078874 A2

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
25 September 2003 (25.09.2003)

(10) International Publication Number

WO 03/078874 A2

(51) International Patent Classification’: F16K

(21) International Application Number: PCT/US03/03756

(22) International Filing Date: 7 February 2003 (07.02.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

10/096,183 11 March 2002 (11.03.2002)  US
(71) Applicant: SECOND SIGHT, LLC [—/US]; 12744 San

Fernando Road, Building 3, Sylmar, CA 91342 (US).

(72) Inventors: GREENBERG, Robert; 2431 Wild Oak
Drive, Los Angeles, CA 90068 (US). MECH, Brian;
25061 River Walk Lane, Stevenson Ranch, CA 91381
(Us).

(74) Agent: SCHNITTGRUND, Gary; Second Sight, LLC,
12744 San Fernando Road, Building 3, Sylmar, CA 91342
(Us).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD, SE,
SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VC,
VN, YU, ZA, ZM, ZW.
(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
Buropean patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, SE, SI,
SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: COATED MICROFLUIDIC DELIVERY SYSTEM

(57) Abstract: A microfluidic delivery system substrate is coated with ultra-nanocrystalline diamond (UNCD) or with a thin ceramic
film, such as alumina or zirconia, that is applied by ion-beam assisted deposition; assuring that the device is impermeably sealed, to
~~ prevent the substrate from being dissolved by hostile environments and to protect the molecules from premature release or undesired
reaction with hostile environments. The UNCD coating may be selectively patterned by doping to create electrically conductive areas
that can be used as an electrically activated release mechanism for drug delivery. The UNCD coating provides a conformal coating, of
approximately uniform thickness, around sharp corners and on high aspect-ratio parts, assuring impermeability and strength despite
the need to coat difficult shapes. The microfluidic delivery system is suitable for use as an iontophoresis device, for transport of
molecule, having a substrate, a reservoir in the substrate for containing the molecules.



10

15

20

25

30

WO 03/078874 PCT/US03/03756

COATED MICROFLUIDIC DELIVERY SYSTEM

Field of the Invention

The present invention relates to a microfluidic delivery system that is coated
with an inert and impermeable thin film and more particularly to controlled time of
release and rate of release, welled drug delivery devices, which may also be

implantable in a living body.

Background of the Invention

As people strive to create complete fluidic systems in miniaturized formats,
micromachining becomes more important. A broad variety of materials is available
for fabricating the systems or their components, including glasses, plastics/polymers,
metals, ceramics and semiconductors. To take full advantage of the available
microfluidic advances, one must deal with significant additional issues, such as
packaging, interfaces between components, and testing. Integrated microfluidic
systems may consist of pumps, valves, channels, reservoirs, cavities, reaction
chambers, mixers, heaters, fluidic interconnects, diffusers, and nozzles.
Applications of microfluidic systems include chemical analysis; biological and
chemical sensing; drug delivery; molecular separation; amplification, sequencing or
synthesis of nucleic acids; environmental monitoring; and many-others. Potential
benefits include reduced size, improved performance, reduced power consumption,

disposability, integration of control electronics, and lower cost.

The device body structure of the microfluidic device typically comprises an
aggregation of separate parts, e.g., capillaries, joints, chambers, layers, etc., which
when appropriately mated or joined together, form the microfluidic device. Typically,
the microfluidic devices comprise a top portion, a bottom portion, and an interior
portion. The bottom portion typically comprises a solid substrate that is substantially
planar in structure with at least one substantially flat upper surface. A variety of
substrate materials may be employed as the bottom portion. Typically, because the

devices are microfabricated, substrate materials generally are selected based upon
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their compatibility with known microfabrication techniques, e.g., photolithography,
wet chemical etching, laser ablation, air abrasion, technigues, injection molding,
embossing, and other techniques. The substrate materials are also generally
selected for their compatibility with the full range of conditions to which the
microfluidic devices may be exposed, including extremes of pH, temperature, salt

concentration, and application of electric fields.

Accordingly, in some preferred aspects, the substrate material may include
materials normally associated with the semiconductor industry in which such
microfabrication techniques are regularly employed, including, e.g., silica based
substrates such as glass, quartz, silicon or polysilicon, as well as other substrate
materials, such as gallium arsenide. In the case of semiconductive materials, it is
often desirable to provide an insulating coating or layer, e.g., silicon oxide, over the

substrate material, particularly where electric fields are to be applied.

