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FIG. 1

(57) Abstract: An implantable medical device is provided for controlled drug delivery within the bladder, or other body vesicle.
& The dev ice may include at least one drug reservoir component comprising a drug; and a \esieie retention frame which comprises

an elastic wire having a first end, an opposing second end. and an intermediate region therebetween. wherein the drug reservoir
component is attached to lIhe intermediate region of the vesicle retention frame. The retention frame prevents accidental voiding of
the device from the bladder, and it preferably has a spring constant selected for the device to effectively stay in the bladder during
urination while rainimi/ine the irritation of the bladder.
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IMPLANTABLE DRUG DELIVERY DEVICE AND METHODS FOR
TREATMENT OF THE BLADDER AND OTHER BODY VESICLES OR LUMENS

Cross-reference fo Related Applications

Thus application claims the benefit of U.S. Provisional Application No. 61/007 177,
filed December 11, 2007, and U.S. Provisional Apphication No. 61/084,927, filed Julv
30, 2008, each of which 1s incorporated by reference in is entirety.

Background of the Invention

This invention is generally in the field of tmplantable drug delivery devices, and
more particularly in the field of devices for the controlied release of a drug from a device
implantable in the bladder or other body lumen or cavity.

Drug debivery is an ymportant aspect of wedical treatment. The efficacy of many
drugs is directly related to the way in which they are administered. Varnous systemic
methods of drug delivery include oral, intravenous, mtramuscular, and transdermal. These
systernie methods may produce undesirable side effects and may result i the
metabolization of the drug by physiclogical processes, ultimately reducing the quantity of
drug to reach the desired site. Accordingly. a variety of devices and methods have bean
developed to deliver drug in a move targeted manner. Fov example, these devices and
methods may deliver the drug locally, which nuay address many of the problems associated
with systenuc drug debivery.

It recent vears, the development of microdevices for tocal drug delivery 15 one area
that has proceaded steadily. Activation of drug release can be passively or actively
controlled. Examples of controlled drug delivery devices are disclosed i ULS. Patents
No. 3,797.898, No. 6,730,072, No. 6,808.522, and No. 6,875,208

Thege microdevices can be divided roughly in two categories: resorbable polvmer-
based devices and nonresorbable devices. Polvmer devices have the potential for being
biodegradable, therefore avoiding the need for removal after implantation. These devices
tvpically have been designed to provide controlled release of drug in wvo by diffusion of the
drug oul of the polvmer and/or by degradation of the polvmer over a predetermined period
folfowing administration to the patient.

Interstitial cysiitis (JC) and chronic prostatitis/chronic pelvic pain syndrome
(CPACPPE} are chrowic painful disorders that affect approximately 67 per 100,000 women
(Cwhan et al., J Urol 161{2) 5349-52 {1999 and 7 per 106,000 men (Colhins et al |/

Lirod. 15904 1224-28 (1998)) in the United States. Both conditions ave characterized by
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chronic pelvic pain, urinary frequency and urgency, and variable degrees of sexual
dysfunction.  Pentosan polyvsulfate sodium (PP8) currently is used fo treat this condition.
However, conventional methods and devices for delivering the drug have significant
shortcomings. For example. oral delivery (ELMIRON™, Ortho-MeNeil) suffers from low
bioavailability, as low as 3 9 due to a lugh first pass effect (Parsons et al.| J Urol 153(1);
139-42 (1990)), and causes some mld side effects, such as headaches. PPS deliverad
infravesically through cystoscopy (with a catheter through the urethra) can provide
wnproved therapeutic effeets while reducing the side effects of the drug (Bade et al., 8Br. 4
Lirol T92). 168-71 (1997)). However, the nstillation procedure is painful and requires
repeating the procedure twice per week for three months. The repetitive nature of this
procedure also engenders high risks for asinasy tract mfection and bacteremia. Thus, a
pronounced need exists for an miravesical drug debivery device that wall substantially
reduce the number of ¢vstoscopic procedures necessay 1o deliver an effective amomt of
PPS or other drugs needed for local delivery over an extended penod

One treatment for K/PBS entasls delyvering a hdocaine solution to the bladder via
mstillation (R, Henrv, el al, "Absorption of alkalized intravesical Hdocaine in normal and
nflamed bladders: a simple method for improving bladder anesthesia.” .7 Ured, 165:1900-03,
200%; C L. Parsons, "Successlul downregulation of bladder sensory nerves with
combination of heparin and alkalinized lidocaine in patients with intersiitial cystitis.”
Urology, 65:453-48, 2005). The bladder liring has such a strong mucous barmer that normal
hidocaine has difficulty crossing through it However, researchers found that if the
anesthetic agent is alkalinized with a precise amount of sodium bicarbonate, 1t improved the
anesthelic agent’s ability to pass through the mucous to reach and soothe the nritaled nerves
and tissues beneath. In a conventional procedure, the instillation delivers a bolus dose of
Hdocaine {or marcaine), heparin, and sodium bicarbonate to the bladder. Over the relatively
short ime that the solotion is present in the bladder, the bladder tissae absorbs the lidocaine
1o provide the patient with immediate rebief from pain and vrgency. The absorbed lidocaing
also provides continued relief as the hidocaine degrades from the bladder tissue. However,
Hidocaine has a relatively short half life, and therefore a relatively hugh mnitial concentration
of lidocaine may be needad to provide continued relief and the period of relief lunited m
duration. To achieve sustained relief, subsequent instilations may be required, such as
three tines per week for two weeks. The lrequency of such instillgtions may be
undesirable, as gach instillation entails the inconvenience, discomfort, and risk of infection
associated with urinary catheterization. The duration of relief may be increased by
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mereasing the witial concentration of lidecaine absorbed into the bladder. such as by
increasing the concentration int the solution. However, undesirable systemic effects may
result if the mitial concentration of lidocaine is too high.

Other therapies could benefit from unproved mtravesical drug delivery devices,
particitarty where local delivery of a drug to the bladder is preferred or necessarv—such as
when the side effects associated with svstenuc delivery of the drug are unbearable and/or
when bicavalability from oral administration is too low. For instance, oxybutynin is used
for the treatment of overactive bladder svudrome. Currently, oxvbudymin is dehiverad orally
or transdermally. Unfortunately, however, approximately 61 % of patients taking the drug
experience side effects and approximately 7 to 11 % of the patients actually stop treatment
due to the severity of the side effects.

Situg Corporation developed an intravesical drug delivery system (UROS mfuser
device) for the delivery of pharmaceutical solutions of drugs. such as oxybutvnin (for the
freatment of overactive bladder) and mitomyein C (for the treatment of bladder cancar).
The UROS miuser device and methods of making and wmplanting the device are described
i US. Patents No. 6,171,298, No. 6,183 461, and No. 6,139,535, The UROS nfuser
device has an elastomeric outer tubing and contains inextensible wire which connects both
wner ends. The device has a hinear shape during the cyvstoscopic insertion into the bladder,
changes to a crescent shape following umplantation and filling of the device with the
pharmaceutical solabion, and retumns 1o a hinear shape after releasing all of the
pharmaceutical solution. Extended release of the pharmaceutical solution is comtrolled by
means of a pressurg-responsive valve and/or flow-resistive element inside the tubing. The
size of the UROS infuser device depends on the size of each inner component, and a
considerable portion of the imer volume is used to contain the mechanical components, not
drug solution. With a length of approximately 10 cm and an outer diameter of
approximately (.6 cm, the large size of the UROS mfuser device can cause significant
discommfort and pain to patients, particularly during urological deplovment and retneval of
the device. The UROS infuser device also requires an additional surgical proceduore for
foading of the pharmaceutical solution mio the device following implantation. Accordingly,
aneed exists for an intravesical drug delivery device that 15 smaller in size, to avoid
unnecessary discomfort and pain in patients. In addition, it would be desirable to provide an
intravesical drug delivery device that can minimize the number of surgical procedures

reguired for implantation and delivery of drug over the treatment period,
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There is also a need to provide sustained delivery over a period of ime, and. to
accomplish this in the bladder, the device desirably should be retained in the bladder and
not excreted before the drug payload can be at least substantially released, even when the
drug pavicad needs o be deliverad over a period of severd davs or weeks. In general,
betler devices are needed for controlled delivery of drug to the bladder. Desirably. the
implantable device should be easy to deliver into (and if necessary, remove [rom) the
bladder with minimum pamn or discomfort to the patient.

summary of the Invention

In one aspect, an noplantable medical deviece is provided for coutrolied drug debivery
within the bladder. or other body vesicle. In one embodiment, the device includes at least
one drug reservolr component comprising a drug; and a vesicle retention frame which
comprises an elastic wire having a first end, an opposing second end, and an intermediate
region therebetween, wherein the drug reservoir component is attached to the intermediate
region of the vesicle retention frame. The retention frame has been determined 1o be crucial
o prevent acadenial vouding of the device from the bladder. It praferably has a spring
constant selected for the device to effectively stay in the bladder during unnation while
mininuzing the irritation of the bladder,

In one embodiment, the elastic wire mav include or consist of a low modulus
elastomer, such as silicone, polvarethane, styrenic thermoplastic elastomer, poly{glveerol-
sebacate), or a combination thereof. In another embodiment, the elastic wire may include or
consist of a superelastic alloy or other shape memory material. For example, the
superelastic allov may comprise a biocompatible nickel-litanium alloy (e.g.. Nitinol) ora
titansum-molybdenum allov {e.g.. Flexium). In one embodunent, the elastic wire may have
a brocompatible polymeric coabing. such as silicone, polvurethane, styrenic thermoplastic
elastomer. Silitek, Tecoflex, Ceflex, and Percuflex.

In one embodiment, the efastic wire in ifs uncompressed state may be in a curled
form, for example, in the form of two or more foops, spirals, or tugns. The first and second
ends of the elastic wire may be bounded within said one or more leops. The first and
second ends of the elastic wire preferably are soft and blunt. The elastic wire in its
uncompressed state may be casled in the form of two or more loops, such that the wire can
be uncurled nto an approximately linear shape to permit the device to be passed through a
tumen of a catheter sized for insertion through the urethra of a patient.

in one embodinient, the drug reservorr component includes at least one elongated

elaslomeric tube having a first end portion and an opposing second end portion and
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comprising a drug formulation therein. the tube being operable to dispense the drug ia vive
at a controlled rate. In one embodiment, the tube 1s Tormed of a water permeable material,
such ag a silicone. In one embodiment, the tube mav be formed of a resorbable material. In
a preferred embodiment, the tubs 1s formed of & matenial which comprises or consists of a
5 biocompatible, fow modulus elastomer,
A drug formulation may be positioned as a core withun the tube, The drug mav be
dispensed from the device, i.e., released from the wbe in wve {e.g.. within the bladder), at a
conirotled rate by osmosis anddor by diffusion. In one embodiment, the tube may have no
aperture, and the drug may, depending on 1ts molecular size andfor siructure, diffuse
13 through the tube. In one embodiment, the tube may include one or more apertures, and the
drug may be released at a rate controlled by osmeosis. In an embodiment, the drug i3
dispensed at a rate controlled at least m part by diffusion and/or resorption or dissolution of
a matrix material, e.g.. wherein the tube comprises a composite, such as a polvier/drug

composite. The drug formudation preferably is in a solid or semi-solid form. This may
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facilizate {oading the required dosage in a relatively small volume, 1o minmimize undue
writation and discomfort to the patient during and following implantation of the device.

The device may include at least one magnetic element to facilitate cytoscopic
withdrawal of the device from the bladder, e.g.. after drug dehivery has been completed. In
certain embodunents, the magnetic element may be located at the first end, the second end,
20 or both the first and second ends of the vesicle relention frame. A solt polymenie coating
may be provided over the magnetic elements,

in an alternative embodiment, the device mav be formead of resorbable materials
such that retrieval of the device 15 unnecessary, 1 that it will degrade completely or al least

enough to void the remnants of the device
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The aperture(s) for refease of the drug are, in at least a preferred embodiment, within
a size range where refease 1s controlied osmotically. In one embodiment, the aperture is
circular and has a diameter between about 23 pm and about 5300 um. Drug release may
oceur too guickly if the aperture is too large, and it was found that hvdraulic pressure may
deform the drug reservoir tubing and possibly alter the aperture, 1f the aperture size 15 too
300 small

The device may further include a floatation feature by the use of low density
materials and/or the inclusion of air or another gas in some part of the device. The

floatation feature may minimize the possible irritation of the trigone of the urinary bladder.
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The device also mav include, e g., embedded. radioopague materials for possible x-ray
monitoring of the device,
The size of the tubing lumen of the drug reservoir component determines the
possibie drug pavioad volume. In one embodiment, the hollow tube of the drug reservorr
5 component mav have an oner diameter between about 0.3 yom and abowt 2 nwn and an
outer diameter between about 0.6 nun and about 3 mm. The length(s) of the tubing between
the end seals may vary, as may the number of tubing segments attached (o any one retention
frame.
In a particular embodiment, the implantable medical device for controlied drog
1 delivery may mclude at least one drug reservorr component which comprises an elongated,
water permeable, elastomeric tube having a fust end and an opposing second end, a sohd or
semi~solid drug formulation core within the tube. wherein the tube has one or more
apertures for dispensing the drug at a controlied rate; and a vesicle retention frame which

comprises an elastic wire having a first end, an opposing second end. and an intermediate
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region therebetween, wheren the elastic wire comprises a superelastic altoy or other shape
merory material, or a low modulus elastomer, and the elastomeric tube of the drug
reservolr component 1s attached to the vesicle retention frame about the intermediate region.
In a preferred embodiment, the elagtomeric tube is formed of a silicone.

In another aspect, a method 1s provided for administration of a drug {0 a local tissue
20 site withindadjacent a body lumen of patient, for example. into a patient’s bladder. In one
case, the method may comprise providing a lumen device. such as a wrethral catheter or
cyvloscope, which has a distal end. an opposing proximal end, and an open humen extending
therebetyveen; mserting the distal end of the urethral catheter into the bladder of a patient n

need of treatment, where the proximal end of the wethral catheter remains outside of the
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patient; deforming {e.g., uncurling) the implantable drug delivery device and passing it into
the proxumal end of the lomen of the urethral catheter; driving the deformed device through
the lumen and out of the hamer, whereupon the device returns o its undeformed shape for
retertion in the bladder; and removing the urethral catheter from the patient. Thereafter, the
drug is released in a controlled manner from the drug reservoir component of the device. In
30 certamn embodiments of this method, the patient may be in need of treatment for interstitial
cystitis, overactive bladder syndrome, or bladder cancer.

1 stifl another aspect. a method of freatment of the bladder wn a patient is provided.
In ope embodiment, the method comprises implanting wholly within the patient’s bladder a

drug release device; and controllably releasing a local anesthetic agent from the drug
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delivery device i a mavoner providing a sustained, therapeutically effective concentration of
the anesthetic agent in the urothelium of the bladder, while avoiding high peak plasma
concentrations of the asesthetic agent. The anesthetic agent may be lidocaine. In one
embodiment, the concentration of the anesthefic agent 1 the urothebium s at least 1000
fimes higher than the plasma concentration. In one embodiment, the therapeatically
effective concentration of the anesthetic agent in the urothelium is sustained For between 1
and 30 davs.

In ved another aspect, a method is provided for treatment of the bladder in a patient,
n which the method includes implanting wholly within the patient’s bladder a drug release
device; and controllably releasing a drup from the drug delivery device in a manner
providing a sustained, therapeutically effective concentration of the drug m the uwrothehium
of the bladder, while avoiding high peak plasma concentrations of the anesthetic agent,
wherein the drug has a half-life that is equivalent to or within 25% of that ol lidocaine.

