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CONTROLLED RELEASE DEVICE AND METHOD
USING ELECTROTHERMAL ABLATION

Background of the Invention

This invention relates to devices and methods for the controlled exposure or
release of molecules (such as drugs), microsized secondary devices (such as
sensors), or combinations thereof.

U.S. Patents No. 5,797,898, No. 6,551,838, and No. 6,527,762, all to
Santini Jr., et al., disclose microchip delivery devices which have a plurality,
typically hundreds to thousands, of reservoirs in which each reservoir has a
reservoir cap positioned on the reservoir over the reservoir contents. For example,
the contents, which can be a quantity of chemical molecules (e.g., drugs) or smaller
devices, in each reservoir are selectively released or exposed by the controlled
removal of the reservoir cap. The reservoir opening mechanism may, for example,
be disintegration by electrochemical oxidation or mechanical rupture.

It would be desirable to provide new and improved technology for the
controlled opening, i.e., activation, of microreservoirs in microchip or other
devices. For example, the activation technology preferably would operate
effectively independent of its location or environment for operation. In addition,
the activation technology desirably would be robust, for example, such that surface
contamination of the device (e.g., at the reservoir caps) minimally, if at all, affects
its release performance. A sufficiently robust or energetic activation method could
also be compatible with applied coatings that might otherwise impede activation.
Such coatings could be added to enhance device strength, biocompatibility,
biostability, and/or hermeticity.

Furthermore, it would be advantageous to have to a convenient means for
determining that a particular reservoir of a microchip device has been activated as
directed. That is, that the reservoir intended to have been opened is in fact open.
Such verification techniques would be highly beneficial to demonstrate release of
drug molecules or other contents from the reservoirs, ensuring reliable and
consistent operation. It would be further desirable, particularly if active devices
have many reservoirs, to provide a simplified means for electrically addressing

each of the reservoirs.
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Summary of the Invention

Devices and methods are provided for the controlled release or exposure of
reservoir contents. In one aspect, the device includes a reservoir cap formed of an
electrically conductive material, which prevents the reservoir contents from passing
out from the device and prevents exposure of the reservoir contents to molecules
outside of the device; an electrical input lead connected to said reservoir cap; and
an electrical output lead connected to said reservoir cap, such that upon passage of
an electrical current through the reservoir cap, via the input lead and output lead,
the reservoir cap is ruptured to release or expose the reservoir contents.

The reservoir cap and leads include an electrically conductive material.

The electrically conductive material can be a single component or multi-component
metal or semiconductor. Representative examples of suitable materials include
gold, platinum, titanium, platinum-iridium, nickel-titanium, gold-silicon, and
silicon doped with an impurity to increase electrical conductivity. In one
embodiment, the reservoir cap is in the form of a thin metal or semiconductor film.
In another embodiment, the reservoir cap is in the form of multiple layers of
different metals, semiconductors, or combinations thereof.

In one embodiment, the reservoir cap and conductive leads are formed of
the same material, and the temperature of the reservoir cap increases locally under
applied current because the reservoir cap is suspended in a medium that is less
thermally conductive than the substrate. Alternatively, the reservoir cap and
conductive leads are formed of the same material, and the reservoir cap has a
smaller cross-sectional area in the direction of electric current flow. The increase
in current density through the reservoir cap causes an increase in localized heating.
One technique for increasing the current density is to fabricate leads and reservoir
caps that have the same thickness, while the ratio of the width of the leads to the
width of the reservoir cap is increased, preferably to 2:1 or more. Increased current
density also can be achieved by fabricating reservoir caps with a thickness that is
less than the thickness of the leads. In other embodiments, the reservoir cap is
formed of a material that is different from the material forming the leads, wherein
the material forming the reservoir cap has a different electrical resistivity, thermal
diffusivity, thermal conductivity, and/or a lower melting temperature than the

material forming the leads. Various combinations of these embodiments can be
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employed.

In another aspect, a device is provided for the controlled release or
exposure of reservoir contents comprising: a substrate; a plurality of reservoirs in
the substrate; reservoir contents comprising molecules, a secondary device, or both,
located in the plurality of reservoirs; a reservoir cap covering each reservoir to
isolate the reservoir contents within the reservoir, each reservoir cap comprising an
electrically conductive material; a pair of conductive leads electrically connected to
said reservoir cap, the pair comprising an electrical input lead and an electrical
output lead; and a source of electric power for applying an electrical current
through each reservoir cap, via said pair of conductive leads, in an amount
effective to locally heat the reservoir cap to cause the reservoir cap to rupture and
thus open the reservoir.

In another aspect, the device includes an electrical component or system for
detecting an open electrical circuit between the leads of a reservoir cap that has
been ruptured, to verify reservoir opening.

In one embodiment, the device comprises at least four reservoirs or more
positioned in a two-dimensional array in the substrate, for example, wherein the
input leads of the reservoir caps are electrically connected in parallel by rows of the
array and the output leads of the reservoir caps are electrically connected in parallel
by columns of the array. This embodiment also provides simplified input/output
(/O) requirement.

In one embodiment, the reservoir contents comprise a release system
containing drug molecules for release. In another embodiment, the reservoir
contents comprise secondary devices, such as sensors or sensor components.

Optionally, the reservoir cap, the leads, or both can further comprise a
protective or structurally supporting layer of a dielectric material, such as silicon
dioxide, in addition to the electrically conductive material.

In various embodiments, the device can be a subcomponent of an
implantable drug delivery device. Such a device may further comprise a sensor
indicative of a physiological condition, an electrode for providing electrical
stimulation to the body, a catheter, a pump, or a combination thereof. In one
embodiment, the device is part of a microchip device.

In another aspect, methods are provided for the controlled delivery of

3
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molecules. In one embodiment, the steps include positioning at a preselected
location a device which provides the controlled release of molecules, the device
having the molecules for delivery and a reservoir cap formed of an electrically
conductive material which prevents said molecules for delivery from passing out

5  from the device; and applying an electrical current through said reservoir cap, via
an electrical input lead and an electrical output lead which are electrically
connected to said reservoir cap, to rupture the reservoir cap enable the molecules to
pass outward from the device to the preselected location. In one embodiment, the
site is internal to a patient in need of the molecules being released.

10 In another aspect, methods are provided for the controlled exposure of
reservoir contents. In one embodiment, the steps include positioning at a
preselected location a device which provides controlled exposure of reservoir
contents, the device having reservoir contents and a reservoir cap formed of an
electrically conductive material which prevents exposure of the reservoir contents

15  to molecules outside of the device at the preselected location; and applying an
electrical current through said reservoir cap, via an electrical input lead and an
electrical output lead which are electrically connected to said reservoir cap, to
rupture reservoir cap to expose the reservoir contents to said molecules at the
preselected location. In one embodiment, the site is internal to a patient and the

20  reservoir contents comprise a sensor or sensor component for sensing a
physiological condition.

In another aspect, methods are provided for fabricating a device for the
controlled exposure or release of molecules or secondary devices. In one
embodiment, the method steps include (i) forming a plurality of reservoirs in a

25  substrate; (ii) capping each of said reservoirs with an electrically conductive
reservoir cap; (iii) loading the reservoirs with reservoir contents; (iv) forming in
operable connection with each reservoir cap an electrical input lead and an
electrical output lead; and (v) providing an electrical current supply and
distribution means capable of selectively passing an electrical current through each

30 reservoir cap, via the input lead and output lead, in an amount effective to rupture

the reservoir cap and thus open the reservoir.
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Brief Description of the Drawings

FIGS. 1A-B illustrate a cross-sectional view (FIG. 1A) and a plan view
(FIG. 1B) of one embodiment of a portion of a device in which the reservoir cap
and leads are formed of the same material.

FIGS. 2A-B illustrate a cross-sectional view (FIG. 2A) and a plan view
(FIG. 2B) of one embodiment of a portion of a device in which the reservoir cap
and leads are formed of the same material and the width of the leads is greater than
the width of the reservoir cap.

FIGS. 3A-B illustrate a cross-sectional view (FIG. 3A) and a plan view
(FIG. 3B) of one embodiment of a portion of a device in which the reservoir cap
and leads are formed of the same material and the thickness of the leads is greater
than the thickness of the reservoir cap.

FIGS. 4A-B illustrate a cross-sectional view (FIG. 4A) and a plan view
(FIG. 4B) of one embodiment of a portion of a device in which the reservoir cap
and leads are formed of different materials.

FIG. 5A is a plan view of one embodiment of a device with four reservoirs
arranged in a square matrix with input leads connected in parallel by row and the
output leads connected in parallel by column, and FIG. 5B is a cross-sectional
view, taken along line A-A in FIG. 5A, illustrating how the conductor columns and
leads are electrically insulated from one another where they overlap.

FIG. 6 is a cross-sectional view of one embodiment of a portion of a device
wherein the reservoir cap is thermally isolated from the substrate by a dielectric
material.

FIG. 7A is a perspective/cross-sectional view (FIG. 7A) of another
embodiment of a portion of a device with a reservoir cap thermally isolated by a
dielectric material, and FIG. 7B is a cross-sectional view, taken along line B-B in
FIG. 7A, illustrating the same embodiment.

FIG. 8 is a perspective/cross-sectional view of a portion of one embodiment
of a device having an array of four reservoirs, a reservoir cap covering each
reservoir to isolate the reservoir contents within each reservoir, a pair of conductive
leads electrically connected to said reservoir cap, and a source of electric power for
applying an electrical current through each reservoir cap.