In addition, it is known that the substrate materials will comprise polymeric
materials, e.g., plastics, such as polymethylmethacrylate, polycarbonate,
polytetrafluoroethylene, polyvinylchloride, polydimethysiloxane, and polysulfone.
Such substrates are readily manufactured from microfabricated masters, using well-
known molding techniques, such as injection molding, embossing or stamping, or by
polymerizing the polymeric precursor material within the mold. Such polymeric
substrate materials are preferred for their ease of manufacture, low cost and
disposability, as well as their general inertness to most extreme reaction conditions.
Again, these polymeric materials may include treated surfaces, e.g., derivatized or
coated surfaces, to enhance their utility in the microfluidic systems, e.g., provide

enhanced fluid direction.

The channels and/or chambers of the microfluidic devices are typically
fabricated into the upper surfaces of the substrate, or bottom portion, using the
above described microfabrication techniques, as microscale grooves or indentations.
The lower surface of the top portion of the microfluidic device, which top portion

typically comprises a second planar substrate, is then overlaid upon and bonded to
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the surface of the bottom substrate, sealing the channels and/or chambers interior
portion) of the device at the interface of these two components. Bonding of the top
portion to the bottom portion may be carried out using a variety of known methods,
depending upon the nature of the substrate material. For example, in the case of
glass substrates, thermal bonding techniques may be used which employ elevated
temperatures and pressure to bond the top portion of the device to the bottom
portion. Polymeric substrates may be bonded using similar techniques, except that
the temperatures used are generally lower to prevent excessive melting of the
substrate material. Alternative methods may be used to bond polymeric parts of the
device together, including acoustic welding technigues, or the use of adhesives, e.g.,

UV curable adhesives.

Microfluidic systems are highly useful in medical diagnostics or drug delivery.
Microfluidic delivery systems, as the microchip drug delivery devices of Santini, et al.
(U.S. Patent No. 6,123,861) and Santini, et al. (U.S. Patent No. 5,797,898) or fluid
sampling devices, must be impermeable and they must be biocompatible. The
devices must not only exhibit the ability to resist the aggressive environment present
in the body, but must also be compatible with both the living tissue and with the
other materials of construction for the device itself. The materials are selected to
avoid both galvanic and electrolytic corrosion. See U.S. Patent Nos. 5,725,017;
5,797,898, 5,876,675; 6,123,861; and 6,154,226, each of which is incorporated in its
entirety by reference herein. The digital microfluidic circuits of Cho, et al. also
require compatible reservoirs to contain fluids which are processed by their novel

electrowetting techniques.

In microchip drug delivery devices, the microchips control both the rate and
time of release of multiple chemical substances and they control the release of a
wide variety of molecules in either a continuous or a pulsed manner. A material that
is impermeable to the drugs or other molecules to be delivered and that is
impermeable to the surrounding fluids is used as the substrate. Reservoirs are
etched into the substrate using either chemical etching or ion beam etching

techniques that are well known in the field of microfabrication. Hundreds to
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thousands of reservoirs can be fabricated on a single microchip using these

techniques.

Microfluidic systems, in addition to being highly useful in medical diagnostics,
are also useful in environmental monitoring, biological food testing, chemical sensing
and analysis. Current efforts on the fabrication of microfluidic systems and fluidic
technologies have focused on individual component development. Components
such as pumps, valves, and fluidic channels are at various stages of development.
Mastrangelo, et al. (U.S. Patent 6,136,212) discuss the use of protective barrier

layers. U.S. Patent No. 6,136,212, is incorporated in its entirety by reference herein.

The physical properties of the release system control the rate of release of
the molecules, e.g., whether the drug is in a gel or a polymer form. The reservoirs
may contain multiple drugs or other molecules in variable dosages. The filled
reservoirs can be capped with materials either that degrade or that allow the
molecules to diffuse passively out of the reservoir over time. They may be capped
with materials that disintegrate upon application of an electric potential. Release
from an active device can be controlled by a preprogrammed microprocessor,
remote control, or by biosensor. Valves and pumps may also be used to control the

release of the molecules.

A reservoir cap can enable passive timed release of molecules without
requiring a power source, if the reservoir cap is made of materials that degrade or
dissolve at a known rate or have a known permeability. The degradation, dissolution
or diffusion characteristics of the cap material determine the time when release

begins and perhaps the release rate.

Alternatively, the reservoir cap may enable active timed release of molecules,
requiring a power source. In this case, the reservoir cap consists of a thin film of
conductive material that is deposited over the reservoir, patterned to a desired
geometry, and that serves as an anode. Cathodes are also fabricated on the device

with their size and placement determined by the device’s application and method of
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electrical potential control. Known conductive materials that are capable of use in
active timed-release devices that dissolve into solution or form soluble compounds
or ions upon the application of an electric potential, including metals, such as

copper, gold, silver, and zinc and some polymers.