Brief Description of the Drawings

FIG. 115 a plan view of an embodiment of a drug debivery device m a relatively
expanded shape.

FIG. 2 1s a plan view of the embodiment of the drug delivery device shown in FIG.
I, iflustrating the drug delivery device in a relatively lower profile shape mside of a
catheter.

FIG. 3 illustrates an embodiment of a drug reservoir portion of the drog delivery
device, wherein FIG. 3A 15 a side view, FIG. 3B is a cross-sectional view, and FIG. 3C is a
cross-sectional view.

FIG. 4 15 a cross-sectional view of an embodiment of a drug reservoir portion that
mncludes multiple reservoirs separated by partition structures.

F1G, 515 a cross-sectional view of an embodiment of a drug reservoir portion
having an orifice structure at one end and an aperture formed through the orifice stracture.

FIG. o illustrates example shapes for a vesicle retenBion frame portion of the drug
delivery device, the shapes including one or more loops, curls, or sub-circles.

FIG. 7 illusirates example shapes for the frame that include one or more circles or
ovals arranged 1n a two-dimensional or a three-dimensional configoration.

FIG. 8 illusirates examples embodiments of a pretzel shaped retention frame having
one or more drug reservoirs attached at an intermediate region of the retention frame,

F1G. 2 shows another embodiment of a retention frame having a number of drug

reservolr porlions attached at an intermediate region of the retention frame, with FIG. %A
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Hlustrating the device shown in a relatively expanded shape and FIG. 9B illusirating the
device in a relatively lower profile shape within a catheter.

FIG, 10 illustrates cross-sectional views of example embodiments of a drug delivery
device having a drug reservoir portion substantially aligned with a retention frame.

FIG. 11 dlustrates cross-sectional views of example embodiments of a drug delivery
device having a number of drug reservoir portions substantially aligned with a retention
frame,

FIG. 12 illustrates an embodiment of a drug delivery device wherein a retention
frame component extends through a portion of a drug reservolr component fo altach the two
components together.

FIG. 13 15 aside view of an embodiment of g drug delivery device, ilustrating rate
controlling coatings or sheaths posthioned near a release aperture, with interior components
of the device being iHlustrated with cross-hatching.

FIG. 14 15 a block diagram illustrating an embodiment of a method of making an
wnplantable drog delivery device.

FIG. 15 iflustrales a method of implanting an intravesical drug delivery device.

FIG, 1615 a block diagram ilustrating a method of delivering lidocaine to the
bladder.

FIG. 17 illustrates cross-sectional views of three different embodiments of a drug
delivary device,

FIG. 18 is a graph illustrating in vigro drug release profiles for the three
embodiments of the drug delivery device shown in FIG, 17,

FIG. 19 sllustrates an embodiment of a pretzel shaped refention frame, ai three
different points during a compression test wherein a compressive force was applied to the
frame.

FIG. 20 15 a graph iHustrating force and displacement data collected during the
compression lest performed on the device shown in FIG, 19,

FIG. 21 is a graph illustrating the release of lidocane over time extubited in vitro by
various implantable drug delivery devices.

FIG. 22 15 a graph illustrating Lidocaine plasma concentration over time exhibited
for various instillations and implanted devices i vive 1 rabbit bladder.

F1G. 23 a graph lustrating lidocaine plasma concentration over time, exhibited for
various instiliations and implanted devices fn vivo in rabbit bladder, with the v-axis
modified.
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FIG. 24 15 a graph illostrating the hdocaine tissue concentration over ime, exhibiled
for vartous implanted devices in vivo in rabbit bladder.
F1G. 25 15 a graph illustrating the correlation between Hdocaine tissue concentration
angt hidocaine plasma concentration, exhibited for various mstiflations and implanted
5 devices i wive in rabbit bladder.
FIG. 26 15 a graph lustrating lidocane concentration m tissue and urine, exhibited
by devices implanted in wive in rabbit bladder for three davs and for six dayvs.
FIG. 27 1s a graph iHlustrating the effect of pi on the absorption of lidocaine,
exhibiled dunng studies performed i virro on rat bladder for one hour and for one day.
1} respectively.
FI1G. 28 15 a graph Hustrating Lidocaine tissue concentration over tume, exhibited
during studies performed i vitro on rat bladder with 107% and 19 lidocaine solutions of
varying pH.

Detailed Description of the Invention

—
T

Improved drug delivery devices are provided for implaniation and retention in the
bladder or other body vesicles or lumens. The device can be tailored 1o release one or move
drugs over an extended period of time in a predefined manner, for therapies requiring bolus
{one-time}, pulsatile. or constant drug delivery.

Importantly, the implantable device is designed for retention yeithin the body, such
20 as within the bladder. That s, the device is designed to resist excretion, such as in response
1o the forces assoctated with urinatton. For example, the device may include & retertion
frame. The retention frame may be configured mnto a refatively low profile for deploviment
mnto the body, and once implanted may assume a relatively expanded profife o facilitate

retention, The device may be highly Hexible. so that the drug-loaded device can easily be

]
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deformed, such as from a coiled shape to a strmghtened shape, to pernit deplovment
through a lumen of a catheter into the bladder.

The device may be non-surgically implanted, such as through a ¢vitoscope, and the
device may continue delivering a drug long after the cvtoscope is removed. In contrast {0
an indwelling catheter, which mav act as a path for bacteria to nugrate nto the bladder, the
30 implanted device advaniageously 1s able to be located entirely within the bladder. Thus, the
opportunity for infection is greatly diminished with the present device

Regarding the bladder specifically, the device also advantageously addresses many
of the deficiencies of conventional treatment options, such as drug delivery via instiliation,

systermic drug delivery, and drug delivery via devices ovsioscopically ymplanted in the
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bladder. The present device can be noplanted once and can release the druy over an
extended pertod, without reguining surgery or Irequent interventions {such as to re-fill the
drug reservoir of a conventional devieg). By limiting the number of procedures required to
be performed on the patient during the treatment process, the present local drug delivery
system can improve the quality of tife of the patient dunng the treatment process. The drug
delivery device can also avoid potential side effects associated with systenvc administration
of the drug while increasing the amount of drug delivered {ocally o the bladder.

In one embodiment, the drug delivery device may permit delivering hidocaine {or
another cocaine analogue) locally (o the bladder over a relatively exlended penod of tme,
Thus. the device may provide a beneficial alternative to frequent intravesical wnstillations of
a hidocane solation for the treatment of 1C/PBS. The device mayv be a passive, non-
resovbable device that may be deploved and retrieved by a conventional cathetenization, a
simple non-surgical outpatient procedure.  Unlike intravesical instillation, which loads the
hadder with g relatively high concentration of lidocaine over a refatively short time span,
the present device may permit continuousty releasing a relatively lowaer level of hdocaine
over a relatively longer time span. Thus, the patient may experience sustained relief from
the symptoms of IC/PBS without receiving a high tmitial concentration of hidocaine and
without experiencing the discomfort and inconvenience of repeated intravesical installations.
Further, it 1s not necessary to daliver the Hdocaine in an alkaline solution in order to achieve
effective bladder issue concentrations,

I. The Implantable Drug Delivery Device

In embodiments, the drug delivery device mav include two primary parts or
portions. the drug reservoir portion and the vesicle retention frame portion. The drug
reservoir portion may be referred to herein as the “device body™ and mav hold the drug to
be dehivered into the body. The retention frame portion may be associated with the drug
reservoir porlion and may facilitate retaining the device in the bodv. FIG. 1 illustrates an
example embodiment of the device 18, the device having both a drug seservoir porlion 12
and a retention frame portion 14, I embodiments in which the device 15 designed for
implantation in the bladder, the retention [rame portion mayv impede accidental voiding of
the device, and thus the drug reservorr portion, from the bladder.

More speaifically. the drug delivery device mav be elastically deformable between a
relatively expanded shape and a relatively lower profile shape. The relatively lower profile
shape may be susted for nserting the drug delivery device into the body. For example, the

refatively lower profile shape mayv be sutted for inserting the drug delivery device through a
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catheter into a cavity of the body, such as through a urethral catheter into the bladder. An
example m shown in FEG, 2, which illustrates the device 10 of FIG. 1 in a channel 26, such
as a working channel of a cvstoscope or other catheter.  In such embodiments, the relatively
tower profile shape may be a relatively tubudar, elongated, or linear shape, such as the shape
shown in FIG. 2. so that the device mav pass through the catheter. Following passage into
the body. the device mav assume the relatively expanded shape, such ag the shape shown in
FI1G, 1, which may facilitate retention of the drug delivery device in the body cavity.

In embodiments, the drug delivery device may naturally assume the relatively
expanded shape. The device may be elastically deformed into the relatively lower profile
shape for insertion into the body, and the device may spontaneously or naturally retum to
the initial, relatively expanded shape once unplanted for relention withun the body.

The retention frame may bhave a certain elastic hiout and modulus that allovws the
device 1o be mtroduced into the body i a relatively lower profile shape but then permiis the
device 1o retum the relatively expanded shape once inside the body. The device may also
have a suflicient glastic modulus 10 impede the device from assuming the relatively lower
profile shape once implanted, so as to Hmit or prevent accidentally expulsion of the device
from the body under expected forces. For exanmple, the charactenstics of the retention
frame may be selected o facilitate retaining the device in the relatively expanded shape
despite expected forces in the bladder, sach as the hvdrodvonamic forces associated with
uriation or contraction of the detrusor muscle. Thus, expulsion from the bladder is
impeded or prevented.

In embodiments in which the drug delivery device is designed to be implanted in the
bladder, the drug delivery device may be designed to be inserted into and retrieved from the
bladder through the urethra cvstoscopically, Thus, the device mav be sized and shaped to fit
througlh a narrow tubular path of a cvtoscope. Tyvpically, a cytoscope for an adult human
has an outer diameler of about § mum and a working channel having a diameter of about 2.4
. Thus, the device may be relatively simall in size. For example, when the device is
elastically deformed to the relatively lower profile shape, the device may have a total outer
diameter that is less than about 2.4 mum, such as between abowt 2.0 num and about 2.3 mm.

In addition lo permitting insertion, the relatively small size of the device may also
reduce patient discomfort and trauma to the bladder. For example, the relatively small size
of the device may reduce irtitation of the bladder triigone, which is responsible for creating
the sensation of wgency of urination. The device may also have a density that is less than

the densiiv of urine or waler, so that the device may float inside the bladder. Sach
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floatation, although not required, may prevent the device from touching the sensifive ingone
region of the bladder near the bladder neck. For example, the device may be formed from
refatively low density materials of construction, or air or other gas may be entrapped in the
device. The outer surface of the device, furthermore, may be soft and smooth without shap
edges or tips.

The exact configuration and shape of the mtravesical drug delivery device may be
selected depending upon a variety of factors including the specific site of implantation,
roule of implantation, drug, dosage regimen, and therapeutic application of the device.
Preferably, the design of the device will minimize the patient’s pain and discomforl, while
delivening a thergpeutically effective dose of the drug locally to the patient.

The miravesical drug delivery device can be made to be completely or partially
resovbable so that no explantation of the device ts required following release of the drag
formulation. As used hergin, the term “resorbable™ means that the device, or part thereof,
degrades i vive by dissolution, enzymatic hvdrolysis, eroston, or a combingtion thereof.
This degradation ocours at a time that does not interfere with the nlended kinetics of release
of the drug from the device. For example, substantial resorption of the device may not
occur until after the drug formulation is substantially or completely released. Altematively,
the intravesical drug delivery device may be at least partially not-resorbable, such that the
device may be removed following release of the drug formulation. In such embodiments,
the device may not be completely resorbable: for example. the device may be partially
resorbable so that the device, upon partial resorption, breaks into non-resorbable pieces
smali enough to be excreted from the bladder. Useful biocompatible resorbable and non-
resorbable materials of construction are known in the art. In emabodiments, the device may
be formed from materials suited for urological applications. such as medical grade silicone,
natural latex, PTFE, ePTFE, staindess steel, mitinol, efpiloy {non lerro magnetic metal allov),
polvpropylene, polvethvlene, polvearbonate, polvester, nvion, or combinations thereof.

The Druy Reservoir Portion

The drug reservorr portion of the device may include an elongated tube. The tube
may have a first end and an opposing second end.  An interior of the tube mav define a
reservoir, and a drug formelation core may be housed in the reservoir. The drug
formmdation mav be in a substantially solid form, such as a drug rod, although other
conligurations are possible. The tube may have one or more apertures for dispensing the
drug. such as via osmosis, diffusion, or a combunation thereof, among others. In

embodiments, the release rate of the drug from the drug reservoir portion may be controlled.

12

o



WO 2009/076547 PCT/US2008/086467

For example, a degradable membrane may be disposed over or in one or more of the
apertures to control the mitiation of release of the drug formulation from the reservoir. As
another example, a sheath mav be positioned over a portion of the tube to reduce the release
rate, such as by reducing the osmotic surface area of the lube or by reducing diulfusion
5 through the tube wall. Also, the drug veservoir portion may be formed from a drug polvmer
composite designed to release at a known rate.
An example of such a drug reservoir portion is shown i FIGS, 3A-3C. As shown,
the drug reservoir portion generally mcludes a body formed from an elastomeric tube 30.
The lube 30 defines a reservoir 32 that contams a drug rod 34, Ends of the tube 30 may be
1} sealed with sealing structures 35, further described below. An array of apertures 36 mayv be
disposed in the tube 30 closed off by degradable timing membranes 38
In a preferred embodiment, the drug reservoir portion operales as an osmolic pump.
In such embodiments, the tube may be formed from a water permeable material, such as a

silicone. Followmg implantation, water or urine permeates through the wall of the be,
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anders the reservolr, and 15 ymbibad by the drug formulation. Solubitized drag 1s dispensed
al a controlled rate out of the reservoir through the one or more apertures, driiven by osnotic
pressure in the reservoir. The delivery rate is affected by the surface area of the tube, the
thickness of the tube wall, the permeabiiity 1o liquid of the matenial used to form the tube,
and the shape, size, number and placement of the apertures, among others. The delivery
20 rate can be predicted from the phyvsicochenncal parameters defining the particalar drug
delivery system, according to well known principles, which are descoribed for example in
Theeuwes, J Pharm. Sei, 64123 1987-91 (1975). Example osmotic pump designs, and
equations for such selecting such designs, are described below with reference to Examples
13
25 in an alternative embodiment, the device may operate essentially by diffusion of the
drug from the tube through, for example, one or more of the apertures, the wall of the tube,
or a combination thereoll In still other embodiments, the device may operale by a
combination of osmosis and difTusion.
In embodiments, the drug reservorr portion may be formed from an elastomeric
30 material, which may permit elastically deforming the device for msertion. For example, the
tube may be elastically deformed along with the vesicle retention [rame for itravesical
implantation, as described in further detail below.
in embodiments, the drug reservoir portion may be made of a biccompatible, water

permeable material known in the art, which may pernud releasing the drug from the
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reservoir via osmosts. The drug reservoir portion altematively may be substantially water
impermeable.

in embodiments, the drug reservoir portion may be formed from a material that 13
both elasiomeric and waler permeable. An example material s sihicone that 1s both

5 elastomeric and water permeable, although other biocompatible materials may be used.

