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SOLID SOLUTION PERFORATOR FOR
DRUG DELIVERY AND OTHER
APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 10/767,359, filed Jan. 8, 2004, which is a
continuation of U.S. patent application Ser. No. 10/179,749,
filed Jun. 25, 2002, now U.S. Pat. No. 6,945,952, from
which applications priority is claimed pursuant to 35 U.S.C.
§ 120, and which applications are incorporated herein by
reference in their entireties.

FIELD OF THE INVENTION

This invention relates to controlled delivery of one or
more drugs to, and diagnosis of fluids in, a patient’s body.

BACKGROUND OF THE INVENTION

Many new drugs, including proteins, peptides and DNA
constituents, have been developed for better and more
efficient treatment for disease and illness. Especially due to
recent advances in molecular biology and biotechnology,
increasingly potent pharmaceutical agents, such as recom-
binant human insulin, growth hormone and erythropoeitin
are available. However, a major limitation in using these
new drugs is lack of an efficient drug delivery system; a drug
must be transported across one or more biological barriers in
the body at rates and in amounts that are therapeutically
effective.

Most drugs are orally administered. However, some
drugs, especially protein and peptide drugs, cannot be effec-
tively adsorbed in this manner because of severe degradation
in the gastrointestinal tract, poor absorption in intestinal
membrane and/or first pass breakdown by the liver.

Another administration technique is parental injection,
using standard syringes or catheters. Needle injection pro-
vokes needle phobia, substantial pain, local damage to the
skin in many patients. Withdrawal of body fluids, such as
blood, for diagnostic purposes provokes similar discomforts.
Further, needle injection is not ideal for continuous delivery
of a drug, or for continuous diagnosis.

Another drug delivery technique is transdermal delivery,
which usually relies on diffusion of a drug across the skin.
This method is not broadly applicable because of the poor
skin permeability of many drugs. The outermost layer of
skin, stratum corneum, represents a major barrier to trans-
dermal drug penetration. Once a drug reaches the dermal
depth (below the epidermal layer), the drug diffuses rapidly
to deep tissue layers and other parts of the system via blood
circulation.

In an attempt to improve the rate of drug delivery through
the skin, chemical enhancers, iontophoresis, electroporation,
ultrasound, and heat elements have been used to supplement
drug delivery. However, these techniques are not suitable for
some types of drugs and often fail to provide a therapeutic
level of delivery. These techniques sometimes result in
undesirable skin reactions and/or are impractical for con-
tinuous controlled drug delivery over a period of hours or
days.

Other attempts, such as particle or liquid injection, have
been made to design alternative techniques to transfer drugs
transdermally. A main advantage of those techniques is
absence of needle use and reduction of incidence of con-
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tamination. However, liquid injection frequently causes
some pain and/or sub-dermal hemorrhage. One technique,
ballistic particle injection, is hard to administer exactly and
continuously and can cause micro-bleeding.

Other attempts, such as micro-needle drug delivery, have
been developed using micro-fabrication procedures from the
semiconductor industry. While the conventional devices
have some uses, most of these devices are designed for drug
delivery through a hollow interior of a needle or along an
outer surface of a needle. However, because most of these
needles are made from brittle silicon materials, needle
breakage under the skin is a possibility. Some devices are
used as skin perforators for subsequent patch drug applica-
tion. There remains a need for better drug delivery devices
that rely on smaller incisions, deliver drug with greater
efficiency and less variability of drug administration, and/or
are easier and safer for a patient to use.

What is needed is an approach that reduces or controls the
skin barriers to permit controlled introduction of one, two or
more drugs, simultaneously or sequentially, and to provide
prompt initiation and cut-off of drug delivery with improved
efficiency and safety.

