with different therapentic modes, The thicknesses of the
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layers of drugs 310, 514, and 518 are shown to be different, indicating that different drug doses
may be deposited in cach individual layer. Alternatively, the thicknesses {and doses) may be the
same in some or all lavers, The properties of cach of the thin barrier lavers 512, 516, and 520
may also be individually adjustad by controlling beam properties at each barrier laver formation
irradiation step by controlling the GCIR or aceelerated Neutral Beam properties as discussed
above. Although three layers of drugs are shown, there is complete freedom within the
constrainis of the hole depth and drug deposition capabilities to utilize from one to a very large
number of layers all within the spirit of the Invention.

Figure 124 shows g cross section view 600A of a portion of a blind-hole in an
implantable medical device (a stent 200, for example), wherein the hole 202 has been formed by
laser machining and has a resulting sharp or {as shown) burred edge 602 resulting from the
machining process. [n most cases such an edge or burr is undesirable in an implantable medical
device, GCIB or aceelerated Neuiral Beam processing can be advantageousty smployad to
remove such burr or sharp edge prior to loading the hole with g drug and forming a thin barrier
layer {as described above),

Figure 12B shows a cross seetion view 600B of the hole 202 in stent 200 provesaed by
irradiation with a beam 604, preferably a GUIB or an accelerated Neutral Beam, 1o remove the
sharp or burred edge 602 by GCIB or accelerated Neutral Beam processing, forming 2 smooth
edge 606, A beam 604 comprising preferably argon, another ineri gas, oxvgen, or niirogen in the
form of accelerated cluster 1ons, accelerated neutral ions, or accelerated neutral monomers is
employed. The beam 604 is preferably accelerated with an accelerating potential of from SkV

030KV or more. The coating laver is preferably exposed 1o 2 GUIB dose of from about 1x107
1o about 1x10"7 gas cluster lons per square centimeter {or in the case of Neutral Beam, a dose
that has the energy equivalent determined by thermal beam eneegy flux sensor), By selecting
the dose and/or accelerating potential of the GCIB 604, the siching characteristics of the GCIB
604 are adjustzd to contral the amount of eiching and smoothing performed in forming smoothed
edge 606,  In general, increasing aceeleration potential and or increasing the GCIB or
aceeicrated MNeutral Beam dose increases the etching rate,

Figure 13 shows a cross sectional view 700 of the surface 704 of a portion 702 of a non-
polymer implaniable medical device having a variety of drug-toaded holes 708, 708, 710, 712,

and 714 pointing out the diversity and flexibility of the invention. The implantable medical
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device could, for example, be any of a vascular stent, an artificial joint prosthesis, a cardiac
pacemaker, or any other mplaniahle non-polymer medical device and need not necessarily be g
thin-walled device like a vascular or coronary stent. The holes all have thin barrier layers 740
formed according to the invention on one or more layers of drag in each hole., For simplicity, not
all of the thin barrier layers in Figure 13 are labeled with reference mumerals, but hole 714 is
shown containing a first drag 736 covered with a thin barrier laver 740 {only thin barrier layer
740 in hole 714 1s labeled with a reference numeral, but each cross-hatehed region in Figure 13
indicates a thin barrier layer, and all will hereinafter be referred to by the exemplary reference
numeral 7403, Hole 706 containg a second drug 7106 covered with a thin barrier layer 740, Hole
708 countains & third drug 720 covered with a thin barrier fayer 740, Hole 710 contains a fourth
drug 738 covered with a thin barrier layer 740, Hole 712 contains fifth, sixth, and seventh drugs
728, 726, and 724, each respectively covered with g thin barrier layer 740, Each of the
respective drugs 716, 728, 724, 726, 728, 736, and 738 may be selected to be a differant drug
material or may be the same drug materials in various combinations of different or serme,  Each
of the thin barrier layers 740 may have the same or different properties for controlling elution or
release rate and/or for controlling the rate of inward diffusion of water or other biological fluids
according io beam {preferably GCIB or accelerated Meutral Beam) processing prineiples
discussed herein above. Holes 706 and 708 have the same widths and fill depth 718, and thus
hold the same volume of drugs, but the drugs 716 and 720 may be ditferent drugs for different
therapeutic modes. The thin barder layers 740 corresponding respectively to holes 706 and 708
may have either same or differing properties for providing same or different elution, release, or
inward diffusion rates for the drugs contained in holes 706 and 708, Holes 708 and 71 have the
same widths, but differing fill depths, 718 and 722 respectively, thus comtaining differing drmg
loads corresponding to differing doses. The thin barrier layers 740 corresponding reapectively o
holes 708 and 710 may have gither same or differing properties for providing same or different
elution, release, or inward diffusion rates for the drugs contained in holes 708 and 714, Holes
710 and 712 have the same widths 730, and have the same fill depths 722, thus containing the
same total drug loads, but hole 710 is filled with g single laver of drug 73R8, while hole 712 s
filled with multiple layers of drug 724, 726, and 728, which may each be the same or different
volumes of drug representing the same or different doses and furthermore may each be ditterent