The length, diameter, and thickness of the tube may be selected based on the volume
of drug formulation to be contaned, the desired rate of delivery of the drug from the tube,
the intended site of implantation of the device within the body, the desired mechanical
mtegrity for the device, the desired release rate or permeabiiity to water and urine, and the

1} desired method or route of insertion into the body, among others. In embodiments, the drug
reservolr porlion has a length m the range of about 1 cm to about 10 oo, an wner diameter
1 the range of about 0.3 min to about 2 mm, and an outer diameter in the range of about 0.6
num and about 3 mm.

In one embodiment, the device body is non-resorbable. 1t may be formed of a

15 medical grade sihicone tubing, as known i the art. Other examples of suitable non-
resorbable matenials include synthetic polymers selected from poly{ethers), poly(acrylates),
polv(methacrylates), poly(vinyl pyrolidones), poly{viny] acetates), poly(urethanes),
celtyloses, cellulose acetates, polv(siloxanes), polv{ethyiene), poly{tetrafluoroethyiene) and
other fluorinated polymers, polv{siloxanes), copolvmers thereof, and combinations thereol

20 In another erobodiment, the device body is resorbable. In one embodiment of a
resorbable device. the tube of the body s formed of a hiodegradable or hicerodible polviner.
Examples of suitable resorbable materials include synthetic polyvmers selected from
poly{amidas), polv{esters), polv(ester amides), poly{anhydndes), poly{orthoesters),
poly phosphazenes, pseudo poly{amino acids). polv{glyeerol-sebacate), copolvmers thereof,

25 and mixtores thereof. In a preferred embodiment, the resorbable svnthetic polvmers are

selected from polv{lactic acids), polv{glveolic acids), polv{factic-co-glveolic acids),
polv{caprofactones), and mixtures thereof. Other curable bloresorbable elastomers include
poly{caprolactone) (PC) derivatives. amino alcohol-based polv{ester amides) (PEA) and
poly (octane-diol citrate) (POC). PC-based polvmers mav require additional cross-linking
30 agents such as lysine dissocyanate or 2.2-bis(_~caprolacion-4-vi)propane to obtain
clastomeric properties.
The drug reservolr portion may be made as described i U8, Patert Application

Publication No. 2007/0202151 1o Lee et al., which 13 incorporated herein by reference.
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As mentionad, the tube may be hollow, so that the drug reservorr is defined therein,
For example, the tube may be sobstantially hinear, such as substantially cyvlindrical in shape.
Thus, the tube may have a circular cross-section; however, other cross-sectional shapes of
the tube are envisioned, such as square, iriangle, hexagon, and other polygons, among

5 others. The ends of the tube may be sealed to hoit escape of the drug. For example, each

end of the ube may be closed off using, a sealing structure, a medical grade silicone
adhesive, other sealing means known in the art, or combinations thereof. In embodiments in
which the tube is sealed with a sealing structure, the sealing structure mav be a ball, a disk,
or any other shape suited to plug, close, the end of the tube. An embodiment of a ball-

1} shaped sealing structure 38 i shown in FIG, 3B, Such a sealing structure may be formed
from a material a blocompatible metallic material such as stainless steel or a biocompatible
polvmeric material, such as a biodegradable or bioerodible polymer, although other
materials may be used. The sealing structure may have a relatively larger diameter than the

inner diameter of the tube, such that the tube siretches to it snugly about the sealing

—
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structure.

In one embodiment, the tube has muoltiple reservoirs. Multiple apertures may erther
share a conunon drug reservoir or have separate reservoirs. Such a multi-reservorr device is
useful 1 at least two particular types of device embodimtents: (1) when two or more
separate drug formulations are Lo be delivered from a single device, or (2) when a single
20 drug is to be delivered at two different rates or at different times following implantation,
such as when a first dose of the drug is pre~programmed to release at a first time and a
second dose is pre-progranmuned 1o refease at a second. later time. This differant pre-
programmimy can be achieved by using different iming membranes for the different

reservoirs, for instance with two or more reservoirs, the reservoirs being defined by the

]
LA

mner surface of the tube and at least one partition. The partition strocture in the tube may
be i the form of a spheroidal object, such as a ceramic bead or other microsphere. The
partition structure also may be i the shape of a disk or cylinder. Other configurations are
also possible. The partition may be non-resorbable or resorbable. In one embodiment, the
partition structure may be made of a biocompatible polymeric material. such as a
30 biodegradable or bioerodible polymer.

An embodiment of such a drug veservoir portion is shown in FIG. 4. The drug
reservorr portion has a body that includes a linear tube 40. The hollow space in the tube 40
is partitioned into three reservours 42a, 42b, 42¢, each of which has a single corresponding

apeciure 44a, 44b, dd¢. The reservoirs 42 are defined by the inner surface of the tube 40,
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meaning the sidewall of the tube, and by spherical partition structures 46a, 46b, 46¢ and

46d spaced within the mterior space of the tube. As can be seen, the partition structures are

secured 1n place within the tube 40 by having a larger diameter than the inner diameter of

the unstretched elastomaeric tube, which causes the fube to sirelch and snugly it around the
5 partition structures. sealing each reservoir,

In embodiments, partitioned reservoirs may prevert an aperiure with a faster
hodegradable membrane from monopolizing the release of the loaded drug maternial,
potentially leaving hittle or no drug matenial for release from apertures with subsequently
degrading membranes. Providing a separate reservoir for each release aperture may

1} increase the effect of multiple hiodegradable tinung membranes.
in a preferred embodiment, the total volume of the reservorr (or combined
reservoirs) is sufficient to contain all the drug needed for local delivery over the course of a
single therapy. That s, the drug reservair portion desirably contains all of the doses of drug

anticipated, so that multiple evstoscopic procadures are not needed. or are reduced in
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number/frequency 1o complete the therapy prescribed for a given disease or condition.

Apertures

in one embodiment, the device bodv includes one or more apertures or onifices
through the sidewall or end of the tube. The one or more apertures provide a passageway {0
refease the drug formulation from the drug dalivery device. In one embodiment, the device
20 iacludes an array of two or more discrele apertures in spaced positions i the fube, The two
or move apertures may be in fluid commumication with a single reservoir or with a plurality
of reservolrs, The placement of apertures near the portion of tha tube which will be folded
during cystoscopic insertion may be avoided i order to prevent the possible tear of polvmer

biodegradable membranes on the apertures, Embodiments of apertures 36 are shown on the
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tube 30 of the drug reserveir portion shown in FIG. 3A.

The size of the aperture may be selected to provide a controlled rate of release of the
drog. In embodimenis in which the device is intended o operale primarily as an osmolic
pump, the size of the aperture may be selected such that the apertare is small enough to
minimize or otherwise reduce diffusion of the drug through the aperture. The apertures may
30 also be configured to prevent excessive butldup of hydrosiatic pressure in the tube, which
may increase the volume of fluid in the reservolr, resulting m swelling of tube. For
example, an increase in hydrostatic pressure within the reservoir may be preventded by the
ensuring the size of the apertura is large enough and/or by spacing a number of apertures

along the length of the tube. Within these constraints on aperture size and number, one may
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then vary the size and number of such apertores emploved in a single device (or in a smgle
reservoir) i order to provide a needed total rate of drug released. In exemplary
embodiments, the diameter of the aperture 1s between about 20 (an and about 300 ym (e ¢
20 to 100 pm, 25 10 75 wm, efe.). In one example, the aperture 18 circudar and has a
diamaeter between about 25 um and about 300 um. In another example, the aperture 18
circular and has a diameter between about 20 pm and abouat 73 . Tn one particday
axample, the aperiure has a diameter of about 30 wm. In embodiments where the device
operates primarily by diffusion, the apertures may be in this range or larger.

A single device may have apertures of two or more different sizes. The aperture
ypreally is civcular in shape. although other shapes are possible and envisioned, and will
wpically depend on manufacturing considerations.

In one embodiment, the apertures are dritled by laser ablation through the wall of the
tube, such as the silicone tube. For example, the aperture may be generaled using an
ulfraviplet excimer laser micromachinig svstem. In such embodiments, the aperture may
be slightly tapered front an exterior of the tube to an interior of the tube. For example, the
aperture may have a diameter of about 35 pun along the outer surface of the tube wall, and
the aperture may have a diameter of about 45 pm along the inner surface of the tube wall,
although any other configuration 18 possible. The apertures may then be covered with
biodegradable timing membranes. A person of skill may be able to vse laser ablation o
drifl w a medical grade polymer, via either through-hole drlling or depth-controlied
drifling, to create a well-defined hole with g diameter as small ag 1.050 mm. Therefore, the
apertares may be created before or after the drug 1s loaded into the tube

i another embodiment. one or more apertures may be formed in an orifice stracture
disposed in an end of the wube. Such an embodiment is shown in FIG. 5. The drug
reservoir portion may have a tubalar siticone body 58 with a precision onfice structure 82
plugging one end of the central bore of the body. The orifice structure 82 may include an
aperture 54, A sealing structure, such as a microbead 56, may plug the opposing end of the
tube, and a drug formulation 88 may be disposed i the reservoir delined between the
orifice structore 52 and the microbead 86. The orifice structure may be a preciston orifice
known i the art {avaifable for example from Bird Preciston Onifices. Swiss Jewel
Company ). The onfice can be inserted within andfor attached to the silicone fubing with

silicone adhesives, In one example, the device may include silicone tubing having an mner
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diameter of 3035 um and outer diameter of 6335 wm, with a precision orifice struciure made

of rubv or sapphire and having an outer diameter of about 1.5 mum or smaller.

In one embodiment, each of the one or more apertures has a degradable membrane
disposed over or in each of the apertures (e.g., in register with the aperfure). to control the
time at which release of the drug formulation begins. In one embodiment, the degradable
membrane i3 in the form of a wniform coaling covenng the outer surface of the tube of the
device body. In another embodiment, discrete degradable membranes may be provided
substantially within the aperture. Combinations of two or more degradable membranes may
be used to control refease from one aperture.

The thickness of the degradable membrane in a particular svstem wall depend for
example ot the chemistry and mechamcal properties of the material of construction selected
for the degradable membrane (which primarily govern the rate of degradation), as well as on
the desired fime of delay of drug release for the particular drug delivery device. See, ayg.,
Richards Grayson. et al., "Molecular release from a polvmeric microreservoir device:
Influence of chenustry. polymer swelling, and loading on device performance”™ Wiley
hnterScience (6 April 2804), Gravson, et al., “Mulli-pulse drug delivery form a resorbable
polymaric nucrochip devieg” Natare Materials, Advance Online Publication {19 October
2003) LLS. Patent No. 6,808 322, In one embodiment, the degradable membrane has a
thickness between about 100 m and about 200 pum, such as batween 145 pm and 160 um

The membranes may be formed of a biocompatible material. In one embodiment,
the membranes are formed of a resorbable synthetic polymer such as polvester, a
polv{anhydride). or a polycaprolactone. In another embodiment, the membranes are formed
of a resorbable biological material such as cholesterol, other hipids and fais.

For embodiments of these devices in which it 15 desired to release drug over a short
period of time, the degradable membrane may be fabricated from quickly disintegrating
materials including, for example, poly(lactide-co-glycolide) copolymers contaming a high
slvcolide content, copolymers of polyv(lactones) with fast degradation times, certamn
poly {anhydrides), hydrogels, oligosaccharides, and polysacchandes. For applications in
which a longer or delaved release fime 15 desirable, the degradable membrane may be
fabricated {rom matenals that lake longer to disintegrate, for example, resorbable Miological

malerials such as cholesterol, other hipids and fats, and lipid bilavers, polvmers such as

18



1

2

]
LA

£

Ty

G

WO 2009/076547 PCT/US2008/086467

polv{caprolacione) or certain pelv{anhvdndes). and PLGA copolvmers with hugh lactic acid
content.

in certain embodiments, the degradable membranes permit achieving complex
refease profiles from a single drug delivery device. In one embodiment, this may be
accomplished by having different membranes over different apertures, either 1o the same
reservolr or dilTerent reservoirs. In one case, one of the membranes is formed of a {irst
material and another of the membranes is formed of a second material, wherein the first
material has a different degradation rate i vive compared o the second material. In another
case, one of the membranes has a first thickness and the other of the membranes has a
second, greater thickness. These approaches may be mixed and matched to design a
particidar release profile, alone or in combination with kineties altering approaches based on
formdating the drug with a release controliing excipient material. or covering a portion of
the drug reservolir portion with a release altering sheath, as described below.

The Drug Formulation

The drug formulation can include essentially any therapeutie, prophyviactic, or
diagnostic agent that would be usefid to deliver locally 1o a body cavity. The drug
fornudation may consist only of the drug, or may include one or more pharmaceutically
acceptable excipients,

In a preferred embodiment, the drog formulation is 1n a solid or semi-solid form in
order to reduce the overall volume of the drug formulation and thereby reduce the sixe of
the device—10 promote ease of implantation. The semi-solid form may be, for example, an
amulsion or suspension: a gel or a paste. In one example, the drug formulation is in the
form of a sohid drug rod. Embodiments of drug rods, and methods of making sach drog
rods, are described in US. Patent Application No. 11/463,956. which is incorporated by
reference mn its entivety. The drug rods may be formed by adapting other extrusion or
casting techniques known in the art. For example, a drog rod comprising chondroitin 6-
sulfate of chondroitin sulfate € mav be formed by fifling a tube with an agueous CSC
sotution and then allowing the solution to evaporate. As ancther example. a drug rod
comprising lidocaine mav be formed mayv be formed by filling a tube with an aqueocus
solution comprising hidocaine, aliowing the solution to evaporate, and then crvstallizing the
resutting gel. In many embodiments, the drug formulation desirably includes no ora
minian quantity of excipient for the same regsons of volume/size mintmization.

in other embodiments, the drog formulation mayv be in the form of a liquid, solution,

suspension, emulsion, evmdsions, collotdal suspensions, slurnes, gel muxtures such as
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bydrogels, ov combination thereof. The drug formulation may be in a powder or
microparticie form, for example, as a hydratable or water soluble sohd.

Pharmaceutically acceptable excipients are known in the art and may include
viscosity modifiers, bulking agents, surface active agents, dispersants, osmotic agents,
difuents, and other non~active ingredients of the formulation mtended to facilitate handbing.
stabilitv, dispersibility, wetiability, and/or release kinetics of the drug (1.e., the active
pharmaceutical ingredient or diagnostic agent).

In a particular embodiment, the indravesical drug delivery device is used to provide
paii relief 1o the paient. A variety of anesthetic agent, analgesic agents, and combinations
thereol may be used. Representative examples of suitable such agents include hdocaine
hvdrochlonde, procaine hvdrochlonde, salicyl aleohol, tetracaing hvdrochionde,
phenazopyridine hydrochloride, acetaminophen, acetylsalioviic acid, flufenisal, tbuprofen,
indoprolen, mdomethacin, naproxen, codeine, oxycodone, and fentanvi citrate. In g
preferred embodiment, the device 15 used to deliver one or more {ocal anesthetic
agents. The local anesthelic agent may be a cocaine analogue. In parbcolar embodiments
of the device, the local anesthetic agent s an aminoanude, an aminoester, or a nuxture
thereof. Combinations of different amincamides or combinations of different anunoesters
are envisionad, Representative examples of possible aminoamides include lidocaine,
prifocaine, meptvacaine, and ropivacaine. Represemtative examples of possible aminoesters
wclude benzocaine, procaine, proparacaine, and tetracaing. These local anesthetics
wpically are weak bases and are usually formulated as a salt, such as the hvdrochlonde salt,
1o render tham waler-soluble.