When an electric potential is applied between an anode and cathode, the
conductive material of the anode covering the reservoir oxidizes to form soluble
compounds or ions that dissolve into solution, exposing the molecules to be
delivered to the surrounding fluids. Alternatively, the application of an electric
potential can be used to create changes in local pH near the anode reservoir cap to
allow normally insoluble ions or oxidation products to become soluble. This allows
the reservoir cap to dissolve and to expose the molecules to be released to the
surrounding fluids. In either case, the molecules to be delivered are released into
the surrounding fluids by diffusion out of or by degradation or dissolution of the
release system. The frequency of release is controlled by incorporation of a

miniaturized power source and microprocessor onto the microchip.

An alternative method of drug delivery, wherein microfluidic devices are
employable, involves devices for transdermal delivery or transport of therapeutic
agents through iontophoresis. “lontophoresis” refers to (1) the delivery of charged
drugs or molecules by electromigration, (2) the delivery of uncharged drugs or
molecules by the process of electroosmosis, (3) the delivery of charged drugs or
molecules by the combined processes of electromigration and electroosmosis,
and/or (4) the delivery of a mixture of charged and uncharged drugs or molecules by
the combined processes of electromigration and electroosmosis. See U.S. Patent
Nos. 5,681,484; 5,846,396; 6,317,629; and 6,330,471, each of which is incorporated

in its entirety by reference herein.

lontophoretic devices for delivering ionized drugs through the skin have been
known since the early 1900’s. Deutsch (U.S. Patent No. 410,009 (1934)) describes
an iontophoretic device that overcame disadvantages of early devices. In presently

known iontophoresis devices, at least two electrodes are used. Both of these
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electrodes are disposed to be in intimate electrical contact with some portion of the
skin of the body. One electrode, called the active or donor electrode, is the
electrode from which the ionic substance, agent, medicament, drug precursor or
drug is delivered into the body via the skin by iontophoresis. The other electrode,
called the counter or return electrode, serves to close the electrical circuit through
the body. In conjunction with the patient’s skin contacted by the electrodes, the
circuit is completed by connection of the electrodes to a source of electrical energy,
e.g., a battery. For example, if the ionic substance to be driven into the body is
negatively charged, then the negative electrode (the cathode) will be the active

electrode and the positive electrode (the anode) will serve to complete the circuit.

Existing iontophoresis devices generally require a reservoir or source of the
drug or other molecule, preferably an ionized or ionizable species that is to be
iontophoretically delivered or introduced into the body. Such reservoirs are
connected to the anode or the cathode of an iontophoresis device to provide a fixed

or renewable source of one or more desired drugs or molecules.

Such iontophoresis devices may also be implantéd in living tissue. Whether
implanted or not, the devices must be compatible with the drugs or other molecules

that they contain and must be compatible with the living tissue.

One solution to achieving biocompatibility, impermeability, and galvanic and
electrolytic compatibility for an implanted device is to encase the device in a
protective environment. It is well known to encase implantable devices with glass or
with a covering of ceramic or metal. Davidson (U.S. Patent No. 5,562,730),
Schulman, et al. (U.S. Patent No. 5,750,926), Cogan (U.S. Patent No. 5,755,759)
and Schulman, et al. (U.S. Patent No. 6,259,937 B1) offer examples of this
technique. See also, U.S. Patent Application No. 09/882,712, Publication No.:
US2001/0039374 A1. U.S. Patent Nos. 5,562,730; 5,750,926; 6,259,937 B1; and
U.S. Patent Application No. 09/882,712, Publication No.: US2001/0039374 A1,
each of the aforementioned U.S. Patents is incorporated in its entirety by reference

herein.
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It is known to coat microfluidic devices to increase compatibility with biological
fluids (Kovacs, Micromachined Transducers Sourcebook, p 803). Kovacs reports
that researchers sealed channels using a plasma-enhanced chemical vapor
deposition technique to deposit amorphous, hydrogenated silicon carbide film as a
deposited thin-film layer. Kovacs reports that researchers vapor-deposited an
organic coating on channels to achieve compatibility with biological compounds.
Cogan (U.S. Patent No. 5,755,759) coats a biomedical device with a low

permeability to water, electrically resistive thin film of amorphous silicon oxycarbide.