drug materials for different therapeutic modes. Hach of the thin barvier layers 740 for boles 71¢
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and 712 may have the same or different properties for providing same or different elution,
release, or nward diffusion rates for the drugs contained in the boles. Holes 708 and 714 have
the same fill depths 718, but have different widths and thus contain different volumes and doses
of drugs 720 and 736, The thin barner layers 740 corresponding respectively to holes 708 and
714 may have cither same or differing properties for providing same or different elution, release,
or inward diffusion rates for the drugs contained in holes 708 and 714, The overall hole pattern
on the surface 704 of the implantable medical device and the spacing between holes 732 may
additionally be selected to control the spatial distribution of drug dose across the surface of the
implantable medical device, Thus there are many flexible options in the application of the
wvention for controlling the types and doses and dose spatial distribuiions and temporal releass
sequences and release rates and release rate temporal profiles of drugs delivered by the drug
debivery system of the invention.

Although the invention has been described with respect to varicus embediments, it
should be realized this invention s also capable of a wide variety of further and other
smbodiments within the spirit and scope of the invention and the appended claims.

it iz Claimed:
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CLAIMS
1 A method of modifying a surface of @ medical device comprising the sieps:
forming one or more holes in the surface of the medical device,
first loading at least one of the one or more holes with g first drug; and
5 first irradiating an exposed surface of the first drug in at least one leaded hole with g first
accelerated Meutral Beam to form a fvst barrier layer at the exposed surface.

The method of clair 1, wherein the first aceelerated Neutral Beam is derived from first gas

cluster ion beam,

i
3. The method of claim 1, further comprising the steps, prior to the loading step:
forming a second beam; and
second irradiating at least a portion of the one or more holes of the medical device with the
second beam to:
& clean the af least a portion of the heles; and/or

remove a sharp or burred edge on the at least g portion of the holes,

4. The method of claim 3 wherein the second beam is an accelerated Meutral Beam.

20 5. The method of claim 3 whersin the second beam is a gas cluster ion beam.

%, The method of claim 4 wherein the accelerated Neutral Beam is derived from an accelerated

gas cluster ion beam.

3]
wn
~d

The methed of claim 1, wheredn the first irradiating step forms the first barrier layer by
modifyving the first drug at the exposed surface by

cross-linking first drug molecules;

densifying the first drug;

carbonizing the first drug;
36 polymerizing the fivst drug; or

denaturing the first drug.
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8. The method of claim 1, wherein the first loading step comprises introducing the first drug
into the one or more holes by:
spraving;

dipping;

(¥4

electrostatic deposition;
ultrasonic spraving;
vapor deposition; or
discrete droplet-on-demand fhud jetting,
9. The method of claim &, wherein the first loading step further comprises employing a mask to

10 control which of the at least one or more holes are loaded with the first drug.

10, The method of claim 1, wherein the first barrier layer controls a rate of inward diffusion ot a

fluid into the gt least ons loaded hole.

15 11, The method of claim 1, wherein the one or more holes are disposed on the surface in g
: [
predetermined paitern to distribute the first drug on the surface according to a predetermined

distribution plan,

12, The method of clain 1, further comprising the step oft
28 second loading at least one of the one or more holes with 4 second drug different from

the first drug.

"y
a3

. The method of claim 1, wherein af least one of the one or more holes 1s loaded with a first

guantity of the first drug that ditfers from a sccond quantity of the first drug loaded in af least

ja
145

another of the one or more holes,

id. The method of claim 1, wherein the first loading step does not completely fill the at least one
hole, further comprising the steps off

second loading the af least one incompletely filled hole with a second drug overlying the first

L)
o)

barrier layer; and
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third irradiating an exposed surface of the second drug in at least one second leaded hole
with g third beam fo form a second barrier laver af the exposed surface of the second drug in the

at least one second loaded hole,

whr

15, The method of claim 14, wherein the third beans is a gas cluster ton beam.
16, The method of claim 14, whersin the thivd beam is an accelerated Neuiral Bearm,

17, The method of claim 14, whereln the first barrier laver and the second barrier layer have

10 different properties for differently controlling eintion rates of the first and second drags,
18. The method of claim 14, wherein the third 1on beam is a third gas cluster on beam,

19, The method of claim 1, wherein the forming step comprises forming one or more boles by

18 faser machining or by focused ion beam wachining.

20. A drug cluling medical device having a region with one or more drug coating laver(s),
wherein at least one of the drug coating layer(s) comprises a barrier layer formed from
Neutral Beam irradiated drug, and wherein the barrier Iayer is adapted to control a rate of
28 flow of waterial across the barrier.
21, The drug ehuting medical device of elaim 20, wherein the region is disposed within a hole in

a surface of the medical device.

22, The drug eluting medical device of claim 20, whersin the rate of flow of material is a drug

25 elution rate,

23. The drug eluting roedical device of claim 20, wherein the rate of flow of material is a fluid

diffusion rate,

30 24, The drug medical device of claim 20, wherein the device is a drug eluting stent.
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