In a preferred embodiment, the present miravesical drug debivery device is used to
treat inflammatory condittons such as inferstitial cystitis, radiation cystitis, painfid bladder
svidrome, prostautis, and urethntis. Non-linuting examples of specific drugs for these
conditions mchade hdocame hvdrochlonde, ghvcosaminoglycans {e.g., chondroitin sulfate,
sulodexide), pentosan polysullate sodium (PPS), dimethyi sulfoxide (DMSO), oxvbutvnin,
ntitomyein C, heparn, Savoxate, or a combination thereof.

The present intravesical drog delivery device can be used to treal urinary
meontinence, including urge meontinence and neurogenic mcontinence. Drugs that may be
ased mclude anticholinergic agents, antispasmodic agents, anti-muscaninic agents, -2
agonists, norepinephrine uptake inhibitors, serotonin uptake mhibitors, calcium channel

blockers. potassium channel openers, and muscle relaxants, Representative examples of
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surtable drugs for the treatment of weominence include oxvbutynin, S~oxvhutytin,
emepronium, verapamil, inupramine, flavoxate, atropine, propantheline, tolterodine,
rociverine, clenbuterol, darifenacin, terodiline, frospium, hyoscvamin, propiverine,
desmopressin, vamicanude, YM-46303 {Yamancuch: Co., Japan), lanpenisons (Nippon
Kavaky Co., Japan). inaperisone, NS-31 {Nippon Shinvaku Orion, Formenty, Japan/Halv),
NC-1800 (Nippon Chemiphar Co.. Japan), ZD-6169 (Zeneca Co., United Kingdom), and
stionium 1odide.

In ancther embodiment, the present infravesteal drug delivery device 15 used 1o treat
urinary fract cancer, such as bladder cancer and prostate cancer. Drugs that may be used
nclude antiproliferative agents, cviotoxic agents, chemotherapeutic agents, or a
combination thereof. Representative examples of sualable drugs for the treatiment of wrnary
{ract cancer include Bacillug Calmetle Guenn (BCG) vacaine, aisplatin, doxorubicin,
methotrexate, vinblastine, thiotepa, nutomyein, fluorouractl, leuprolide, Nutamide,
diethvistilbestrol, estramustine, megestrol acetate, cyproterone, flutamide, and
cvelophosphanude. The drug treatment may be coupled with a conventional raciation or
surgical therapy targeted to the cancerous fissue.

in still another embodiment, the present intravesical drug delivery device is used to
treat infections involving the bladder, the prostate, and the wrethra,  Antibiotics.
antibacterial, antifungal, anbiprotozoal, antiviral and other antiinfective agenls can be
adminustered for treatment of such infections. Representative examples of switable drogs for
the treatment of infections include mutomycin, ciprofioxacin, norfloxacin, ofloxacin,
methanamine, nitrofurantoin, ampicillin, amoxicillin, nafcilin, mmethoprim, sulfa,
trimethoprimsul famethoxazole, ervihromycin, doxyvevehine, metronidazole, tetracveline,
kanarmyain. pemicilling, cephatosporins, and aminoglycosides.

Other drugs and excipient may be used for other therapies and at other non-bladder
body cavity sites. Combinations of tvwo or more drogs, stored in (and released from) the
same of separate reservolrs in the device are envisioned.

The excipient of the drug formulation may be a matrix material, selected to
modulate or control the rate of release of the drug from the reservorr, In ong embodiment,
the matrix material may be a resorbable or non-resorbable polvmer as deseribed above. In
another embodiment, the excipient comprises a hvdrophobic or amphiphilic compouand,
such as a lipid (e.g., selected from fatty actds and derivatives, mone-, di~ and triglycendes,
phospholipids, sphingolipids, cholesterol and stercid derivatives, oils, vitamins and

ferpenas),
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The drug formudation may provide a temporally modulated release profile or a more
comtnuous or consistent release profile. Pulsatile release can he achieved from a plurality
of reservoirs. For example, different degradable membrane can be used to by temporally
staguer the release from each of several reservoirs.

The Vasicle Retention Frame

As merdioned above, the drug delivery device mncludes a vesicle retention frame
portion. The retention frame portion is associated with the drug reservoir portion and
permuts retaming the drug reservolr porfion i the body, sueh as n the bladder. The
retention frame may be elastically deformed between a relatively expanded shape and a
relatively lower profile shape, For example, the retention frame may naturally assume the
refatively expanded shape, mav be manipulated into the relatively lower profile shape for
msertion mto the body, and may spontaneously retum 1o the relatively expanded shape upon
msertion wto the body,

The retention [rame 1n the relatively expanded shape may be shaped for retention in
a bodv cavity, and the retention [rame in the relatively fower profile shape mayv be shaped
for insertion into the body through a lwmen of a catheter. For example, the retention frame
may be elastically deformable between a shape suited for insertion o the body through the
working channel of evioscope, and a shape suited for retention in the Madder even when
exposed 1o the forces associated with urination or contraction of the detrusor muscle. An
example of such an embodiment 1s shown i FIGS, 1-2, wherein the relention frame
assumes @ pretzel shape when n the expanded position. and the retention frame assumes a
relatively elongated, linear shape when in the {ower profile position.

To achieve such a resuli, the retention frame may have an elastic limit, modulus,
andfor spring constant selected to impede the device from assuming the relatively lower
profile shape once fmplanted. Such a configuration may homt or prevent actidental
expulsion of the device from the body ander expected forces. For example, the device may
be retained in the bladder during arination or contraction of the detrusor muscle

In a preferred embodiment. the retetion frame includes an elastic wire, 1t one
embodiment, the elastic wire may comprise a superelastic allov or other shape memory
matenal, known in the art. For example, the superelastic allov may comprise a
biocompatible nickel-titantom allov {e.g . Nitinol) or & ttamum-molybdenum allov (g,
Flexium}. Biodegradable, biocompatible shape memory polymers gre deseribed in ULS.
Patent No. 6,160,084 to Langer et al. In another embodiment, the elastic wire is or includes

a relatively low modulas glastomer. Low modudus elastomers may be relatively less hikely
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to cause nmitation o the bladder or lo cause an ulcer once implanted. Furthermore, some
tow modulus elastomers may be completely biodegradable, which may penmit creating a
device that nead not be removed following implantation and drug delivery. Examples of
tow modulus elastomers mehude polyvurathane, sthcone, styrenic thermoplastic elastomer,
and poly{glveerol-sebacate) (PGS). The elastic wire mav be coated with a biocompatible
polymer, such as a coating formed from one or more of silicone, polyvurethane, styremic
thermoplastic elastomer, Silitek, Tecoflex, C-flex, and Percuflex.

For example, in the embodiment shown in FIGS. 1-2, the retention frame
mncludes an elastic wire 16 formed {rom a superelastic alloy and covered in a polvmer
coating 18, The elastic wire 16 may be, for example, a nitinol wire. The polymer coating
18 mayv be, for example, a sificone sheath. In the relattvely axpandad or pretzel shape
shown 1 FIG. 1, the device ) may occupy an area having dimensions suited to impeded
expulsion from the bladder. In the relatively lower prolile shape, shown in FIG, 2, the
device 10 may occupy an area suited for insertion into the body. Thus, the device 10 may
fil in 8 catheter 20 when in the relatively lower profile shape. such as the working channel
of a cvioscope. Due to the properties of the elastic wire, the device may function as a
spring.  Thus, the device may deform in response 1o a compressive load but may
spontaneousiy return to 18 inttial shape once the load ts removed. The polymer coating mayv
make the outer surface of the device relatively smooth and sofl, so that nritation of the
bladder is avoided.

In embodiments, the retention frame may also include a radio-opaque material,
which may improve the visibilitv of the device to x-rav or other imaging techniques. In the
embodiment shown in FIGS, 1-2, for example, the radiv-opaqoe material is a platimum wire
20 wound about ends of the elastic wire 16. althoagh the platinum wire 20 may be wound
about other portions of the elastic wire 16, A smoothening material may also be applied to
ends of the elastic wire to reduce the blantness of the ends. In the embodiment shown
FIGS. 1-2, for example, the smoothening material 22 is an ultraviolet-curable epoxy applied
to the ends. The ulira-vielet epoxy mav also assist with retaining the platinum wire 20 in
place.

In embodiments in which the retention frame assumes a pretzed shape, the retention
frame may be relatively resistant 1o compressive forces. A pretzel shape essentially
comprises two sub-circles, each sub-circle having its own smaller arch and the sub-circles
sharing a common larger arcl. When the two sub-circles are first compressed togethes, the

targest arch absorbs the majornty of the compressive {orce and begins deformung. With
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continued application of the compressive force, the smaller arches of the two sub-circles
overlap. Subsequently, all three of the arches resist the compressive force. The resistance
to compression of the device as a whole mcreases once the two sub-circles overlap. Such a
configuration may prevent collapse of the device as the bladder contracts during urination,
{o impede acaidental voiding from the bladder. Example 4 explains thus resalt i greater
detail.

In embodiments in which the retention frame comprises a shape memorv material,
the material wsed 1o form the frame may “memorize” the relatively expanded shape and may
spontancously assume the relatively expanded shape upon the application of heat to the
device. For example, the retention frame mayv be designed to retum to the relatively
expanded shape when exposed to body {emperatures, so that the device may expand upon
entering the bladder.

The retention frame mav be in a form having a high enough sprning constant o retain
the device within a body cavity, such as the Bladder. This may be accomplished by forming
the retention frame from a high modolus matenal or a low modulus matenial. Particulasly,
n embodiments in which the retention frame s formed from a relatively low moduolus
material, the retention frame may be formed into a configuration having a diameter andéor a
shape that provides an appropriate spring constant. In oune case, the elastic wire may
comprise a low modulus elastomer in a form baving a spring constant without which the
elastic wire would otherwise experience significant deformation when subjected 1o the
forces associated with urination. For examiple, the elastic wire of the retention frame may
imnclude one or more windings. couls, spirals, or combinations thersof, which may reduce the
tendency of the elastic wire to deform during urination. In other words, the elastic wire may
act as a spring due to the windings, coils, andfor spirals. even in cases in which the elastic
wire is formed from a low modulus elastomer, such as polyurethane or sihicone,

The windmgs, coils, or spirals may be speafically designed to achieve a desirable
spring constant. In vastous embodiments, the spring constant may be in the range of about
3 N/m {o abowt 60 Ném. For examiple, the spring constant may be i the range of about
3.6 N/im to about 3.8 Nim. Such a spring constant may be achieved by one or more of the
following techniques: mereasing the diameter of the elastic wire used {o form the frame,
mereasing the curvature of one or more windings of the elastic wire, and adding additional
windings to the elastic wire. Example spring constants for certain low modulus wires are

provided i Example 8, below.
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The windings. coils. or spivals of the frame may have a number of configurations.
For example, the frame may be in a curled configuration, such as in a configuration
comprising ong or more loops, curls or sub-circles. FYG. 6 illustrates example shapes for
the frame that include one or move loops, carls, or sub-circles. The curls may be integraliyv
connected in a linear fashion, as shown in Examples B. C, D. and E, or in a radial Tashion.
as shown in Examples F and G. The curls may tum in the same direction, as shown in
Examples B and E, or in altemating directions as shown in Examples C and D. The curls
may also overlap, as shown i Examples A, B, and F.  The opposmg ends of the elastic
wire may be adapled to avoid tissue imitation and scarring. For example, the ends may be
soft. blunt, mwardly directed, jomed together, or a combination thereof. The frame may
also include a one or more circles or ovals arvanged in a two-dimensional or a three-
dimensional configuration. FIG. 7 sllustrates example shapes for the frame that inclade one
or more circles or ovals arranged in a two-dimensional or a three-dimensional configuration.
The frame may include a nomber of concentric circles, as shown in Example A, or a number
of conceniric ovals, as shown in Pxamples B and €. Each of the circles or ovals may be
closed, and the aircles or ovals may be joined at a common connecting point. Alternatively,
one or more of the circles and ovals nmay be open. The circles and ovals may also be
conntected at a number of connecting pomis. The frame may also include a number of
overlapping circles or ovals. The overlapping circles or ovals may each be substantially the
same size, as shown n Example D, or the circles or ovals may vary i sive, as shown in
Examples E and F. Circles may also be combined with ovals, depending on the
ambodiment. Further, the frame may be an open-ended spiral, as shown in Example G, or
the frame mav be a spiral having closed ends.

Combmation of the Componanis

The vesicle retention frame is associated with the drug reservoir portion to form the
drug delivery device. A vanely of different associations are envisionad. For example, the
drug reservoir portion may be attached to an intermediate region of the vesicle vetention
frame. More speatfically. the vesicle retention frame may have a first end, an opposing
second end. and an intermediate region therebetween, and the drug reservour portion may
have first and second end portions that are attached to the mtermediale region of the vesicle
retention frame. The end portions of the drug reservoir may terminate at the vesicle
retention frame, the end portions mav overlap the vesicle retention frame, or a combination
thereot. The drug reservorr portion may be oriented with reference to the retention frame

.

such that the drug reservoir portion lies within the perimeter of the retention frame, bevond

23



143

—
Ty

20

WO 2009/076547 PCT/US2008/086467

the perimeter of the retention frame, or a combination thereof. Addibonally, a number of
drug reservoir portions may be associated g single retention frame, depending on the
configuration of the device.

FlG. 8 dlustrates example embodiments of a prelzel shaped retention frame 80
having one or more drug reservoirs 82 altached al an intermediate region of the retention
frame 80, Specifically, Example A illustrates an embodiment having one drug reservoir,
wherein the drug reservoir lies within the perimeter of the retention franie and has end
portions attached to the intermediale vegion of the reteniion frame ternunating at the
retention frame. Example B llustrates an embodiment having one drug reservorr, wherein
the drug reserverr lies outside of the perimeter of the retention {rame and has end portions
attached 1o the intermediate region of the retention frame shightly ovedapping the retention
frame. Example C illustrates an embodiment having a number of drug reservoir portions.
each drug reservoir portion lving within the perimeter of the refention [rame, and Exanwple
D tlustrates an embodiment having a nomber of drug reservoir portions, sonte of the drug
reseryoir povtions lving within the perimeter of the retention frame and some of the drug
reservorr portions tying outside of the of the perivseter of the retention [rame.