Santini, et al. (U.S. Patent No. 6,123,861) discuss the technique of
encapsulating a non-biocompatible material in a biocompatible material, such as
poly(ethylene glycol) or polytetrafluoroethylene-like materials. They also disclose
the use of silicon as a strong, non-degradable, easily etched substrate that is
impermeable to the molecules to be delivered and to the surrounding living tissue.
The use of silicon allows the well-developed fabrication techniques from the

electronic microcircuit industry to be applied to these substrates.

It is well known, however, that silicon is dissolved when implanted in living
tissue or in saline solution. Zhou, et al. report that the calculated corrosion rates are
0.005, 0.077, 0.440 and 0.690 mils per year for samples of silicon soaked in
bicarbonate buffered saline at 23°, 37°, 57° and 77° C.

A method of providing microfluidic devices that are impermeable and inert to
the molecules being contained therein and that resist the often hostile environments

in which they are placed is needed.
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Summary of the Invention

A microfluidic delivery system for the transport of molecules comprises a
substrate; a reservoir in the substrate for containing the molecules; a fluid control
device controlling release of molecules from the reservoir; and a thin film inert

impermeable coating applied to the substrate.

A microfluidic delivery system for release of molecules having a substrate; at
least one reservoir in the substrate that is suitable to contain the molecules; at least
one reservoir having at least one reservoir cap positioned on the reservoir over the
molecules, where release of the molecules from the reservoir is controlled by the
reservoir cap; and where a substrate is coated with a thin film of ultra-nanocrystalline
diamond deposited on the microfiuidic delivery system where the thin film forms a

biocompatible impermeably sealed substrate.

A method of fabricating a microfluidic delivery system for release of molecules
having at least one reservoir containing the molecules for release, comprising
providing a substrate; depositing a thin inert and impermeable film coating; filling the
reservoirs with molecules to be release into living tissue; and capping the reservoirs

with a cap material which retains the molecules.

An iontophoresis device, for the transport of molecules, having a substrate; at
least one reservoir in the substrate for containing the molecules; a fluid control
device controlling release of the molecules from the reservoir; and a thin film inert

impermeable coating applied to the substrate.

The novel features of the invention are set forth with particularity in the
appended claims. The invention will be best understood from the following

description when read in conjunction with the accompanying drawings.
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Objects of the Invention

It is an object of the invention to provide an ion-beam assisted deposited

coating on a microfluidic delivery system.

It is an object of the invention to provide an ultra-nanocrystalline diamond
coated microfluidic delivery system substrate that is impermeably sealed and inert

for implantation in a living body.

It is an object of the invention to provide an ultra-nanocrystalline diamond
coated microfluidic delivery system substrate that has a uniform thickness coating

around corners such that the coating maintains its impermeable sealing capability.
It is an object of the invention to provide an ultra-nanocrystalline diamond
coated microfluidic delivery system substrate that has electrically conductive areas

that are patterned to provide a mechanism for electrically activated release.

It is an object of the invention to provide a coated microfluidic delivery device

that is suitable for iontophoretic transport of molecules.

Other objects, advantages and novel features of the present invention will

" become apparent from the following detailed description of the invention when

considered in conjunction with the accompanying drawing.
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Brief Description of the Drawings

FIG. 1 illustrates a perspective view of the microfluidic delivery system.

FIG. 2 illustrates a schematic representation of the ion-beam assisted deposition

process.

FIG. 3 illustrates an in-line pressure check valve.

FIG. 4 illustrates a pressure valve.

FIG. 5 illustrates a cross-sectional view of a microfluidic pump.

FIG. 6 illustrates a cross-sectional view of an iontophoresis electrode device.

-10 -
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Detailed Description of the Preferred Embodiments

The instant invention utilizes thin coatings of ultra-nanocrystalline diamond
(UNCD) or other ceramic materials, where the other ceramic materials are deposited
by ion-beam assisted deposition (IBAD) techniques, generally illustrated in FIG. 2. It
is known that UNCD coatings are an improvement over diamond thin films, diamond-
like-carbon, and nanocrystalline diamond, in that the UNCD coatings are

impermeable in coatings as thin as 5 microns.

lon-enhanced evaporative sputtering applied coatings, of alumina or zirconia,
for example, are impermeable in coatings of approximately 10 microns thickness.
See U.S. Patent 6,043,437, which is incorporated herein by reference its entirety.
IBAD coatings also offer electrically insulating characteristics in salt water, for
example, of less than about 10'6amps/cm2. IBAD applied coatings can be patterned
by conventional techniques. IBAD is a line-of-sight deposition process that achieves

very dense coatings in a cost-affordable process.