SUMMARY OF THE INVENTION

These needs are met by the invention, which applies
mechanical penetration of the skin, using a solid solution
perforator (“SSP”) system including an array of one or more
needles, blades or other perforators that include a drug as
part of a solid solution perforator and dissolve or undergo
biodegradation relatively quickly. An “SSP device” option-
ally includes a reservoir of a second drug, contained in a
patch, located adjacent to the perforator array and containing
either the same drug as is contained in the SSP system
perforators or a different drug. By creating a drug transport
channel or port in the skin, especially in the outermost layer,
through use of an SSP (system) perforator, the barrier
properties of skin can be diminished or controlled for drug
delivery and for providing access to body fluids to be
monitored. Optionally, a patch includes a ring of adhesive
that bonds with, and holds the reservoir against, the patient’s
skin adjacent to the perforated region of the skin. The patch
system is separately activated to deliver the second drug
through the skin channels(s) formed by the SSP
perforator(s).

In contrast to conventional hollow needle technologies,
the SSP system includes a solid matrix of dissolvable
(including meltable) or biodegradable material that option-
ally holds one or more selected drugs and is formed into one
or more perforators. The matrix can be composed of fast-
dissolving and/or swelling materials. For drug delivery
application, the SSP system includes an active drug that
dissolves reasonably quickly and leaves the channel open for
subsequent drug delivery, or to collect and monitor body
fluids or other analytes. An SSP perforator can be 100
percent drug or a mixture of drugs, depending upon the
application and physical/chemical properties of the drug(s).
Inclusion of a swelling component in the matrix can keep the
channel open even longer. The solid solution can be a
homogeneous or non-homogeneous phase or porous solid
solution, for example, a solid made from an emulsion or
suspension.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-section of a patient’s skin.

FIGS. 2A-2G are perspective views of examples of
suitable SSP perforators that can be used in the invention.

FIG. 3 is a plan view of an array of perforators and a
surrounding annular ring of adhesive that are part of an SSP
system.
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FIGS. 4-9 illustrate activation mechanisms that can be
used for SSP skin penetration according to the invention.

FIG. 10 illustrates a drug reservoir system according to
the invention.

FIGS. 11A-11C and 12A-12F illustrate operation of
patch systems that can be used as part of the invention.

DESCRIPTION OF BEST MODES OF THE
INVENTION

FIG. 1 is a cross-sectional view of the top layers of the
skin 11, including a stratum corneum 13, an epidermal layer
or epidermis 15 and a dermal layer or dermis 17. The
outermost layer of skin, the stratum corneum 13, is a dead
cell layer, usually between 10 and 20 microns (um) thick.
The stratum corneum 13 contains hydrophilic keratinocytes
surrounded by a hydrophobic extra-cellular matrix of lipids,
mainly ceramide. Due to the structural and compositional
uniqueness, the stratum corneum 13 presents the greatest
barrier to transdermal flux of drugs or other molecules into
the body, and of body fluids and other analytes out of the
body. The stratum corneum 13 is continuously renewed by
shedding of corneum cells, with an average turnover time of
2-3 weeks.

Below the stratum corneum 13 is the viable epidermis or
epidermal layer 15, which is between 50 and 100 um thick.
The epidermis contains no blood vessels and freely
exchanges metabolites by diffusion to and from the dermis
17, located immediately below the epidermis 15. The dermis
is between 1 and 3 mm thick and contains blood vessels,
lymphatics, and nerves. Once a drug reaches the dermal
layer, the drug will perfuse through system circulation.

An SSP system includes one or more SSP drug perfora-
tors, preferably at least 20-200 in an area of about 1 cm?, at
least one or which is formed as a solid matrix of one or more
needles or blades, each pointed or sharpened at a first end for
perforation of the skin. Each perforator is strong and intact
enough to pierce the stratum corneum, and is either biode-
gradable or dissolvable when the perforator (and drug) has
penetrated into the patient’s body with body fluid and/or
solvent in the drug reservoir. The biodegradation or disso-
Iution process may occur over a time interval of between a
few tens of seconds and a few hours, with preference being
given to shorter time intervals. FIGS. 2A-2G are perspective
views of individual matrix shapes that are suitable for use
with an SSP system. The matrix in FIG. 2A is a cone with
a cusp-like point that may provide extra penetration power.
The matrix in FIG. 2B is a conventional cone shape with a
conventional linear penetration point. The matrices in FIGS.
2C and 2D are cylinder-plus-cone shape for a circular
cylinder and for a rectangular (or, more generally, polygo-
nal) cylinder, respectively. The matrix in FIG. 2E is a
polygonal cone shape. The matrices in FIGS. 2F and 2G
provide sequences of one or more sharp or slicing blades
(straight or serrated) that contact and penetrate the skin.
Other shapes with a pointed or blade end can also be used
here. The SSP (system) perforators illustrated in FIGS.
2A-2G have various shapes and include the solid matrix
material and the selected (first) drug within the matrix
material (interstitially distributed or otherwise).