In one embodiment, multiple drug reservolr portions are associated with a single
retention frame. For example, FIG. 9 shows an embodiment of a retention frame 90 having
anumber of drag reservolr portions 92 attached at an intermediate regton of the relention
[rame 90, with the device shown in a relatively expanded shape in FIG. 9A and the device
shown in a refatively lower profile shape within a catheter in FIG, 9B. Including multiple
discrete drug reservoir portions mav facilitate delivering multiple different drugs mito the
body, delivery different forms of drugs into the body, delivery drugs at varving rates inlo
the body, or a combination thereof.

in other embodiments, the drug reservorr portion and the vesicle retention rame
portion may be at feast partially aligned. In other words, the drug reservoir portion may
extend along at least a portion of the length of the retention frame portion, substantially
parallel or coincident with the retention frame portion. For example, the drug reservolr
portion may extend along the entire length of the retention frame portion. Examples of such
embodiments are shown in FEG. 10, which iflusirates several alternative embodiments m
cross-section. Although only one cross~section is shown, the device may have the same
cross-section, or a similar cross~sectional configuration, along suhstantially the entire fength
of the device or along a substantial portion of the device. The refention frame may

comprise an elastic wire 102 associated with the tube 100 of the drug reservoir porlion, as
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shown in Examples A B, €, and D. The elastic wire 102 may extend along an exterior
surface of the tube 100 as shown in Example A. The elastic wire 102 also may extend along
an interior surface of the tube 100, as shown in Example C. The elastic wire 102 may also

extend through the surface of the tube 100, ag shown i Example B, In embodiments, the

{ube 10 may be strengthened near the elastic wire 102 with a reinforcement area 104,

which may reduce the risk of the elastic wire 102 tearing through or beconung detached
from the tube 108, For example, the reinforcement area 1804 may be an area of additional
stlicone. The elastic wire 102 may also be positioned within the interior of the tube 100
supported by a web 106, as shown 1 Examples E, F. and G, ln addition to supporting the
elastic wire 192, the web 106 mayv partition the tube 1 into multiple compartments. For
example, the web 106 partitions the tube 100 into two compartments in Example E, three
compartments in Example F. and four compartments in Example G, although other
configurations are possible. The web 106 mav be perforated or otherwise non-continuous
50 that the conpartmertts are in communication with sach other. Alternatively, the web 106
may be relatively continuous such that the compartments are segregated from each other. In
such embodiments, the discrete compartments may Lorm different reservorrs that may be
sutted for holdmg dilTerent drug formulations. The web 106 may be tormed Irom the same
malerial as the tube, or from a material having a different permeability to waler or uring,
depending on the embodiment.

1 still other embodiments. the elastic wire may be associated with multiple tubes,
extending along or between the tubes. Examples of such embodinents are shown i F1G.
11, which llustrates several alternanve embodimenis 1 cross-section. In such
embodiments, muliiple discrete tubes 110 may be joined together by a reinforcement area
H4, with the elastic wire 112 embedded in the reinforcement area 114, as shown in
Examples A, B. and C. The number of tubes 110 may vary. For example, two tubes 110
are shown in Example A, three tabes 110 are shown i Example B, and lour tobes 110 are
shown in Example €, although additional tubes may be provided in embodiments not
shown. In such embodiments, the same or diflerent drug formulations mayv be loaded i the
discrete tubes 110, The discrete tubes £ may also be formed from the same or different
materials of construction, such as materials that differ i permeability to wrine or other
aqueous or bodily Huds.

The embodiments described above may he combined and varied to produce other
drug deliverv devices that fall within the scope of the present discloswre. For example, the

drug reservour portion may be attached to any portion of the retention frame 1n any manner,
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than the wtermediate region. Also, the drug reservoir portion may be wrapped around the
elastic wire of the retention frame, one or any number of times. 1 should be noted that the
retention frame is generally described as being an elastic wire for the sake of simplicity, and
that the elastic wire mayv be coaled with a polvmer tubing m any of these emabodiments, as
described above with reference 1o FIG. 1. Also, the term “drug reservoir portion” generally
refers to the discrete tube that is associated with the retention frame, although this tube may
be separated or otherwise partitoned into any nunber of discrete drug reservouns, as
deseribad above with reference to FIG. 4 and FIG. 11, Providing multiple drog reservoir
portions, partiticming a siugle drag reservoir portion info multiple drug reservolss. or a
combination thereof, may facilitate delivering mudtiple different drugs mto the body,
delivery different forms of drugs mnio the body, delivery drugs at varving rates mto the
body, or a combination thereof. For exanmple, the device may hold a drug wn both a liguid
form for earlier release upon implantation and in sohid or senu-solid forny for later relegse
after the drug is solubilized.

The drug reservoir component can be altachead to the vesicle retention frame using
essentially any brocompatible material or structure. For example. the drug reservoir portion
may be attached to the retention frame using a medical grade silicone adhesive,

In embodiments, the drug reservoir component mayv be attached to the vesicle
retention frame by at least partially imbedding the elastic wive of the retention frame within
the elastomeric tube of the drug reservoir porion. I the embodiment Hlustrated n FIG. 12,
a portion of a pretzel shaped elastic wire 120 extends through lirst and second ends of a
drug reservoir portion 122, although other configurations are possible. In such
embodimenis, the tubing of the drug reservoir portion may be formed with the wire in 1f, or
the tube may be penetrated by the wire afler both parts are formed, to connect them.

in still other embodiments, the drug reservoir portion may be integrally formed with
the retention [rame. For example, a casting method may be used, which may include
pounng a curable sificone into a mold and allowing the silicone to cwre. In some such
embodiments, the elastic wire may be positioned in the mold along with the silicone.

Further, the drug reservoir portion and the retention frame portion may be the same
component i some embodiments. In such cases, the device mav comprise a sihicone tubing
formed 1n a configuration having a sufficient spring constant to retain the device in the

body. as described above. In such cases, attachmient may not be necessary .
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Other Device Features

The rate and total amount of drug dehivered from a single device may depend on, for
example, the surface arga of the drug reservoir portion, the type and permeability of the
matenals of construction of the drug reservon portion, the number of aperiures formed
through the drug reservoir portion, and the total mass of drg load. among others. Particular
target therapeutic dosages and acceptable implant dimensions for a particular body cavity
and route of umplantation can be selected tor different drugs and therapies.

In emboduments, the drug reservorr portion can be partially or whoelly coated with a
coating or a sheath, which may [aciliate controlling the release rate. The coating or shealh
may be relatively less permeable 10 water than the drug reservolr portion. Thus, the coating
or sheath may modulate or reduce the water permeability of the drug reservoly poriion to
control or slow the rate of release of the drug [rom the device. In some cases. the coating or
sheath may be partially permeable to water, in which case the coating or sheath mav cover
all or a portion of the drug reservolr portion. For example, the coating or sheath may
comprise & mesh that covers substantially the entire device. In other cases, the coating or
sheath may be substantially impermeable to water, i which case the coating or sheath may
cover only a portion of the device body. Regardless. the coating or sheath may reduce or
alter the osmotic surface area of the device body. Due 1o the reduced or sltered osmotic
surface area, the release rate of drug from the drug reservoir portion may be reduced or
altered.

Because the coating or sheath may permit controtling the release rate, the drug
reservolr portion may be sized, shaped, and constructad to house a cerlain drug pavload
volume, 1o achieve a certain Hexibility or spring constant, or o assume a cerfain shape
during implantation or once implanted, among others. These characteristics of the drug
reservarr portion may be selected without regard to how such characteristics affect the
release rate, as the release rate may be independenily controlied by controlling the osmotic
surface area with the coating or sheath. Thus, the release rate may be aliered without
changing the overall size of the device body, the shape of the device body, or the materials
used 1o form the device body,

In cases in which the drag reservolr portion 18 formed from sificone tubing, the
coating or sheath may be formed from a material that 1s relatively less permeable to water or
urine than silicone. For example, the coating or sheath may be formed Irom a polymer,

parviene, a curable silicong, or another bicconpatible coating or sheath material known in
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the art. In one embodiment, the device body may be formed from silicon tubing, while the
sheath may be formed from polyurethane.

The coating or sheath may have be relatively uniform along the device body to
laciliiate refatively wniform release of the drug from the reservoir, Allematively, the
coabing or sheath wav vary along the device body, so that certain parts of the device body
have higher or lower water permeability relative to other parts of the device body. For
example, one or more characteristics of the coating or sheath may vary over the device body
0 achieve the desived release rate. Example characteristics of the coating or sheath that
may vary include thickness, size, or shape of the coating ov sheath; position, location, or
orientation of the coating or sheath on the device body; and material used to form the
coaling oy sheath, among others.

Further, multiple coalings or sheaths may be provided along different portions of the
device body, In some cases, the multiple coatings or sheaths may correspond to multiple
reservoirs formead in the device body, each of the multiple reservoirs conlaining a different
drug. In such cases, the multiple coatings or sheaths may have the same characteristics to
pernut relatively aniform release of the different drugs from the different reservoirs.
Alternatively. the multiple coatings or sheaths may have differing characteristics to pernut
differing release rates of the different drugs from the different reservoirs, Example coating
or sheath characleristics that may differ to vary the release rate include thickness, size,
shape, postion, and material, among others, as described above. For example. the tube
ground a first reservoir may be coated with a first coating of a first material and a first
thickness, while the tube around a second reservoir may be uncoated, coated with a second
(different) coaling material, or coated with the first coating matenial but at a second
(difTerent) thickness. Thus, the release rate from the first reservoir may differ from the
relense rate from the second reservoir.

In embodiments, the positioning of the coating or sheath aboul the device body may
be selected to angment or otherwise conirol dissolution of solid or semi-solid forms of the
drug. An example is shown in FIG. 13, As shown, the device body 138 may be fonmed
from a tube 132, such as a silicone tube. The tube 132 may have two opposed ends 133. A
microsphere 134 may enclose each of the ends 133, and a reservoir 138 may be formed
between the ends 133, An orifice 136 formed through the tube 132 may perout releasing a
drug from the reservoir 135, To control the release of the drug from the orifice 136, at least
one sheath 138 may be positioned about the tube 132, For example, a sheath 138 mav be

positioned on each side of the tube 132 between the orifice 136 and the end 133, So that the
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drug does not become stagnated below the sheath 138, the sheath 138 mayv be spaced nward
from the end 133. As shown, the sheath 138 mav be relativelv closer to the orifice 136 than
to the end 133, such as directly adjacent 1o the orifice 136, although other configurations are
possibie Sach placement of the sheath 138 may facilitale releasing the drug from the
orifice 136, as the positioning may permit water to permeate the tube 132 adjacent to the
end 133. As water permeates through the tube 132 adjacent to the end 133, the drug may be
driven through the portion of the tube 132 covered by the sheath 138 and ouwt of the onfice
136. Thus, 1solation or stagnation of the drug posilioned under the sheath 138 may be
avoided. Examples 11 and 12, below, provide release rate data for a drug delsvery device
having a sheath, and also provide example equations for selecting the length of sheath 1o
achigve a desired release rale.

In a preferred embodiment, the tube preferably includes at least one radio-opague
portion or structure o facilitate detection or viewing of the device as part of the
implantation or explantation procedure, In one embodiment, the tube is constructed of a
material that includes a radio-opagque filler matenial, such as bavium suifate or anothes radio-
opague material known in the art,

Silicone tubing may be made radic~-opague (for X-ray imaging or {luoroscopy) by
blending radio-opague fillers, such as bartum sulfate or other suttable materials, during the
processing of the tubing. Ultrasound imaging can also detect silicone in vive, bat 1t may
suffer front lack of resoltution to be able to correctly tnage the device if the latter 1s Kept
small. Fluoroscopy may be the preferred method during deployment/retrieval of the non~
resorbable device by providing accurate real-time imaging of the position and orientation of
the device to the practitioner performing the procedure.

In one embodiment, the body of the intravesical drug dehivery device further
includes at least one retrieval feature. The retrieval feature mav be a strocture that
Faciiitates removal of the device from the body cavity, for example for removal of a non-
resorbable device body Tollowing release of the drug formulation. Embodiments of retrieval
features are described mn ULS. Patert Appheation No. 11/463,956. In these and in other
embodiments, the device mav be retrieved using conventional endoscopic grasping
mstraments, such as alligator forceps, three or four-pronged optical graspers. For example,
if the device has an O-shaped or coiled portion. the removal of the device can be facilitated
by those grasping instruments.

in embodiments, the device may be designed to adnunister drugs to achigve an

immediate affect daring an acule phase and to achieve a prolonged elffect during a
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mainienance phase. For example, the device may have two drag reservoirs or drag
reservorr portions, one of which is configured to release a drug relatively quickly after
implantation and one of which experiences an induction time before beginning release. To
accomplish such a resuld, the two druw reservoirs or drug reservoir porlions may have
different configurations, such as differertt permeabsiities, or the two drug reservons or drug
reservolr portions may store different forms of the drug, such as a liquid form for immediate
release and a solid form to be solubitized prior {o release. These embodiments can be
combined and varied with other embodiments described herein {o achieve the desired
release profile.

Il. Method of Making the Device

in another aspect, a method of making an implantable drug delivery device s
provided. FIG. 14 15 a block diagram illustrating an embodiment of such a method 140, In
hock 142, a drug reservoir portion is formed. In block 144, a vesicle retention frame
portton 1s formed. In block 146, the drog reservoir portion is assoctated with the vesicle
redention frame portion.

In embodiments, lorming the drug reservorr portion in block 142 may include one or
more of the following sub-steps: fornung the drug reservair tube, forming a relatively solid
drug rod, loading the drug rod into the tube, inserting a sealing matenal into the tube
between an end of the drug rod and an end of the tube, and forming one or more apertures in
the tube.

The drug reservorr tube may be formed using conventional methods. such as
mjection molding, compression molding, extrusion molding, transfer molding, insert
molding. thermotorming, casting, or a combination thereof. The holiow tube mav be
formed from a material that 1s biocompatible, water permeable, elastic, or any combination
thereof. For example, the tube may compnse silicone.

The drug rod may be formed by filling a mold with an aqueous solution comprising
the drug and allowing a solvent to evaporate from the solution. For example, a hidocaine
drug rod may be formed by filling a mold with an aqueous solution of lidocaine, allowing at
feast a portion of the solvent to evaporate to form a saturated or super saturated solution of
the drug, and then crvstalhizing the resulting gel o form a bidocaine drug rod. A seed crvstal
mav be introduced into the saturated or supersaturated solution to witiate crystal growth and
thus precipitation of the drug. In such cases, the evaporation and crystallization steps may
be done at one or more confrolled temperatures.  As another example, lidocaine

hydrochlonde may be combined, e.g.. 1 a 70:30 mixing ratio, with chondrowin sulfate C, 1o
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produce a drog rod with some stiffness to enhance handling of the device, although such a
process sacrifices some of the pavload of idocaine hydrochloride. Whether that sacrifice is
acceptable depends on the particudar device design and applicationfuse
In embodiments in which a drug rod 1 formed, the tube of the drug reservoir portion
5 may or mav not serve as the mold. In embodiments in which the tube does not serve as the
mold, the completed drug rod may be loaded into the tube by manipulating the drug rod into
the tube using, for example, a guide wire and/or tweezers.
In emboduments 1n which the drag formudation 1s in higuid form, the drug
formulation may be loaded into the drug reservotr porion through the apertures or through
1} another opening that it subsequently sealed. However, it may be relatively easter {o load the
drug m solid or semi-solid form, and such forms may furthey reduce the sire of the device,
which may facilitate reducing irritation 1o surrounding tissue.
The one or more apertures may be formed in one or more of the followimg: the side

wall of the tube, an end of the twbe, or  combination thereof. The one or more apertures
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may be formed by laser duiling one or more holes inthe tube. The laser drilling may oceur
belore or after the drog rod is loading into the tube. Alternatively, the apertures may be
formed stmultanecusly with the device body, such as by molding with an indenter as
described in U.S. Patent No. 6808322 to Richards gt al.