IBAD 30, as shown in FIG. 2, is a vacuum-deposition process that combines
physical vapor deposition and ion beam bombardment to achieve a superior coating.
The electron-beam evaporator 31 generates a vapor of coating atoms 37 which are
deposited on a substrate 33. The substrate 33 is mounted on a rotating substrate
holder 35 to assure that the coating is applied uniformly to the substrate 33. A
distinguishing feature of IBAD is that the coating is bombarded with energetic ions
41 as it is being deposited on the substrate 33. The energetic ions are generated by
the ion source 39. Alumina or yttria-stabilized zirconia may be employed as the
coating material. This method allows biaxially textured layers of high quality to be
produced that permit deposition of films for example with very good properties. IBAD
coatings of alumina, zirconia, or other ceramic materials are well known
improvements over known vapor deposition techniques because they are
impermeable in coatings as thin as 10 microns. The IBAD coatings are stronger
than other vapor deposited coatings and can be deposited by line-of-sight at low

substrate temperatures, which is necessary when using an organic substrate.
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If the application for the microfluidic device involves implantation in living tissue, then
either UNCD or ceramic deposited by IBAD provides a protective and biocompatible

surface coating.

Implantable microfluidic delivery systems generally are comprised of a microchip 1,
as shown in FIG. 1. The microchip 1 must be biocompatible and impermeable to
assure that the drug or other molecule 5 contained in the reservoirs of the substrate
3 are protected from the living tissue of the body and to retain the drug or other

molecule 5 until the desired release time.

It is known to fabricate reservoirs, by conventional microchip techniques, in the
substrate of the delivery device from silicon. Silicon is dissolved when exposed, long
term, to living tissue in a living body, unless coated with a biocompatible coating. An
ultra-nanocrystalline diamond (UNCD) coating13 exhibits excellent mechanical,
electrical, and electrochemical properties. Using a thin film coating deposition
process, such as that disclosed by Gruen and Krauss (U.S. Patent No. 5,772,760),
yields a UNCD coating that is inherently low in porosity, electrically non-conductive
and biocompatible. U.S. Patent No. 5,772,760 is incorporated herein by reference in
its entirety. UNCD coatings as thin as 40 nm have demonstrated excellent
impermeability properties. The UNCD thin film coating 13 is conformal when applied

to complex or high aspect-ratio shapes.

Characteristics of this UNCD coating 13 that make it particularly well suited to the
present invention are:

uniform morphology resulting in a very high bulk density,

highly conformal and able to cover very high-aspect ratio features uniformly,
electrical properties can be controlled by varying the deposition parameters, so as to
make selected areas electrically conductivity,

low-temperature deposition thereby avoiding damage to electrical and passive
components, and

easily patternable via selective seeding, photolithography, or oxygen etching.

-12-
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Unique UNCD coating 13 properties are not all present in any other single coating
candidate for microchip drug delivery devices. Candidate coatings include
conventional chemical vapor deposited diamond thin films, diamond-like carbon, or
SiC. However, none of these coatings offers impermeability in thin coatings that are
applied at low temperature and that are deposited by a none-line-of-sight method, as
does UNCD. The UNCD coating 13 possesses these characteristics:

(a) extremely low surface roughness (20-30 nm), approximately independent of film
thickness up to approximately 10 ym thickness;

(b) extremely good conformality when deposited on high aspect-ratio features;

(c) extremely low coefficient of friction;

(d) high hardness, fracture toughness, flexural strength, and wear life;

(e) low electrical conductivity, but can be doped to become conductive; and

(f) excellent resistant to degradation in living tissue environments.

The UNCD coating 13 consists primarily of phase pure randomly oriented diamond
crystallites. UNCD coatings are grown using a microwave plasma chemical vapor
deposition technique involving a Cgo/Ar or CH4/Ar chemistry, which provides C,
dimers as the main growth species that insert directly into the growing diamond
lattice with a low energy barrier. The limited amount of atomic hydrogen in the
plasma leads to a very high re-nucleation rate (~1011 cm? sec’1). This results in the
UNCD coatings 13 with 2 to 5 nm grain size and 0.4 nm grain boundaries that
provide the unique properties described herein. In addition, the low activation energy
for C, species incorporation into the growing film yields the UNCD coating 13 at
temperatures as low as approximately 350° C. This temperature is very low
compared to many conventional coating processes, such as glass encapsulation or

chemical vapor deposition.

