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(57) Abstract: Methods and apparatus are disclosed for loading a therapeutic substance or drug within a lumenal space of a hol-
low wire having a plurality of side openings along a length thereof that forms a hollow drug-eluting stent with a plurality of side
drug delivery openings. Loading a drug within the lumenal space of the hollow stent includes a drug filling step, in which the drug
is mixed with a solvent or dispersion medium. The lumenal space may be filled with the drug solution or suspension in a reverse
fill process and/or a forward fill process. After the drug filling step, a solvent or dispersion medium extracting step is performed to
extract the solvent or dispersion medium from within the lumenal space such that only the drug remains within the hollow stent. A
stent cleaning step may be performed to an exterior surface of the hollow stent.
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APPARATUS AND METHODS FOR LOADING A DRUG ELUTING MEDICAL DEVICE

FIELD OF THE INVENTION
606117 Embodiments hereof relate to ubular implantable medical devices that release
a therapeutic substance, and apparatuses and methods of filling such medical devices

with the therapeutic substance.

BACKGROUND OF THE INVENTION

160021 Drug-sluting implantable medical devices have become popular in recent times
for their ability to perform their primary function such as structural support and their ability
io medically treat the area in which they are implanted. For example, drug-eluting stents
have been used (o prevent restenocsis in coronary arleries. Drug-eluting stents may
administer therapeutic agenis such as anfi-inflammatory compounds that block local
invasion/activation of monocytes, thus preventing the secretion of growth factors that may
trigger VSMC proliferation and migration.  Other potentially anti-restenoctic compounds
include antiproliferative agents, such as chemotherapeutics, which include sirolimus and
paciifaxel., Other classes of drugs such as anti-thrombotics, anfi-oxidants, plaielet
aggregation inhibitors and cytostalic agenis have also been suggested for anli-resienctic
use.

160631 Drug-eluting medical devices may be coated with a polymeric material which, in
turn, is impregnated with a drug or a combination of drugs. Once the medical device is
implanted at a target location, the drug(s) is released from the polymer for treatment of
the local tissues. The drug(s) is released by a process of diffusion through the polymer
layer for biostable polymers, and/or as the polymer malerial degrades for bicdegradabie
polymers,

[6004] Controlling the rale of elution of a drug from the drug impregnated polymeric
material is generally based on the properties of the polymer material. However, at the
conclusion of the elution process, the remaining polymer material in some instances has
been linked to an adverse reaction with the vessel, possibly causing a small bul
dangerous clot to form. Further, drug impregnated polymer coatings on exposed surfaces
of medical devices may flake off or otherwise be damaged during delivery, thereby
preventing the drug from reaching the target site. Sl further, drug impregnated polymer

coatings are limited in the quantity of the drug to be delivered by the amount of a drug that
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the polymer coating can carry and the size of the medical device. Controlling the rate of
elution using polymer coatings is also difficult.

[00065]  Accordingly, drug-eluting medical devices that enable increased guantities of a
drug to be delivered by the medical device, and allow Tor improved control of the elution
rate of the drug, and improved methods of forming such medical devices are needed. Co-
pending U.8S. Application No. 12/500,359, filed July 8, 2009, U.8. Provisional Application
No. 81/244,049, filed September 20, 2008, L8, Provisional Application No. 61/244 050,
filed September 20, 2009, and co-pending U.S. Application No. 12/884,343, each
incorporated by reference herein in their enfirely, disclose methods for forming drug-
eluting stents with hollow struts.  In some applications, such as coronary stents, the
diameter of the hollow strut lumen fo be filled with the drug or therapeutic substance is
exiremely smali, e.g. about 0.0015 in., which may make filling the lumen difficuit. As such
apparatus for and methods of loading a drug within a lumen of a hollow strut of a stent are

needed.

BRIEF SUMMARY OF THE INVENTION

[6008] Embodiments hereof are directed {o methods and apparatus for loading a
therapeutic substance or drug within a lumenal space of a hollow wire having a plurality of
side openings along a length thereof that forms a drug-eluting hollow stent with a plurality
of side drug delivery openings. Loading a drug within the lumenal space of the hollow
stent includes a drug filiing step in which the drug is mixed with a solvent or dispersion
medium in order to flow within the lumenal space of the hollow wire. The lumenal space
may be filled with the drug solution or suspension in a reverse fill process through drug
delivery openings of the hollow stent and/or may be filled with the drug solution or
suspension in a forward fill process through open ends of the hollow stent.  After the
lumenal space is filled with the drug solution or suspension, a solvent or dispersion
medium extracling siep is performed to exiract the solvent or dispersion medium from
within the lumenal space such that primarily only the drug or the drug pius one or more
excipients remain within the holiow stent. A sient cieaning step may be performed {0 an

exterior surface of the hollow stent.

BRIEF DESCRIPTION OF DRAWINGS
(60071 The foregoing and other feaiures and advantages of the invention will be

apparent from the following description of embodiments herecf as illustrated in the
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accompanying drawings. The accompanying drawings, which are incorporated herein
and form a part of the specification, further serve to explain the principles of the invention
and {0 enable a person skilled in the pertinent art ¢ make and use the invention. The
drawings are not to scale.

16008] FiG. 1is a side view of a drug eluting stent formed from a hollow wire according
o one embodiment hereof.

(6008 FIG. 2 is a cross-sectional view taken along line 2-2 of FIG. 1.

[6010] FIG. 3 is a sectional view faken along line 3-3 at an end of the hollow wire of
FiG. 1.

00111 FiG. 4 is a chart of elution rates for a hollow drug-eluting stent.

[0012] FiG. 5is a flowchart illustrating three main sleps of a process for loading a drug
or therapeutic substance into a hollow wire of the stent of FIG. 1.

[6013] FiG. bA is a more detailed Hlowchart of a drug filling step of FIG. 5.

[6814] FIG. 5B is a more detailaed flowchart of & sclvent extraction step of FIG. 5.
[6018] FIG. 5C is a more delailed flowchart of a stent cleaning step of FIG. 5.

[0018] FIG. 6 is a chart illustrating the effect of viscosity on drug loading.

00171 FiG. 7A illustrates a hexane based dispersant that has been homogenized o
nano-sized drug particies, while FiG. 7B ilustrates a hexane based dispersant sysiem
that has not been homogenized.

160187 FiGS. 8 and 9 are schematic illustrations of an apparatus for forward filling a
drug eluting stent uiilizing high-pressure gas.

(6018 FIGS. 10 and 11 are schemalic illusirations of an apparatus for forward filling a
drug eluting stent ulilizing disc rotation.

100207 FIGS. 12 and 13 are schematic illustrations of an apparatus for forward filling
muiliple straight holiow wires utilizing a high G centrifugal force.

1800211 FiG. 14 is a schematic lustration of an apparatus for forward filling a drug
eluting stent utilizing a high G centrifugal force.

16022] FiG. 15 is a schematic lustration of an apparatus for forward filling a drug
eluling stent utilizing supercritical CO; to precipilale a drug within a drug eluting stent.
[0023] FIG. 16 is a schemalic Hllustration of an apparatus for forward filling a drug
eluting stent utilizing a syringe.

[0024] FiG. 17 is a schematic llustration of an apparatus for forward filling a drug

eluting stent utiizing vibration.
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[0028] FIG. 18 is a cross-sectional view of a drug eluling stent having a biodegradable
finer to assist in forward filling the stent.

[0026] FIGS. 18 and 20 are schematic lustrations of a method utilized for forming the
bicdegradable liner of FIG. 18,

10027 FIG. 21 is a cross-sectional view of a drug eluting stent having bicdegradable
plugs to assist in forward filling the stent.

16028] FiG. 22 is a schematic lustration of an apparatus for reverse filling a drug
eluting stent utilizing a vacuum pump.

(00281 FIGCS. 23 and 23A are schematic illustrations of apparatuses for reverse or
forward filling a drug sluting stent utilizing vacuum pumps and a pressure differential.
[0038] FiG. 24 is a schematic illustralion of an apparatus for reverse filling a drug
eluting stent utiizing vibration.

160311 FiG. 25 is a flowchart of a method for precipitating a drug within the hollow wire
of a drug sluting stent, wherein the method utilizes the formation of an azecirope.

[06032] FIGS. 26, 27, and 28 are cross-sectional views illusirating the method of FIG.
25 1o show the formation of the azeotrope within the hollow wire of the drug eluting stent.
[0033] FiG. 29 is a flowchart of a method for extracting a solvent from a drug eluting
stent, wherein the method ulilizes static supercritical CO; extraction.

10034] FIG. 30 is a flowchart of a method for extracting a solvent from a drug eluting
stent, wherein the method utilizes dynamic supercritical CC; extraction.

[60358] FIG. 31 is a schematic illustration of an apparatus for exiracting a solvent from
a drug eluting stent via cryovac sublimation.

[0038] FIG. 32 is a flowchart of a method for exiracting a solvent from a drug eluting
stent, wherein the method utilizes the cryovac sublimation apparatus of FIG. 31.

(60377 FIGS. 33 and 34 are images of cleaning the exierior surface of a stent via a
histobrush.

[6038] FiGS. 35, 38, and 37 are flowcharts illustraling various combinations of

methods described herein for drug filling, solvent extraction, and stent cleaning.
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DETAILED DESCRIPTION OF THE INVENTION

[6038] Specific embodiments of the present invention are now described with
reference o the figures, wherein like reference numbers indicate identical or funclionally
similar elements. The terms “distal” and “proximal” are used in the following description
with respect o a posilion or direction relative 1o the treating clinician. “Distal” or “distally”
are a position distant from or in a direction away from the dinician.  “Proximal” and
“proximally” are a position near or in a direction foward the clinician.

[0040] The following detailed description is merely exemplary in nature and is not
intended {o limit the invention or the application and uses of the invention. Drug siuting
stents described herein may be utilized in the context of reatment of blood vessels such
as the coronary, carotid and renal arteries, or any other body passageways where it is
deemed useful. More particularly, drug eluting stents loaded with a therapsutic substance
by methods described herein are adapted for deployment at various treatment sites within
the patient, and include vascular stents (e.g., coronary vascular stenis and peripheral
vascular slents such as cerebral sienis), urinary stents {e.q., urethral stents and ureteral
stents), biliary stents, tracheal stents, gastrointestinal stents and esophageal stentis.
Furthermore, thers is no intention to be bound by any expressed or implied theory
presented in the preceding iechnical field, background, brief summary or the following

delailed description.

Hollow Wire Drug-Eluting Stent

100417  An embodiment of a stent 100 1o be loaded with a drug in accordance with
embodiments hersof is shown in FIGS. 1-3. In particular, stent 100 is formed from a
hollow wire 102 and hereinafter may be referred {0 a5 a hollow stent or a hollow core
stent. Hollow wire 102 defines a lumen or luminal space 103, which may be formed
before or after being shaped info a desired stent patiern. In other words, as used hersin,
“a stent formed from a hollow wire” includes a straight hollow wire shaped into a desired
stent pattern, a solid wire having a core thal is at least partially removed afler the solid
wire is shaped inio a desired sient patiern {0 have a discontinuous lumen or luminal
space therethrough, or a stent constructed from any suifable manufacturing method that
results in a tubular component formed info a desired stent pattern, the tubular component
having a lumen or luminal space exiending continuously or discontinuously therethrough.

As shown in FIG. 1, hollow wire 102 is formed into a series of generally sinuscidal waves
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including generally straight segments 108 joined by bent segments or crowns 108 {o form
generally tubular stent 100 that defines a central blood flow passageway or lumen
therethrough. Selected crowns 108 of longitudinally adjacent sinusoids may be joined by,
for example, welds 110 as shown in FIG. 1. Methods of loading a drug within a hollow
stent in accordance with embodiments hereof are not limited to hollow stents having the
patiern shown in FIG. 1. Hollow stents formed info any pattern suitable for use as a stent
may be loaded with a drug by the methods disclosed herein. For example, and not by
way of limitation, hollow slents formed intc patterns disciosed in U.S. Patent No.
4,800,082 to Gianturco, U.&. Patent No. 4,888,062 to Wikior, U.S. Patent No. 5,133,732
to Wikior, U.S. Patent No. 5,782,803 to Wikior, U.5. Paient No. 5,136,023 to Boyle, and
U.5. Patent No. 5,019,000 to Pinchuk, each of which is incorporated by reference herein
in its entirety, may be loaded with a drug by the methods disclosed hersin.

6842] As shown in FiIG. 2, hollow wire 102 of stent 100 aliows for a therapeutic
substance or drug 112 1o be deposited within lumen or luminal space 103 of hollow wire
102, Lumen 103 may continucusly exiend from a first end 114 {0 a second end 114’ of
hollow wire 102 or may be discontinuous such as being only within straight segmenis 106
and not within crowns 108 or may be discontinuous such as being within the straight
segments 106 and a portion of the crowns 108. Although hollow wire 102 is shown as
generally having a circular cross-section, hollow wire 102 may be generally elliptical or
rectangular in cross-section. Hollow wire 102 may have a wall thickness Wy in the range
of 0.0004 to 0.005 inch with an inner or lumen diameter Ip ranging from 0.0005 o 0.02
inch. Hollow wire 102 that forms stent 100 may be made from a metallic malerial for
providing artificial radial support to the wall tissue, including but not limited {o stainless
steel, nickeltitanium (nitinol), nickel-coball alloy such as MP35N, cobalt-chromium,
tantalum, tianium, platinum, gold, silver, palladium, iridium, and the like. Alternatively,
hollow wire 102 may be made from a hypotube, which as is known in the art is a hollow
metal tube of very small diameter of the type typically used in manufacturing hypodermic
needies. Allernatively, hollow wire 102 may be formed from a non-metallic material, such
as a polymeric material. The polymeric material may be biodegradabie or bioresorbable
such that stent 100 is absorbed in the body after being ulilized {o resiore paiency 1o the
lumen and/or provide drug delivery.