FIG. 9A is a perspective view of one embodiment of an implantable

5
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medical device having a spherical shape and an array of drug-containing reservoirs
covered by reservoir caps that can be activated/opened using electrothermal
ablation as described herein. FIG. 9B is a plan view of the interior of the top case
of the device, and FIG. 9C is a cross-sectional view of a portion of the top case.

FIG. 10 is a perspective view of one embodiment of an implantable medical
device that includes a catheter having drug-containing reservoirs at the distal end
portion.

FIG. 11A is a plan view of one embodiment of the distal end portion of a
catheter having an array of drug-containing reservoirs covered by reservoir caps
that can be activated/opened using electrothermal ablation as described herein.
FIG. 11B is a cross-sectional view of the device shown in FIG. 11A, taken along

line B/B, and FIG. 11C is a cross-section view of the device, taken along line C/C.

Detailed Description of the Invention

Electrothermal ablation reservoir opening devices, systems, and methods
have been developed, for controlled reservoir opening. Generally, the device has a
reservoir cap that is positioned over a reservoir opening to block the opening until
release or exposure of the reservoir contents is desired and that functions as a heat
generator. Electric current is used to provide local heating of the reservoir cap in
an amount effective to rupture the reservoir cap, opening the reservoir. As used
herein, the term “rupture” refers to an electrically-induced thermal shock that
causes the reservoir cap structure to fracture, and/or to a loss of structural integrity
of the reservoir cap due to a phase change, (e.g., melting or vaporization), either or
both of which are caused by the generation of heat within the reservoir cap as a
result of electric current flowing through the reservoir cap. While not being bound
to any theory, the heating causes the reservoir cap to degrade by melting (or
vaporizing), thermal shock, and/or a mismatch in the coefficient of thermal
expansion, thereby displacing the reservoir cap from over the reservoir and/or
creating an aperture through the reservoir cap. This activation mechanism does not
depend on a separate resistive heater element, for example, attached to an outer
surface of a reservoir. (This rupture process is analogous to the process by which a
conventional simple electrical fuse heats and then disintegrates (e.g., burns up)

upon passage of an excessive amount of electrical current through it.)
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As used herein, the term “local heating” in reference to the reservoir cap
refers to a significant temperature rise, which is local to the reservoir cap (e.g., the
midpoint of the reservoir cap could be the hottest point). This temperature rise
results from two phenomena: the heat generation and the heat loss occurring in the
device. In preferred embodiments, the local heating and rupturing occurs very
quickly, on the order of 10 to 50 ps, which allows little heat to pass into the
surrounding environment or into the reservoir contents, thereby minimizing any
temperature increase in the environment surrounding the reservoir or limiting any

temperature increase to the region immediately surrounding the reservoir cap.

2% ¢ EE N1

As used herein, the terms “comprise,” “comprising,” “include,” and
“including” are intended to be open, non-limiting terms, unless the contrary is
expressly indicated.

Opening System Components and Devices

The opening, or activation, systems and devices described herein can be
used with or incorporated into a variety of devices, including implantable drug
delivery devices, such as the microchip devices described in U.S. Patents No.
5,797,898, No. 6,551,838, No. 6,527,762, as well as in U.S. patent application
publications No. 2002/0099359 and No. 2003/0010808, which are incorporated
herein by reference. In some embodiments, the activation release device and
system is a subcomponent of another device. For example, it may be part of an
implantable drug delivery device that further comprises a sensor indicative of a
physiological condition of a patient, an electrode for providing electrical
stimulation to the body of a patient, a pump, a catheter, or a combination thereof.

Substrate and Reservoirs

The substrate is the structural body (e.g., part of a device) in which the
reservoirs are formed, e.g., it contains the etched, machined, or molded reservoirs.
A reservoir is a well, a container. MEMS methods, micromolding, and
micromachining techniques known in the art can be used to fabricate the
substrate/reservoirs from a variety of materials. See, for example, U.S. Patent No.
6,123,861 and U.S. Patent Application Publication No. 2002/0107470. Examples
of suitable substrate materials include metals, ceramics, semiconductors, and
degradable and non-degradable polymers. Biocompatibility of the substrate

material typically is preferred for in vivo device applications. The substrate, or
7
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portions thereof, may be coated, encapsulated, or otherwise contained in a
biocompatible material (e.g., poly(ethylene glycol), polytetrafluoroethylene-like
materials, inert ceramics, titanium, and the like) before use.

The substrate can be flexible or rigid. In one embodiment, the substrate
serves as the support for a microchip device. In one example, the substrate is
formed of silicon.

The substrate can have a variety of shapes, or shaped surfaces. It can, for
example, have a release side (i.e., an area having reservoir caps) that is planar or
curved. The substrate may, for example, be in a shape selected from disks,
cylinders, or spheres. See, e.g., FIGS. 9, 11., which are described below. In one
embodiment, the release side can be shaped to conform to a curved tissue surface.
This would be particularly advantageous for local delivery of a therapeutic agent to
that tissue surface. In another embodiment, the back side (distal the release side) is
shaped to conform to an attachment surface.

The substrate may consist of only one material, or may be a composite or
multi-laminate material, that is, composed of several layers of the same or different
substrate materials that are bonded together.

In one embodiment, the substrate is impermeable (at least during the time
of use of the reservoir device) to the molecules to be delivered and to surrounding
gases or fluids (e.g., water, blood, electrolytes or other solutions).

In another embodiment, the substrate is made of a strong material that
degrades or dissolves over a defined period of time into biocompatible
components. Examples of biocompatible polymers include poly(lactic acid)s,
poly(glycolic acid)s, and poly(lactic-co-glycolic acid)s, as well as degradable
poly(anhydride-co-imides).

The substrate thickness can vary depending upon the particular device and
application using the activation system described herein. For example, the
thickness of a device may vary from approximately 10 um to several centimeters
(e.g., 500 um). Total substrate thickness and reservoir volume can be increased by
bonding or attaching wafers or layers of substrate materials together. The device
thickness may affect the volume of each reservoir and/or may affect the maximum
number of reservoirs that can be incorporated onto a substrate. The size and

number of substrates and reservoirs can be selected to accommodate the quantity
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and volume of reservoir contents needed for a particular application, although other
constraints such as manufacturing limitations or total device size limitations (e.g.,
for implantation into a patient) also may come into play. For example, devices for
in vivo applications desirably would be small enough to be implanted using
minimally invasive procedures. Devices for in vitro applications typically have
fewer size restrictions.

The substrate can have one, two, or preferably many, reservoirs. In various
embodiments, tens, hundreds, or thousands of reservoirs are arrayed across the
substrate. For instance, one embodiment of an implantable drug delivery device
includes between 250 and 750 reservoirs, where each reservoir contains a single
dose of a drug for release, which for example could be released daily over a period
of several months to two years. More or less frequent dosing schedules and shorter
or longer treatment durations are of course possible.

In one embodiment, the reservoir has a volume equal to or less than 500 pL
(e.g., less than 250 pL, less than 100 pL, less than 50 plL, less than 25 pL, less than
10 pL, etc.) and greater than about 1 nl. (e.g., greater than 5 nL, greater than 10 nL,
greater than about 25 nL, greater than about 50 nL, greater than about 1 pL, etc.).

Reservoir Contents

The reservoir contents is essentially any object or material that needs to be
isolated (e.g., protected from) the environment outside of the reservoir until a
selected point in time, when its release or exposure is desired. In various
embodiments, the reservoir contents comprise (a quantity of) molecules, a
secondary device, or a combination thereof. Proper functioning of certain reservoir
contents, such as a catalyst or sensor, generally does not require release from the
reservoir; rather their intended function, e.g., catalysis or sensing, occurs upon
exposure of the reservoir contents to the environment outside of the reservoir after
opening of the reservoir cap. Thus, the catalyst molecules or sensing component
can be released or can remain immobilized within the open reservoir. Other
reservoir contents such as drug molecules often may need to be released from the
reservoir in order to pass from the device and be delivered to a site in vivo to exert
a therapeutic effect on a patient. However, the drug molecules may be retained for

certain in vitro applications.
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Molecules

The reservoir contents can include essentially any natural or synthetic,
organic or inorganic molecule or mixture thereof. The molecules may be in
essentially any form, such as a pure solid or liquid, a gel or hydrogel, a solution, an
emulsion, a slurry, or a suspension. The molecules of interest may be mixed with
other materials to control or enhance the rate and/or time of release from an opened
reservoir. In various embodiments, the molecules may be in the form of solid
mixtures, including amorphous and crystalline mixed powders, monolithic solid
mixtures, lyophilized powders, and solid interpenetrating networks. In other
embodiments, the molecules are in liquid-comprising forms, such as solutions,
emulsions, colloidal suspensions, slurries, or gel mixtures such as hydrogels.

For in vivo applications, the chemical molecule can be a therapeutic,
prophylactic, or diagnostic agent. As used herein, the term “drug” includes any
therapeutic or prophylactic agent (e.g., an active ingredient). The drug can
comprise small molecules, large (i.e., macro-) molecules, or a combination thereof,
having a bioactive effect. In one embodiment, the large molecule drug is a protein
or a peptide. In various embodiments, the drug can be selected from amino acids,
nucleic acids, oligonucleotides, polysaccharides, and synthetic organic molecules.
In one embodiment, the drug is selected from nucleosides, nucleotides, and analogs
and conjugates thereof. Representative examples of drugs include analgesics,
anesthetics, anti-angiogenic molecules, antibiotics, antibodies, antineoplastic
agents, antioxidants, antiviral agents, chemotherapeutic agents, gene delivery
vectors, immunomodulators, ion channel regulators, metabolites, sugars,
psychotropic agents, vaccines, vitamins. An example of a diagnostic agent is an
imaging agent such as a contrast agent.