Microfluidic delivery systems that are placed in a hostile environment, such as those
that are implanted in a living body, benefit from a UNCD coating 13 that, in addition
to biocompatibility, corrosion resistance, and impermeability, can be patterned to

form electrically conductive electrodes. Patterning is done by selective doping of the
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UNCD coating 13 to convert the normally electrically insulating UNCD 13 to an
electrical conductor. The electrical conductors 11 are formed in this manner, as is
the anode electrode reservoir cap 9. These electrode caps 9 are formed as covers
on the drug 5 or other molecule-containing reservoirs. Upon application of an
electric current along the electrical conductors 11,~ through the cathode electrodes 7
and into the anode electrode reservoir cap 9 anode electrode reservoir cap 9
disintegrates to expose the drug or other molecule 5 to the living tissue, thus
allowing the drug or other molecule 5 to enter the body. It is obvious that the device
may equally well be used to deliver reagents or to act as a diagnostic agent in

addition to delivering drugs.

The inert nature of a very thin coating of UNCD 13 was demonstrated by the present
inventors. A silicon substrate coated with 40 nm of UNCD coating 13 was exposed
to silicon etchant having a composition of 67% HNO3; and 33% HF, by volume. The
etchant was placed drop-wise on the UNCD coating 13, where it was allowed to
stand at 60° C for one-hour. The coating had been unaffected when observed

microscopically at 1000x after this exposure.

Therefore, the UNCD coating 13 may be used as part of a biocompatible and
impermeable microchip drug delivery packaging process to isolate the substrate 3,
which is typically silicon, and to isolate the drug or other molecule 5 from the tissue
and fluids that are present in the living tissue. In this manner, the substrate 3 is
protected from attack by the living tissue and the drug or other molecule 5 is

maintained free from attack by either the silicon or the living tissue.

The UNCD coating 13 on an integrated circuit is “conformal”, which means that the
coating has a uniform thickness as the coating follows the contours of the device.
Achieving a conformal coating on high aspect-ratio parts and around sharp corners
on these devices is a particular challenge for thin films that are deposited by other
means. UNCD coating 13 uniformly covers all aspects of the intricately machined

substrate 3 including the muiltiplicity of reservoirs.
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The types of complex devices that are coafed by either UNCD or by ceramics using
the IBAD deposition process are illustrated by FIGS. 3, 4, and 5. FIG. 3 illustrates a
micromachined normally open in-line pressure check valve, generally, 10 having an
inlet control element 20 that is supported a distance from above flexible annular
member 18, that is preferably comprised of coated silicon with holes 22 for passage
of the fluid in the direction 12. An annular substrate 14 having a central orifice 19
therein and having a sealed chamber 16 formed therein, one wall of which being
defined by a flexible annular membrane 18. The annular substrate 14 contains first
annular projection 15 that together with second annular projection 17 defines
chamber 16. An inlet control element 20 is supported by annular projection 21 on
the flexible annular membrane 18. It is disposed over the central orifice 19, such
that normally a gap 24 is defined between the inlet control element 20 and the
central orifice 19 and hence the pressure check valve 10 is open. When the
pressure differential, between external pressure and pressure in the chamber 16,
exceeds a predetermined threshold, the flexible annular membrane 18 deforms,
drawing the inlet control element 20 toward the annular substrate 14 such that the
inlet control element 20 seats over the central orifice 19, closing the pressure check
valve 10. The operation of pressure check valve 10 is described in detail in U.S.
Patent 5,725,017. This device is preferably a part of an implantable microfluidic
system involving pumps and control systems. The components are preferably
coated with UNCD, although an IBAD coating of alumina is an alternative

embodiment.

FIG. 4 illustrates a typical pressure valve 110, generally, containing inlet holes 123
and stops 134. Stops 134 hold the valve lid 120 in position. The fluid flows in
direction 112 along the inner circumference of the lower substrate 114. Valve
closure is dependent upon fluid flow through pressure valve 110 exerting sufficient
force upon valve lid 120 to exceed the deformation force of corrugated flexible
diaphragm 118 and the internal pressure of chamber 116. Pressure exerted on
valve lid 120 is applied to flexible diaphragm 118 via spacer 131. When sufficient
force is applied to valve lid 120, and hence to diaphragm 118, diaphragm 118 flexes
and is displaced into chamber 116, thereby drawing valve lid 120 down. Ultimately,
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if sufficient pressure is applied, valve lid 120 is drawn down to such an extent that
valve gap 24 is completely closed. Since valve lid 120 is disposed over holes 122,
when valve gap 124 is closed, holes 122 are sealed. See U.S. Patent 5,725,017 for

a complete description of this pressure valve.