[0043] Hollow wire 102 further includes drug-delivery side openings or poris 104
dispersed along ils length {o permit therapeutic substance or drug 112 t© be released

from lumen 103. Side openings 104 may be disposed only on generally straight
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segments 108 of stent 100, only on crowns 108 of stent 100, or on both generally straight
segmenis 106 and crowns 108, Side openings 104 may be sized and shaped as desired
to control the elution rate of drug 112 from hollow stent 100. More particularly, side
openings 104 may be sliis or may be holes having any suitable cross-section including
but not limited to circular, oval, rectanguiar, or any polygonal cross-section. Larger sized
side openings 104 generally permit a faster elution rate and smaller sized side openings
104 qgenerally provide a slower elution rate. Further, the size and/or guantity of side
openings 104 may be varied along hollow stent 100 in order {o vary the quantily andfor
rate of drug 112 being sluted from stent 100 at different portions of hollow stent 100, Side
openings 104 may be, for example and not by way of limitation, 5-30 um in width or
diameter. Side openings 104 may be provided only on an outwardly facing or ablumenal
surface 116 of holiow stent 100, as shown in FIG. 2, only on the inwardly facing or
lumenal surface 118 of hollow stent 100, on both surfaces, or may be provided anywhere
along the circumference of wire 102.

[6044] in varicus embodiments hereof, a wide range of therapeulic agenis may be
utilized as the elutable therapeutic substance or drug 112 contained in lumen 103 of
hollow wire 102, with the pharmaceutically sffective amount being readily determined by
ong of ordinary skill in the art and ultimately depending, for example, upon the condition fo
be treated, the nature of the therapeutic agent itseif, the tissue info which the dosage form
is introduced, and so forth. Further, it will be understood by one of ordinary skill in the art
that one or more therapeutic substances or drugs may be lcaded into hollow wire 102.
Drug 112 delivered o the area of a slenctic lesion can be of the type that dissolves
plague material forming the stenosis or can be an anti-platele! formation drug, an anti-
thrombotic drug, or an anti-proliferative drug. Such drugs can include TRA, heparin,
urckinase, or sirclimus, for example. Of course sient 100 can be used for delivering any
suitable medications to the walls and interior of a body vessel including one or more of the
following: anti-thrombotic agents, anti-proliferative agents, anti-inflammatory agents, anti-
migratory agents, agents affecling extraceliular matrix production and organization,
antineoplastic agents, anii-milolic agents, anesthetic agents, anti-coagulanis, vascular
cell growth promoters, vascular cell growth inhibitors, cholesterol-lowering agents,
vasodilating agents, and agenis that interfere with endogenous vasoactive mechanisms.
[6845] In accordance with embodiments heredf, hollow stent 100 is Ipaded or filled with
therapeutic substance or drug 112 prior to implantation into the body. Open ends 114,

114’ of wire 102 may be closed or sealed either before or affer the drug is loaded within
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fiuid passageway 103 as shown in the sectional view of FIG. 3, which is taken along line
3-3 of FIG. 1. Once positioned inside of the body at the desired location, hollow stent 100
is deployed for permanent or temporary implantation in the body lumen such that
therapeutic substance 112 may elute from lumen 103 via side openings 104.

10048] FIG. 4 shows a chart of elution rates for a drug-eluting hollow stent. The chart
shows the percentage of therapsutic substance sluted as a function of timse. The lines
marked 1 and 2 represent a commercially available drug eluting stent with the therapeutic
substance disposed in a polymer on the surface of the sient that has produced desirable
clinical efficacy data. The lines marked 3, 4, 5, and & are tests using a hollow stent with
the lumen filled with therapeutic substance according to methods described herein, with
no polymer on the surface of the stent. In particular, the lumen of the holiow stent for the
lines marked 3, 4, 5, and © were filled using the azeotrope fill process followed by vacuum
drying for solvent extraction and stent cleaning via a histobrush as described in more
detail herein. The lines marked 3 and 4 are tesis using a hollow stent with one Gum hole
on each slrut and lines marked 5 and 6 are tesls using a hollow stent with three 10um
holes on each strul.  In particular, the hollow stents used in tesls marked with lines 3 and
5 were filled with a solution of sirclimus and tetrahydrofuran followed by an addition of
hexane 1o precipifale the sirclimus and then the solvent was extracted from the hollow
stent lumens and the exterior of the stent cleaned. The hollow stents used in tests
marked with lines 4 and 6 were filled with a solution of sirolimus, tetrahydrofuran and an
egxcipient followed by an addition of hexane {o precipitate the sirolimus and then the
solvent and the nonsolvent were exiracied from the hollow stent lumens and the exlerior
of the stent cleaned. The chart of slution rales shows that controlled release may be
achieved via a hollow stent filled with therapeulic substance and a hollow stent filled with
therapeutic substance plus an excipient, and thal the hollow filled stent can achieve
similar elution curves as drug eluling stent with the therapeutic substance disposed in a
polymer on the surface of the stent. Hollow filled stent achieving similar elution curves as
drug-polymer coated stent are expected o have similar cdlinical efficacy while
simultaneously being safer without the polymer coaling. In addition, the chart of elution
rates show that a variely of slution curves can be achieved from hollow stent filled with

therapeutic substance or a hollow stent filled with therapeutic substance plus an excipient.

Overview of Stent Filling Process
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[0047] A general method of loading a drug within lumen 103 of hollow stent 100 in
accordance with embodiments hereof is depicled in FIG, 5 to inciude the steps of drug
filling 520, solvent exiracting 538, and stent cleaning 5486, More particularly in a drug
filling step 520, therapsutic substance 112 is generally mixed with a solvent or dispersion
medium/dispersant in order {o be loaded into lumen 103 of hollow wire 102. In addition,
the therapsutic substance 112 can be mixed with an excipient to assist with elution in
addition o the solvent or dispersion medium/dispersant in order to be loaded into lumen
103 of holiow wire 102, Hereinafier, the term “drug formulation” may be used to refer
generally to a therapeutic substance, a solvent or dispersion medium, and any
excipients/additives/modifiers added thereto. After lumen 103 of hollow stent 100 is filled
with the drug formulation, a solvent/dispersion medium extracting slep 538 is performed
o extract the sclvent or dispersion medium from within the lumenal space such that
primarily only therapeutic substance 112 or therapeutic agent 112 and one or more
egxcipients remain within hollow stent 100 {0 be sluted into the body. Lastly, a stent
cleaning step 546 is performed to hollow stent 100 such thal the oulside surface of hollow
stent 100 will be substantially free of therapeutic agent 112 except where side openings
104 are present. Depending on the apparatus and methods used in accordance herewith,
one or more of the steps of drug filling, solvent/dispersion medium extracting and/or stent
cleaning may be performed on hollow wire 102 before or after hollow wire 102 is formed
into stent 100, For example, some of the processes described below require that hollow
wire 102 be straight in order t¢ load therapeutic substance within the luminal space, while
other processes described below may be ulilized to fill hollow wire 102 afler wire 102 is

formed in the desired sinusoidal, helical, or other stent configuration.
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Brug Filling Step
[0048] FIG. 5A illustrales a more detailed flowchart of drug filling step 520. More

particularly in accordance with embodiments hereof, a drug formulation may be loaded
into hollow wire 102 via either a forward fill method 522 or a reverse fill method 536.
Forward fill methods include filling hollow wire 102 through one or both of open ends 114,
114’ thereof while the drug delivery openings 104 are generally blocked or plugged in
some manner (o prevent leakage thersthrough.  Reverse fill methods include filling
hollow wire 102 through the plurality of side openings 104. In some reverse fill methods,
hollow wire 102 is also filled via one or both of open ends 114, 114 thereof in addition to
through side openings 104, Thus, reverse fill methods leverage the drug delivery ports
104 as access poinis o fill the lumenal space of hollow stent 100, By utilizing mulliple
access points spaced along the length of hollow wire 102, the drug formulalion may be
more evenly introduced into lumen 103 such that the entire length of lumen 108 may be
filled with the drug formulation. In addition, if a partial blockage of lumen 103 or side
openings 104 ocours during a reverse fill process, filling of the remainder of lumen 103 is
not seriously affected since the filling may continue via the remaining side openings 104
as the filling of the luminal space is not dependent upon filling from end 0 end.

(00481 As mentioned above, in some stent configurations lumen 103 is discontinuous
along the length of hollow wire 102, For example, as described in copending U.S. Palent
Application No. 12/884,343, previously incorporated by reference herein, a core of hollow
wire 102 is lefl within the crowns of holiow stent 100 o make hollow stent 100 more
radiopaque. Filling a drug formulation in a forward fill manner through lumen 103 of
hollow wire 102 from one and/or the other open ends 114, 114’ becomes impossible due
io the discontinuous nature of the lumen. Thus, filling in a reverse fill manner is
particuiarly advantageous for stents formed from a hollow wire having a discontinuous
lumen because the drug formulation laterally fills the separaled lumens at the same time
through the drug delivery side openings or ports 104.

160507 As shown in FIG. BA, regardless of whether a forward fill method 522 or a reverse
fill method 536 is ulilized, therapeutic substance 112 is mixed with a solvent or solvent
mixiure as a solution 524 or mixed with a dispersion medium as a siurry/suspension 530
before being loaded into hollow wire 102, Solution 524 is a homogeneous mixiure in
which therapesutic substance 112 dissolves within a solvent or a solvent mixture. In one

embodiment, solution 524 includes a high-capacity solvent 528 which is an organic

10
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solvent that has a high capacity to dissolve therapeutic substance 112. High capacity as
utilized herein is defined as an ability io dissolve therapeutic substance 112 at
concentrations greater than 500 mg of substance per milliliter of solvent. Examples of
high capacity drug dissolving solvents for sirolimus and similar substances include bul are
not limited {o tetrahydrofuran (THF), di-chioromethane (DCM), chloroform, and di-methyl-
sulfoxide (DMSO). In addition to the high-capacity solvent, solution 524 may include an
excipient 528 in order o assist in drug elution. In one embodiment, excipient 526 may be
a surfactant such as but not limited o sorbitan falty acid esters such as sorbilan
monceoleate and sorbitan monolaurate, polysorbates such as polysorbate 20, polysorbate
60, and polysorbate 80, cyclodextring such as 2-hydroxypropyl-beta-cyclodextrin and 2,6~
di-O-methyl-beta-cyclodexirin, sodium dodecyl sulfate, octyl glucoside, and low molecular
weight poly(sthylene glycolis. In ancther embodiment, excipient 526 may be a hydrophilic
agent such as but not limited {o salts such as sodium chioride and other materials such as
urea, citric acid, and ascorbic acid. In yet another embodiment, excipient 526 may be a
stabilizer such as but not limited io butylaled hydroxyloluene (BHT). Depending on the
desired drug load, a low capacity solvent can aiso be chosen for ils reduced solubility of
therapeutic substance 112. Low capacity is defined as an ability 1o dissolve therapeutic
substance 112 at concentrations lypically below 500 mg of drug per milliliter solvent.
Examples of low capacity drug dissolving solvents for sirolimus and similar substances
include but are not limited to methanol, sthandl, propanol, acetonilriie, ethyl laciate,
acetone, and solvent mixiures like tetrahydrafuran/water (9:1 weight ratio). After sclution
524 is loaded into hollow stent 100, therapeulic substance 112 may be precipitated out of
the solution, e.g., transformed into solid phase, and the majority of the residual solvent
and any nonsolvent, if present, may be extracted from the lumenal space of hollow wire
102 such that primarily only therapeutic substance 112 or therapeutic substance 112 and
one or more excipients 526 remain {0 be eluted info the body.

160511  In slurry/suspension form 530, therapeutic substance 112 is not dissolved but
rather dispersed as solid particulate in a dispersion medium, which refers {0 a continuous
medium in liguid form within which the solid particles are dispersed. Using a suspension
gliminates the need {o precipilate out therapeutic substance 112 from the solvent as is the
case with a solution, because therapeutic substance 112 remains a solid in the dispersion
meadium when mixed fogether. Examples of dispersion mediums with an inability to
dissolve therapeutic substance 112 depend on the properties of therapsutic substance

112. For example, suitable dispersion mediums with an inability {o dissolve sirclimus
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include but are not limited {o water, hexane, and cother simple alkanes, ¢.g., C5 thru C10.
Certain excipients, suspending agents, surfactants, and/or other additives/modifiers can
be added to the drug slurry/suspension to aid in suspension and stabilization, ensure an
aven dispersion of drug throughout the suspension and/or increase the surface lubricity of
the drug particles. Surfactants thus generally prevent therapeutic substance 112 from
floating on the top of or sinking to the boltom of the dispersion medium. bExamples of
surfactants include but are not limited to sorbitan fatly acid esters such as sorbitan
monooleate and sorbitan monolaurate, polysorbates such as polysorbate 20, polysorbate
60, and polysorbate 80, and cyclodexirins such as 2-hydroxypropyl-beta-cyclodextrin and
2,8-di-O-methyl-beta-cyclodexirin, In one embodiment, the tlargeted amount of
therapeutic substance 112 is suspended in the dispersion medium and the appropriate
additive/modifier is added on a 0.001 to 10 wi% basis of tolal formulation. In addition, an
excipient such as wea or 2,6-di-Omethyl-beta-cyicodexirin may be added {o
slurry/suspension 530 in order to assist in drug elution.