In one embodiment, the drug is a protein drug. Examples of suitable types
of proteins include glycoproteins, enzymes (e.g., proteolytic enzymes), hormones
(e.g., LHRH, steroids, corticosteroids), antibodies, cytokines (e.g., a-, B-, or y-
interferons), interleukins (e.g., IL-2), and insulin. In one exemplary embodiment,
the drug is a bisphosphonate. In another exemplary embodiment, the drug is
parathyroid hormone, such as a human parathyroid hormone, e.g., hPTH(1-84) or
hPTH(1-34). In a still further embodiment, the drug is a peptide with natriuretic

activity, such as BNP. In yet another embodiment, the drug is a calcitonin. In a
10
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further embodiment, the drug is selected from diuretics, vasodilators, inotropic
agents, anti-arrhythmic agents, Ca” channel blocking agents, anti-
adrenergics/sympatholytics, and renin angiotensin system antagonists.

In one embodiment, the drug is a VEGF inhibitor, VEGF antibody, VEGF
antibody fragment, or another anti-angiogenic agent. Examples include an
aptamer, such as MACUGEN™ (Pfizer/Eyetech) (pegaptanib sodium)) or
LUCENTIS™ (Genetech/Novartis) (thuFab VEGF, or ranibizumab). These could
be used in the prevention of choroidal neovascularization, which would be useful
in the treatment of age-related macular degeneration or diabetic retinopathy.

In various embodiments, the drug molecules for release can be PEGylated,
a technique known in the art to extend the in vivo lifetime of a bioactive molecule,
for example by attaching the bioactive molecule to PEG or another oligomeric or
polymeric stabilizing agent. For example, MACUGEN™ is an oligonucleotide
with a molecular weight of ~50 KD, about 40 KD of which is an attached PEG
molecule. The controlled release devices described herein can deliver such
molecules. Advantageously, however, the controlled release devices described
herein may obviate the need to PEGylate the bioactive molecule, since the
bioactive molecule can be released as and when needed. That is, the devices can
deliver an accurate and effective amount of drug at the desired time, avoiding the
need to modify the drug (which can be costly and/or difficult to achieve) in order to
keep a constant level of the bioactive molecule in the body over an extended period
of time.

In one embodiment, the drug is a prostaglandin, a prostacyclin, or another
drug effective in the treatment of peripheral vascular disease.

In one embodiment, a device is used to deliver a drug systemically to a
patient in need thereof. In another embodiment, the construction and placement of
the microchip in a patient enables the local or regional release of drugs that may be
too potent for systemic delivery of an effective dose. The reservoir contents in one
reservoir or in one device can include a single drug or a combination of two or
more drugs, and the reservoir contents can further include pharmaceutically
acceptable carriers.

The molecules can be provided as part of a “release system,” as taught in
U.S. Patent No. 5,797,898, the degradation, dissolution, or diffusion properties of

11
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which can provide a method for controlling the release rate of the molecules. The
release system may include one or more pharmaceutical excipients. Suitable
pharmaceutically acceptable excipients include most carriers approved for
parenteral administration, including various aqueous solutions (e.g., saline,
Ringer's, Hank's, and solutions of glucose, lactose, dextrose, ethanol, glycerol,
albumin, and the like). Examples of other excipients and diluents include calcium
carbonate and sugars. Other excipients may be used to maintain the drug in
suspensions as an aid to reservoir filling, stability, or release. Depending on the
properties of the drug, such excipients may be aqueous or non-aqueous,
hydrophobic or hydrophilic, polar or non-polar, protic or aprotic. Such excipients
generally have low reactivity. See. e.g., U.S. Patent No. 6,264,990 to Knepp et al.
The release system optionally includes stabilizers, antioxidants, antimicrobials,
preservatives, buffering agents, surfactants, and other additives useful for storing
and releasing molecules from the reservoirs in vivo.

The release system may provide a more continuous or consistent release
profile (e.g., pulsatile) or constant plasma level as needed to enhance a therapeutic
effect, for example. Pulsatile release can be achieved from an individual reservoir,
from a plurality of reservoirs, or a combination thereof. For example, where each
reservoir provides only a single pulse, multiple pulses (i.e. pulsatile release) are
achieved by temporally staggering the single pulse release from each of several
reservoirs. Alternatively, multiple pulses can be achieved from a single reservoir
by incorporating several layers of a release system and other materials into a single
reservoir. Continuous release can be achieved by incorporating a release system
that degrades, dissolves, or allows diffusion of molecules through it over an
extended period. In addition, continuous release can be approximated by releasing
several pulses of molecules in rapid succession (“digital” release, analogous to the
digital storage and reproduction of music). The active release systems described
herein can be used alone or on combination with passive release systems known in
the art, for example, as described in U.S. Patent No. 5,797,898. For example, the
reservoir cap can be removed by electrothermal ablation as described herein to
expose a passive release system that only begins its passive release after the
reservoir cap has been actively removed. Alternatively, a given substrate can
include both passive and active release reservoirs.

12
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For in vitro applications, the molecules can be any of a wide range of
molecules where the controlled release of a small (milligram to nanogram) amount
of one or more molecules is required, for example, in the fields of analytic
chemistry or medical diagnostics. Molecules can be effective as pH buffering
agents, diagnostic reagents, and reagents in complex reactions such as the
polymerase chain reaction or other nucleic acid amplification procedures. In
various other embodiments, the molecules to be released are fragrances or scents,
dyes or other coloring agents, sweeteners or other concentrated flavoring agents, or
a variety of other compounds. In yet other embodiments, the reservoirs contain
immobilized molecules. Examples include any chemical species which can be
involved in a reaction, including reagents, catalysts (e.g., enzymes, metals, and
zeolites), proteins, nucleic acids, polysaccharides, cells, and polymers, as well as
organic or inorganic molecules which can function as a diagnostic agent.

Secondary Devices

As used herein, unless explicitly indicated otherwise, the term “secondary
device” includes any device or a component thereof which can be located in a
reservoir. In one embodiment, the secondary device is a sensor or sensing
component thereof. As used herein, a “sensing component™ includes a component
utilized in measuring or analyzing the presence, absence, or change in a chemical
or ionic species, energy, or one or more physical properties (e.g., pH, pressure) at a
site. Types of sensors include biosensors, chemical sensors, physical sensors, or
optical sensors. Examples of biosensors that could be adapted for use in/with the
reservoir devices described herein include those taught in U.S. Patent No.
6,486,588; No. 6,475,170; and No. 6,237,398. Secondary devices are further
described in U.S. Patent No. 6,551,838.

Examples of sensing components include components utilized in measuring
or analyzing the presence, absence, or change in a drug, chemical, or ionic species,
energy (or light), or one or more physical properties (e.g., pH, pressure) at a site. In
one embodiment, a device is provided for implantation in a patient (e.g., a human
or other mammal) and the reservoir contents comprises at least one sensor
indicative of a physiological condition in the patient. For example, the sensor could
monitor the concentration of glucose, urea, calcium, or a hormone present in the
blood, plasma, interstitial fluid, or other bodily fluid of the patient.
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Several options exist for receiving and analyzing data obtained with
secondary devices located within the primary device, which can be a microchip
device or another device. Devices may be controlled by local microprocessors or
remote control. Biosensor information may provide input to the controller to
determine the time and type of activation automatically, with human intervention,
or a combination thereof. For example, the operation of an implantable drug
delivery system (or other controlled release/controlled reservoir exposure system)
can be controlled by an on-board microprocessor (i.e., within the package of the
implantable device). The output signal from the device, after conditioning by
suitable circuitry if needed, will be acquired by the microprocessor. After analysis
and processing, the output signal can be stored in a writeable computer memory
chip, and/or can be sent (e.g., wirelessly) to a remote location away from the
implantable device. Power can be supplied to the implantable device locally by a
battery or remotely by wireless transmission. See, e.g., U.S. Patent Application
Publication No. 2002/0072784.

In one embodiment, a device is provided having reservoir contents that
include drug molecules for release and a sensor/sensing component. For example,
the sensor or sensing component can be located in a reservoir or can be attached to
the device substrate. The sensor can operably communicate with the device, e.g.,
through a microprocessor, to control or modify the drug release variables, including
dosage amount and frequency, time of release, effective rate of release, selection of
drug or drug combination, and the like. The sensor or sensing component detects
(or not) the species or property at the site of in vivo implantation and further may
relay a signal to the microprocessor used for controlling release from the device.
Such a signal could provide feedback on and/or finely control the release of a drug.
In another embodiment, the device includes one or more biosensors (which may be
sealed in reservoirs until needed for use) that are capable of detecting and/or
measuring signals within the body of a patient.

As used herein, the term “biosensor” includes sensing devices that
transduce the chemical potential of an analyte of interest into an electrical signal, as
well as electrodes that measure electrical signals directly or indirectly (e.g., by
converting a mechanical or thermal energy into an electrical signal). For example,
the biosensor may measure intrinsic electrical signals (EKG, EEG, or other neural
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signals), pressure, temperature, pH, or loads on tissue structures at various in vivo
locations. The electrical signal from the biosensor can then be measured, for
example by a microprocessor/controller, which then can transmit the information to
a remote controller, another local controller, or both. For example, the system can
be used to relay or record information on the patient’s vital signs or the implant
environment, such as drug concentration.