In embodiments, forming the drug reservoir portion in block 142 may comprise
20 lorming multiple different drog reservoirs in a single drug reservoir portion. T such
embodiments, one or more partittoning structures may be inserted into and positioned
within the tube, for example using a guide wire. In cases in which multiple reservoirs and
partitions are used, the installation of the partition structures may be altemated with the

toading of the drug formulation. The position of the partition structure may be secured

]
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using adhesive or by frictional engagement with the tube, such as in cases in which the
partition has a slightly larger outer diameter than the iner diameter of the tube,

i embodiments, forming the drug reservoly portion in block 142 may Further
mnclude associating one or more release controfling structures with the drug reservoir
portion. For example, a sheath or coating may be placed over at least a portion of the
30 surface of the tube to controf the rate of release of the drug. Additionally, a degradable
membrane may be posiioned over or in one oy more of the apertures to control the wutial
time of release of the drug therethrough. The degradable membranes may be formed by
microinjecting or inkjet printing a fuid to form a membrane at one end of the apertwe, 2.2,

in‘on the outer surface opeming 1 the tube. For example, the flind mav be a solution

[y
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comprising a resorbable matenial dissolved i a solvent, a suspension comprisimg a
resorbable material int a nonsolvent, or a liquefied resorbable material. Also, the drug
reservorr portion may be formed from a drug polvimer composite designed to release at a
known rate.

5 In embodiments, the step of forming a vesicle retention frame porlion may vary
depending on the matenial used to form the frame. Tn embodiments i which the retention
frame comprises an elastic wire formed from a superelastic alloy or shape memory maternial,
for examype, the step of forming the vesiole refention frame may comprise forming the
elastic wire mnto the relatively expanded shape and “programnung”™ the shape into the elastic

Y wire vig heat treatment. For example, the retention frame 14 shown in FIG, 1 may be

formed by forming the elastic wire 16 o a pretzel shape and heat treating the elastic wire
16 at a temperature over 300 °C for a period over five minutes.  Also i such embodiments,
forming the vesicle retention {rame portion may include one or more of the followmg:

forming a polvimer coating or sheath over the elastic wire, smootheniyg the ends of the

—
Ty

alastic wire, and applving a radio-opaque material to at least a povtion of the elastic wire. In
such embodiments the polymer sheath, the radio-opaque material, and the smoolhening
material may be applied to the elastic wire in any order. For example, a platinum wire may
be wound around ends of the elastic wire to improve the radio-opacity of the device o x-
rav, the ends of the elastic wire may be smoothened with an altraviolet-curable epoxy, and
20 the polymer sheath or coating may be placed over the elastic wire

In embodiments i which the retention frame comprises a fow modulus elastomer,
the step of forming the vesicle retention {frame may comprising forming ong or more
windings, cotls, foops or spirals in the frame so that the frame lunctions as a spring. For

aexample, the retention frame may be formed by extrasion, liquid injection molding, transfer

Pl
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molding, or insert molding, among others.

In embodiments, the step of associating the drug reservolr portion with a vesicle
retention frame porfion may comprise orenting the drug reservair porfion with reference lo
the retention frame portion and applving an adhesive therebetween. The drug reservoir
portion may be onented in a variety of orientations as described above. In other
30 embodiments, the step of associating the drug reservoir portion with the vesicle retention
frame portion may comprnise inserting an elastic wire of the retention frame portion at feast
parially through the drug reservolr portion. In still other embodiments, the step of
associating the drug reservoir portion with the vesicle retention frame portion mav comprise

integrally forming the two porlions together.
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HI.  Use and Applications of the Device

The mitravesical drug delivery device may be used to deliver drug focallv to
essentially any body cavity site. In a preferred embodiment, the body cavily mav be the
bladder of a male or female human patient in need of freatment. For example, the
miravesical drug debivery device may be ased in the treatment of interstibial cvstitis,
radiation cvstiis, overactive bladder syndrome, or bladder cancer, although the device also
mayv deliver drug to the bladder for the treatment of other conditions. In other
ambodiments, the present intravesical devices may be used in other body cavities of &
patient. For example. the small devices may be nmplanted 1 a space in the vaging, a gastric
cavity, the peritoneal cavity, or an ocular cavity.

In one embodiment, the intravesical drug delivery device i3 unplanted o a
patient’s bladder to locally deliver alocal anesthetic agent for management of pain associate
arising from anv source. For example, it may be pain from anv disease or disorder in
genitournary tissues, pain stemming from any bladder catheterization procedure itself, e.g.,
post-operative cathetacization.

The device may be implanted in the bladder of a patient by any suitable hunen
device, generally referred to herein as a catheter, urethral catheter, or cystoscope, as known
i the art. These terms are used interchangeably herein, unless otherwise expregsly
mdicated. The catheter may be a commercially available device or one specially adapted o
accommodate an ersbodiment of the present drug debivery devices.

In one example, a method of implanting an intravesical drug delivery device in a
hody cavily comprises passing the intravesical drug delivery device through a cathetler in a
refatively low-profile shape, and releasing the device from the catheter into the body cavity,
the device assuming a relatively expanded shape once the device emerges from the catheter
for retention in the body cavity. In embodiments, the refatively lower profile shape mav be
a relatively hinear, folded, expanded, or compressed form. The catheter may be inserted into
the urethra to permit acgess 1o the bladder. FIGL 15 dlustrates an embodiment of the
refeasing step of the method. As shown in FIG. 15, the device 152 may be pushed through
a catheter 150 using a stylet 184, As shown, the device 182 changes shape as it emerges
from the catheter 156, retamimyg to the relatively expanded shape lor retention in the
bladder. 11.S. Patent No. 6,139,535 also deseribes a method and apparatus for placement of
a medical device in the bladder through the wetlra.

in embodiments, the intravesical drug delivery device comprises adrug ina

refatively solid form, such as a drug rod or a poswder form.  Elution of drug from the device

(8]
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oceurs upon dissolution of the drug rod. That s, as the drug conlacts and becomes
solubilized 1o bodily fhud that enters the device, the dissolved drug diffuses or flows under
osimotic pressure from the implanted device. For example, the device may be delivered into
the bladder, in which case the drug may be solubilized upon contact with urine in the
5 bladder.
in one embodiment, the intravesical drug delivery device is non-resorbable or
otherwise neads to be removed following implantation. In one such a case, the method
described i the preceding paragraph further includes removing the intravesical drug
dehivery device [rom the body cavity following release of the drug. Specialized retrieval
13 devices are known in the ant, or can readily be produced, for this purpose. For example,
ULS. Patent No. 5,499,997 describes an endoscopic grasping method and apparatus.
The device may be used to deliver drugs locally 1o the bladder as an allernative (o
systemic delivery, which may be desirable in cases in which systemic delivery mayv cause

undesirable side effects or result in insufficient bicavaitability of the drug.

—
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The present intravesicat drug delivery device treatment method provides extendad,
contingous, internutient, or periodic release of a desired quantity of drug over a desired
{predeterminad) peniod of time. In one embodiment, the device can deliver the desired dose
of drug over an extended period of time, eg., 24 howss, 5 days, 7 days, 10 davs, 14 davs, or
20, 25, 30, 45, 60, or 90 days, or more. The rate of delivery and dosage of the drug can be
20 selected depending upon the drog being delivered and the disease/condition being treated.
The use of different degradation rates and/or excipient materials, along with varving the
number and size of apertures in the device, can be used to tailor the device to have differemt
release kinetics.

In a preferred embodiment, the device is adounistered to (e, implanted into) the

]
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bladder of & patient and delivers in a controlled manner a drug formulation to the bladder.
In particaler embodiments, the drug formulation includes one or more drugs useful in the
treatment of overactive bladder syndrome, bladder cancer, interstitial cvstitis, or pain relief
For example, the device may be used to dehiver lidocaine locally Yo the bladder over
an extended time period, such as a pertod of more than one day. Advantageously, the
30 device enables the delivery, of lidocame for example, to the bladder to provide an merease
i the local concendration of hidocaine 1n the bladder tissue without producing high systemic
tevels.
F1G. 16 13 a block diagram ilusirating a method 160 of delivering lidocame to the

bladder. In block 162, a device having a pavload of lidocaine is delivered to the bladder, In
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block 164, the lidocaine is continuously released from the device over an extended penod of
time. In such embodiments, the device may be an embodiment of the device described
above, or the device may be any other device. In embodiments, the pavioad of hidocame
may be i the range of abowt 30 myg 0 about 100 mg. The extended period of tume may be
m the range of about one dav 1o about fourteen days, for example. Such a method may
achieve a sustained level of lidocaine 1 the urothelium of the bladder.

Advantageously, the sustained level of lidocaine n the urothelium achievable with
the present devices and methods can exceed the level that is generally considered to be
tolerable svstemically, High tocal concentrations of drug are provided without significant
svsienuc concentrations. Thas enables the effective use of a relatively small payvioad of
hdocame 10 create a therapeutically effective concentration of hidocaineg i the wothelium
The wothelivm lidocaine concentration may exceed the concentration that could be
obtained svstemically withowt causing systenuc effects. The uvrothelium lidocaine
concentration may also exceed the concentration that could be obtained via instiflation, and
further, the high inttial peak concentration assoeiated with institlation may be avoided. The
srall payioad may facilitate device safety. as the pavioad may be solficiently small to avord
undesirable systemic effects even i the event of device falure. Yet, the small payload may
create an effective concentration of lidocaine in the urotheliyim, due to the local nature of
the delivery. See Example 8 below.

iy embodiments, the method may delivery the hidocaine without regard (o the pH of
the wine. For example, the idocaine need not be administered with a buffering agent, such
as sodium bicarbonate. See Example 9 helow,

In embodiments, the method may deliver the hidocaine m refatively solid form,
which may permit reducing the size of the device to avoid bladder rritation and patient
discomfort.

In embodiments, (1) delivering a device having a payload of hidocaine to the bladder
may comprise delivering a device to the bladder that has fivst and second pavieads of
hidocaine; and (2) continuously releasing the hdocaine Irom the device over an extended
period of time mav comprise intfiating release of the first pavicad of hidocaing and
subsequently inttiating release of the second pavlead of hidocaine. The first payload may be
adapted for relatively quick release, while the second pavioad may be adapted for more
continuous release. For example, the first pavioad may be int liquid form while the second
pavicad may be in solid form. As another example, the frst pavicad may be howsed in a

refatively fast-acting osmotic pump, such as a sithicone tube having a relatively thinmer wall,
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while the second pavioad mav be housed in an osmotic pump that expertences an witial
defay or induction time before releasing. such as a silicone tube having a relativelv thicker
wall. Thus, the method may continuously release idocaine into the bladder during an
fmlial, acute phase and during a maintenance phase. Suech a method mayv compensate for an

mitial induction ime of the device, as described below with reference to Example 8.

The present invention may be further understood with reference to the following

non-hinuting examples.

Example 1: Design of a Tubnlar Osmotic Pump

Described below is the design of a tubalar osmotic pump made of sificone. Other
biocompatible polymer tubes such as polyurethane can be used depending on the
pernteability to water {and drug) and mechanical properties. Design equations for the
fubular osmotic pump permit obtaiing the desired drug pavioad and release rate. Tube
thickness s related o mechamcal inlegrity and water permeability. Tuobe iner diameter
and tube wall thickness deternune the drug pavioad and outer diameter of the tube. Tube
fength affects botly drug pavioad as well as the macro size or loop diameter of the tubular
osmolic pump. Osmotic surface area over which water or arine can permeate through the
tube iy affected by tube outer diameter and tobe Jength. These parameters influence the
overall performance of the osmotic pump.

The tubular osmotic pump hoelds a drug on an interior reservoly, and is capable of
transier the drag {0 an oculside medium. Parametars of the tubudar osmotic pump are delined
betow,

C: instantansous drug concentration i the device reservoir

o drug density

S: drug solubnlity

d: tube inner diameter

h tube wall thickness

D diameter of macro toop made of fube

L. tube total length, L=xD

Ly tube length without permeation blocking sheath

L tube length with permeation blocking sheath, Le=L-Ly

w1
4

Vo volume of drug reservoir, J7 =
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my: total drug pavload, m = ob = poe £
AT osmolic pressure difference between the inside and outside of the tube

Ay osmotic pressure difference al saturation between the inside and outside of the

tube
k: permeability coefficient for solvent transport
A osmiobic surface area for water permeation, As=a{d+h)L,

L, - duration of zero order release

i . . . dm Alt .,
— the rate of drug mass change in the reservoir, — = ~kd—C
ot oIt H
_ w ) din ATl o
. rero order release rate, M s~ =k e
- : Peis - 51

m, : amounl released duning vero order release, », =1 -1,
The parameter “dnvdt’ 15 defined as the rate of drug mass loss in the device reservolr since
“m’ inchicates the instantaneous drug amount remaming in the device reservoir. The minus
sign i the expression “dm/dt” reflects the lacl that the device will lose ils drug by osmotic
release once the device 1s timmersed i water or unine. When the osmotic pressure of the
surrounding medium i3 smalt enough compared to the osmaotic pressure of the formudation

mside the drug reservolr, van't Hoft's faw can be used to obtain:

(i

where the proportional relationship between the osmotic pressure and concentration 1s used.
The drug refease rate from the device remains constant at the mitial fime penad
when the concentration inside the drug reservoir is the solubility of drug loaded. The

amount of drug released during this mitial “zerc-order release period” can be expressed as

. S
ar, = L i {1.2)
Lo

The drug release rate decreases after the zerc-order release period as the drug concertration
inside the reservoir becomes reduced. The rate of drug mass change (dmydt) in the reservoir

can still be expressed in terms of zero ovder release rate G, )
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e I ] s AT . -\‘. S
dm A e g A 1O AT (1.3)
i 7 L B iS AL

The expressions for the amount of drug remaining in the reservolr {m) and the rate of drug
mass change (dmy/dt) are different for two time pertods, the xero order release peried and the
non-zero order release period. The expressions for the zero-order release period (G751}

> ares

gL Rt {i.4)
dm . e
L {1.5}
et ’

Eq. {1.3) may be integrated to find the expressions for the non-zero order refease peniod
{t 1,1 Drug concentration {C) and drug mass {m) are ime-dependent vanables and are
1} related by
m=CF (1.6)

After combining Eq. (1.6) with Eq. (1.3). Eq. (1.3) mav be integrated from {; to t to obtain

| mdm=| a.n
AN “1, L
13 Drug mass remabing inside the resecvolr at fime 1 (= ¢, ) can be expressed as
"= I (1.8)
and
dm . N " .
-------- it {1 e g ) (1.9)
ot oS m
where

20 T B P i3 {1109
L p i

The drug mass in the device reservoir bevond 1, can be expressed as
M= amy {ax<l) (L1
where « s the ratio parameter indicating remaining drug mass compared to the inibal

toading (for example, i« ix 0.03, then 3% of the total pavioad remains in the device or 83%

[
A

of the total loading s refeased out). Substituting Eg. (1.11) into Eq. (1.8) gives the time 7

ag
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m {8 o,
fad At e D e {1.12)
T P ap
. : e o1s . m, . o .
where 1_is replaced by Eq. (1.10). Eq. (1.12) reveals that —+ 15 the factor deternuning the
7h

dehivery time scale. This result implies that total payload and witial zero order release rate

decides the overall hehavior of drug release profile over time.

A

Example 2: Comparison of Release Profiles for Differing Devices

Exanples of the application of Eq. {1.12) are presented here, FIG, 17 tlustrates
three different devices A, B, and C, and F¥(G., 18 15 a graph iflustrating &1 virro drug release
profiles for the three different devices A, B, and C. Each device was a tube that functioned
as an osmotic pump. The tubes were formed from silicone. Each tube defined an interior
19 reservolirn and a volume of docaine was leoaded inlo the reservoir. Bach tobe also deflined
an exterior osmotic swrface area, and an orifice was formed in the osmotic surlace area. The
orifice permitted releasing the lidocaine from the reservoir under osmotic pressure.