[06052] One advaniage of utilizing slurry/suspension 530 as opposed to solution 524 is
that since therapeutic substance 112 is already in solid form within the dispersion
medium, openings 104 will not become blocked with dried drug solution.  More
particudarly, when filling hollow stent 100 with solution 524, a fraction of solution 524
within lumen 103 may escape or leak through openings 104 onto the outer surface of
hollow stent 100. The leaking occurs due {0 surface tension/capiliary action or ouiflow
from the transferring process. Solution 524 on the outer surface of the stent will dry
guicker than solution 524 contained within lumen 103 of hollow wire 102. The net effectis
a cast layer of drug that may ccclude side openings 104, thereby making further solvent
extraction difficulf. The residual scivent {rapped within the lumenal space can have a
detrimental effect on biocompatibility as well as cause complications in predicling the
effective drug load. By utilizing slurry/suspension 530 rather than solution 524, the drug
and dispersion medium remain separated and a cast layer of drug does not form.

[60853] The particle size of therapsutic substance 112 when suspended in
slurry/suspension 530 influences various factors, including the viscosity of the suspension
and the stability of the suspension meaning how long the particles remain suspended
before seitling. In one embodiment iabeled standard slurry/suspension 532, drug particie
diameters ranging from 1 micron to 50 microns can be ulilized. Therapeutic substance
112 may be pelletized prior to filling the lumen of the hollow wire. The control of particle

size disfribution or pelielizing of the drug can occur through various paths including
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mechanical means such as grinding processes and non-mechanical means such as
precipitation processes. When a forward filling method is being utilized, the peilets are
smaller than the lumenal space of the stent such that the drug particles can pass through
the ends thereof. When a reverse filling method is being utilized, the pellets are smaller
than the cpenings 104 in the stent such that the drug particles can pass thersthrough.
The pelletized drug in slurry/suspension 532 may be lcaded into the lumen of the stent by
vibration/sonication, pressure filling, or any other suitable technique described herein.
Peiletizing the therapeutic substance provides substantially uniform size of the pariicles
for improved consistency in dosing and easier loading.

[0054] In  another embodiment labeled small parlicle and  nancoparticle
slurry/suspension 534, drug parlicle diamsters ranging from 1 nanomeler o 1000
nanometers can be ulilized. Particles in the less than 100 nanometer size range are
commonly referred 0 as nanoparticles. Small pardicle size drug and in particular
nanoparticles are an atiractive candidate for use in drug delivery as the smaller particles
allow for more efficient loading of drug inlo the stent. More particularly, the drug particles
are significantly smaller than the lumenal space 103 and side openings 104, Thus in a
forward fill method, the small particles of drug can easily transport info lumen 103 of
hollow wire 102 via the open ends 114, 114’ of the stent. In a reverse {ill method, the
drug can easily traverse side openings 104 to fill lumen 103 of hollow wire 102

(60557 In addition to the aforementioned efficiencies, small particle and nanoparticie
drug has advantages in drug delivery. Specifically, as the particle size is reduced, the
solubility of the drug is increased in sifu. This benefit becomes more apparent when the
particle size is reduced from micron sized particles 10 nanometer diameter particles.
Particles in the nanometer range also have the ability to diffuse as whole particles from
the sient to the lissue by using the conceniralion gradient that exisis between the drug
source and the target tissue. As a resull, the rate of ransport from the lumen of stent 100
o the lissue is increased.

16056] Small particle and nanoparticle drug may be created by any suitable method,
including bul not limited to homogenization/microfiuidics, precipitalion, supercritical CO,,
ball milling, and rod milling. When crealing a slurry/suspension having nanoparticles, it is
important that the viscosity of the slurry/suspension is sufficiently low {o allow transport
across openings 104 and into the stent. FIG. 6 is a chart that illusirates how drug loading
is affected when particle size is fixed well below the size of side openings 104 and

viscosity is altered. In this example, the size of the side openings 104 is 6um, the particle
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size is 300nm and percent fill weight is defined as the ratio of the amount of drug filled in
the stent to the theorstical maximum amount. In one embodiment, small particle and
nanoparticle drug may be generated via a multiple-pass homogenization process using a
surfactant-stabllized dispersant, such as hexane or water. For example, a hexane-based
dispersant may be created by mixing hexane with 1% viv SPAN® 80 and an aqueous-
based dispersant may be created by mixing water with 1% viv Tween® 80. Therapeutic
substance 112 is added to creale a slurry/suspension that is 10% v/iv. The mixiure may
be sonicated for a predetermined time, ¢.¢. 1-60 minutes, {o mix the components before
homogenization. A microfluidics homogenizer or microfluidizer is then utilized for
homogenization, with settings of 28000 psi and 860 passes. FIG. 7A illustrates a hexane
hased dispersant (5% v/v) that has been homogenized to nano-sized drug particles, while
FIG. 7B iHlustrates a hexane based dispersant system (5% v/v) thal has not been
homogenized. After homogenization, dynamic Light Scattering (BLS) and/or SEM may be
used {0 measure particle distributions to ensure that the particles are homogenous. The
slurry/suspension may then be diluted o the desired slurry/suspension volume fraction
{viv}, and loaded into the lumen of the stent by vibration/sonication, pressure filling, or any
other suifable technigue described herein.

Lrug Filling: Forward Fill High Pressure Gas Embodiment

(60577 FIGS. 8 and 9 are schematic illustrations of an apparatus 860 for loading the
lumen of a hollow stent in a forward-fill manner with a therapeutic substance in
accordance with an embodiment hereof. Apparatus 860 is a high-pressure packing bomb
utilized to leverage established capillary column packing techniques, with modifications
made for slurry/suspension formulation andfor packing lechnique(s). More particularly,
apparatus 880 includes a pressure source 862, a 3-way valve 864 including a pressure
vent 868, a pressure gauge 868, a high-pressure packing unit or bomb 870, and tubing
872 coupling these items logether. As shown in FIG. 9, packing unit 870 includes a body
878, a cap lock 880, a vial or container 882 for holding a suspension of a therapeutic
substance and a dispersion medium, a side port 888 to which tubing 872 is attached, and
a nut 884, Packing unit 870 further includes a cap seal 888, as shown in FiG. 8.
Pressurized gas eniers packing unit 870 through tubing 872 to pressurize the therapeutic
substance suspension held within vial 882. On the exit side of packing unit 870 is a high-
pressure fitling 874 for fluidly connecting to a first end of hollow stent 100 such that the

lumenal space of holiow wire 102 is in fluid communicalion with vial 882 o receive the
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therapeutic substance suspension therefrom. An end filting 876 including a frit disposed
therein is atlached i{o a second end of holiow stent 160 1o prevent the therapsutic
substance from passing out of hollow stent 100, The frit pore size can range from 0.2
microns {0 20 microns depending on the therapeulic substance slurry/suspension densily
and the therapeutic substance particle size. The aforementioned parts of apparatus 860,
except for hollow stent 100, are available from Western Fluids Engineering + MFG, LLC in
Wildomar, California.

[6058] in operation, vial 882 is filled with a slurry/suspension including therapeutic
substance 112. In one embodiment vial 882 is filled with a slurry/suspension by adding a
fixed mass of therapeutic substance 112 {0 vial 882 followed by a dispersion medium
such that the drug per unit volume concentration ranges from 0.5 mg/mi to 50 mg/mi. The
first end of hollow stent 100 is connecled to high-pressure packing unit 870 using high
pressure connection 874, In an embodiment, a micro stir bar (not shown) may be added
o vial 882, and after vial 882 is placed inside and sealed within packing unit 870, high-
pressure packing unit 870 may be placed on top of a magnstic stir plate.  Inert high
pressure gas enfers packing unit 870 through side port 888 via tubing 872 and forces the
sturry/suspension of therapeutic substance 112 from the vial 8382 out of nut 884, through
high pressure fitting 874, and inlo the lumenal space of wire 102 that forms hollow stent
100. The pressurized drug slurry/suspension passes through the lumenal space of hollow
stent 100 and the solid particles of therapeutic substance 112 are captured by the frit of
end fitling 876. More particularly, the size of the pores of the frit are selected o allow the
dispersion medium to pass or be forced therethrough, Le., downsiream thereof, while
retaining or capturing the solid drug or therapeutic substance 112 behind or upstream of
the frit, thereby packing/loading the lumenal space of the hollow stent 100 from the
second end to the first end thereof.

100597 initial packing pressures can range from 100 to 10,000 psig depending on the
desired packing rate, the drug concentration within the slurry/suspension, and the ratio
between the inner diameter of hollow wire 102 and drug pariicle size. In one example, a2 6
inch fength of hollow tubing, with an inside diameter of 0.004” was filled with sirolimus
having a median diameter of approximately Sum in diameler. The sirclimus was
suspended in hexane-isopropanol to achieve a mixture of 9010 hexaneisopropanct viv.
A 0.5 um It was utilized on end fitting 876. Packing bomb 870 was pressurized to 500
psi and held there for approximately 55 minutes.  Thereafter bomb 870 was

depressurized o ambient and then repressurized {o 600 psi. The pressure was then
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gradually increased from 800 to 900 psi over the next 20 min, and then further increased
o 1500 psiin 100 psi increments over 30 minutes. In excess of 4 inches of the hollowing
tubing was filled with Sirolimus. In embodiments hereof, a diameter of particles of the
therapeutic substance may be selected from a range of 1 micron to 50 microns. In an
embodiment uniform packing of the hollow stent is aided by periodically reducing the
packing pressure to at or near ambient, i.e., depressurizing packing unit 870 to at or near
ambient, and subseguently increasing the packing pressure, i.e., re-pressurizing packing
unit 870 {o the packing pressure, such that periodic pulsatile pressure steps or cycles are
employed. In ancther embodiment, uniform packing may be aided by gradually ramping-
up or increasing the packing pressure as hollow stent 100 begins 1o pack from the second
end furthest from packing unit 870 toward the first end. In another embodiment, a
vacuum may be applied o the system on the low pressure or downstream side of the frit
to assist in drawing the slurry/suspension through the lumenal space of hollow wire 102
toward the frit and {o assist in forcing/pulling the dispersion medium through the Trit.

(60681 In one embodiment, drug delivery openings 104 of hollow stent 100 are
temporarily blocked or plugged during the forward fill process in order to minimize leakage
of the slurry/suspension as the high pressure gas forces the slurry/suspension through
the lumenal space of hollow wire 102. In addition, high pressure gas to forward fill a
lumenal space of a hollow wire may be utilized to fill a previously formed hollow stent 100
as shown in FIG. 8 or may be ulilized to fill a straight hollow wire or tube 102 that is

subsequently formed into holiow stent 100,

Brug Filling: Forward Fill via Centrifugal Force Embodiments

(06061 FIGS. 10 and 11 are schematic illustrations of an apparatus 1080 and method
for loading the lumen of a hollow stent with a therapeutic substance using centrifugal
force in accordance with anocther embodiment hereof.  Apparatus 1080 includes a
rotatable disc 1092 and a ceniral filling tube 1004, Filling tube 1094 is filled with a dry
therapeutic substance 112, Alternatively, filling tube 1084 is filled with a solution or
slurry/suspension containing the therapeutic substance. Central filling tube 1094 is
connecied o lumen 103 of hollow stent 100. As can be seen, a plurality of hollow stents
100 may be connected to central filling tube 1084, Disc 1092 is rotated at a high speed
as indicated by the arrows, thereby forcing therapeutic substance from central filling fube

1094 radially outward into lumens 103 of hollow stents 100
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[06062] FIGS. 12 and 13 are schematic llustrations of another embodiment utilizing
cenirifugal force for filling the lumen of mulliple hollow stents with a therapsutic
substance. A loading apparatus 1281 includes two upper and lower segmentis 1297A,
12978, that maie along longitudinally-extending surfaces o form a cvlindrical structure,
Segments 1297A, 12978 are generally equal halves of the cylindrical loading apparatus
12891 as shown in the side view of FIG. 12, FIG. 13 llustrales a top view of segment
1287A. Loading apparatus 1281 may be formed from polycarbonats, stainless steel, and
similar materials and is designed {o hold an array or plurality of straight hollow wires 102
that are {o be filled with therapeutic substance 112, The siraight hollow wires 102 may be
placed within a loading compartment 1280 having a plurality of grooves 1285 formed on a
flat surface of a respective segment 12874, 12978, Grooves 1295 are precisely
machined o be of sufficient size and shape 1o securely accommodate the plurality of
straight hollow wires 102 so that the wires are held firmly in position during filling. The
bisected design of loading apparaius 1281 facilitates loading of the stents (o be filled.
Apparaius 1281 includes a wedge-shaped reservoir 12093 for containing a drug
slurry/suspension to be lcaded within the lumens of the straight hollow wires 102
Loading compariment 1280 is positioned downstream of reservoir 1283 and is in fluid
communication with reservoir 1293, Apparatus 1291 further includes a fillering restraining
plate 1299 that facilitates the flow of the dispersion medium there-through while permits
drug retention upsitream therect. In one embodiment, the filtering restraining plate is an
insert of sintered glass that allows fluid flow therethrough while restraining the drug within
the lumens of the siraight hollow wires 102. A sump chamber 1206 downstream of
filtering restraining plate 12990 captures and contains the dispersion medium that flows
through apparatus 1291 during the filling procedure, as will be explained in more detail
hergin. When segments 1297A, 12878 are closed together, rubber gaskets 1208 seal
apparatus 1281 such that the slurry/suspension does not leak out of the apparatus during
the filling process. Further, a screw cap 1288 having a rubber diaphragm (not shown)
and a base ring 1287 tightly hold segments 12874, 12978 {ogsther.