Reservoir Caps and Electrical Leads

The reservoir cap is operably (i.e. electrically) connected to an electrical
input lead and to an electrical output lead, to facilitate flow of an electrical current
through the reservoir cap. When an effective amount of an electrical current is
applied through the leads and reservoir cap, the temperature of the reservoir cap is
locally increased due to resistive heating, and the heat generated within the
reservoir cap increases the temperature sufficiently to cause the reservoir cap to be
electrothermally ablated (i.e., ruptured).

As used herein, the term “reservoir cap” refers to a membrane, thin film, or
other structure suitable for separating the contents of a reservoir from the
environment outside of the reservoir. It generally is self-supporting across the
reservoir opening, although support structures (e.g., beams, mesh, and the like)
could be built into or onto the reservoir cap. Selectively removing the reservoir
cap will then expose the contents of the reservoir to the environment. As used
herein, the term “environment” refers to the environment external the reservoirs,
including biological fluids and tissues at a site of implantation, air, fluids, and
particulates present during storage or in vitro use of a device incorporating the
activation system described herein.

The reservoir cap and leads include an electrically conductive material.
The reservoir cap can be made from various materials selected to provide a known
electrical resistance. The electrical resistance, R, can be represented by the

following equation:

r=2 EQ.1
wrt

where pis the resistivity of the material, w is the width of the conductor, ¢
is the thickness of the conductor, and / is the length of the conductor.

The leads (i.e., traces) typically are fabricated to minimize their electrical

15



WO 2004/071487 PCT/US2003/025774

10

15

20

25

30

resistance. Therefore, the length and resistivity of the leads desirably are
minimized, while the thickness and width desirably are maximized. In one
embodiment, the leads are composed of gold. Other suitable trace forming
materials include platinum, copper, aluminum, and silver.

The properties of the reservoir cap are similarly defined. The electrical
resistance of the cap can be controlled by its geometry, while its physical properties
should increase the power efficiency of the device. Generally, an electrically
resistive material should be selected so that the optimal amount of electrical power
is converted into heat at the reservoir cap. A peak in efficiency occurs between the
two relatively low-efficiency configurations of a very low-resistance reservoir cap
and a very high-resistance reservoir cap. A very low-resistance reservoir cap
produces small temperature increases per unit power because resistive heat
generation is limited. In comparison, a very high-resistance reservoir cap reduces
the amount of current flow through the device and therefore also produces small
temperature increases per unit power. Between these two extremes lies a region of
favorable efficiency. Other important physical properties are thermal diffusivity,
thermal conductivity, and melting temperature. Reservoir caps having lower
thermal diffusivities and conductivities will retain the heat in the reservoir cap,
requiring less energy to be generated in the reservoir cap to rupture the cap.
Additionally, reservoir caps composed of a material with a lower melting
temperature that the material forming the leads will require less energy to rupture
the cap. Additional parameters include physical properties such as the yield and
failure strengths, and thermal expansion coefficients.

In some embodiments, the application of an electric current through the
reservoir cap, via the input lead and output lead that are connected thereto, causes
the temperature of the reservoir cap to be increased preferentially compared to the
temperature of the leads.

Representative examples of suitable reservoir cap materials include gold,
copper, aluminum, silver, platinum, titanium, palladium, various alloys (e.g.,
Av/Si, Au/Ge, Pt-Ir, Ni-Ti, Pt-Si, SS 304, SS 316), and silicon doped with an
impurity to increase electrical conductivity, as known in the art. In one
embodiment, the reservoir cap is in the form of a thin metal film. In another
embodiment, the electrically conductive material of the reservoir cap is silicon that
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has been doped with boron.

In one embodiment, the reservoir cap is part of a multiple layer structure.
In one embodiment, the reservoir cap is made of multiple metal layers, such as a
multi-layer/laminate structure of platinum/titanium/platinum. For example, the top
and bottom layers could be selected for adhesion layers on (typically only over a
portion of) the reservoir cap to ensure that the reservoir cap adheres to/bonds with
both the substrate area around the reservoir opening and a dielectric overlayer. In
one specific example, the structure is
titanium/platinum/titanium/platinum/titanium, where the top and bottom layers
serve as adhesion layers, and the platinum layers provide extra stability and
protection to the main, central titanium layer. The thickness of these layers could
be, for example, about 300 nm for the central titanium layer, about 15 nm for each
of the platinum layers, and between about 10 and 15 nm for the adhesion titanium
layers.

The metallic leads can be connected to the reservoir cap using standard
deposition techniques. In other embodiments, the leads and reservoir caps are
fabricated in the same process step, of same material.

Desien Configurations

There are several suitable approaches to making the temperature of the
reservoir cap increase locally when an electrical current is applied.

In one embodiment, the activation system includes conductive leads to each
of the reservoir caps, wherein the leads and caps are formed of the same material
(e.g., during the same processing step). An example of this embodiment is
illustrated in FIGS. 1A and 1B, which, for simplicity, shows only one reservoir in
a substrate portion. (Though not illustrated here, a substrate, or a device, could
have two or more reservoirs.) Specifically, the device includes substrate 10 having
reservoir 12, which is closed by reservoir cap 16. Conductive material 14 applied
onto the surface of the substrate forms the reservoir cap 16, input lead 18, and
output lead 20. To rupture the reservoir cap, the temperature of the reservoir cap
increases locally by applying a current through conductive material when the
reservoir cap is in contact with (e.g., the device is placed in) a medium that is less
thermally conductive than the substrate. Although an equal amount of heat is

generated in the leads and in the reservoir cap, the heat generated in the leads is
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dissipated into and through the substrate. If the medium in which the reservoir cap
is suspended is less thermally conductive than the substrate, the temperature of the
reservoir cap will preferentially increase compared to the leads (e.g., the substrate
would serve as a heat sink under the leads).

In another embodiment, the reservoir cap and leads have different widths or
thicknesses to cause local heating of the reservoir cap. In one version, the reservoir
cap and leads have identical thicknesses, and the reservoir cap has a smaller width
than the leads. An example of this version is illustrated in FIGS. 2A and 2B,
which shows substrate 10 having reservoir 12, which is closed by reservoir cap 16.
Conductive material 14 applied onto the surface of the substrate forms the reservoir
cap 16, input lead 18, and output lead 20, wherein the width of the portion of the
conductive material forming the reservoir cap (Wg) is much less than the width of
the portion of the conductive material forming the leads (Wy). Preferably, the ratio
of the lead width:cap width is 2:1 or greater (W:Wgr > 2:1). In another version,
the reservoir cap has a smaller thickness than the leads. An example of this version
is illustrated in FIGS. 3A and 3B, which shows substrate 10 having reservoir 12,
which is closed by reservoir cap 16. Conductive material 14 applied onto the
surface of the substrate forms the reservoir cap 16, input lead 18, and output lead
20, wherein the thickness of the portion of the conductive material forming the
reservoir cap (Hg) is much less than the width of the portion of the conductive
material forming the leads (Hy). Preferably, the ratio of the lead thickness:cap
thickness is 2:1 or greater (Hp:Hg = 2:1). These “necking” designs cause localized
heating of the reservoir cap upon application of an electrical current across the
leads and through the reservoir cap, due to the increased current density resulting
from the decrease in cross sectional area in the direction of current flow in the
reservoir cap with respect to the leads.

In yet another embodiment, the reservoir cap can be formed of a material
that is different from the material forming the leads. The materials may be selected
to take advantage of material properties that promote rupture of the reservoir cap
with less power than would otherwise be required (e.g., for rupture by melting, a
low T, may be desirable, or for rupture by thermal shock, a brittle material may be
desirable). In one version, the reservoir cap is fabricated using a material with an

electrical resistivity such that an optimal amount of electrical power is converted to
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heat in the reservoir cap. In another version, the reservoir cap can be formed of a
material having a melting point which differs from (i.e., is higher or lower than) the
melting point of the material forming the leads. For example, the leads could be
formed of gold, which melts at approximately 1064°C, and the reservoir cap could
be formed of the eutectic composition of gold and silicon, which melts at
approximately 363°C. In yet another version, the reservoir cap can be formed of a
material have a lower thermal diffusivity or thermal conductivity than the leads, to
retain heat in the reservoir cap. For example, the leads could be formed of gold,
which has a thermal conductivity of approximately 300 W/m-K, and the reservoir
cap could be formed of titanium, which has a thermal conductivity of
approximately 20 W/m-K. Various combinations of these embodiments can be
employed. An example of this embodiment is illustrated in FIGS. 4A and 4B,
which shows substrate 10 having reservoir 12, which is closed by reservoir cap 16.
Conductive material 14 and reservoir cap material 22 are applied onto the surface
of the substrate to form the reservoir cap 16, input lead 18, and output lead 20.
Input lead 18 and output lead 20 are electrically connected to reservoir cap material
22 which comprises reservoir cap 16.

Electrical efficiency can be improved by thermally isolating the reservoir
cap from the substrate. By reducing the amount of heat loss to the substrate, the
amount of electrical energy to thermally rupture the reservoir cap is reduced. One
method of achieving thermal isolation is to fabricate the reservoir cap on a shelf of
dielectric material. This shelf serves as a structural support for the reservoir cap
while greatly reducing heat loss to the substrate. See FIGS. 6 and 7. Exemplary
values for the total thickness of this dielectric material range from 0.1 um to 10
um. The dielectric material would then be removed from directly underneath the
reservoir cap before operation of the device. Examples of suitable dielectric
materials include silicon dioxide, silicon nitride, and silicon carbide.

