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(57) Abstract: A transdermal transport device includes a reservoir for holding a formulation of an active principle, and one or more
needles (14). Each needle has a bore through which the formulation is transported between the reservoir and a biological body, and
has an end portion that is substantially algined in a plane parallel to a surfaceof the biological body when the device is placed on the
surface. The device also includes a vaccum generator (28) which creates a suction to draw a portion of the surface beyond the plane
of the end portions to enable the end portions to penetrate the portion of the surface as the needles are translated along an axis that

is substantially parallel to the plane.
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TRANSDERMAL TRANSPORT DEVICE WITH SUCTION

BACKGROUND )

Delivery of drugs to a patient is performed in a number of ways. For
example, intravenous delivery is by injection directly into a blood vessel;
intraperitoneal delivery is ‘by injection into the peritoneum; subcutaneous delivery is
under the skin; intramuscular is into a muscle; and orally is through the mouth. One
of the easiest methods for drug delivery, and for collection of body fluids, is through
the skin.

Skin is the outermost protective layer of the body. It is composed of the
epidermis, including the stratum corneum, the stratum granulosum, the stratum
spinosum, and the stratum basale, and the dermis, containing, among other things,
the capillary layer. The stratum corneum is a tough, scaly layer made of dead cell
tissue. It extends around 10-20 microns from the skin surface and has no blood
supply. Because of the density of this layer of cells, moving compounds across the
skin, either into or out of the body, can be very difficult.

The current technology for delivering local pharmaceuticals through the skin
includes both methods that use needles or other skin piercing devices and methods
that do not use such devices. Those methods that do not use needles typically
involve: (a) topical applications, (b) iontophoresis, (c) electroporation, (d) laser
perforation or alteration, (e) carriers or vehicles, which are compounds that modify
the chemical properties of either the stratum corneum and/or the pharmaceutical, (f)
physical pretreatment of the skin, such as abrasion of the stratum corneum (e.g.
repeatedly applying and removing adhesive tape), and (g) sonophoresis, which

involves modifying the barrier function of stratum corneum by ultrasound.
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Topical applications, such as a patch, or direct application of a
pharmaceutical to the skin, depend on diffusion or absorption through the skin.
These methods of transdermal transport are not widely useful because of the limited
permeability of the stratum corneum. Although techniques such as those listed
above have been developed to enhance the effectiveness of topical applications,
topical applications still cannot provide optimum transdermal transport.

On the other hand, invasive procedures, such as use of needles or lances,
effectively overcome the barrier function of the stratum corneum. However, these
methods suffer from several major disadvantages: pain, local skin damage,
bleeding, and risk of infection at the injection site, and creation of contaminated
needles or lances that must be disposed of. These methods also usually require a
tramed administrator and are not suitable for repeated, long-term, or controlled use.
Additionally, drug delivery through the skin has been relatively imprecise in both
location and dosage of the pharmaceutical. Some of the problems include
movement of the patient during administration, delivery of incomplete dosages,
difficulties in administering more than one pharmaceutical at the same time, and
difficulties in delivering a pharmaceutical to the appropriate part of the skin. Drugs
have traditionally been diluted to enable handling of the proper dosages. This
dilution step can cause storage as well as delivery problems. Thus, it would be
advantageous to be able to use small, precise volumes of pharmaceuticals for quick,

as well as long-term, delivery through the skin.

SUMMARY
The present invention implements an effective, multi-application vacuum

generator which when combined with a microneendle transport device secures the
device to the skin of a biological body. Such a combination provides painless,
precision insertion, controlled depth penetration, and a variable, programmable
delivery profile of a formulation of an active principle at commercially viable costs.
In one embodiment, a transdermal transport device includes a reservoir for

holding a formulation of an active principle, and one or more needles. Each needle
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has a bore through which the formulation is transported between the reservoir and a
biological body, and has an end portion that is substantially aligned in a plane
parallel to a surface of the biological body when the device is placed on the surface.
The device also includes a vacuum generator which creates a suction to draw a
portion of the surface beyond the plane of the end portions to enable the end portions
to penetrate the portion of the surface as the needles are translated along an axis that
is substantially parallel to the plane.