[6063] The filling process begins by placing mulliple straight hollow wires 102 or tube
blanks into grooves 1285 in one half of the loading apparatus 1291, Loading apparatus
1291 is then closed by sandwiching straight hollow wires 102 between segments 12974,
12978 of apparatus 1281, and base ring 1287 and cap 1288 are screwed into place {0
seal the unit. Advantageocusly, {0 minimize leaking, a compliant rubber coaling may be

applied to one or more surfaces of loading compariment 1280 such that when loading
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apparatus 1291 is closed, the rubber coaling seals or prevents leaking through drug
delivery openings 104 formed within hollow wires 102, Once sealed, reservoir 1283 is
filed with a slurny/suspension including a therapeutic substance by injecting the
slurry/suspension through the rubber diaphragm of cap 1288, Apparatus 1291 is then
placed into a standard centrifuge rotor and a high G centrifugal force is applied across the
length of hollow wires 102, The high G centrifugal force drives the drug slurry/suspension
into the lumens of the hollow wires 102 and packs the volume with drug particles in a
rapid and efficient manner. The speed and lime parameters for the centrifuge rotor
depend on various factors, including slurry/suspension composition, slurry/suspension
viscosily, drug particle size or diameter, friction coefficients, and the degree of desired
packing. The cenlrifugal force acts along the length of the entire hollow tubes 102 and
the slurry/suspension moves through hollow wires 102, The dispersion medium of the
slurry/suspension passes or flows through filtering restraining plate 1289 and is contained
within sump chamber 1298, while the therapeutic substance of the slurrv/suspension
remains within the lumens of the hollow wires 102, After filling, the straight hollow wires
102 may be formed into the desired stent shape or configuration.

[0064] Although described above with respect o a slurry/suspension, apparatus 1291
may also be utilized fo fill the lumenal space of hollow wires 102 with a solution of the
therapeutic substance. When ulilized with a solution, sump chamber 12896 may be
omitted and the restraining plate 1299 nead not allow passage of liquid therethrough but
rather may function to block passage of the solution, thus permitling solution filling within
the lumenal space of hollow wires 102, After {illing, the lumens of siraight hollow wires
are filled with the drug solution and the solvent must be subsequently extracted therefrom
by any suitable method described herein.  iIn general, filling the hollow wires with a
solution requires a shorter duration and a lower speed of the centrifuge rotor.

10065] With reference o FIG. 14, an embodiment for loading a hollow stent via a high G
centrifugal force is shown. Similar to Ioading apparatus 1291, loading apparatus 1481 is
generally cylindrical and includes upper and lower longitudinal segments that mate along
longitudinally-extending surfaces to form the generally cylindrical structure (not shown).
Apparatus 1491 includes a wedge-shaped reservoir 1493 for containing a drug
slurry/suspension, a restraining plate or sintered glass insert 1489 that facilifates flow of
the dispersion medium therethrough and drug retention upstream therecf, a sump
chamber 1498 to capture and contain dispersion medium that flows through apparatus

1491 during the filling procedure, rubber gaskets 1488 {o seal apparatus 1491, and a cap
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1489 and base ring 1487 {o close apparatus 1491, However, rather than having grooves
to accommodate straight holiow wires, apparatus 1491 includes a cylindrical loading
compariment 1480 formed therein for accommodating a single hollow stent 100,
Cylindrical loading compartment 1480 is a particular diameter and length to accommodate
the hollow stent. In one embodiment, a rod or core {not shown} may be inserted through
the hollow stent during the drug filling process in order to secure or hold the hollow stent
firmly in place. The filling process in which a high G centrifugal force is applied across the
tength of the stent to drive the drug slurry/suspension or solution inte the lumenal space of

the stent is the same as described above with respect (o apparatus 1281,
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Brug Filling: Forward Fil Embodiment utilizing Supercritical CO. for Drug

Precipitation
100661 FIG. 15 is a schematic illustration of an apparatus 1588 and method for loading

the lumen of a hollow stent with a therapeutic substance in accordance with another
embodiment hereof. Apparalus 1585 includes a pressure chamber 1583 {(shown in
phantom), a supply 1581 for supercritical carbon dioxide (SCCO;), a supply line 1579 for
introducing a solution of a therapeutic substance in a sclvent, such as ethanol, and a
recirculation systern 1577, Supercrilical carbon dioxide is carbon dioxide above its critical
femperature (31.1 °C} and critical pressure (72.9 atm/7.32 MPa). A hollow stent 100 is
disposed in pressure chamber 1583, As the solution is pushed through the lumen of
hollow stent 100, supercritical carbon dioxide enters the lumen of hollow stent 100
through openings 104. The supercritical carbon dioxide interacts with the solution fo
precipifate the therapeutic substance such that the therapeutic substance remains in the
tumen of hollow stent 100 and the solvent, such as ethanol, continues {0 be recirculated
through recirculation system 1577, in this embodiment, the properties of SCCO;s are thus
utilized as part of the drug filling process in order to precipitate the therapeutic substance
out of the solution. A filter 1573 may be located at the exit side of the pressure chamber
to capture any of the therapeutic substance that is pushed through hollow stent 100, A
therapeutic subsiance supply 1575 is coupled o the recirculation system 1577 such that
the therapeulic substance and solvent are mixed to be introduced as a solution info
pressure chamber 1583 through supply line 1579,

160677 In one embodiment, supercritical carbon dioxide to forward fill a stent may be
utilized to fill a formed hollow stent 100 as shown in FIGG. 15 or may be utilized fo fill a

straight hollow tube 102 that is subsequently formed into hollow stent 100.

Brug Filling: Forward Fill Syringe Embodiment

[0068] FIG. 16 is a schematic illustration of an apparatus 1671 and method for loading
the lummen of a hollow sient with a therapeutic substance in accordance with another
embodiment hereof. Apparatus 1671 includes a syringe luer connector 1669 and small
bore fube coupler 1867 for coupling the syringe luer connector to hollow stent 100, A
syringe {(not shown) injects a therapeutic substance into the lumen of hollow stent 100
through the syringe luer connector and small bore fube coupler. The therapeutic

substance may be mixed with a solvent or dispersion medium to form a solution or
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slurry/suspension, respectively. Exemplary solvenis or dispersion mediums include
ethanol, chloroform, acetone, {efrahydrofuran, dimethyl sulfoxide, ethyt lactate, isopropyl
alcohol, acelonitrile, water, and others as would be known 1o one of ordinary skill in the art
and/or described herein. In one embodiment, drug delivery openings 104 of holiow stent
100 are blocked or plugged during the forward fill process in order to minimize leakage as
the syrings injects the therapeutic substance and solvent/dispersion medium through the
lumen of the stent. In addition, a syringe to forward fill a stent may be utilized fo fill a
hollow stent 100 as shown in FIG. 16 or may be utilized {o fill a straight hollow tube 102

that is subsequently formed into hollow stent 100,

Drug Filling: Forward Fill Embodiment utilizing Vibration

[0069] Forward filling the stent may be assisted by vibration. Vibration may be applied
directly or through a liquid bath. Vibration assists in moving the therapeutic substance
through the lumen of the stent. FIG. 17 shows a schematic representation of an
embodiment using vibration to assist drug Ioading. Hollow stent 100 is placed in a
container 1765 filled with a liquid 1763, such as waler. A hopper 1761 including a drug
formulation is coupled to one end of the hollow stent 100 and the opposite end of the
stent is closed. The drug formulation may be a solution or a slurry/suspension that
includes the therapeutic substance or a dry therapeutic substance. A pump 1758 is
coupled to hopper 17681 o push the drug formulation through lumen 103 of hollow stent
100. A sonicator 1757 or similar vibration producing device is placed in the liquid 1763.
The sonicator 1757 may be held in place by a support structure 1755 and coupled to a
power source 1753. While the drug formulation is being loading through lumen 103 of
hollow stent 100, the sonicator 1757 vibrates liguid 1783, thergby vibrating holiow stent
100. The scnicator may be vibrated at about 20-100 kHz. 1t would be undersiood by
those skilled in the arf that vibration techniques may be used with other loading methods
and various means 1o vibrale the stent may be used. For example, the sonicator 1757 or
similar vibraling device may contact portions of the stent directly.

160707 Drug dslivery openings 104 of hollow stent 100 are blocked or plugged during
the forward fill process in order to prevent liquid 1783 from entering hollow stent 100 via
openings 104, and lo further minimize leakage as the therapeutlic subslance and
solvent/dispersion medium are pumped into the lumen of the stent. In addition, vibration

o forward fill a stent may be utilized {o fill a formed holiow stent 100 as shown in FIG. 17
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or may be utilized to fill a straight hollow tube 102 that is subsequently formed into hollow
stent 100.

Drug Filling: Forward Fill Embodiments utilizing Biodegradable Liner or Plugs

86711 In one embodiment, the sient may include a liner to assist in filling the stent with
the therapeutic substance or drug and to further control the rate of drug delivery afler
stent implantation. More particularly, referring o the cross-sectional view of FIG. 18, stent
1800 may include a binabsorbable/bicdegradabie liner 1851 that conforms {0 an inner
surface 1849 of hollow wire 1802, In one embodiment, liner 1851 may have a thickness
that ranges between 0.001-0.002 inches. Liner 1851 prevents therapeutic substance
1812 from leaking through side openings 1804 during the drug filling step of the
manufacturing process. After placement of liner 1851 as described below, stent 1800
may be filled or loaded with therapeutic substance 1812 utilizing any forward fill method
described herein. Regardless of the type of filling method utilized, liner 1851 ensures that
therapeutic substance 1812 does not seep out or leak through openings 1804 as lumen
1803 of hollow wire 1802 is filled.

[0872] in addition to blocking openings 1804 during manufaciure, liner 1851 aiso acts
as a mechanism {o control release of therapeutic substance 1812 into a body vessel after
stent 1800 is  implanted thersin. Liner 1851 s formed from a
bicabsorbable/biodegradable polymer that dissolves or breaks down within a vessel such
that therapeutic substance 1812 is permitied {o elule into the vessel lumen. In one
embodiment, liner 1851 is formed outl of polyiactic acid (PLA), which is a bicdegradabie
plastic thal has been used for many years for medical uses such as bicdegradabis
sutures. Other biodegradable polymers suitable for use in constructing liner 1851 include,
for example, polyglycolic acid, collagen, polycaprolacione, hylauric acid, co-polymers of
these matlerials, as well as composifes and combinations thereof. Bioabsorbable
polymers suitable for use in constructing liner 1851 include polymers or copolymers such
as polylactide [poly-L-lactide (PLLA), poly-D-lactide {PDLA)], polyglycolide,
polydioxanone, polycaprolactone, polygluconate, poivlactic acid-polyethylene  oxide
copolymers, modified celluloss, collagen, polythydroxybutyrate), polvanhydride,
polyphosphoester, polv(amine  acids), poly{alpha-hydroxy acid) or two or more
polymerizable monomers such as lactide, glycolide, trimsthylene carbonate, e
caprolactone, polyethylene glycol,  caprolactone derivatives such as  4-tert-butyl

caprolactone and N-acetyl caprolactone, poly{ethylene glycol) bis(carboxymethyl) ether.
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Each type of biodegradable polymer has a characteristic degradation rate in the body.
Some materials are relatively fast bicabsorbing materials (weeks to months} while others
are relatively slow bivabsorbing materials {months to years). The dissolution rate of liner
1851 may be lailored by controlling the iype of bicabsorbable polymer, the thickness
and/or density of the bicabsorbable polymer, and/or the nalure of the bicabsorbable
polymer.  In addition, increasing thickness and/or density of a polymeric material will
generally slow the dissolution rate of the liner. Characteristics such as the chemical
composition and molecular weight of the bioabsorbable polymer may also be selected in
order to control the dissolution rate of the liner.

[0073] After stent 1800 is implanted in the vessel, bicabsorbable/biodegradable liner
1851 will breakdown due {0 exposure to blood flowing through the vessel, thereby
allowing therapeutic substance 1812 {o be released at the treatment site and into the
bloodstream. In comparison to an exierior bicabsorbable/biodegradable coating used for
controlling release of therapeutic substance 1812 inio a vessel after stent 1800 is
implanted, liner 1851 is more protected during further processing steps such as crimping
stent 18C0 onto a balloon of a balloon catheter (not shown). Further, polymer coatings on
exposed surfaces of medical devices may flake off or otherwise be damaged during
delivery. In comparison, liner 1851 is protecied from flaking off or otherwise being
damaged during delivery since liner 1851 is inside hollow wire 102.

[6074] FIGS. 10 and 20 lliustrate one exemplary method of manufacture for liner 1851,
More particdlarly, in one embodiment a  hollow tube 1847 of a
binabsorbable/biodegradable polymer is fed inlo lumen 1803 of hollow wire 1802. Hollow
wire 1802 may be straight or formed info a stent configuration. Similar to balioon forming
technology, tube 1847 s clamped at either end, and simultaneously internal pressure and
external heat are applied so thal tube 1847 blows oul to form liner 1851 thal confirms to
inner surface 1849 of hollow wire 1802. The blowing process thus stretches and thins
tube 1947 into liner 1851, Other manufacturing processes may be employed to form liner
1851, including but not limited to gas-assisted injection molding and dipping or pumping
binabsorbable/biodegradable polymer in liguid form into a hollow stent, with or without
masked regions on the exterior surface of the stent.