The SSP perforators can have straight or tapered shafts or
can be pyramids or wedges or blades, as illustrated in FIGS.
2A-2G. In a preferred embodiment, the outer diameter of an
SSP perforator is greatest at the base or second end, about
1-1000 pum, and the perforator outer diameter near the first
end is preferably 10-100 um. The length of an SSP perfo-
rator is typically in a range of 1-2000 um, more preferably
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in a range of 100-1000 um. The skin is not a smooth and
rugged surface and has different depths microscopically. In
addition, the thickness of the stratum corneum and elasticity
of the skin varies from person to person and from location
to location on any given person’s body. A desirable penetra-
tion depth has a range, rather than a single value, for
effective drug delivery and relatively painless and bloodless
penetration. Penetration depth of an SSP perforator can
affect pain as well as delivery efficiency. In certain embodi-
ments, the perforator penetrates to a depth in the range of
10-1000 um. In transdermal applications, the “penetrated
depth” of the SSP perforator is preferably less than 100 um
so that a perforator, inserted into the skin through the stratum
corneum, does not penetrate past the epidermis. This is an
optimal approach to avoid contacting nerves and blood
vessels. In such applications, the actual length of the SSP
perforator can be longer because the basal layer associated
with the SSP system may not be fully inserted into the skin
because of elasticity and rough surface of the skin.

However, depending upon medical needs, perforator pen-
etration to the dermis may be required in some applications.
In these instances, use of a SSP system can be a practical
option in handling instant drug delivery situations. The
penetrating portion of an SSP perforator can be optimized by
adjusting perforator variables (SSP length, dimension,
mechanical properties of basal or substrate layer as Well as
stroke and speed of insertion of an SSP perforator), as well
as accounting for target skin elasticity, skin hardness and
surface roughness.

A basal layer (shown in FIGS. 3 and 10) provides pro-
tection to isolate a perforated skin region from contamina-
tion, and the basal layer can contain anti-bacterial agents and
can create occlusion to hydrate perforated skin to enhance
flux of fluids. A portal channel likely will contract or expand
depending on the perforator material properties after the SSP
perforator dissolves or swells.

The primary functions of an SSP perforator are to pierce
the stratum corneum, to provide prompt initiation and cut-off
of drug delivery, and optionally to help keep the channel
open for subsequent drug delivery or body fluid monitoring.
As long as an SSP perforator dissolves reasonably quickly
and is strong enough to pierce the stratum corneum, any
biocompatible material can serve as an SSP perforator.

In preparing an SSP perforator, a mold is prepared using
precision machining, micro-machining (such as MEMS), or
laser-based or electro-discharge machining. When the mold
is prepared, a liquid solution, including the matrix material
and including the selected drug(s), is cast in the mold and
dried. Depending on the viscosity and other physical and
chemical properties of the liquid solution, additional force
such as centrifuge force or compression force may be
needed to fill the mold. To form a solid solution, the solvent
needs to be air-dried, vacuum-dried or freeze-dried. Once a
solid solution is formed, an SSP perforator is separated from
the mold and cut to an appropriate shape and size.

Where a powder form is used for the SSP material, a
mixed powder is spread over the mold. Depending upon the
chemical and physical properties of the powder, appropriate
heating of the powder may be applied to melt or insert
viscous materials into the mold. Alternatively, the powder
may be inserted into the mold by pressure and/or application
of heating, with or without use of binding agents. When SSP
perforators have been formed into an array, the SSP array is
cooled, separated from the mold, and incorporated into an
SSP system.

Another suitable approach for SSP fabrication is photo-
cross linking. A polymer solution including a photo-initiator
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