In this valve, the amount of pressure necessarily applied to valve lid 120 is order for
valve 110 to close is determined in part by the pressure within chamber 116. The
threshold pressure of valve 110 changes with changing pressure within chamber
116. All of these components are coated in order to assure that the device is
impermeable to the environment and to the molecules passing there through. The
components are preferably coated with UNCD, although an IBAD coating of alumina

is an alternative embodiment.

FIG. 5 illustrates a typical microfluidic pump 200 that is implantable. This pump is
comprised of two identifiable units, actuation unit 235 and valve unit 240, which
preferably are made of micromachined silicon. Fluid flows in direction 230, entering
pumé 200 at inlet valve 220 and exiting at outlet valve 225. The components are all
comprised of wafers 265. Membrane 210 moves by virtue of drive electrode 245
being electrically charged opposite to electrode 247, which alternately causes
membrane 210 to move toward drive electrode 245. Pump driver 260 creates the

electrostatic charge.

Electrostatic gap 250, which is created by spacers 255, provides room for
membrane 210 to move. As membrane 210 moves alternately back and forth, the
fluid in chamber 257 is pumped in the direction 230. Membrane 210 is preferably
comprised of silicon. The components are preferably coated with UNCD, although
an IBAD coating of alumina is an alternative embodiment. See Kovacs for a detailed

description of this pump.

An iontophoresis device 300 is illustrated in FIG. 6. The device 300 may be
comprised of silicon that has been processed by known micromachining techniques.

The iontophoresis device 300 contains two reservoirs 320 which hold the supply of
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drugs or other molecules that are to be ejected along channels 315 to the living
tissue 310. The drugs or other molecules pass through valves 355 as they pass
along channels 315. The iontophoresis device 300 has at least one electrode 330
associated with each reservoir 320. The electrode 330 is charged by electrical
signal generator 335 passing an electrical current along lead wire 340, thereby
causing the drug or other molecule to be ejected in small amounts from the reservoir
320 and into the channel 315 and into the living tissue 310. The electrical circuit is
completed by attaching a ground wire 345 to the living tissue 310.

In one embodiment, the channels are arranged in a matrix for neural stimulation.
Such a configuration is preferably used to provide focal stimulation of neural tissue,
such as the retina. A retina prosthesis of this type can restore vision by creating
pixilated views for the patient by using neurotransmitters as the drug. The drug may
preferably be released by passing current through the electrodes 330 or by opening

and closing the valves 355.

Compatibility between the iontophoresis device 300 and the drugs or other
molecules that are contained therein and that pass from the reservoir 320 and along
the channel 315, is achieved by placing a compatible coating 325 on the walls of the
device 300. The iontophoresis device 300 itself may also be covered with external
coating 350 on its outside with the same coating material or an alternate coating
material as that used for coating 325. The coating 325 and external coating 350 are
comprised of the same materials and are applied by the same processes previously

discussed.

Obviously, many modifications and variations of the present invention are
possible in light of the above teachings. It is therefore to be understood that, within
the scope of the appended claims, the invention may be practiced otherwise than as

specifically described.
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CLAIMS

What is claimed is:

1. A microfluidic delivery system for the transport of molecules comprising:

a substrate;

at least one reservoir in said substrate for containing the molecules;

a fluid control device controlling release of said molecules from said at least one
reservoir; and

a thin film inert impermeable coating applied to said substrate.

2. The microfluidic delivery system according to claim 1 wherein said thin film

inert impermeable coating is biocompatible.

3. The microfluidic delivery system according to claim 1 wherein the molecules

are comprised of at least one drug.

4. The microfluidic delivery system according to claim 1 wherein said molecules

are ejected by iontophoresis means.

5. The microfluidic delivery system according to claim 1 wherein said fluid
control device controlling release of said molecules from said at least one reservoir

is an electrode.

6. The microfluidic delivery system according to claim 1 wherein said thin film

inert impermeable coating is comprised of ultra-nanocrystalline diamond.

7. The microfluidic delivery system according to claim 1 wherein said thin film

inert impermeable coating is comprised of ceramic.
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8. The microfluidic delivery system according to claim 7 wherein said ceramic is

comprised of silicon oxycarbide.

9. The microfluidic delivery system according to claim 7 wherein said thin film

inert impermeable coating is applied by ion-beam assisted deposition.

10. The microfluidic delivery system according to claim 7 wherein said ceramic

is comprised of alumina.