[0078] Referring now o FIG. 21, ancther embodiment is shown in which the drug
delivery openings 2104 of stent 2100 are filled with plugs 2145 of a
bicabsorbable/biodegradable polymer. Similar to liner 1851 described above, plugs 2145

serve {o assist in filling stent 2100 with therapeutic substance or drug 2112 and to further
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control the rate of drug delivery after stent implantation. Plugs 2145 substantially fill the
drug delivery side openings and thus extend approximately from the culer surface (o the
inner surface of hollow wire 2102, Plugs 2145 may have a top surface that is flush with
the oulside surface of stent 2100 or may be slightly raised or bumpy. Plugs 2145 prevent
therapeutic substance 2112 from leaking through the drug delivery side openings during
the drug filling step of the manufaciuring process. After placement of plugs 2145, stent
2100 may be filled or loaded with therapeutic substance 2112 utilizing any forward fill
method described herein. In addition to blocking the drug delivery side openings during
manufacture, plugs 2145 alsc act as a mechanism to control release of therapeutic
substance 2112 info & vessel after stent 2100 is implanted because plugs 2145 are
formed from a bicabsorbabie/biodegradable polymer thal dissolves or breaks down within
a vessel such that therapeutic substance 2112 is released or emiited into the vessel
fumen.

[6076] Plugs 2145 may be formed from any bioabsorbable/bicdegradable polymer
described above with respect to liner 1851, In one embodiment, plugs 2145 are formed
from the outside surface of hollow wire 2102 and may be formed from any appropriate
method, including but not limited {o syringing the bicabsorbable/biodegradable polymer in
Hguid form into the drug delivery side openings, manually wedging solid plugs having the
same profile as the drug delivery side openings into the side openings, and dipping the
hollow stent into the bicabsorbable/biodegradable polymer in liguid form into hollow stent,

with or without masked regions on the exterior surface of the stent.

Brug Filling: Forward Fill Embodiments Utllizing Drug Formed into Solid Rod or

Cylinder
60771  In another embodiment, the therapsutic subsiance is formed into a rod or solid

cvlinder with a diameter smaller than the diameter of lumen 103 of hollow wire 102. The
therapeutic substance can be formed into a solid cylinder by combining it with a binder,
such as lactose powder, dibasic calcium phosphate, sucrose, corn starch, microcrystaliine
celluiose and modified celivlose, and combinations thereof. The therapeutic substance
and binder are uniformly mixed and pressed into the desired shape, such as a rod or
cylinder shape in this embodiment. The rod is then inserted into lumen 103 of the hollow
wire 102 prior {o the hollow wire being bent into a stent pattern, that is, while the wire is
straight. The hollow wire 102 with the therapeutic substance disposed therein is then

shaped into a stent form, as described above. The therapeutic subsiance in a solid form

24



WO 2012/036929 PCT/US2011/050455

provides support to the hollow wire while the hollow wire is being shaped into the stent

patiern.

Drug Filling: Reverse and Forward Fill Embodiments utilizing Pressure andl/or

Yacuum Pump

(G078 FIG. 22 Is a schemalic iustration of an apparatus 2243 and methaod for loading the
lumen of a holiow stent with a solution or suspension of a therapeulic substance.
Apparatus 2243 includes a vacuum pump 2241, a manifold 2239, and a reservoir 2237,
Reservoir 2237 is filled with a drug formulation in solulion or suspension that includes
therapeutic substance 112, Vacuum pump 2241 is coupled to manifold 2238 by tubing
2235 or other suitable coupling mechanisms. Manifold 2239 is coupled to first open ends
114, 114° of a plurality of hollow stents 100 using fitlings 2233, or other suitable fluid
coupling mechanisms, to be in fluid communication with lumenal spaces 103 of respective
hollow wires 102 that form holiow stents 100. Holiow stents 100 extend from manifold
2239 into the solution or suspension filled reservoir 2237, In operation, vacuum pump
2241 draws a vacuum through manifold 2239 and lumenal spaces 103 of hollow stents
100 {o draw the drug formulation through side openings 104 as well as through opposing
open second ends 114, 114’ of holiow stents 100, in this manner, the lumenal spaces
103 of hollow stents 100 are filled with the drug formulation.

[GO79FIG. 23 Is a schemalic iustration of an apparatus 2331 and methaod for loading the
lumen of a hollow stent with a therapeutic substance in accordance with ancther
embodiment hersof.  Apparatus 2331 includes a pressure chamber or vesssl 2329
{shown in phantom) and vacuum pumps 2327. Pressure chamber 2329 is a pressure-
controlled container suitable for enclosing a hollow stent submerged within a drug
suspension. A pressure source 2327 is fluidly connected o the inferior of pressure
chamber 2328 for controlling the pressure within chamber 2329, Other pressure chamber
configurations arg suitable for use herein, including for example but not limiled o the
apparatus of FIG. 23A described below and the packing bomb described above with
respect to FIGS. 8-8.

(60801 A hollow slent is disposed in pressure chamber 23289 and a therapeutic substancs
112 in suspension is provided in or supplied o the pressure chamber. The open ends of
the holiow stent extend beyond pressure chamber 2329 and may be sealed to pressure
chamber 2328 by compression fitlings {not shown), such as but not limited to a nut and

ferule combination. Vacuum pumps 2327 are coupled {o lumen 103 of hollow stent 100
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via respective opposing open ends 114, 114’ In one embodiment, the pressure inside
pressure chamber 2328 is higher than atmospheric pressure and a resulting inward force,
represenied by arrows 2325, pushes or forces the suspension of therapeutic substance
112 info lumen 103 of the holiow stent through side openings 104. Simullaneously,
vacuum pumps 2327 cause an outward force, represented by arrows 2323, to aid in
drawing the suspension and particularly the solid particles of therapeutic substance 112
outwardly towards respective open ends 114, 114" and vacuum pumps 2327, In another
embodiment, the pressure inside pressure chamber 2329 can be equilibrated with
atmospheric pressure and the pressure differential caused by vacuum pumps 2327 acls
to draw the solid particles of therapeutic substance 112 into the lumenal space of the
stent and oulwardly towards vacuum pumps 2327, Filters 2321 may be provided at gither
end of hollow stent 100 such that the therapeutic substance “stacks-up” against the filters
o tightly pack the iumenal space 103 of the hollow stent 100 while the dispersion medium
is allowed {0 pass through filters 2321, 1t would be understood by one of ordinary skill in
the art that the method and apparaius described above may be varied such that a
vacuum is provided along the surface of hollow stent 100 through side openings 104 and
the therapeutic substance in solution or suspension may be forced inwardly into the
lumenal space from the open ends 114, 114 of hollow stent 100. More particularly, the
same set-up or apparatus may be ulilized except thatl the vacuum is applied to the side
openings 104 of holiow stent 100 by developing a vacuum within pressure chamber 2328,
In this embodiment, the vacuum pumps 2327 would be drawing directly from pressurg
chamber 2329 to develop the vacuum. The open ends 114, 114" of stent 100 would be
immersed in a solution or slurry/suspension of therapeutic substance and thereby be
drawn or forced into the lumenal space of stent 100 due to the pressure differential. In
one embodiment, the solution/suspension may be pressurized such that the vacuum from
pressure chamber 2329 and the pressure applied for the solution/suspension force the
solution/suspension {o fill the lumenal space of stent 100,

[6081] FIG. 23A Hlustrales another embodiment of a pressure-controlied container
suitable for enclosing a hollow stent submerged within a drug suspension. Apparatus
2331A, which functions similarly o apparaius 2331 described above, includes a pressure
chamber or vessel 2329A and a pressure source 23224 fluidly connected o the interior of
pressure chamber 232%A for controlling the pressure within chamber 2328A. In one
embodiment, pressurized gas from pressure source 23224 may assist with moving the

drug suspension. Pressure chamber 2329A includes a removable sealable cap or lid
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2324 that allows a hollow stent 100 {0 be placed into pressure chamber 2329A chamber.
A hollow stent 100 is disposed in pressure chamber 2328A and a therapsutic substance
112 in suspension is provided in or supplied o the pressure chamber. The open ends of
the hollow stent exiend beyond pressure chamber 2329A and may be sealed o pressure
chamber 2328A by compression fitlings 23264, such as but not limited {o nut and ferule
combinations. Frit or filters 2321A are placed in line between sach end of stent 100 and a
vacuum pump 2327A such that the therapeutic substance “stacks-up” against the filters to
fightly pack the lumenal space 103 of the hollow stent 100 while the dispersion medium is
aliowed 1o pass through filters 2321A. Tube adapters 2328 are alsc piaced in line
beiween each end of stent 100 and a vacuum pump 2327 A to allow change in tubing size
from the fritfcompression fitling to the vacuum pump. As discussed above with respect (o
FIG. 23, the pressure differential and vacuum pump 2327A pushes or forces the
suspension of therapsutic substance 112 into lumen 103 of the hollow stent through side
openings 104.

[06082] Pressure chamber and/or vacuum pumps o reverse fill or forward fill a stent
may be utilized to fill & formed hollow stent 100 as shown in FIGS. 22, 23, and 23A, or
may be ulilized to fill a straight hollow wire or tube 102 that is subsequently formed into
hollow stent 100,

Drug Filling: Reverse Fill Embediments Utilizing Vibration
100831 In another embodiment, vibration may be used {o reverse fill hollow stent 100.

Vibration may be applied o hollow stent 100 directly or through a liquid bath. Vibration
assists in moving a solution or suspension of the therapeutic substance across drug
delivery side openings 104 and into lumen 103 of hollow wire 102 thal forms stent 100.
FIG. 24 shows a schematic representation of an embodiment using an ultrasonic bath o
assist in drug loading. A container or tube 2418 is filled with a drug solution or
suspension having therapeutic substance 112, and hollow slent 100 in iis formed
configuration is submerged therein. Tube 2419 is placed within a chamber 2465 of the
ultrasonic bath. Chamber 2465 is filled with a liquid 2463, such as water or other solution.
Ultrasonic baths generally include an internal ultrasound generating transducer 2457 built
into chamber 2465 o produce ultrasonic waves in liquid 2463 by changing size in concert
with an electrical signal oscillating at ultrasonic frequency.  Alternatively, an external
ultrasound generaling transducer such as sonication horn 1757 described above with

respect to FIG. 17 may be placed into liquid 2463 to produce vibrations.  Internal



WO 2012/036929 PCT/US2011/050455

ultrasound generating transducer 2457 vibrates liquid 2463, thereby vibrating the drug
solution or suspension into drug delivery openings 104 of hollow stent 100, In one
embodiment, the drug solution or suspension is vibrated for a duration of between 1 hour
and 4 hours. The internal ultrasound genergting transducer 2457 may be vibraled atl
about 20-100 kHz. it would be understood by one of ordinary skill in the art that vibration
techniques may be used with other loading methods and various means {o vibrate the
stent may be used. In one embodiment, ice or another cocling agent may be added {o
the ultrasonic bath as needed {0 ensure that hollow stent 100 does not warm above room
temperature during the sonication.

[6084] After sonication, hollow stent 100 is removed from container 2418 with lumenal
space 103 full of the drug solution or suspension, which includes therapeutic substance
112, solvent or dispersion medium, and/or any modifiers/additives such as one or maore
surfactants or excipients, and at least partially dried to remove a majority of the exterior
solvent or dispersion medium. Afier drying, the exterior surface of hollow stent 100 may
be coated with the same solution or suspension components, either as a layer of cast
drug solution or a dried drug residue. Hollow stent 100 may further undergo a solvent
extraction step as described herein and/or a stent cleaning step as described herein {o
remove any remaining solvent or dispersion medium from the lumenal space and/or 1o
remove the cast layer of drug solution or drug residue from the outer surface of the stent.
Vibration to reverse fill a stent may be utilized {o fill a formed hollow stent 100 as shown in
G, 24, or may be utilized 1o fill a straight hollow tube 102 that is subsequently formed

into hollow stent 100.

Solvent Extraction: Azeotrope {o Precipitaie Brug
[60858] FIGS. 25-28 illustrate an embodiment in which a precipitation method is utilized

to separate a drug from a solvent after a solution has been lnaded info the lumenal space
of hollow wire. More parlicularly as shown in a first step 2520 of FIG. 25 and in the cross-
sectional view of FIG. 26, hollow wire 2602 of stent 2600 is first filled with a solution 2617
of therapsutlic substance or drug 112 and a first solvent. Therapsutic substance 112 is
soluble within the first solvent o form solution 2617, The first solvent may be a high or
low capacily solvent. In one embodimeni, the first sclvent is tetrahydrofuran (THF),
although other solvents suitable for dissolving therapeutic substance 112 may be utilized.
THF is a high capacity solvent that dissolves a large amount of various drugs, such as for

example sirolimus. As will become apparent by the Tollowing description, the first solvent
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must also be capable of forming an azeotrope with a second or precipitator solvent that is
added later in the process. Stent 2600 may be filled or loaded with solution 2617 utilizing
any filling method described herein, however a reverse filling method such as vibration via
ullrasonic bath is preferred so that evaporation of the first solvenl may occur quickly
through the multiple openings 2604 spaced along the length of stent 2600,

[G088] In a second step 2521 of FIG. 25, a second or precipitator solvent is added {o
the lumenal space of stent 2600. The second solvent has the following characteristics in
order to perform these key functions: (1) the second solvent does not dissolve therapeutic
substance 112, ie., therapeutic substance 112 is insoluble in the second solvent such
that therapeutic substance 112 precipitates from solution 2617, and (2} the second
solvent is miscible with the first solvent o ensure proper homogenous mixing and is
capable of forming an azeotrope with the first solvent. As to the first characteristic of the
second precipitator sclvent listed abovs, it is noted that the second precipitator solvent

may be referred to as a nonsoclvent in that it is & subslance ncapable of di

therapeutic substance 112 within solution 26817, As to the second characteristic of the
second precipitator solvent listed above, an azeotrope is a mixture of two or more liquids
in such a ratio that its compaosition is not changed when boiled, because the resulting
vapor has the same ralioc of consliluents as the original mixiure. The second or
precipifator solvent is added untll the two solvents, ie., the first solvent and the
precipifator solvent, reach the azeolrope point. For example, when THF is utilized as the
first solvent, hexane may be utilized as the second precipitator solvent. Various drugs,
including sirolimus, are insoluble in hexane. Further, THF and hexane are miscible and
form an azeolrope at 46.5% THF and 53.5% hexane by weight (w/w). Since the
azeotrope point of a THF/hexane mixiure requires 53.5% hexane, a large amount of
hexane can be added {o solution 2617 in order to ensurg that therapeutic substance 112
precipitates from solution 2617, In ancther embodiment, sthanol may be ulilized as the
first solvent for dissolving the therapeutic substance and walter may be ulilized as the
second precipitator solvent that forms an azeolrope with sethanol, as long as the
therapeutic subsiance is insoluble in waler. Afier precipitation, as shown in the cross-
sectional view of FIG, 27, therapeutic substance 112 exists in a solid phase while the two
solvents, /e, the first solvent and the precipitaior solvent, exist as a mixiure 2715 in a
liguid phase.