In one embodiment, a dielectric material such as silicon nitride or silicon
dioxide is deposited on the substrate. Reservoirs are formed in the substrate by a
method, such as wet anisotropic etching. The reservoir cap and leads are then
formed by deposition and selective etching. The dielectric material is then
removed directly underneath the reservoir cap by a selective method, such as laser-

induced chemical etching, yielding a configuration such as shown in FIG. 6, which
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shows device reservoir 12 covered by reservoir cap 16, which is thermally and
electrically isolated from substrate 10 by dielectric material layer 13. In another
embodiment, a dielectric material such as silicon nitride is deposited on a silicon
substrate. This material is then selectively removed at the future location of the
reservoir cap. Silicon dioxide (a “thermal oxide”) is then thermally grown on the
substrate. Because this step involves a chemical reaction with the silicon substrate,
thermal oxide will only be present in the area where the silicon nitride has been
removed. Reservoirs are then etched and the reservoir cap and leads are formed as
described above. The thermal oxide is then removed from underneath the reservoir
cap in an etching step that is selective against silicon nitride. An example of this
type of etching step is immersion in buffered hydrofluoric acid. This process has
an advantage over the process described above because it does not require the
dielectric material to be removed from underneath each reservoir cap sequentially.
That is, this process allows the dielectric material to be removed from every
reservoir cap on the substrate in one etching step. In yet another embodiment, a
dielectric material such as silicon nitride is deposited on a substrate. This material
is then partially removed at the future location of the reservoir cap. Reservoirs are
then etched and the reservoir cap and leads are formed as described above. The
dielectric material is then thinned from the back of the substrate by a method such
as timed reactive ion etching (RIE). This step is performed until the bottom of the
reservoir cap is exposed, yielding a configuration such as shown in FIGS. 7TA-B.
These figures show a part of device, which includes a substrate 10 containing
reservoir 12 (having bottom interior surface 11) wherein a reservoir cap 16 covers
the reservoir and is integrally formed with input and output leads 18 and 20, and
wherein dielectric material layer 13 is interposed between the conductive material
that forms the reservoir cap/leads and the substrate.

It yet another embodiment, a layer of thermal oxide is grown on the silicon
substrate before depositing silicon nitride. The reservoirs are then formed by
etching from the back of the substrate by the method of deep reactive ion etching.
This etching step is selective against silicon dioxide and will stop on the thermal
oxide layer. The thermal oxide can then be removed by immersion in buffered
hydrofluoric acid. In yet another embodiment, the reservoir cap is supported by a

composite stack of a dielectric material along with a semiconductor or metal
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material to provide additional structural support. Exemplary values for the total
thickness of this composite stack range from 0.1 pm to 100 um. The top layer of
this stack is desirably an electrical insulator to prevent electrical current flow
between the reservoir cap and the supporting shelf.

Other Features

In further embodiments, a multi-layer structure is provided in which the
leads and/or the reservoir caps are encapsulated or partially or completely covered
on at least one side by another material. Examples include polymeric passivating
layers (e.g., PTFE, parylene), as well as oxides, carbides, and nitride dielectrics,
with either crystalline or amorphous structures.

In one embodiment, this other material is a dielectric material (e.g., silicon
dioxide). The composition and dimensions of the dielectric layer(s) are selected so
that the activation energy is sufficient to rupture both the reservoir cap and the
dielectric layer(s). The dielectric material can thermally insulate the reservoir cap
and leads from the environment, which can increase the efficiency of the
conversion of electrical energy to thermal energy in the reservoir cap. In addition,
the dielectric material can serve as a protective barrier, reducing or eliminating
undesirable contact or reactions (e.g., oxidation) between the reservoir cap and the
environment and/or between the reservoir cap and the reservoir contents. In some
embodiments, the dielectric material can passivate the reservoir cap material. In
other embodiments, the dielectric material can increase the strength,
biocompatibility, biostability, and/or hermeticity. In one embodiment, the
dielectric material in contact with the reservoir cap is formed or patterned to create
a structure that provides mechanical support to the reservoir cap.

In one embodiment, the device comprises at least four or more reservoirs
positioned in a two-dimensional array in the substrate. For instance, the reservoirs
could be arrayed in the substrate on a square matrix, with the input side of the
reservoir caps electrically connected in parallel by row, and the output side of the
reservoir caps electrically connected in parallel by column. One example of this
embodiment is illustrated in FIG. 5A and 5B, which shows conductor material 14
forming rows 32a and 32b and columns 34a and 34b. The conductor material 14
also forms input leads 18, output leads 20, and reservoir caps 16. In an alternative

design, which still uses the interconnected rows and columns, the reservoir caps are
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formed of a different material than the leads (or rows or columns of conductor
material). An insulating material 30 is provided at the intersection of the columns
and rows to prevent short-circuiting. As shown in FIG. 5B, the insulating material
can be provided between the upper surface of the column and the lower surface of
the row. This embodiment provides a matrix-addressed array with significantly
reduced I/O requirements.

As illustrated in FIG. 5A and 5B, the electrically conductive reservoir caps
form electrical connections between the rows and columns of the array. When
applying a voltage/current to a designated row and column to activate the reservoir
cap at the intersection of the row and column, the connections cause current to flow
through other reservoir caps. The magnitude of the current through any non-
addressed cap (i.e., reservoirs not selected for opening at a particular time) will
depend on its proximity to the reservoir cap being addressed (i.e., reservoirs
selected for opening at the particular time), and factors such as the resistances of
the reservoir caps and input/output leads (leads, rows and columns). If an open
circuit between the input and output lead is created when the reservoir cap ruptures,
the current through the non-addressed reservoir caps will increase. Depending on
the location of the addressed cap, the current through the non-addressed cap may
increase sufficiently to cause it to rupture. This problem is most likely to occur
when the addressed reservoir cap is the penultimate cap in a row or column,
because the unintended current through the final cap in that row or column will be
relatively large. The problem of unintended rupture can be prevented, for example,
by modifying the design to include additional conducting paths. For example, an
additional row and additional column could be added to the array, and conducting
elements added at each of the intersections. These could be made of the same
material as the reservoir caps, but would not be located over reservoirs. The
purpose of these additional conductors would be to prevent an operable reservoir
cap from being the final cap in any row or column and thus being exposed to
relatively large unintended currents. In another approach, the inadvertent rupture
of reservoir caps can be prevented by using caps which rupture, but do not create
an open circuit (or retain essentially the same electrical resistance) between the
input and output leads. This configuration, however, may prevent confirmation of

reservoir opening by resistance measurement.
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There may be applications where the passage of current through non-
addressed reservoir caps in the array is undesirable. For example, drug molecules
within the reservoir may be temperature sensitive and the heat generated could
affect their stability. The addition of a rectifying element, such as a diode, in series
connection with each reservoir cap, could be used to eliminate unintended
currents. (Such a feature is shown, for example, in Figure 6 of U.S. Patent No.
4,089,734 and Figure 1 of U.S. Patent No. 6,403,403.) The diode could be a
semiconductor junction diode, or a Schottky barrier diode. If a silicon substrate is
used in the controlled release device, then the substrate and rectifying element
could be integrally formed. The processes of introducing impurities into
semiconductors to modify its conductivity and majority charge carrier, such as
diffusion or ion implantation, and creating metal to semiconductor contacts, are
well known. These could be integrated into the microchip fabrication process.
Alternatively, specific activation of a reservoir cap can be accomplished by
integrating a transistor with each reservoir cap, as described in U.S. Patent No.
4,209,894 for a fusible-link memory array. In one embodiment, such a matrix
approach is accomplished with transistors. Where transistors are integrated onto a
microchip substrate, other active electronic components such as multiplexing
switches optionally may also be able to be integrated into the microchip.

In one embodiment, transistor logic is used to construct a demultiplexer, in
which a binary signal carried on several conductors is decoded and used to route an
activation signal to a certain reservoir. In another embodiment, transistor logic is
used to construct a shift register, in which a series of pulses on a single conductor
is decoded and used to route an activation signal to a certain reservoir.

The integration of semiconductor components on the microchip greatly
reduces the number of connections from the microchip to external electronics. For
example, a microchip containing 400 reservoirs that are addressed individually
requires 400 interconnects plus 1 common connection for returning current. By
using a matrix addressing approach, the number of interconnects is reduced to 40,
consisting of 20 row connections and 20 column connections. By using an
integrated demultiplexer, the number of interconnects is reduced to 12, consisting
of a 9 addressing inputs (a 9-digit binary number can be used to address over 400
reservoirs), an activation signal input, and power and ground connections. With an
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integrated shift register, only a serial input, a clock signal, and power and ground
connections are required. In this example, semiconductor integration reduces the
required number of interconnects by two orders of magnitude.

Electric Power Source and Activation Means

The device for controlled release or exposure includes a source of electric
power for applying an electric current through the electrical input lead, the
electrical output lead, and the reservoir cap connected therebetween in an amount
effective to rupture the reservoir cap. Power can be supplied to the reservoir
opening system locally by a battery or (bio)fuel cell or remotely by wireless
transmission, as described for example in U.S. Patent Application Publication No.
2002/0072784. Criteria for selection of a power source include small size,
sufficient power capacity, the ability to be integrated with the activation means, the
ability to be recharged, and the length of time before recharging is necessary.
Batteries can be separately manufactured or can be integrated with the delivery
device.