More specifically. Device A was a sihicone tube having an osmotic surface area of

about 2 cm and a reservorr volume of about 2 mg. Device B was a silicone lube having an

—
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osmolic surface area of about 1 cm and a reservoir volume of about 1 me. Device U was a
silicone tube having an osmotic swiace area of about 2 em, one half of which was covered
with two polyvurethane sheaths near the release orifice, and a reservoir volume of about 2
myg. Due lo the sheaths, the effective osmotic sasface area of Device C was about the same
as the osmotic surface area of Device B, and vet the reservoir volume of Device € was

20 gbout the same volume as the reservoir volume Bevice A. For each device, the ends of the
silicone tube were sealed with nucro spheres, and the reservoir was Inaded with lidocaine.
In the case of Device €, the sheaths were placed refatively near the orifice to hmit isolation
of the lidocaime during release.

The devices were then tested in wirre i water at 37° €, and the resulting release

8]
Lh

profiles were plotted in FI1G. 18, Drug payload (m, ), zero-order drug release rate (#,),
and delivery time scale {m_/## ) for each device are shown in Table 1, as relative values

with respect to the values for Device A, Because Device B had a length that was about one
half the length of Device A, both the drug pavload and the zero order release rate for Device
B were about half the values of the Device A, which results in the same delivery time scale

30 for Device A and Device B, FIG. 18 shows that overall i vigro release profiles with
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respect to time were sinular for Device A and Device B, Device € bad a length that was
about the same as the length of Device A, but gbout one hall’ of the length of Device C was
covered with polyurethane sheaths to reduce or nuninuze water perimgation. Thus, the zero
order release rate for Device € was about half the wero order release rale for Device A
Therefore, the delivery time scale of Device € was aboul twice that of Device A, FIG. 18

shows that the drug release for Device € 1s twice as slow as that for Device A

\\‘\ Vasiable Drag payload Fero order release rate Delivery time scale
ﬁl)e\'ice\\\\\\ () (i) (im, (1)

A 1 i 1

B 2 12 1

C ] 2 2

Table 1 Comparison for three devices marked as A, B, and C shown in F1G, 17,

Example 3: Selection of Device Characteristics t0 Achieve a Desired Release Rate

Listed below are equations that permit selecting device characteristics 1o achieve a
desired release rate. More specifically. the equations may permit deternuning how much of
a device should be covered with a coating or sheath to achieve a certain release rate for a
cerlain payioad. The device characleristics may be determined with reference to a control
device of control dimensions that releases a control drug pavioad according to a control
release profile duning 2 vitro testing. Once theses control parameters are known, the
equations may determine the characteristics of a target device that exhibits a target release
rate in comparison to the control device.

For purposes of example. Device A of FIG. 17 was the control device. Device A
had a the following design parameters:

Tube immer diameter: «, = 0.3048 mm

Tube wall thickness: A, = 01651 mm

Tube length: L,= 2 em

Pavioad: m, .= 2 mg

Treatment duration: aboot 3 days
A cordrol release rate m, ., for Device A 1s plotled 1o FYG. 18, Starling with such
pararneters on the control device, the equations below pernuf obtaining device
characteristics for a target device that will exhibit a desired delivery rate for a desired

pavicad m comparnison 1o the control device. More specifically, two vartables are defined:
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o = mialtiplication factor of the target zero order delivery rate

b = multplication factors of the target payioad, respectively. The defimitions vield
the desired target condition as follows:

Zero order delivery rate (72, ) @ times increase compared with the base condition

Drug payload (m ) & times increase compared with the base condition

It is assumed here that drug and tube material remain the same for both the base condition
and the target condition. The parameters for the target condition have no subscupts here.

The zero-order dehivery rate condition gives

5

{+h . {d +h ) A
GRS B X A P (1.13)
TR J
and the drug payload condition gives
dfaz:p(fz%)b EREY

Tube wall thickness can vary, but here il s fixed for simplicity:

h=hy {1.15)
It is noted that a tube wall that is too thin may not have sufficient mechanical integrity while
a lube wall that is too thick may experience an undesirably {ong indaction time for initial
drog release from the device. Thus, a reasonable range of tube wall thickoess mayv be
determined based on the mechanical properties and water permeability of the matenal used
o form the polvmer tube.

A silicone tube with an appropriately thin wall may act as a water permeable
membrane when a drug is loaded inside the tube. The equations below first consider the
case where the water permeable tube 18 not covered with a polvmer sheath. Device A and
Device B in FIG, 18 show such a cage. Waler can permeate into the druyg reservorr through
the enbire tength of the tube, and so

L=l (1.16)

The quadratic equation for the inner diameter can be obtained from Eg. (1.13) and Eq.

{1.14y as:

. {biayd” B iad”

2 bl g IO g g (117
o, h, d +vh

]

d

where one solution is positive and the other is negative. The positive solution is designated

as d,, and thus the solution for the tube length 13
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(1.18)

Thus, the tube inner diameter and tube fength can be caleulated once the multiphication
factors for the delivery rate and the drug payvioad are chosen. Two examples are shown
betow in Table 2. For tubes formed from different polymers or holding other drugs.

5 additonal in virro release studies may be performed to obtain base conditions for that

specific combination of polvimer tube and drug.

~““’\,\é'};iuitiplica'iian factor | For delivery vate (o) 10 For delivery rate {a): 20
\\w“‘«\\ For pavioad {#): 50 For pavload (b): 204

Design parameter ™. 7

Tube inner diameter (d) 11326 mm 2.1303 nun

Tube length (7)) 72418 em 8. 1885 em

Macro loop diameter (/) | 2.3051 cm 2.6063 om

Drug pavioad (m) 16 mg 400 mg

Trealment pertod 135 davs 30 davs

Table 2. Specifications for two examples of devices for human application
As mentioned above, the fength covered with sheath is denoted as 7, . The previous
section corresponds to the case where L, =0 which s often the case as it 1s asually

1¢  desirable to reduce the diameter of the device. For example, omitting the sheath may
faciliiate inserting the device through the working channel of a cvstoscope, which may have
g diameter of about 2.4 mm of less. Nonetheless, the equations next consider the case
where the water permeable tube ix at least partially covered with a mateng that reduces the
water permeability of the tube, meaning L. > ., Device C m FIG. 18 show such a case.

15 The Device € may be at least partially coated with a sheath or coating wade of a polvmer
having g relatively low permeability 10 water, such as polyurethane, which may reduce or
mininize water perneation into the tube. A special coating such as parviene mayv also be
used to reduce water permeation. Eq. (1.13) and Eq. (1.14) show that the tube length (1)
mcreases faster than the sheath covered fength (£,) as the tube mner diameter () deceases

20 (L= l/d” and L, o 14d +h)). The length of the portion covered with sheath is

Lowl~] (1.19)

N
123

Using Eq. (113} {114, and (1,19}, the length covered with sheath is expressed as

it
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(d, +h ).

JL\ =) - - (i :{)}
" dJULpY (DY + B,
or using Eq. (1.18), the following 1s obtained
1\ - ” _____ dlwh {(1.21)
Lo D d+h,

where subscript 1 indicates the case where no sheath 1s used. The portion of the tube length

covared with sheath can be expressed 1 terms of the tebe inner diameter (¢} as

I YIS \s _
Ly ald, +h){ & (122)
}-. é}ifa \ iv{ }2

or in terms of the loop diameter (D) as
Ly ! (d ~hM. a (1.23)

L dJmALD s ah D

Example 4: Selecting the Characteristics of an Elastic Wive

A compression {est was performed on a pretzel-shaped retention frame, shown in
FIG. 19, to demonstrate how vartous design factors affect the spring constant of a retention
frame. The prelzel-shaped elastic wire was made of super-glastic nitinol wire having a
diameter of 0.009 inch, or 0.2286 mun. As the compression fest was performed, data
regarding force and displacement was collected. This data is plotted on the graph shown in
Fi1G. 20

As a compressive load was applied to the retention frante, the frame deformed from
the shape shown in A to the shape shown in B, and finally, to the shape shown m C.
Specifically, the three shapes of the device A, B, and C shown in FIG. 19 correspond to the
three data paints A, B, and € on the graph m FI1G, 20.

As shown in FIG, 19, the compressive force was generally absorbed by a larger,
common arch of the pretzel-shaped elastic wire as the frame deformed from shape A and
shape B. Once the frame assumed shape B. the two senu~aircles that make up the elastic
wire overlapped. The force/displacement plot demonstrates an increase in slope
{approximately 13 times), which was sustained as the frame deformed from shape B to
shape C.

The test and subsequert analysis revealed that a small Young's modulus & for low
modulus elastomers can be compensated for by one or more of the following: by decreasing
the radius of the arch, by mcereasing the wire diameter, and by having multiple andfor

overlapped circles or windings. For example, decreasing the radius of an arch formed by
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the frame by a factor of two (2) and wereasing the diameter of the wire used to form the
-~ N o . . g : . -7
frame by a factor of two (2) can significantly increase the spring coustant by a factor of 2

or 12%.

Example 5; Sample Spring Constanis for Ceriain Low Modulus Wires

A pitinol wire having a Young's modulus of about 30 GPa, a diameter of aboul
0.2286 mm, an are radius of about 1.5 cm, and one coil may have a spring constant of about
3.7 Nim. A polvurethane wire having a Young's modulus of about 25 MPa, a diameter of
about 1 mm, an arc radius of about 1 em, and one coil may have a spring constant of abowt
38 N/m. A silicone wire having a Young's modulus of about 2.41 MPa, a diaweter of
about 1.2 mm, an arc radius of about 0.75 ¢, and two coils may bave a spring constant of
about 3.6 \Nm. A polv(glveerol-sebacate} (PGS) wire having a Young’s moduius of abowt
1.7 MPa, a diameater of about 1.2 mm, an arc radius of about 0.76 cm, and three coils may

have a spring constamt of about 3.7 N/m,

Example 6: In Fitro Delivery of Lidocaine from Various Devices

An in virre Iidocaine release study was performed with five different devices. Each
device was a silicone tube loaded with cryvsiallized Hidocaine pieces. Two different sizes of
silicone tubes were used. Specifications for the devices ave shown in Table 3. Each tube
was sealed with stainless steel microballs inserted into the ends. Except for the control
device, an orifice was drilled in each tube between the microballs. Each orificehad a
diameter of about 30 um. The diameter was selected to oblain a fust-order release profile,
based on the resulis from fi7 viero release expermments performed with CSC. The device
designated Type Ul in the table has a polvurethane sheath, stmilar to the one shown in FIG,
13, lo reduce water permeation into the device. The device designated Control in the table
did not have an orifice. Daring the experiment, the microballs were pushed outward due o
an inlernal buildup of hydrostatic pressure within the tube. Ja vitro hidocaime release curves

for the devices are shown in FIG, 21,

1D.x0.D | Tube wall thickness «
Tvpe | Payvload ) \ ) Total tube fength {con)
{inches) {inches)
i 2my | 00120025 0063 2
H Img {1 0012x0.0235 £.0065 1
I 2mg 10012 x 0025 0.0063 2 (hall coverad with sheath)
v 4mg | 0.020x8.037 4.0083 2
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Control { 4mg | (L0204 x 037 {10083 2 {no orifice)

Table 3. Specifications for the devices used for in wirro Hidocaine release study

Example 7: In Vivo Delivery and Retention of Device in Rabbit Bladder

A vesicle retention frame was made of a Nitinol wire (drameter (1.009 inch) coverad
with silicone tubing. Platibum wire was coiled at the tip end of the Nitinol wire, and a
biocompatible L'V epoxy was applied and cured to [abricate a blunt tip end onto the Nitinol
wire. The tips are bhunt and soft to avoid possible irritations and scarring of the vesicle
tissue surlace, e.g.. the bladder. The coated wire device was in the shape of two
overlapping foops with the ends positioned inside of the circle-like ouler perimeter defined
by the {oops. The vesicle retention frame was substantially pretzel shaped..

The retention device was implanted into a rabbil bladder by a {0 Fr. wrinary catheter.
The shape of the device was chosen as the resistance to the compression increases upon
compression of the two loops (Le.. sub-civcles). This spring-like feature was intended to
prevent collapse of the structure so that it may not enter the urethra. The device
immediately returned to 1ts oniginal shape once the compression was removed, due 1o the
superelastic property of Nitinol. Instead of compressing the device into a catheter corg, the
device was uncurled and pushed through the catheter Tumen using a stvlet. The device
curted back minto its original form after emerging from the distal end of the catheter. The

device was not excreted from the bladder.

Example 8: In Vivo Delivery of Lidocaine in Rabbit Bladder

Drug exposure studies were performed i vive in rabbit to investigate the absorption
of lidocaine by the bladder. The study was conducted with male New Zealand White
rabhits, Lidocaine was delivered to some of the rabbils via mtravesically implanted drug
delivery devices, while instillations were pecformed on other rabbits for comparative
purposes.

For the rabbits treated via instillation, 10 mb of aqueous lidocaime solution was
mnstilled into the bladder. Based on prior ehinical studies, the lidocaine dose was either 2 mg
or 3 mg per kg of body weight. The solation was instiled using a 10-Fr pediatnic Foley
catheter inserted through the urethra, and the solution was retamed in the bladder for one or
two hours. Blood samples were collected at multiple ime ponts before and after
instillation. Bladders were collected from the rabbils one day alter instillation, and wnine

samiples were also collected at that time,
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Rabbits treated via intravesical implant received etther a “three-dav™ device or a
“six~day” device. Both devices were comparable i lorm 1o the device shown in FIG. 1,
each having a pratzel shaped retention frame associated with a stlicone drug reservony
component. The drag reservolr componeant of the three-dav device had a length of abowt
0.0065 mches, an mner diameter of about 0.012 mmches, an outer diameter of about 0.025
inches, and a drug load of about 2 mg of kidocame, while the drug reservoir component of
the six-dav device had a length of about 0.00835 inches, an inner diameter of about 0.020
mnches, an outer diameter of about 0.037 inches, and a drug load of about 2 my of hidocame.
The lerms “three-day device”™ and “six-day device™ refer 1o the configuration of the device
and not the length of implantation. For each rabbit, the device was inserted vig a modified
10 Fr. urethral catheter using the procedure described above with reference to FIG. 16, The
catheter was removed alter the device was implanted. Blood samples were collected at
multiple points before and after the device implantation.  Additionally, x-ray images were
taken for one rabit immediately after implantation, two days after implantation, and nine
davs after implantation, s both the right lateral recambent posttion and the supine position.
Multiple x~ray images taken at different times revealed that the device moved freely within
the bladder rather than staying in one position, The device was well tolerated by the rabbits
over the course of the /7 vive study without any health problems. Bladdess were collected
from the rabbis at multiple time points alter implantation, including one day, two days,
three davs, and six davs, Unine samples were also collected at the time the bladders were
removed.

The blood, bladder and urine samples were analvzed lo determine the lidocaine
concentration m plasma, biadder tissue, and erine. FIG. 22 is a graph dlustrating bidocaine
plasma concentration over time for the varions treatments, and FIG. 23 is the same graph
with the s-axis modified. In these graphs, instillation treatments are shown with dotted
fines and the device treatments are shown with solid lines. The key indicates the weight of
each rabbit along with the treatment type. The data presentation in FIG, 22 senerally
permits comparng the vanous instillation treatments to the various intravesical implant
treatments, while the data presentation in FYG. 23 generally permits comparnng the varous
mtravesical implant treatments to each other.