100871 The second precipifalor solvent may be added to the lumenal space of stent

2800 in any suitable method., For example, if vibration is being utilized in a reverse fill
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method to load hollow stent 100, the second precipitator solvent may simply be added to
the ultrasound/ulirasonic bath while stent 100 is still submerged in solution 2617 and the
second precipitator solvent will enter the lumenal space via the drug delivery side
openings of the immersed stent. The second precipitator solvert will cause therapeutic
substance 112 to precipitate from the first sclvent both within the lumenal space of hollow
wire 2602 and exiernal to stent 2600. By precipitating therapeutic substance 112 out of
solution 2617, the drug and the solvents are separated and a cast layer of dried drug will
not form and block openings 2604 upon drying.

[06088] Referring now to a third step 2538 of FIG. 25, solvent extraction is performed to
remove the two solvents, /e, the Tirst solvent and the precipitator solvent, which exist as
guid mixture 2715 within the lumenal space of hollow wire 2602, Sient 2600, while still
immersed within mixture 2715 or removed therefrom, is placed in a vacuum oven.
Temperature and pressure are controfled such that the azeotrope formed between the
first solvent and the precipitator sclvent becomes volatile and goes into a gassous phase.
For example, ambieni pressure may be reduced {o approximately 5 lorr and temperature
may be increased o between 30 degrees © and 40 degrees C for @ THF-hexane 1o allow
rapid evaporation of the solvents, The specific values necessary for femperature and
pressure are dependent upon the specific solvent sysiem selected however typical values
can range between 1x10” torr to 760 torr for pressure and 25 degrees C to 40 degrees C
for femperature.  Mixture 2715 will flash off or evaporale from stent 2600, leaving
substantially only therapeutic substance 112 in solid form within the lumenal space of
hollow wire 2602 as shown in the cross-sectional view of FIG. 28. Very liitle {o no
solvenis remain within hollow wire 2602, Since the first solvent and the precipitator
solvent formed an azectrope, the solubility of therapeutic substance 112 does not change
as mixture 2715 is evaporated bul rather remains in solid form duwring the solvent
exiraction. Since the composilion of an azeotrope does not change during boiling,
therapeutic substance 112 will not dissolve in any remaining mixure 2715 as the
azeotrops evaporates. Forming an azeotrope (o precipitate a drug within a holiow tubular
stent may be utilized within a formed hollow stent or may be ulilized to fill a straight hollow
fube that is subseguently formed into a hollow stent.

60881 in one embodiment, the first solvent and the precipitalor solvent form a positive
azeotrope meaning that the combination is more volatile than the individual components.
A volatile azeotrope resulls in a relatively low boiling point for mbdure 2715 so that

mixture 2715 will Hlash off or evaporate from stent 2600 guickly and easily. THF and
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hexane mentioned in the previous embodiment may be used as the first solvent and the
precipitator solvent to form a positive azeotrope having a relatively low boiling point.

[6688] In ancther embodiment, prior {0 the sclvent exiraction step 2538 described
above, water may be added to hollow stent 100 because the addition of water to a
THF hexane/Sirolimus system can create a hard shell. The hard shell may be utilized for
capping stent 2600 so that drug is not lost from the inside of the stent during handling

thereof.

Solvent/Dispersion Medium Extraction Step of Stent Loading Process
[0081] Referring back to FIG. 5, after the stent is filled with a drug, the second step of

the drug loading process is solvent or dispersion medium extraction 538, After the
lumenal space of the hollow wire 102 is filled with a drug formulation, any residual
solvent/dispersion medium must be extracted from within the lumenal space such that
primarily only therapeutic substance 112 or therapeutic substance 112 plus one or more
excipients are located within hollow stent 100 to be eluted info the body. Thus, the net
result of solvent/dispersion medium exiraction is a drug, or drug and excipient, filled
hollow  stent devoid of appreciable lumenal residual solvent/dispersion medium.
Solvent/dispersion medium extraction preferably occurs without affecting or altering the
compgosition of therapeutic substance 112, Solvent/dispersion medium extraction is
necessary to make hollow stent 100 a biocompatible implant and is desirable to ensure
consistent elution of therapeutic substance 112,

[6882] FiG. 5B illustrates a more detailed flowchart of the sclventidispersion medium
extracting step 538 of the loading process, which refers {o both removal of a solvent from
a solution of a therapeutic material held within the luminal space ¢f a hollow stent and
removal of a dispersion medium from a slurry/suspension of a therapeutic material heid
within the luminal space of a hollow stent. More particularly, solvent/dispersion medium
extracting step 538 is generally performed via one or more of a method of supercritical
CO, exddraction 540, a method of vacuum oven drying 542, and/or a method of cryovac
sublimation 544. After scivent/dispersion medium exiraction is performed, the lumenal
space of the hollow wire is primarily filled with only drug or drug and excipient with only
negligible guantities of solvent/dispersion medium. Each method is discussed in moreg

detall below.

SolventiBispersion Medium Extraction: Vacuum Oven Brving Embodiment
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[6093] Afier hollow stent 100 is filled or loaded with a drug formulation, either in
solution or suspension, via any filling method described herein, the stent may be dried
within a vacuum oven in order {0 evaporate any solvent/dispersion medium contained in
the lumenal space of the holiow wire 102 and precipitate out the therapsutic material.
Temperature used for drying is high encugh to facilitate solvent removal, while not
causing drug degradation during drying. More particularly, the stent may be placed in an
oven and dried al temperatures between 25 degrees C and 40 degrees C and pressures
between 1 torr and 760 torr for up {o 24 hours {o evaporate the majority of the exterior
solvent/dispersion medium as well as a portion of the solvenVdispersion medium loaded
with the lumenal spacs. After vacuum oven drying, a dried drug residue or a drug cast
often remains on the exierior surface of the sient and residual solventidispersion medium

often remains within the lumenal spacs.

SolventiDispersion Medium Extraction: Supercritical COs Embodiment

160847  With reference o FIGS. 29 and 30, two embodiments utilizing supsrcritical
carbon dioxide (SCCQ;) extraction fo reduce residual solvents or dispersion mediums
within the lumenal space of the hollow sient {o negiigible guantities are lllustrated. These
embodiments use the properties of SCCO; to exract residual solvents or dispersion
meadiums while not removing the previously filled therapeutic substance/drug from the
lumenal space of the sient. In a first step 2920 of a static exiraclion method of FIG. 29, a
stent 100 is filled or loaded with a drug formulation, either in solution or suspension, via
any filling method described herein such that at least the lumenal space of hollow wire
102 is filled with the drug formulation. In one embodiment, the stent may be dried within a
vacuum oven prior {0 undergoing supercritical carbon dioxide (SCCO;,) exiraction.

[G095]  In a second step 2Z8938A of the method of FIG. 29, the solution/suspension-filled
hollow stent 100 is placed inside an extraction vessel. An exiraction vessel is a pressure
vessel capable of holding holiow stent 100 and capable of withstanding the temperature
and pressures needed for supercritical carbon dioxide. A common configuration for an
exiraction vessel is a stainless steel cylinder with each end containing removable caps
and fittings to allow flow of supercritical carbon dioxide, bul other shapes and
configurations may be ulllized. The extraclion vessel is heated o a temperaiure of
between 31 degrees C and 40 degrees C, and then filled with pressurized carbon dioxide
(CCy) fo a pressure between 1100 psi and 8000 psi until the temperature and pressure

within the exiraction vessel are agbove critical conditions for CO: such that the
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supercritical carbon dioxide (SCCQO;) behaves as a supercritical fluid by expanding to fill
the extraction vessel like a gas but with a densily like that of a liquid. Supercritical fluids
are by definition at a femperature and pressurg greater than or equal o the critical
temperalure and pressure of the fluid. Carbon dioxide’s critical temperature is 31.1 °C and
critical pressure is 1070.9 psi (72.9 atm), so supercritical carbon dioxide (S8CCQO;,)
describes carbon dioxide at a temperature above 31.1 degrees © and al a pressure
above 1070.9 psi. In a supercritical slate, CO; possesses unique gas-like vapor
diffusivities and liguid-like densities. Unlike conventional liquid organic sclvents, SCCO;
has zero surface tension and thus is capable of penefrating small voids or spaces.
SCCO: also possesses solvent properties similar {0 organic solvenis such that i is
capable of solubilizing the same organic solvents used with solvenis/dispersion mediums
that include simple alcohols, alkanes, DCM, THF, and DMSG. In a third step 29388 of
the method of FIG. 28, supercritical conditions are maintained within the exiraction vessel
for a sufficient period of time, such as a holding pericd or an equilibration time, 1o allow
the SCCQO; to penetrate the lumenal space of stenl 100 and solubilize the residual
solvent/dispersion medium leftover from the filling process. In one embodiment, the
equilibration time is between 15 minutes and 80 minutes.

[0096] in a fourth slep 2938C of the method of FiG. 29, after the SCCO,; has
penetrated the lumenal space of stent 100 and solubilized the residual solvent/dispersion
medium, the extraction vessel is gradually depressurized to ambient pressure. The
pressure reduction is controlled by an expansion valve, which includes an upstream inlet
valve aftached {0 the exiraction vessel and a downstream outlet valve attached to the
extraction vessel. Opening the expansion valve, which includes opening the cutlet valve
while keeping the inlet valve closed, allows flow of SCCQO, and residual solvent/dispersion
medium out from the exiraction chamber and thereby reduces the pressure in the
axiraction vessel. The SCCQO; flow occurs because the oullet of the expansion vaive is at
a lower pressure than the exiraction chamber. In one embodiment, the outiet of the
egxpansion valve is ambient pressure. The resulting pressure reduction or pressure drop
across the expansion valve resulis in a volume expansion of the material flowing there-
through and hence the name expansion valve. The oulward flow of SCCO2 and
solvent/dispersion medium from the extraction vessel resulls in the exiraction of the
solvent/dispersion medium from the lumenal space of the stent with the therapeutic
material in solid form being left behind. The SCCO: reveris (0 a gas state and evaporales

away upon depressurizing. Depending on the specific soivent/dispersion medium in use

o2
o2



WO 2012/036929 PCT/US2011/050455

as well as the nozzle geometlry of the expansion valve, the exiracted solvent/dispersion
medium may also change o a gas state and evaporate upon exit of the expansion valve
or may be extracted in a liquid state. In an embaodiment, additional heating/pressurizing,
holding and depressurizing steps or duty coycles, ie., sleps 2838A-2838C, may be
repeatedly or cyclically employed to effect the removal of lumenal residual
solvent/dispersion medium to negligible quantities.

160871 In addition o removing residual solvent/dispersion medium from the lumenal
space of the stent, SCCO, has aiso demonstrated a low capacily for solubilizing certain
drugs such as sirolimus. Thus, SCCO, is useful for removing any drug residue located on
the exterior surface of the sient after the filling process. More particularly, during the
holding period described above, the SCCO, also solubilizes any exierior residual solvent
and a small fraction of the exterior drug residue, resulting in a net cleaning effect on the
stent exterior surface.

[6088] In a dynamic exiraction method Hlustrated in FIG. 30, method steps 3020,
3038A and 3038B are the same as described above with respect o sleps 2020, 2938A
and 28388 of the method of FIG. 29, In a first step 3020, a stent is filled or loaded with a
drug formulation, either in solution or suspension, via any filling method described herein.
In a second slep 30384, the solution/suspension-filled slent is placed inside an extraction
vessel, heated to a temperature of between 31 degrees C and 40 degrees C, and then
filled with pressurized carbon dioxide (CO3) to a pressure between 1100 psi and 8000 psi
untit the femperature and pressure within the exiraction vessel are above crilical
conditions for CO;. In a third step 30388, a holding period is sustained to allow the
SCCO, i penelrate the lumenal space of the stent and solubilize residual
solvent/dispersion medium leftover from the filling process. In one embaodiment, the
holding period is between 15 minutes and 60 minutes. In a fourth step 3038C of the
method of FIG. 30, after the SCCO; has penetrated the lumenal space of hollow stent
100 and solubilized the residual solvent/dispersion medium, the exiraction vessel is
allowed {o flow dynamically by throttling the expansion valve while mainiaining the
extraction vessel pressure through a continuous in-flow of a fresh supply of SCCO,. The
continuous in-flow of SCCO2 is achieved by continually applying pressurized carbon
dioxide to the extraction vessel and throitling the expansion valve to control the exit of
material from the exiraction vessel. In this embodiment, the exiraction vessel is never
permitted to depressurize during the exiraction process because both the upstream inlet

valve and the downstream outiet valve are kept open. in order to provide the fresh supply
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of SCCO, during dynamic extraction, the CO, pump continually adds fresh SCCO, to the
extraction vessel.