The hardware, electrical components, and software needed to control and
deliver the electric current from this power source may be referred to herein as
“activation means.” The activation means facilitates and controls reservoir
opening. The activation means typically includes a microprocessor. In one
embodiment, the operation of the reservoir opening system will be controlled by an
on-board (e.g., within an implantable device) microprocessor. In another
embodiment, a simple state machine is used, as it typically is simpler, smaller,
and/or uses less power than a microprocessor.

For example, in one embodiment, a microchip drug delivery device
includes a substrate having a two-dimensional array of reservoirs arranged therein,
a release system comprising drug molecules contained in the reservoirs, reservoir
caps comprising or consisting of an electrically conductive material covering each
of the reservoirs, a pair of conductive leads (i.e., an input lead and an output lead)
electrically connected to each reservoir cap, a source of electric power (e.g., a
battery or capacitor), and activation means for selectively directing an electrical
current from the power source through the reservoir cap, via the leads. The power

source provides the current effective to rupture the reservoir cap, thus opening the
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selected reservoir(s) to release the drug molecules for delivery, e.g., to an implant
site.

The activation means generally includes an input source, a microprocessor,
a timer, a demultiplexer (or multiplexer). In one embodiment, the timer and
(de)multiplexer circuitry can be designed and incorporated directly onto the surface
of the substrate during fabrication.

The microprocessor directs power to a specific reservoir cap, as directed,
for example, by an EPROM (erasable programmable read only memory), remote
control, or biosensor. In various embodiments, the microprocessor is programmed
to initiate rupture of the reservoir cap at a pre-selected time or in response to one or
more of signals or measured parameters. For example, a programmed sequence of
events including the time a reservoir is to be opened and the location or address of
the reservoir is stored into an EPROM by the user. When the time for exposure or
release has been reached as indicated by the timer, the microprocessor sends a
signal corresponding to the address (location) of a particular reservoir to the
demultiplexer. The demultiplexer routes an input, i.e., an electric current, to the
reservoir addressed by the microprocessor. In other examples, rupture of the
reservoir cap is in response to receipt of a signal from another device (for example
by remote control or wireless methods) or detection of a particular condition using
a sensor such as a biosensor.

The criteria for selection of a microprocessor are small size, low power
requirement, and the ability to translate the output from memory sources, signal
receivers, or biosensors into an address for the direction of power through the
demultiplexer to a specific reservoir on the delivery device. Selection of a source
of input to the microprocessor such as memory sources, signal receivers, or
biosensors depends on the microchip device's particular application and whether
device operation is preprogrammed, controlled by remote means, or controlled by
feedback from its environment (i.e., biofeedback).

Optionally, the activation means may provide an output signal. The output
signal from the device, after conditioning by suitable circuitry if needed, will be
acquired by the microprocessor. After analysis and processing, the output signal
can be stored in a writeable memory chip, and/or can be sent (e.g., wirelessly) to a
remote location away from the microchip device or other controlled delivery

25



WO 2004/071487 PCT/US2003/025774

10

15

20

25

30

device.

In an optional embodiment, the electric current to a reservoir cap can be
designed to shut off immediately following reservoir cap rupture if needed to
prevent bubble formation at the reservoir opening that could otherwise occur in
some cases if current path remains (i.e., if not a complete open circuit) after
reservoir cap rupture and current continues to pass through the remnants of the
reservoir cap. In alternative embodiments, it may be desirable for a partial circuit
to remain (e.g., around the periphery of the reservoir opening) following reservoir
cap rupture.

In one embodiment, the reservoir device/opening system comprises an
electrical component or system for detecting an open electrical circuit between the
leads of a reservoir cap that has been ruptured, to verify reservoir opening.

The manufacture, size, and location of the power source, microprocessor,
EPROM, timer, (de)multiplexer, and other components are dependent upon the
requirements of a particular application. In one embodiment, the memory, timer,
microprocessor, and (de)multiplexer circuitry is integrated directly onto the surface
of the microchip. The battery is attached to the other side of the microchip and is
connected to the device circuitry by vias or thin wires. However, in some cases, it
is possible to use separate, prefabricated, component chips for memory, timing,
processing, and demultiplexing. In one embodiment, these components are
attached to the backside of the microchip device with the battery. In another
embodiment, the component chips and battery are placed on the front of or next to
the microchip device, for example similar to how it is done in multi-chip modules
(MCMs) and hybrid circuit packages. The size and type of prefabricated chips
used depends on the overall dimensions of the microchip device and the number of
reservoirs, and the complexity of the control required for the application.

Illustrative Embodiments

The myriad embodiments of devices that can be created to use the reservoir
opening systems and methods described herein can be understood with reference to
the following non-limiting illustrations and descriptions.

FIG. 8 illustrates a portion of one embodiment of a device which utilizes
the electrothermal ablation release system described herein. The device 50

includes a substrate 52 which has four reservoirs, only two of which are shown (in
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cross-section): 54a and 54b. Reservoir caps 58a, S8b, 58c, and 58d cover the
reservoirs to isolate the reservoir contents 56 that is stored/isolated within each
reservoir. Sealing layer 80 encloses the reservoir distal the reservoir caps. (It is
noted that a separate sealing layer is not required where the bottom surface of the
reservoir is integrally formed with the sidewalls, e.g., where the reservoirs are
formed into, but not extending through the substrate, and reservoir filling occurs
prior to application of the reservoir cap over the reservoir.) Each reservoir cap is
integrally formed in electrical connection with a pair of leads: Reservoir cap 58a is
connected to input lead (this one not shown) and output lead 62a, reservoir cap 58b
is connected to input lead 60b and to output lead 62b, reservoir cap 58c is
connected to input lead 60c¢ and output lead 62¢, and reservoir cap 58d is
connected to input lead 60d and to output lead 62d. The leads are connected to
source of electric power 70 for applying an electrical current through each of the
reservoir caps. Surface 72 is an insulator.

In one embodiment, the reservoir opening devices/methods described
herein are incorporated into an implantable medical device for subcutaneous drug
delivery, to release drugs into the subcutaneous region which then diffuse into
regional tissue or into body fluid-containing structures, including, for example, the
cardiovascular system, the lymphatic system, the respiratory system, the digestive
system, the central nervous system (cerebral spinal fluid), the genitourinary system,
or the eyes. With the device, a drug can be administered to treat one or more of
these tissues or structures or fluids within the structures, or can be transported
through these tissues or structures to distal treatment locations or to cellular
binding sites.

In another embodiment, the reservoir opening devices/methods described
herein are incorporated into an implantable medical device that provides direct
communication between the source of the drug (e.g., a reservoir) and the particular
fluid-containing structure of interest, so that when drug is released, it enters the
fluid without contacting the subcutaneous region. This could be useful, for
example, for administrating a drug that if released in the subcutaneous space would
cause inflammation, irritation, other tissue injury/dysfunction, or would diffuse too
slowly into a fluid-containing structure to achieve an effective concentration in the

fluid (e.g., because of clearance mechanisms). For example, the device could
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directly release a therapeutic agent into one or more body cavities or tissue lumens,
including an intrathecal space, an intracranial space, an abdominal/peritoneal space
(e.g., for cancer therapy, endometriosis therapy), a thoracic space (e.g., for regional
administration of drug in the treatment of lung cancer), an intrapericardial space
(e.g., to treat mycarditis, arrythmia), a renal space, or a hepatic space. For
example, the substrate could have a shape that is compatible with the fluid-
containing structure, such as tubular to reside within a blood vessel, rounded and
buoyant to float in the bladder, or curved to conform to the eye. The control
circuitry and power needed to activate the reservoir caps can be located in a control
module outside or inside of the fluid-containing structure. If the control module is
located external to the fluid-containing structure, electrical conductors can be used
to connect to the reservoir caps.

FIG. 10 illustrates one embodiment of a medical device 80 which includes
a catheter 82 which can be inserted into the tissue lumen or structure of interest and
which has one or more drug-containing reservoirs 84 fabricated therein, for
example at a distal portion 83 of the catheter. The body of the catheter serves as
the substrate in which the reservoirs are fabricated, for example using soft
lithography or other techniques known in the art. For example, tens or hundreds of
micro-reservoirs could be arrayed around the catheter body at the distal tip portion.
The reservoirs are hermetically sealed by conductive reservoir caps, which are
electrically connected to a power source and can be disintegrated by electrothermal
ablation as described herein. Advantageously, the power source and control
hardware 86 can be located at a proximal end of the catheter 85, so they need not
fit into or be located at the delivery site. The electrical traces could be build into
the catheter body or supported on an inner or outer surface of the catheter body.
See U.S. Patent Application No. 2002/0111601, which disclosed one embodiment
of a catheter type implantable medical device, but which utilizes a different
reservoir opening technology than the electrothermal ablation system described
herein. FIGS. 11A-C illustrates a catheter tip portion 90 which has reservoirs 92 is
substrate/catheter body 94, wherein the reservoirs contain therapeutic agent 95 and
are covered by conductive reservoir caps 96, each of which are connected to input
and output electrical leads 98 and 99, respectively.