As shown in FIG. 22. instillation of the lidocaine solution resulted in an itial surge
of lidocaine plasma concentration, but lidocaine was no longer detected in the plasma after
one dav. Thus, instillation treatment permits a sudden increase in lidocaine plasma

concentration, but this increass 1s quickly followed by a vapid decling  In the case of the
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rabbit treated via wstillation of a § mg/ky lidocame solution for two hows, the peak plasma
concentration exceeded 100 ng/ml., which is within the known toxicity Hmit of lidocaine by
a factor of ten. However, such high imitial peak concentrations mav be necessary to provide
reliel between repeated mstillations, eventhough svstemucally wndesirable.

FIG. 22 also shows that lidocaine plasma concentration was refatively lower in
rabbits freated with the implanted device than in rabbits treated via instillation. However,
the rabbits treated with the implanted device maintained a relatively higher lidocaine plasma
concentration with the passage of time.

FIG. 23 shows that release [rom the three-day device slowed after twelve hours,
which is consistent with the resulis obtained o the in virro release study of Example 6. The
six-day device, which had twice the pavload of the three-day device, demonstraied a more
extended release profile. However, the six-day device demonstrated an initial induction
fime, which is consistent with the results obained in the i virro relegse study of Example 6.
The nduction time 1§ atiributable to the thicker tube used for the six-day device, which is
hyvdrated over the induction tume 1o tnittate lidocaine release from the device. Al i all, the
resudts show that the delivery of a depot of hidocaine via an implanted device, when
compared to delivery via instillation, may permit maintasning relatively higher hidocaine
plasma concentrations with the passage of time while avoiding high peak kdocame plasma
concentrations.

Because the targel sile for intravesical treatment is bladder tissue, the bladder tissue
concentration of lidocaine 18 & more direct index of the efficacy of treatment via an
miravesical implant than the plasma concentration. FIG, 24 shows lidocaine concentration
i bladder tissue over time for vartous freatments via intravesical implant.  Lidocaine tissue
concentrations are shown for a three~-day device al multiple time points after implantation,
ncluding one day after implantation, two days afier implantation, and three days after
implantation. In other words, the device was not necessanily retained in the bladder for
three davs. Lidocaine tissue concentrations are also shown for a six-day devige at the time
point of six davs after implantation. As shown, the three-day device extubited decreasing
hidocaine tissue conceniration over the course of three davs, while the six dav device
exhibited hidocaine tissue concentrations after six davs that compared to the lidocaine tissue
concentrations exhubited by the three-dav device after one dav. Lidocaine fissue
concentrations were also measured one day after intravesical institfation, but the tissue
concentration was below the fevel of detection. It also should be noted that the lidocaine

fissue concentration 13 on the order of nucrograns per gram of tissue.
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FIG. 25 shows the correlation between lidocaime plasma concentration and lidocaine
tissue concentration for the mtravesical implants. Correlations are also shown for the
mstillation treatments one day after instillation, but these concentrations are negligible in
comparison with the device treatments. As shown, higher lidocamne plasma concentrations

5 are generally associated with higher hdocaine tissue concentrations. However, the lidocane
{issue concenirations are approximately one thousand times higher than the hdocane
plasia concentration. Therefore, delivery of a depot of lidocaine via an implanted device
may provide higher drug exposure to the Madder tissue while avoiding the high peak plasma
concenlration.

14 Lidocaine urine concentration was also measured for two amimals that were treated

with the three-day device and six-dayv device, respectivelv. The results are shown in FIG.
26. Bladder tissue and urine samples were collected three days after implantation for the
rabbit that received the three-day device and six davs after implantation for the rabbit that

received the six-day device. As shown, the order of magnitude of the idocaine urine

—
Ty

concenlration was comparable to the lidocaine fissue concentration, which comports with in

vitre studies described below with reference to Example 9 and FI1G. 27, below.

Example 9: In Vitro Absorption of Lidecaine in Rat Bladder
A study was performed on rat bladders i viire 1o investigate the effect of pH and
time on ldocaine absorption inte the urothelium of the bladder. A number of differant
20 hidocamne solutions were made from artificial grine and radiolabeled lidocaine. Each
lidocaine solution had a lidocaine concentration of either 107°% (107 mg/mb) or 1% (10
mg/mL}. and a pH ranging from 4.0 1o 8.3
Rat bladders were mverted to expose the wrothelium or inner lining of the bladder.

The inverled bladders were placed 1o the lidocaine solutions, each hdocaine solations

25 having a different concentration and pH. The bladders were incubated in the lidocaine
sotutions for one of the foliowing amounts of {ime: ten minutes, one hour, one day. three
davs or five davs. After the designated incubation tune expived, each bladder was removed
from the lidocaine solution and the lidocaine concentration in the in the tissue was
determined,

30 FIG. 27 is a graph lustrating the effect of pH on the absorption of lidocaine

sohdion & virro o the tissue of rat bladder, for time periods of one how and for one dav.
The graph pertains o the hidocame solution having a 1 % lidocane concentration ondy. As

show, the pH of the fidocaine solution slightlv affected the absorption of hidocaine into the
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bladder tissue aller one howr, but the pH did not significantly alfect lidocaine absorption
after one day. For each bladder, the plateau tissue concentration (or absorbed lidocaine
mass per bladder tissue mass} was about 10000 me/kg or 1%, which was the lidocaine
concentration of the lidocaine solutton 1m which the bladder was tmmersed. This result
mmplies that the topical absorption of lidocaine nto the bladder over an extended time
pertod can be independent of the pH of the hdocaine solution. This result also indicates that
buftering the lidocaine solution may not be necessary for topical absorption of Hidocame by
the urothelium via long term /s vive exposure in the bladder.

FIG. 28 18 a graph illustrating hdocaine Gissue concentration over time, exhibited
during studies performed i vifro on rat bladder with 107°% and 1% lidocaine solutions of
varving pH. The graph shows the effect of lidocaine concentration and pH on the
absorption of lidocame into rat bladder tissue over time.  Results for lidocaine solutions
having 107% concentration are plotted separately from those having 1% concentration. As
shown, hidocaine tissue concentration increasss guickly (within about ten nunutes) and
reach a plateau for both 107%¢% and 1% lidocaine solations. As shown, the platean hdoeaine
tissue concentration for the 107% lidocaine solution is i the order of 0.1 mg/ke or 107%,
while he platean lidocaine tissue concentration for the 1% hidocaine solution is in the order
of 16000 mgiky or 1%. This result shows that the partition coefficient for hidocaine tissue
{0 lidocaine solution 1s about unity for 1 vitro lidocaine absorption into urotheliom. Higher
hdocaine concentration shows hugher hdocame absorption into arothehium,

Muodifications and variations of the methods and devices described herein will be
obvious 1o those skilled in the art from the foregoing detailed description, Such

modifications and varnations are infended to come within the scope of the appended claims.
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We claim:

i An implantable medical device for controlled drug delivery comprising:
at least one drug reservolr component comprising a drug: and
a vesicle relention frame which comprises an elastic wire having a first end,
an opposing second end, and an intermediate region therebetween,
wherein the drug reservotr componertt s attached to the intermediate region

of the vesicle retention frame.

)

The device of clasm 1. wherein the elastic wive has a spring constant between 3 Nim

and 60 Nému

T

The device of claim 2. wherein the elastic wire has a spring constant between about

3.6 N/m and about 3.8 N/m,
4, The device of claim 1, wherein the elastic wire comprises a low modulus elastomer.

. The device of claim 4. wherein the low modulus elastomer comprises silicons,

polvurethane, styrenic thermoplastic elastonmer, or poly(glycerol-sebacate).

6. The device of clasm 1. wherein the elastic wire comprises a biocompatible nickel-
titanium atlov, a titantam-molvbdenum allov, or another superelastic alloy or shape

memory natesial.

7 The device of claim 1. wherein the elastic wire has an uncompressed state which is

curled in the torm of two or more loops.

8. The device of claim 7, wherein the first and second ends of the elastic wire are

bounded within said ong or more loops.

Q. The device of claim 1, wherein the drug reservoir component comprises (1} at least
one elongated elastomeric tube having a first end portion and an opposing second
end portion, and (i) a drag contained within said elaslomeric tube, said tube being

operable i vive 1o dispense the drug at a controlled rate.

10, The device of claim 9, wherein the elastomenc tube is formed of a water permeable

siticone or other water permeable material.

h
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1. The device of claim 9. wherein the elastomeric tube controls release of the drug by

osmosis, diffusion, or a combination thereof

12, The device of claim 9, wherein the elastomeric tube controls release of the drug by
OSMOSIS,
13, The device of claim 11, wherein the elastomeric tube comprises one or more

apertures for dispensing the drug at a controlled rate.

{4 The device of clasm 13, wheremn each of the one or more apertures 1s circular and

has a diameter between gbout 25 pmn and about 504 wm.

ot
A

The device of claim ¢, wherein the elastomeric tube s cvlindrical with an inner
diameter between about 0.3 mum and abowt 2 num and an ower diameter between

abowt 0.6 mm and aboui 3 nun.

16, Thedevice of claim 9, wherein the drug s in a drag formulation core disposed

within a central channel 1n the alastomeric tube.

,.,
~

The device of claim 16, wherein the drug formulation 1s in a solid or semi-solid

form.

i8. The device of claam %, wherein the elastomaric tube comprises a composite of a

bioresorbable matrix materiad and the drug.

19, The device of claim 1. wherein the drog comprises a local anesthetic agent, hepavin,
sodium hyvaluronate, glveosaminoglveans, dimethyl sulfoxide, oxybutymn,

mutomycin C, flavoxate, pentosan polysulfate sodium, or a combination thereof.

20.  The device of claim 1. wherein the drug comprises a local anesthetic agent 1s a salt

of an amuincamide or a salt of an anunosester.

21, The device of clmm 20, wherein the drug comprises hidocaine, prilocaine,
mepivacaine, ropivacaine, benrocaine, procame, proparacang, tetracang,

bupivacaine, or a combanation thereof

2. The device of clabm 1, which is resorbable in vivo.

L
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23 Thedevice of claim 1. wherein the drug reservoir portion comprises:

a first end attached to a first location on the intermediate region of the vesicle
retention frame; and

a second end attached o a second location on the intermediate region of the vesicle

reterdion frame.

24, Thedevice of claim 1, wherain the drug reservoir portion comprises a centra
portion between the [irst end and the second end, the central portion being unattached 1o the

vesicle retention frame.

25, Thedevice of claim 1, wherein the drug reservolr portion 1s substantially aligned

with the vesicle retention frame along at feast the intermediate region.

26, The device of clatm 1, wherein the device comprises at least two drug reservorr
portions substantially aligned with the vesicle retention frame along at least the intermediate

ragion.

27 An implantable medical device for controlled drug delivery compnising:
at {east one drug reservolr component which compnses
an elongated. water permeable, elastomeric tube having a first end
and an opposing second end,
a solid or semi-solid drug formulation core within the tube,
wherein the tube dispenses the drug i vive atl a controlled rate; and
a vesicle retention frame which comprises an elastic wire having a first end,
an opposing second end, and an intermediate region therebetween, wherein the
elastic wire comprises a low modulus efastomer or a superelastic afloy,
wherein the elastomenic silicone tube of the drug reservoir componert 18

attached (o the vesicle retention [rame about the intermediate region.

28 The device of claim 27. which has a high profile form in which the elastic wire is
curled mto two or more loops incapable of passing through a lumen of a catheter and
a low profile form in which the device 13 capable of passing through said catheter

lumen,

29, The device of claxm 27, wherein the elastic wire has a spring consiant between 3

N and 60 Nim.

I
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The device of claim 27, wherein the elastomeric tube has an aperture through which

the drug can be released s vive at an osmotically controlled rate.

The device of claim 30, wherein the elastic wire has a spring constant between about

3.6 Ném and about 3.8 Nimu

The device of claim 27, wherein the low moedulus elastomer comprises silicone,

pobvurathane, & styvenic thermoplastic elastomer, or poly{glvcerol-sebacate).

The device of claim 27, wherein the drug formulation comprises a local anesthetic

agent.

The device of claim 27, wherein the elastomaeric fube has an exterior osmolic
surface, and an orifice formed through the osmotic surface for consnunicating a
drug from the reservoir; and a coating or sheath covering at least a portion of the

osmotic surface 1o reduce the permeability of the osmotic surface.

A method for administration of a drog into a patient’s bladder. comprising:

providing a lwnen device, which has a distal end, an opposing proximal end,
and an open tumen extending therebetween;

mserting the distal end of the humen device into the bladder of a patient in
need of treatment, where the proximal end of the lumen device remains outside of
the patient;

deforming the device of any one of claims 134 and passing 1t into the
proximal end of the fumen of the humen device;

driving the deformed device through the humen and owt of the lumen,
whereupon the device returns 1o its undeformed shape for retention in the bladder;

removing the humen device from the patient, and

releasing the drug from said device of claims 134,

The method of claim 35, wherein the patient 1s in need of treatment for interstitial

cysiitis. overactive bladder syndrome, or bladder cancer.

h
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An implantable medical device for controlied drug delivery comprising:

atube formed of a water permeable material and comprising an imjerior
reservoir, an exterior osmotic surface, and an orifice formed through the osmaotic
surface for commanicating a druw from the reservour; and

a coating or sheath covering at least a portion of the osmotic surface to

reduce the permeability of the osmotic surface.

The device of claim 37, wherem the water permeable matenial comprises a silicone

and the coating or sheath comprises a polvurethane.

The device of claim 37, wherein the coating or sheath is relatively less permeable to

water than the water permeable material forming the tube.

The device of claim 37, wherein the tube comprises two raservoirs, and wherein at
least one characteristic of the coating or sheath varies along the tube to achieve

different release rates front Hhe two reservolrs.

The device of claim 4, wherein the af least one characteristic of the coating or
sheath 1s selected from the group consisting oft the fluckness of the coating or
sheath, the size of the coating or sheath, the shape of the coating or sheath, the
posttion of the coating or sheath on the tube, the location of the coating or sheath on
the tebe, the orientation of the cogling or sheath on the tube, and the muterial used o

form the coating or sheath.

The device of clamm 37, wherein the coating or sheath 15 spaced mward from an end
of the tube, sach that a portion of the tube adjacent to the end is not covered by the

coating or sheath.

The device of claim 37, wherein the coating or sheath is positionad about the tube in

close proximity to the orifice.

The device of clatm 37, further comprising a vesicle retention frame associated with

the {ube.

A method of treatment of the bladder in a patient, the method comprising:

tmplanting wholly within the patient’s bladder a drug release device; and
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controtlably veleasing a local anesthetic agent from the drug delivery device
in g manner providing a sustained, therapewtically effective concentration of the
anesthetic agent in the urothelium of the bladder, while averding high peak plasma

concentrations of the anesthetic agent.
46.  The method of claim 45, wherein the anesthetic agent comprises hdocaine.

47, The method of clasm 45 or 46, wherein the concentration of the anesthetic agent in

the urothetium s at least 1000 tmes higher than the plasma concentration.

48, The method of clamm 45-47, wherein the therapeutically effective concentration of

the anesthetic agentn the urothelium 1s sustained for between | and 36 days.

49, A method of treatment of the bladder in o patient, the method comprising:
fraplanting wholly within the patient™s bladder a drug release device, and
controtlably releasing a drug from the drug delivery device in a manner
providing a sustained, therapeutically effective concentration of the drug i the
urothelium of the bladder, while avoiding hugh peak plasma concentrations of the
anesthetic aganl,

wherein the drug has a half-life that 1s equivalent to or within 253% of that of

Hidocame.
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