11. The microfluidic delivery system according to claim 7 wherein said ceramic

is comprised of zirconia.

12. The microfluidic delivery system according to claim 1 wherein said fluid

control device is a permeable cap.

13. The microfluidic delivery system according to claim 1 wherein said fluid

control device is a disintegrating cap.

14. The microfluidic delivery system according to claim 12 wherein said cap is

comprised of electrically conductive ultra-nanocrystalline diamond.

15. The microfluidic delivery system according to claim 1 wherein said fluid

control device is a pump.

16. The microfluidic delivery system according to claim 15 wherein said pump is

an electrostatic pump.
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17. The microfluidic delivery system according to claim 15 wherein said pump is

an electromagnetic pump.

18. The microfluidic delivery system according to claim 15 wherein said pump is

a pneumatic pump.

19. The microfluidic delivery system according to claim 15 wherein said pump is

a piezoelectric pump.

20. The microfluidic delivery system according to claim 1 wherein said fluid

control device is a valve.

21. The microfluidic delivery system according to claim 20 wherein said valve is

an electrostatic valve or electrostatically controlled valve.

22. The microfluidic delivery system according to claim 20 wherein said valve is

an electromagnetic valve or electromagnetically controlled valve.

23. The microfluidic delivery system according to claim 20 wherein said valve is

a pneumatic valve or pneumatically controlled valve.

24. The microfluidic delivery system according to claim 20 wherein said valve is

a piezoelectric valve.

25. The microfluidic delivery system according to claim 1 wherein said substrate

is comprised of silicon.
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26. A microfluidic delivery system for the release of molecules comprising:

a substrate;

at least one reservoir in the substrate that is suitable to contain the molecules;

said at least one reservoir having at least one reservoir cap positioned on said
reservoir over the molecules;

wherein release of the molecules from said at least one reservoir is controlled by
said at least one reservoir cap; and

wherein said substrate is coated with a thin film of ultra-nanocrystalline diamond
deposited on said microfluidic delivery system wherein said thin film forms a

biocompatible impermeably sealed substrate.

27. The microfluidic delivery system according to claim 26 further comprising
means for releasing said molecules by diffusion through said at least one reservoir

cap.

28. The microfluidic delivery system according to claim 26 further comprising
means for releasing said molecules by disintegration of said at least one reservoir

cap.

29. The microfluidic delivery system according to claim 26 further comprising

means for releasing said molecules by iontophoresis.

30. The microfiuidic delivery system according to claim 26 wherein said

substrate is comprised of silicon.
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31. The microfluidic delivery system according to claim 26 wherein said at least

one reservoir cap is comprised of a thin film of ultra-nanocrystalline diamond.

32. The microfluidic delivery system according to claim 31 wherein at least a

portion of said ultra-nanocrystalline diamond thin film is electrically conductive.

33. A method of fabricating a microfluidic delivery system for release of
molecules having at least one reservoir containing the molecules for release
comprising:

providing a substrate;

depositing a thin inert and impermeable film coating;

filling said at least one reservoirs with molecules to be release into living tissue;
and

capping said at least one reservoirs with a cap material which retains the

molecules.

34. The method of claim 33 further comprising forming said thin inert and

impermeable film coating from ultra-nanocrystalline diamond.

35. The method of claim 33 further comprising forming said thin inert and

impermeable film coating from silicon oxycarbide.

36. The method of claim 33 further comprising applying said thin inert and

impermeable film coating by ion-beam assisted deposition.

37. The method of claim 36 wherein said ion-beam assisted deposition coating

is comprised of aluminum oxide.
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38. The method of claim 33 further comprising the step of forming said

substrate from silicon.

39. The method of claim 33 further comprising the step of forming said cap from

selectively permeable material to release the molecules.

40. The method of claim 33 further comprising the step of forming said cap from

material which disintegrates to release the molecules.

41. The method of claim 33 further comprising the step of forming said cap from

ultra-nanocrystalline diamond.

42. The method of claim 33 further comprising the step of forming said cap from

silicon oxycarbide.

43. An iontophoresis device for the transport of molecules comprising:

a substrate;

at least one reservoir in said substrate for containing the molecules;

a fluid control device controlling release of said molecules from said at least one
reservoir; and

a thin film inert impermeable coating applied to said substrate.

44. The iontophoresis device according to claim 43 wherein said fluid control

device is at least one electrode in said at least one reservoir.

45. The iontophoresis device according to claim 43 wherein  said fluid control

device controls the release of said molecules through an array of orifices.
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