In certain embodiments, the vacuum is used to secure the device to the
surface of the body. The vacuum can be turned off after the needles penetrate the
skin. In particular embodiments, the needles are rotated about an axis that is
substantially perpendicular to the plane. Other embodiments are directed to methods
of using the vacuum generator.

Some embodiments of the invention may have one or more of the following
advantages. Particularly in regards to ease of use, the automated/mechanical system
of the microneedle device reduces the error and uncertainty usually introduced by
manual application. Very little (if any) pain, local damage, bleeding, or risk of
infection is caused by the microneedles. Additionally, no special training or

expertise is required to use the microneedle transport device. The device may

. further be adapted for disposable single-use, partial or full reuse, short or long-term

use, or continuous or intermittent transport, or some combination thereof.

Since a precise amount of volume of drug can be delivered, a low volume of
drug is wasted. In addition to delivering a precise volume of drug with a variety of
delivery profiles, the device is able to deliver a range of drugs. For example, the
formulation may be a liquid, or a non-liquid that is reconstituted at delivery, or some
combination thereof.

The device provides reduced pain as compared to traditional hypodermic
injections, with minimal air injected under the skin. A user of the device is able to
verify drug, dosing, expiration, etc. with, for example, a computer server via the
internet. The suction or vacuum generator provides a convenient way of initially
securing the device to the biological body. The device is small, portable,

inexpensive, and easy to use, and, hence, increases patient compliance. In addition,
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since the vacuum is applied before the needles penetrate the skin, the microneedles
are protected within the base portion so that exposure to contamination and/or

accidental contact with a patient or medical clinician is eliminated or minimized.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages of the invention
will be apparent from the following more particular description of preferred
embodiments of the invention, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating
the principles of the invention.

FIG. 1 is a side schematic view of an applicator with a transdermal transport
device in accordance with the invention.

FIG. 2A is a cross-sectional view of the transdermal transport device shown
in FIG. 1. -

FIG. 2B is a top view of the transdermal transport device shown in FIG. 1.

FIG. 2C is a bottom view of the transdermal transport device shown in FIG.

FIG. 2D is a close-up view of a suction port shown in FIG. 2C illustrating a
microneedle in retracted and protracted states.

FIG. 3 is a close-up view of a tip of a microneedle of the transdermal
transport device shown in FIG. 1 shown penetrating the skin of a patient and
dispensing a drug into the patient.

FIG. 4 is a close-up view of the tip of a microneedle of the transdermal
transport device shown in FIG. 1.

FIG. 5 is a side view of an alternative embodiment of a microneedle in
accordance with the invention.

FIG. 6A is a graph of the insertion force of a microneedle versus the

penetration depth of the microneedle.
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FIG. 6B-61 is a sequence of graphs of the insertion force of a microneedle
versus the penetration depth of the microneedle for different diameter needles.

FIG. 7A is a view of an actuator of the transdermal transport device shown in
FIG. 2A.

FIG. 7B is a graph of the voltage requirements of the actuator shown in FIG.
7A with stainless steel electrodes.

FIG. 7C is a graph of the voltage requirements of the actuator shown in FIG.
7A with Nichrome electrodes.

FIG. 8A is schematic of a circuit formed with electrodes of an impedance
sensor of the transdermal transport device shown in FIG. 1 and the skin of a patient.

FIG. 8B is a schematic diagram of a circuit used for the impedance sensor in
accordance with the invention.

FIG. 9A is a graph of the magnitude of the impedance measured by the
impedance sensor of FIG. 8 A versus frequency.

FIG. 9B is a graph of the impedance versus the penetration depth.

FIG. 10 is a cross-sectional view of an alternative embodiment of the
transdermal transport device.

FIG. 11 is a cross-sectional view of yet another alternative embodiment of

the transdermal transport device.

DETAILED DESCRIPTION OF THE INVENTION

A description of preferred embodiments of the invention follows.

Referring to FIG. 1, there is shown a transdermal transport device 10
mounted to a coupling 11 of an applicator 12 which is used to attach the transport
device 10 to the skin of a biological body, such as a human pati‘ent. Furthermore, the
applicator 12 activates the device 10 to initiate the transport process before being
disengaged from the device.