Optionally, the catheter can have an internal fluid passageway extending
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between a proximal end portion and a distal end portion. The fluid passageway can
be in communication with an infusion pump and a reservoir (e.g., a refillable
reservoir containing a therapeutic fluid), so that the device can deliver a therapeutic
fluid through the passageway to the delivery site. In one embodiment, the pump is
placed abdominally in a subcutaneous pocket, and the catheter is inserted into the
intrathecal space of the spine, tunneled under the skin and connected to the pump.
Such an embodiment could be used, for example, in the management of chronic
pain or for spasticity therapy. The microarray of drug-containing reservoirs can be
provided (i) on or in the body of the catheter, (ii) in a substrate device that is
located at the proximal end of the catheter and releases drug into an infusion fluid
pumped across the microarray openings to form a fluid/drug mixture that is
pumped through the fluid passageway of the catheter, or (iii) in a combination of
these.

In one embodiment, the distal tip portion of the catheter includes one or
more biological sensors to detect patient conditions that indicate the desirability or
need for drug release. The sensors could extend from or be on the surface of the tip
portion of the catheter body or could be located within one or more reservoirs. In
one version, the device could include one catheter having a sensor on the distal end
portion for implantation at a first site in vivo, and a second catheter having drug-
containing reservoirs on the distal end portion for implantation at a second site in
vivo. The proximal ends of the catheters would be connected with control
hardware at a third site in vivo. For example, an EKG signal could be transmitted
to the control module where it could be analyzed to recognize the onset of coronary
ischemia. Such information could be used to justify the release of a thrombolytic
agent into the venous circulation from a drug delivery system in direct
communication with the venous circulation. Thrombolytic agents are currently
delivered by intravenous injection because they cannot be released into the
subcutaneous region. In another example, the sensor monitors the pulse in the legs
or arms of the patient. Such a sensor could be used to justify the release of a
vasodilator into a region, typically through an artery, to improve circulation when
the pulse was attenuated. This design would be of value in treating patients with
peripheral vascular disease, as these patients are not currently treated with
vasodilators because no practical delivery systems are available.
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In yet another embodiment, the drug-containing reservoirs are located
external to the fluid-containing tissue structure. This configuration would include
(i) one or more channels providing fluid communication between the reservoirs
(when open) and the tissue structure, and (ii) reservoir caps to prevent body fluids
from contacting the drug prior to activation. The channel may be filled with a
different fluid, which is compatible with the drug, so that when the reservoir cap is
activated, this fluid can facilitate release of the drug into the fluid-containing
structure.

FIGS. 9A-C illustrate one embodiment of a spherical-shaped implantable
device. Device 100 includes upper case portion 102 and lower case portion 104.
These hemi-spherical portions are joined together at seal 106, forming a spherical
encasement. The case portions 102, 106 serve as substrates in which reservoirs
118 are formed. The case portion could be made of titanium or (if hermeticity is
not required) a polymer. Electrode pairs 108 penetrate through the encasement,
operably connecting the input leads 112, the output leads 114, and reservoir caps
110,which are located on the outer surface of the encasement, with the control
electronics and power systems, collectively 120, which are located inside the
encasement. The reservoir can reside only in the substrate, as shown by reservoir
118A and reservoir seal 116, or the reservoir can include a supplementation portion
that extends into the encasement beyond the substrate, as shown by reservoir 118B
and reservoir seal/extension portion 116E. In an alternative embodiment, which is
not shown, the reservoir does not extend all the way through the substrate (e.g., for
embodiments where reservoir filling and sealing are conducted from the same side,
exterior the encasement). Merely to illustrate the possible variations, leads 112A
and 114 A and reservoir cap 110A are formed of the same material, whereas leads
112B and 114B are formed of a different material than that of reservoir cap 110B.
Fabrication Methods

The basic methods of microfabricating and assembling certain of the
components for a device, such as the substrate, reservoirs, and reservoir contents, is
as known in the art, particularly those methods described in U.S. Patent No.
5,797,898; U.S. Patent No. 6,123,861; U.S. Patent Application Publication No.
2002/0107470; and U.S. Patent Application Publication No. 2002/0151776, which

are hereby incorporated by reference in their entirety. These basic device
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components are adapted to include the electrical leads and electrically resistive
reservoir cap and the electrically induced thermal activation means described
herein.

In one embodiment, soft lithography, microcontact printing, or the like is
used. For example, these techniques can be useful for forming leads and reservoir
caps on non-planar substrates. See, e.g., U.S. Patent No. 6,180,239; No.
5,951,881; No, 6,355,198; and No. 6,518,168.

Fabrication of Reservoir Caps and Electrical Leads

In one embodiment, the reservoir caps and the leads are fabricated
simultaneously from the same material, that is, they are integrally formed. For
example, the reservoir caps and leads can be formed using photolithography and
thin film deposition techniques known in the art. Alternatively, the leads and
reservoir caps can be prefabricated and then surface mounted across the reservoir
opening.

In other embodiments, the reservoir caps are formed in a separate step from
formation and attachment of the leads. For example, the reservoir caps could be
formed onto the substrate using photolithography and thin film deposition
techniques, and then, either before or after reservoir filling, the leads could be
added to the substrate in electrical contact with the reservoirs. The leads could also
be formed before or after reservoir cap formation, where both would be formed
before device filling. This later approach may be useful to enhance drug
protection, for example.

In one example, reservoir caps are formed as follows: Photoresist is
patterned in the form of reservoir caps on the surface of the substrate having the
reservoirs covered by the thin membrane of insulating or dielectric material. The
photoresist is developed such that the area directly over the covered opening of the
reservoir is left uncovered by photoresist and is in the shape of a reservoir cap. A
thin film of material is deposited on the substrate by methods such as evaporation,
sputtering, chemical vapor deposition, solvent casting, slip casting, contact
printing, spin coating, or other thin film deposition techniques known in the art.
After film deposition, the photoresist is stripped from the substrate. This removes
the deposited film, except in those areas not covered by photoresist (lift-off
technique). This leaves material on the surface of the substrate in the form of
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reservoir caps. An alternative method involves depositing the material over the
entire surface of the device, patterning photoresist on top of the thin film using
ultraviolet (UV) or infrared (IR) photolithography, so that the photoresist lies over
the reservoirs in the shape of reservoir caps, and etching the unmasked material
using plasma, ion beam, or chemical etching techniques. The photoresist is then
stripped, leaving thin film caps covering the reservoirs. Typical film thicknesses of
the reservoir cap material is between 0.05 pm and several microns.

In the case where the reservoir cap is the same material as the leads, the
lead-reservoir cap layer is continuous and there are no connections or interfaces. In
the case where the reservoir cap and the lead are of dissimilar compositions, the
interface/connection is an intermetallic junction. The connections to the power
source can be made by traditional IC means, flip-chip, wirebonding, soldering, and
the like.

An adhesion layer may be necessary to ensure adhesion between the
substrate and the reservoir cap and leads. Some examples of adhesion layers are
titanium, chromium, and aluminum. Techniques for employing adhesion layers are
well known in the art.

Dielectric Coating

In some embodiments, insulating or dielectric materials are deposited over
the reservoir cap, leads, or entire surface of the device by methods such as
chemical vapor deposition (CVD), electron or ion beam evaporation, sputtering, or
spin coating to protect the device or enhance biostability/biocompatibility.
Examples of such materials include oxides, nitrides, carbides, diamond or
diamond-like materials, or fluorocarbon films. (Some suitable materials are
described in U.S. Patent Application Publication No. 2003/0080085, e.g.,
nanocrystalline diamond.) In one embodiment, the outer layer comprises a single
layer or a multi-layer/laminate structure that includes combinations of silicon
oxide (SiOy), silicon nitride (SiNy) or silicon carbide (SiCy). In one embodiment,
photoresist is patterned on top of the dielectric to protect it from etching except on
the reservoir caps covering each reservoir. The dielectric material can be etched by
physical or chemical etching techniques. The purpose of this film is to protect the
reservoir caps and leads from corrosion, degradation, or dissolution in all areas

where they do not have to be exposed to the surrounding environment, to shield
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electrically active components from the in vivo environment, and to enhance the
biostability of the device materials.

In some embodiments, insulating materials such as silicon nitride (SiNy) or
silicon oxide (SiOy) are deposited between the substrate and the leads by methods
such as CVD, electron or ion beam evaporation, sputtering, or spin coating. The
purpose of this film is to prevent electrical contact between any electrically active
leads and the substrate, if the substrate is an electrical conductor. Such electrically
conducting insulating layers are also deposed between layers of metal traces when
they must be stacked on top of each other, for example as in devices that utilize
matrix addressing of the reservoir caps.

Packaging

A device incorporating the electrothermal ablation opening technology
described herein can be packaged or sealed as needed for particular applications
(e.g., for implantation into patients). In one embodiment, the device is
hermetically sealed by welding the substrate to one or more surfaces of a packaging
structure. The term “packaging structure” refers to an enclosure, casing, or other
containment device for encasing the substrate, control electronics, and power
elements (e.g., battery or devices for receiving wireless transmission of power), so
as to expose only the release side of the substrate or reservoir caps.

Using the Electrothermal Ablation Reservoir Opening Systems/Devices

The controlled release/exposure devices and systems described herein can
be used in a wide variety of applications. Preferred applications include the
controlled delivery of a drug, biosensing, or a combination thereof. Embodiments
for some of these applications are described in the illustrative embodiments above,
and other embodiments are detailed below.

In one embodiment, a microchip device, which includes the electrothermal
ablation reservoir opening device described herein, is provided for implantation
into a patient, such as a human or other vertebrate animal, for controlled drug
delivery, locally, regionally, or systemically. In one embodiment, the microchip
device can be implanted in vivo using standard surgical or minimally-invasive
implantation techniques. Such microchip devices are especially useful for drug
therapies in which one needs to very precisely control the exact amount, rate,
and/or time of delivery of the drug. Exemplary drug delivery applications include
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the delivery of potent molecules, including, hormones (e.g., PTH), steroids,
cytokines, chemotherapeutics, vaccines, gene delivery vectors, anti-VEGF
aptamers, and certain analgesic agents.