[0089] In embodiments hereof, static and/or dynamic SCCO, extraction methods may
be employed in one or more cycles on filled stents for between g total ime of 30 and 120
minutes, at pressures belween 2000 and 6000 psi. The SCCO, exiraction methods
reduce lumenal solvent levels to insignificant quantities. Further, in various embodiments,
one o more cleaning methods described herein may be employed after the SCCO»

extraction methods in order 1o clean the exierior of the hollow stent.

Solvent Extraction: Cryovac Sublimation Embodiment
601007 With reference to FIGS. 31 and 32, a method is illustraled in which cryovac

sublimation is ylilized {o sxiract the lumenal residual solvenis In accordance with

embodiments hereol. More particularly, as shown in a first step 3220 of the method of
FiIG. 32, a stent is filled or loaded with a solution including a therapeutic substance via
filling metheds described herein thal are suitable for solutions such that the lumenal
space of the hollow wire 102 is filled with the drug solution. In one embodiment, the drug
solution includes acetonitrile and sirolimus.

1601017 After being filled, a second step 3238A of the method of FIG. 32 is o cool hollow
stent 100 in order {o precipitate the drug out of the solution. In particular, referring to FIG.
31, an apparatus 2713 suilable for carrying out the cryovac sublimation sleps 3238A-
3238C of the method of FIG. 32 is shown. One or more filled sients are placed into a
sample holder 2711, In one smbodiment, additional drug solution may be added {o
sample holder 2711 to keep the filled stents immersed within drug solution. Immersing
the filled stents in drug solution prevenis the ocutside surface of the stents from drying
which may creale a cast layer of dried drug over the drug delivery side openings 104
thereby blocking the openings and preventing solvent removal.

(601021 Sample holder 2711 is then loaded onto a cooling plate 2701 located within a
processing chamber 2709 of apparatus 2713 and cooled via a coclant that circulates via a
coolant supply line 2706 and a coolant return lineg 2708. in one embodiment, in order {o
minimize evaporation of solvent during the loading of sample holder 2711 onto cooling
plate 2701, apparatus 2713 may include a special pre-conditioning slep wherein
pressurized inerl gas, ie., pressure above almospheric pressure, is introduced into
process chamber 2709, Exampies of inert gas include but are not limited {o argon, helium

and nitrogen. The pre-conditioning step conlinues until the sample holder 2711 is loaded
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onto cooling plate 2701 and process chamber 2709 is closed o the almosphere. In
another embodiment, the pre-conditioning step may further continue untit sample holder
2711 is cooled by cooling plate 2701 and the drug precipitates from the drug solution.
The iemperature and pressure of processing chamber 2709 may be controlled and
manipulated such that the {femperature of the drug solution is sufficient for the drug to be
precipifated from the solvent. More particularly, although temperature is the key factor for
precipitation, pressure control is needed in order {0 reach the lemperature required for
precipitation to occur thus both temperature and pressure of processing chamber 2708
need be conirolled. The temperature of cooling plate 2701 may be controlled by the
coolant temperature and how much coolant is supplied through coolant supply line 2708
and coolant return line 2708 and the pressure of processing chamber 2709 may be
controlied via a vacuum pump 2707, In addition, thermoccuple 2704 may be utilized for
monitoring the temperature of cooling plate 2701 and pressure sensors 2705 may be
utilized for monitoring the pressure within processing chamber 2709, iIn one embodiment,
precipitation of the drug occurs at a temperature of approximately -20 degress C for
cocling plate 2701 and a pressure of 600 torr for process chamber 2709 for a drug
solution of acetonitrile and sirelimus. The cooling rate provided by cooling plate 2701
may be controfled or sufficiently siow o ensure thal the precipitaled drug can setlle or
spatially separate from the solvent prior to freezing the sclvent such that entrainment of
drug is minimized during solvent sublimation. The control of cooling rate is more
important as the solution approaches conditions whers the drug will precipilate.

1601031 After precipitation, the therapeutic substance or drug exisls in a solid phase
while the solvent is in a liquid phase both within the lumenal space of the slent and on an
exterior of the stent. By precipifating the drug out of the solvent, the drug and the solvent
are separated and a cast layer of dried drug will not form to block openings 104 upon
drying. As shown in FIG. 32, a third step 32388 of the process includes further cooling
stent 100 in order to solidify or freeze the solvent. Further cooling of the stent to freeze
the solvent thus locks the relative position of the precipitated drug and solvent portions.
In order to freeze the solvent, sample holder 2711 musl reach a temperaiure below the
meiting point of the solvent. Depending on the solvent, the temperature of sample holder
2711 may be required to reach a temperature between -150 degrees € and O degrees .
Examples of solvenis include but are not limiled o methanol, ethancl, isopropana,
aceionitrile, acetone, sihyl laclale, tetrahydrofuran, dichloromethane, hexane and water.

The table below lists the melting point temperature for these representative solvents,
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Solvent Melting Point (degrees C)
Meathanol -97
isopropanct -89
Ethanol -114
Acelone -85
Acetonitrile -45
Ethyl Lactate -26
Tetrahydrofuran -108
Hexane -85
Dichloromsthane -97

Water G

[60184] After the solvent has been solidified, a fourth step 3238C of the method of FIG.
32 is to sublimate the frozen sclvent from the stent. Sublimation is a phase transition of a
substance from the solid phase {0 the gas phase without passing through an intermediate
iquid phase. More particularly, a strong vacuum in the order of 1.0 E-3 to 1.0 E-8 Torr
may be applied on processing chamber 2708 via vacuum pump 2707 so that the sclvent
sublimates and leaves behind only solid drug in the lumenal space of the stent. After
solvent removal, the temperature and pressure of processing chamber 2700 is increased
o atmospheric conditions and the stents may be removed from apparatus 2713,

[68185] in one example, a hollow stent was sonicated for more than one hour in order {o
reverse fill the stent with a solution of sirolimus and acetontrile. Afler filling the sient with
drug solution, the sient was placed into sample holder 2711 and addilional drug solution
was added to completely immerse the filled steni. The sample holder was then placed
onto cooling plate 2701, Processing chamber 2708 was then evacuated {o 600 forr and
cooling plate 2701 cooled rapidly {o approximately -17 degrees C. The rate of cooling
was then controlled to approximately 3 degree C per minute until precipifation of the drug
and solidification of the solvent was observed. Drug precipitation began about -20
degrees C and solidification of the solvent was cobserved about -30 degrees C.
Processing chamber 2709 was then evacuated {o less than 1x10™ torr and cooling plate
2701 cooled to approximatlely -45 degrees €. Cooling plate 2701 was then allowed o
warm al an approximate rate of 0.5 degrees per minute with process chamber 2708
continually evacuaied. Sampie holder 2711 was removed after approximalely 45 minules

with the lemperature of cooling plate 2701 at approximately -20 degrees C. As a point of
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reference, the temperature of cooling plate 2701 and the temperature of the sample may
not be the same. The difference in tfemperature is due {0 the design of the cooling plate,
location of the thermocouple, iocation of the sample holder, and location of the coolant
feed and return lines among cother factors.  In this example, cooling plate 2701 was
consiructed of copper and had a large area in comparison {o sample holder 2711,
Thermocouple 2704 was located near one edge of cooling plate 2701 and cocling holder
2711 was located near the center of cooling plate 2701, Coolant supply line 2706 and
coolant return line 2708 were direcied to contact cooling plate 2701 near the center. In
this configuration, the indicated temperature of cooling plate 2701 from thermocouple
2704 would result in a warmer temperature than sample holder 2711, Therefore the rapid
cooling of cooling plaie 2701 to approximalely ~17 degrees C during the cooling slep also
means the sample holder and therefore the drug solution was al a cocler temperaturs.
Simitarly, the observed solidification of the solvent at and indicated temperature of -30
degrees € of cooling plate 2701 means sample holder 2711 and also the sample was at a
cooler temperature.  Given that the melling point of acetoniirile is -45 degrees C, the
temperature offset belween cooling plate 2701 and the samples was approximately 15
degrees C.

(601061 iIn one embodiment, vibratory energy may be applied {o apparaius 2713 at any
point in the process in order {0 promote removal of the solvent. During the precipitation
and subsequent solvent freezing steps, the drug and solvent may separate into distinct
areas where a volume of drug is surrounded by frozen solvent or visa versa. If a volume
of frozen solvent is surrounded by drug the trapped solvert may not sublimale. The
addition of vibratory energy may move the drug such that the drug no longer completely
surrounds the solvent allowing sublimation. Such vibratory energy may be applied via
piezoelectric fransducers, oscillating magnets, or any suilable technology compatible with

cryogenic temperatures and high vacuum processes.

Stent Cleaning Step of Stent Loading Progess

1681877 With reference 1o the method depicted in FIG. 5, after the solvent is exiracted
from the lumenal space of the steni, a third step of the drug loading method is stent
cleaning 546. The above-described methods employed to fill 2 hollow stent with a drug
formulation will typically result in all exterior surfaces of the stent, including lumenal,
ablumenal, inter-strut and inter-crown surfaces, being coaled with the drug formulation

used o fill the stent. Further, even after the solvent extraction step, exterior drug residue



WO 2012/036929 PCT/US2011/050455

may siill be present on one or more exterior surfaces of the stent. All exterior surfaces of
the stent should be substantially free of drug in areas where drug delivery side openings
are not present. Preferably, the stent cleaning process removes the exierior drug residue
without physical manipulation of the stent and without disturbing the drug load inside the
lumenal space of the stent,

[60108) FiG. BC illustrates a more delailed flowchart of stent deaning 546 of the drug
loading process. More particularly, stent cleaning 546 may be performed by one or mors
of a solvent-less cleaning method 548, such as a method 550 utilizing a CO) dry ice snow
sprayer, and/or a solvent-based cleaning method 552, including a solvent-based spray
method 554, a mechanical manipulation cleaning method 556 ulilizing a histobrush,
and/or a solvent-based rinse method 558. Any combination of the aforementioned
cleaning methods can be employed to clean the stent.  The selection of cleaning
method{s} may be governed by factors such as the drug formulation components, the
tenaciousness of the dried components on the stent surface, the degree of unwanted drug
removal from within the stent as a result of cleaning, and the degree of unwanted solvents

being trapped within the stent lumen. kach method is discussed in more detall below.

Stent Cleaning Without Solvent

(001081 In one embodiment a CO, spray cleaning system, also known as a CO; dry ice
snow spraver, is used for targeted removal of exterior drug residue. A suitable CO;, spray
cleaner is available from Applied Surface Technologies however additional maodifications
are necessary for use with stents. A CO; spray cleaning system takes high purity, liguid
(O, and sxpands it at high velocity across a specially designed orifice-expansion nozzle.
Both a temperature and pressure drop occurs with the expansion, thereby converting the
Hquid CO, into solid fine particulate CO, also known as dry ice snow. After expansion,
the high velocity dry ice snow is directed fowards the area of the stent containing the drug
residue. Dry ice comntacting the surface of the stent will cause a decrease in iemperature
at the stent surface followed by condensation of water vapor from the surrcunding air.
Continued application of the dry ice subsequently causes the condensed water {o freezs.
The frozen water effectively shields the stent surface from further cleaning by the dry ice.
A modification fo minimize the frozen water from forming is the addition of an enclosure to
heat the stents. Furthermore In addition, the enciosure may be purged with an inert gas
such as argon or nitrogen to minimize the amount of water vapor present. Cleaning of the

stent surface is caused by the momentum transfer of the dry ice snow [o the drug residus,
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akin to bead blasting. After contact with the stent, the dry ice snow particles are healed
by the ambient temperature and the CO; sventually reverts back to the gas state. The
nei effect is a sclveni-less cleaning process that removes exterior drug residue from the

stent.

Stent Cleaning With Solvent-Based Spray Systems

1001181 A solvent spray system is designed around an ejector system, wherein air or
pitrogen serving as the motive fluid entrains a solvent and atomizes the solvent into fine
droplets or mist. The mist is direcled at the stent with a high velocity. Depending on the
solvent utilized in the spray system, the high velocity mist dissolves or displaces the drug
formulation residue from the stent exterior. Various gjector systems may be utilized. An
exemplary ejector system may be a nitrogen pen or airbrush, commonly used for blow-off
of dust particles, connecied to a smali reservoir of solvent.

1601111 The solvent utilized in the solvent spray system is selected to minimize the
amount of drug dissclution, and subsequent removal, from the lumenal space of the stent.
Thus, solvents are chosen based on g limiled ability or inability to solubilize the drug.
Examples of solvents with a limiled ability to solubilize various therapeutic agents,
including sirolimus, include but are not limited to ethanol, isopropyl alcchol, butanol, and
combinations of these alcohols with water at any mass ratio. The addition of water serves
to suppress the solubilizing potential of these simple alcohols for therapeulic agenis such
as sirolimus that are insoluble in waler. When using low drug solubiiity solvents, the
exterior drug formulation residue is removed primarily by dissolution, followed by
displacement due {o the spray velocity. Examples of solvents with an inability to sclubilize
various therapeutic agenis, including sirolimus, include but are not limited to water and
simple alkanes (C5 to C10}. When using non-drug solubilizing solvents, the exterior drug

formulation residue is removed primarily by displacement due o the spray velocity.

Stent Cleaning With Mechanical Manipulation via Histobrush

(601121 FiG. 33 Hustrates another embodiment of sient cleaning in which the exterior
surface of the stent is cleaned by mechanical manipulation via a hisiobrush 333. The
histobrush brush method is manual and involves a high degree of stent handling. The
user must clean the stent vigorously enough to remove all extemnal contaminants while
ensuring the mechanical integrity is not compromised during the cleaning process. As

shown in FIG. 34, a solvent 335 may be added {o the brush to assist in cleaning however
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excess solvent can remove drug from the internal portion of the stent and/or add residual

solvent, resulling in a large amount of variability to the drug loading procedure.