In other embodiments, the electrothermal ablation reservoir opening device
described herein is incorporated into a variety of other types and designs of
implantable medical devices, such as the catheters and electrodes described in U.S.
Patent Application Publication No. 2002/0111601. In another example, it could be
incorporated into another medical device, in which the present devices and systems
release drug into a carrier fluid that then flows to a desired site of administration,
as illustrated for example in U.S. Patent No. 6,491,666.

The devices have numerous in vivo, in vitro, and commercial diagnostic
applications. The devices are capable of delivering precisely metered quantities of
molecules and thus are useful for in vitro applications, such as analytical chemistry,
drug discovery, and medical diagnostics, as well as biological applications such as
the delivery of factors to cell cultures. In still other non-medical applications, the
devices are used to control release of fragrances, dyes, or other useful chemicals.
Other methods of using the devices for controlled release of molecules, as well as
for controlled exposure or release of secondary devices, are described in U.S.
Patents No. 5,797,898; No. 6,123,861; No. 6,527,762; No. 6,491,666; No.
6,551,838 and U.S. Patent Application Publications No. 2002/0072784; No.
2002/0107470; No. 2002/0151776; No. 2002/0099359; and No. 2003/0010808.

Publications cited herein are incorporated by reference. Modifications and
variations of the methods and devices described herein will be obvious to those
skilled in the art from the foregoing detailed description. Such modifications and

variations are intended to come within the scope of the appended claims.
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We claim:

1. A device for the controlled release or exposure of reservoir contents
comprising:

a reservoir cap formed of an electrically conductive material, which
prevents the reservoir contents from passing out from the device and prevents
exposure of the reservoir contents to molecules outside of the device;

an electrical input lead connected to said reservoir cap; and

an electrical output lead connected to said reservoir cap, such that
upon application of an electrical current through the reservoir cap, via the input
lead and output lead, the reservoir cap is ruptured to release or expose the reservoir

contents.

2. The device of claim 1, further comprising a source of electric power for

applying the electrical current.

3. The device of claim 1 or 2, wherein the application of electrical current
through the reservoir cap causes the temperature of the reservoir cap to increase

preferentially compared to the temperature of the leads.

4. The device of claim 1 or 2, wherein the reservoir cap is formed of a
material having a melting point which differs from the melting point of the material

forming the leads.

5. The device of claim 1 or 2, wherein the reservoir cap and leads are formed
of the same material, and the reservoir cap has a smaller cross-sectional area in the

direction of electric current flow.

6. The device of claim 5, wherein the leads and the reservoir cap have the
same thickness, and the ratio of the width of the leads to the width of the reservoir

cap is 2:1 or more.

7. The device of claim 5, wherein the reservoir cap has a thickness that is less
than the thickness of the leads.
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8. The device of claim 7, wherein the ratio of the thickness of the leads to the

thickness of the reservoir cap is 2:1 or more.

9. The device of claim 1 or 2, wherein the reservoir cap is formed of a

material which is different from the material forming the leads.

10.  The device of claim 9, wherein the reservoir cap is formed of a material

having a different resistivity than the material forming the leads.

11. °© The device of claim 9, wherein the reservoir cap is formed of a material
having a different thermal diffusivity or thermal conductivity than the material

forming the leads.

12.  The device of any of claims 1 to 11, wherein the reservoir cap comprises a
metal film.
13.  The device of claim 12, wherein the metal film comprises of a metal

selected from the group consisting of gold, platinum, titanium, copper, aluminum,
silver, gold/silicon alloys, gold/germanium alloys, platinum/iridium,

nickel/titanium, and platinum silicide.

14.  The device of any of claims 1 to 12, wherein the reservoir cap comprises

multiple layers of metal or multiple layers of metal and semiconductor.

15.  The device of any of claims 1 to 14, further comprising one or more layers

of a dielectric material on at least a portion of the reservoir cap, the leads, or both.

16.  The device of claim 15, wherein the dielectric material comprises oxides,

nitrides, carbides, diamond, fluorocarbon films, or combinations thereof.

17.  The device of any of claims 1 to 16, wherein the reservoir contents are

located in two or more reservoirs provided in a substrate.

18.  The device of any of claims 1 to 17, wherein the reservoir contents

comprises at least one therapeutic or prophylactic agent.

36



WO 2004/071487 PCT/US2003/025774

19.  The device of claim 2, further comprising:

a substrate;

a plurality of reservoirs in the substrate, wherein the reservoir
contents, which comprise molecules, a secondary device, or both, are located in

said plurality of reservoirs.

20.  The device of claim 19, comprising four or more reservoirs positioned in a

two-dimensional array in the substrate.

21.  The device of claim 20, wherein the input leads to the reservoir caps are
electrically connected in parallel by rows of the array and the output leads from the

reservoir caps are electrically connected in parallel by columns of the array.

22.  The device of claim 19, further comprising an electrical component or
system for detecting an open electrical circuit between the leads of a reservoir cap

that has been ruptured, to verify reservoir opening.

23.  The device of any of claims 19 to 22, wherein the reservoir contents

comprises a release system comprising drug molecules.

24.  The device of any of claims 19 to 23, further comprising activation means

for controlling said application of electric current through each reservoir cap.

25.  The device of claim 24, wherein said activation means comprises a

microprocessor or state machine.

26.  The device of claim 24, wherein said activation means comprises an active

electronic component effective to eliminate unintended reservoir opening.

27.  The device of claim 26, wherein the active electronic component comprises

a diode or transistor.

28.  The device of any of claims 19 to 27, wherein the substrate is in a shape

selected from the group consisting of disks, cylinders, or spheres.
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29.  The device of any of claims 19 to 28, wherein a dielectric material is
interposed between the reservoir cap and the subsirate to thermally isolate the

reservoir cap from the substrate.

30.  The device of any of claims 1 to 29, which is a subcomponent of an

implantable drug delivery device.

31.  The device of claim 30, further comprising at least one sensor indicative of
a physiological condition, at least one electrode for providing electrical stimulation

to the body, a catheter, a pump, or a combination thereof.
32.  The device of any of claims 1 to 30, which is part of a microchip device.

33.  The device of any of claims 1 to 30, which is part of an implantable

catheter.

34.  Amethod for the controlled delivery of molecules comprising:

positioning at a preselected location a device which provides the
controlled release of molecules, the device having the molecules for delivery and a
reservoir cap formed of an electrically conductive material which prevents said
molecules for delivery from passing out from the device; and

applying an electrical current through said reservoir cap, via an

electrical input lead and an electrical output lead which are electrically connected
to said reservoir cap, to rupture the reservoir cap to enable the molecules to pass

outward from the device to the preselected location.

35.  The method of claim 34, wherein the molecules comprise a release system

comprising drug molecules.

36.  The method of claim 34, wherein said application of electrical current
through the reservoir cap causes the temperature of the reservoir cap to increase

preferentially compared to the temperature of the leads.
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37. A method for the controlled delivery of molecules comprising:
positioning at a preselected location the device of any one of claims
1-33, wherein the reservoir contents comprises molecules for delivery; and
applying an electrical current through said reservoir cap, via the
electrical input lead and the electrical output leads, to rupture the reservoir cap to

enable the molecules to pass outward from the device to the preselected location.

38. A method for the controlled exposure of reservoir contents comprising:

positioning at a preselected location a device which provides
controlled exposure of reservoir contents, the device having reservoir contents and
a reservoir cap formed of an electrically conductive material which prevents
exposure of the reservoir contents to molecules outside of the device at the
preselected location; and

applying an electrical current through said reservoir cap, via an
electrical input lead and an electrical output lead which are electrically connected
to said reservoir cap, to rupture the reservoir cap to expose the reservoir contents to

said molecules at the preselected location.

39.  The method of claim 38, wherein the reservoir contents comprises a sensor

or sensor component.

40. A method for the controlled exposure of reservoir contents comprising:
positioning at a preselected location the device of any one of claims
1-33, wherein the reservoir contents comprises a secondary device; and
applying an electrical current through said reservoir cap, via the
electrical input lead and the electrical output leads, to rupture the reservoir cap to

expose the secondary device to molecules at the preselected location.
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41. A method of fabricating a device for the controlled exposure or release of
molecules or secondary devices comprising:

forming a plurality of reservoirs in a substrate;

capping each of said reservoirs with an electrically conductive
reservoir cap;

forming in operable connection with each reservoir cap an elecirical
input lead and an electrical output lead; and

providing an electrical current supply and distribution means
capable of selectively passing an electrical current through each reservoir cap, via

the input lead and output lead, in an amount effective to rupture the reservoir cap.

42.  The method of claim 41, wherein the leads and the reservoir cap are formed

of the same material in the same step.

43,  The method of claim 41 or 42, further comprising coating the reservoir cap,

the leads, or both, with a dielectric material.

44.  The method of claim 41 or 42, further comprising forming a layer of a
dielectric material on the substrate, wherein the dielectric material is interposed
between the reservoir cap and the substrate to thermally isolate the reservoir cap

from the substrate.

45.  The method of any of claims 41 to 44, further comprising loading the

reservoirs with reservoir contents.

46.  The method of claim 45, wherein the reservoir contents comprises a release

system comprising drug molecules.
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