Stent Cleaning With Solvent-Based Rinse Systems

[00113] Solvent rinse cleaning systems involve the complete immaersion or dipping of
hollow stent 100 in a solvent system that has limited or no ability lo dissolve the drug or
drug and excipients.  Solvent rinse cleaning systems must tightly control the time the
stent is fully immersed. Vortexing, mixing, swirling, or other means of gross fluid agitation
may also be employed to shear the bulk fluid across the stent surface, thereby cleaning
the stent exterior.

[00114] The solvent ulilized in the solvent rinse system should minimize the amount of
drug dissolution, and subssguent removal, from the lumenal space of hollow stent 100.
Thus, solvenis are chosen based on a limited ability or inability to solubilize the drug.
Examples of solvents with a limited ability to solubllize various therapeutic agents,
including sirolimus, are not limiled to ethanol, isopropyl alcohol, butancl, and
combinations of these alcohols with water at any mass ralio. The addition of water serves
o suppress the solubilizing potential of these simple alcohols for therapeutic agents such
as sirolimus that are insoluble in water. When using low drug solubiiity solvents, the
exterior drug formulation residue is removed primarily by dissolution, followed by
displacement due to the gross fluid agitation. Examples of solvenis with an inability to
solubilize various therapeutic agents, including sirolimus, include are but not iimited {o
water and simple atkanes (C5 to C10). When using non-drug solubilizing solvents, the
exterior drug formulation residue is removed primarily by displacement due {o the gross

fluid agitation.

Exemplary Combinations/FProcesses

601151 In summary, a drug eiuting stent such as hollow stent 100 may be loaded with a
drug by a method that includes three main portions or steps as illustrated in FiG. 5,
including a drug filling step 520, a solvent extraciing step 538, and a stent cleaning 546.
Various methods for each of the three main sieps of the drug loading process are
described herein, and it will be apparent 1o one of ordinary skill in the art that a complste
loading process in accordance with embodiments hereof may include one or more iypes
of drug filling, one or more lypes of solvent exiraction, and one or more types of stent

cleaning, and that the methods described herein may be utilized in various combinations.

41



WO 2012/036929 PCT/US2011/050455

[60116] For example, FIG. 35 illustrates one exemplary combination of apparatus and
methods described herein for drug filling, solvent exiraction, and stent cleaning. For a
drug filling step 3520, the holiow stent 100 is reversed filled utilizing vibration/sonication
as described above, for e.g., with reference to the apparatus of FIG. 24. The drug is
dissclved in a high and/or low capacity solvent having one or more excipients. For a
solvent extraction step 3538, supercritical carbon dioxide (SCCQO,} extraction is utilized {o
reduce the lumenal, residual solvenis down to negligible guantities. A slatic SCCO;
extraction method such as that described with reference to FIG. 29 may be ulilized, or a
dynamic SCCO, extraction method such as that described with reference to FIG. 30 may
be utilized. Lastly, the stent is cleaned via a cleaning step 3546 that utilizes a CO, dry ice
snow spray system as described ahove.,

1001171 FiG. 36 illustrates another exemplary combination of apparatus and methods
described herein for drug filling, solvent exiraction, and stent cleaning. For a drug filling
step 3620, the stent is reversed filled utillizing vibration/sonication as described above, for
&.q., with reference to the apparatus of FIG. 24, The drug is dissolved in a high capacity
solvent having one or more excipients, including at least urea. For a solvent exiraction
step 3638, cryovac sublimation as described herein within reference to FIGS. 31 and 32 is
utilized to reduce the lumenal, residual solvenis down to negligible guantities. Lastly, the
stent is cleaned via a cleaning step 3646 that utilizes a CO, dry ice snow spray sysiem as
described above.

1604181 FHiG. 37 illustrates another exemplary combination of the apparatus and
methods described herein for drug filling, solvent exiraction, and slent cleaning. For a
drug filling step 3720, the sient is reversed filled utilizing vibration/sonication as described
above, for e.g., with reference to the apparatus of FIG. 24. The drug is suspended in a
solvent fo form a slurry/suspension, and the size of the drug pariicles are preferably in the
nanometer range. For a solvent extraction step 3738, the stent is dried within a vacuum
oven in order o evaporate any solvent contained in the lumenal space of the holiow wire.
Lastly, the stentis cleaned via a cleaning step 3746 that utilizes a CO; dry ice snow spray
system as described abhove.

[08118] The above described combinations for drug filling, solvent extraction, and stent
cleaning are for exemplary purposes only. it will be apparent {0 one of ordinary skill in the
art that various combinations of the above described methods may be utilized herein for

ioading a drug eluting stent.
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(601201  While varicus embodiments of the present invention have been described
above, it should be undersiood that they have been presented by way of illustration and
example only, and not limitation. 1t will be apparent to persons skilled in the relevant art
that various changes in form and delail can be made thersin without departing from the
spirit and scope of the invention. Thus, the breadth and scope of the present invention
should not be limited by any of the above-described exemplary embodiments. H will also
be undersiood that each feature of each embodiment discussed herein, and of each
reference cited herein, can be used in combination with the features of any other
embodiment. Furthermore, there is no intention {o be bound by any expressed or implied
theory presented in the preceding technical field, background, brief summary or the
delailed description. Al patenis and publications discussed herein are incorporated by

reference herein in their entirety.
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CLAIMS

What is claimed is;

1. A method of loading a therapsutic substance within a lumenal space
of a hollow wire having a plurality of side openings that forms a hollow stent, the method
comprising the steps of:

submerging the hollow stent within a solution of a therapeutic substance and
a solvent;

vibrating the hollow stent and the solution {o assist in moving the solution
through the plurality of side openings into the lumenal space of the hollow stent;

removing the hollow stent from the solulion when the lumenal space is
substantially full of the solution and thereby crealing a filled hollow stent; and

utilizing supercritical carbon dioxide extraction io exiract substantiaily all
residual solvent from the lumenal space of the filled hollow stent while the therapeutic
substance remains within the hollow stent such that the hollow stent is thereby loaded

with the therapeutic substance for subsequent delivery within a body lumen.

2. The method of claim 1, wherein the step of utilizing supercritical
carbon dioxide extraction further comprises:

placing the filled hollow stent within an extraction vessel;

filling the extraction vessel with pressurized carbon dioxide above the critical
pressure; and

heating the extraction vessel with the filled hollow stent {0 a temperature
above the critical pressure for carbon dioxide to produce supercritical carbon dioxide; and

holding the supercritical carbon dioxide and the filled hollow stent at
supercritical conditions for a period of time that is sufficient for the supercritical carbon
dioxide {o penetrate the lumenal space of the hollow stent and solubilize the residual

solvent within the lumenal space of the hollow stent.

3. The method of claim 2, wherein the step of ulilizing supercritical
carbon dioxide extraction further comprises:

exiracting sciubilized residual solvent and supercritical carbon dioxide from
the lumenal space of the filled hollow stent by depressurizing the extraction vessel to

ambient.
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4. The method of claim 3, wherein the steps of heatling, adding
pressurized carbon dioxide, holding and depressurizing are repeated (o exdiract

substantiaily all residual solvent from the lumenal space of the filled hollow stent.

5. The method of claim 2, wherein the step of utilizing supercritical
carbon dioxide extraction further comprises:

extracting the solubilized residual solvent and supercrilical carbon dioxide
from the lumenal space of the filled holiow stent by throttling an expansion valve of the
extraction vessel while maintaining the pressure within the extraction vessel with a

continuous inflow of supercritical carbon dioxide.

8. The method of claim 1, wherein the solvent of the solution is a high-
capacity solvent and the solution also includes an excipient {o assist in elution of the
therapeutic substance, wherein the excipient and therapeutic substance remain within the

hollow stent after extraction of residual solvent therefrom.

7. The method of claim 6, wherein the excipient is a hydrophilic agent,

8. The method of claim 7, wherein the high capacity solvent is

tetrahydrofuran, the therapeutic substance is sirolimus and the excipient is urea.

9. The method of claim 8, wherein the excipient is a surfactant.

10.  The method of claim 9, wherein the high capacity solvent is di-

chicromethane, the therapeutic substance is sirolimus and the excipient is a cyclodexirin,

11. The method of claim &, further comprising:
cleaning an exterior surface of the hollow stent loaded with the therapeutic

substance by using a carbon dioxide spray cleaning system.

12. The method of claim 1, wherein the soivent of the solution is 8 low-

capacity solvent and the solution also includes an excipient {o assist in elulion of the
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therapeutic substance, wherein the excipient and therapeutic substance remain within the

hollow stent after extraction of residual solvent therefrom.

13.  The method of claim 12, wherein the excipient is a surfactant.

14.  The method of claim 13, wherein the low capacily solvent is

methanol, the therapsutic substance is sirolimus and the excipient is a cyclodextrin.

15, The method of claim 12, wherein the excipient is a hydrophilic agent.

16.  The method of claim 15, whersin the low capacity solvent is

meathanol, the therapeutic substancs is sirolimus and the excipient is urea.

17. A method of loading a therapeutic substance within a lumenal space
of a hollow wire having a plurality of side openings that forms a hollow stent, the method
comprising the steps of:

submerging the hollow stent within a suspension of a therapeutic substance
and a dispersion meadium;

vibrating the hollow stent and the suspension o assist in moving the
suspension through the plurality of side openings into the lumenal space of the hollow
stent;

removing the hollow stent from the suspension when the lumenal space is
substantially full of the suspension and thereby creating a filled hollow stent; and

utilizing supercritical carbon dioxide exiraction to extract substantially all
residual dispersion medium from the lumenal space of the filled hollow stent while the
therapeutic substance remains within the hollow stent such that the hollow stent is
thereby loaded with the therapsutic substance for subsequent delivery within a body

lumen.

18.  The method of claim 17, wherein the step of utilizing supercritical
carbon dioxide extraction further comprises:

placing the filled hollow stent within an extraction vessel;

filling the exfraction vessel with pressurized carbon dioxide above the critical

pressure; and

46



WO 2012/036929 PCT/US2011/050455

heating the extraction vessel with the filled hollow stent {0 a temperature
above the critical femperature for carbon dioxide to produce supercritical carbon dioxids;
and

holding the supercritical carbon dioxide and the filled hollow stent at
supercritical conditions for a period of time that is sufficient for the supercritical carbon
dioxide {o penetrate the lumenal space of the hollow stent and solubilize the residual

dispersion mediun within the lumenal space of the hollow stent.

19, The method of claim 18, wherein the step of utilizing supercritical
carbon dioxide extraction further comprises:

exiracting the solubilized residual dispersion medium and supercritical
carbon dioxide from the lumenal space of the filled hollow stent by depressurizing the

extraction vessel to ambient.

20, The method of claim 19, wherein the steps of heating, holding and
extracling are repeated o extract substantially all residual dispersion medium from the

lumenal space of the filled hollow stent.

21.  The method of claim 18, wherein the step of utilizing supercritical
carbon dioxide extraction further comprises:

extracting the solubilized residual dispersion medium and supercritical
carbon dioxide from the lumenal space of the filled hollow sient by throtiling an expansion
valve of the exiraction vessel while maintaining the pressure within the exiraction vesse!

with a continuous inflow of supercritical carbon dioxide.

22. The method of claim 17, wherein the dispersion medium of the
suspension is selected from the group consisting of water and C5-C10 alkanes and the
suspension also includes surfactants to stabilize dispersion of the therapeutic substance

within the suspension.

23. The method of claim 22, wherein the dispersion medium is waler, the

therapeutic substance is sirolimus and the surfactant is a polysorbats.
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24, The method of claim 22, wherein the dispersion medium is hexane,

the therapsulic substance is sirclimus and the surfactant is a sorbitan fatty acid ester.

25.  The method of claim 17, further comprising:
cleaning an exiarior surface of the hollow stent lcaded with the therapeutic

substance by using a carbon dioxide spray cleaning system.

28. A method of loading a therapeutic substance within a lumenal space
of a hollow wire having a plurality of side openings that forms a hollow stent, the method
comprising the steps of:

submerging the hollow stent within a suspension of small particles of a
therapeutic substance in a dispersion medium;

vibrating the hollow stent and the suspension {o assist in moving the
suspension through the plurality of side openings into the lumenal space of the hollow
stent;

removing the hollow stent from the suspension when the lumenal space is
substantially full of the suspension and thereby creating a filled hollow stent; and

utitizing vacuum oven drying to exiract substantially all residual dispersion
medium from the lumenal space of the filled hollow stent while the small particles of the
therapeutic substance remain within the holiow stent such that the hollow stent is thereby

ioaded with the therapeutic substance for subsequent delivery within a body lumen.

27. The method of claim 26, further comprising:
cleaning an exterior surface of the hollow stent loaded with the therapeutic

substance by using a carbon dioxide spray cleaning system.

28. The method of claim 26, wherein the suspension also includes
surfacianis to stabilize dispersion of the therapeutic substance within the suspension and
wherein the dispersion medium is water, the therapeutic substance is sirolimus and the

surfactant is a polysorbate.

29.  The method of claim 26, wherein the suspension also includes

surfactants to stabilize dispersion of the therapeutic substance within the suspension and
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wherein the dispersion medium is hexane, the therapsutic substance is sirolimus and the

surfactant is a sorbitan fatty acid ester.

30,  The method of claim 26, wherein homogenization of the suspension

is utilized to create nanoparticles of the therapeutic substance therein.

31.  The method of claim 26, wherein the diameter of the small particles is

less than 1 um.

32, The method of claim 26, wherein the diameter of small particles is
less than 100 nm.
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