The device 10 includes an array of microneedles 14 for piercing the outer
layers of skin of the patient and for delivering a formulation of an active principle
such as pharmaceuticals through the skin to provide accurate delivery of the

pharmaceuticals to the patient. Moreover, because of the shape and size of the
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needles and the minimal depth of penetration of the needles, contact between the
needles and the nerve endings beneath the outer layer of the skin is minimized so
that pain is reduced or absent in the patient. The pharmaceutical may be a liquid
formulation, or it may be one or more non-liquid drugs that are reconstituted just
before delivery.

The applicator 12 is powered by a set of batteries 16 and controlled by an
embedded processor 18 positioned within a housing 20 which holds various other
internal components of the applicator. A display 22, such as an LCD, mounted on
top of the housing 20 communicates to a user the operating parameters of the
transport device 10 and the applicator 12. The applicator 12 is able to communicate
with a mother unit such as a PC and/or through the internet with a communication
card 24. In some embodiments, the communication card is an ethernet card.
Additionally or alternatively, the communication card can be a Bluetooth card which
provides wireless communication capabilities.

The transport device 10 is mounted to the applicator 12 with an
electromagnet 26. To disengage the transport device $0 from the applicator, voltage
to the electromagnet is simply turned off to break the magnetic coupling between the
top of the transport device 10 and the electromagnet 26. The applicator 12 also
includes a vacuum pump 28 which draws a vacuum through a suction port 41 (FIG.
2A) to create a suction between suction ports 60 (FIG. 2A) of the transport device
10 and the skin of the patient to attach the device 10 to the skin. The microneedles
14 are bent at about a 90° angle about 1/3 of the distance from the tip 62 to the other
end 64 (FIG. 2A) of each microneedle. Accordingly, as a rotary actuator 30, such as
a stepper motor, shape memory alloy, contractile polymer, rotary solenoid, or any
other suitable rotary actuator, rotates the transport device 10 and thus moves the
mirconeedles 14, they penetrate laterally into the skin since the suction produced by
the vacuum pump 28 also draws the skin into the suction ports 60 above a plane
defined by the tip portions 62 of the microneedles. An impedance sensor 32 is used
to indicate when the microneedles have sufficiently penetrated into the skin. A

piezoelectric or a speaker 34 is also used to provide audible, perhaps verbal,
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indications to the user. The operation of the transport device 10 and applicator 12
will be described below in greater detail.

Referring now to FIGs. 2A and 2B, in addition to a base portion 36 which
holds the microneedies 14, the transport device 10 includes a control unit 38 and a
drug vial 40. The control unit 38 is provided with electrical connections 42 which
facilitate communication between the device 10 and the applicator 12, control
electronics 43, and various sensors 44 that measure, for example, impedance,
pressure, temperature, injection flow rate, as well as other sensors. Any of these
sensors can also be located in the applicator 12, such as a pressure sensor 37. The
control unit 38 also includes a power source 45 such as a supercapacitor and
batteries which provide power to the device 10.

The drug vial 40 includes a drug chamber or reservoir 46 defined by a
flexible membrane 48 and a rigid top section 50. Located above the drug vial 40 in
the control unit 38 is an actuator 52. The actuator 52 is provided with a rigid base
54 that is joined to a cap 56 with a flexible bellow 58, or any other suitable
expanding material, defining a chamber 59. As illustrated in FIGs. 2C and 2D, the
suction ports 60 are located at the bottom of the base portion 36 to provide access for
the tips 62 of the microneedles 14 to the skin. L

Tn use, the applicator 12 is turned on by the user, such as a medical clinician,
to activate the electromagnet 26 to attach the device 10 to the applicator 12. The
user then delivers the device 10 to the skin. Next, the vacuum pump 28 creates a
vacuum seal through the vacuum ports 60 with the skin to hold the device 10 in
place, and also to make the skin more accessible to the microneedles 14 as discussed
above.

Referring to FIG. 3, the vacuum pump 28 draws a suction, indicated by the
arrows A, in the ports 60 to bring the skin up to the necessary height in the ports.
The rotary actuator 30 then rotates and hence moves the microneedles 14 towards
the skin in a direction at or about right angles to the direction of movement of the
skin as it is sucked into the openings 60. Once the microneedles 14 contact the skin,
they continue to move in the same direction approximately 50 pm to several mm into

the skin, thereby penetrating the sidewall of the raised skin as illustrated in FIG. 4.
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In one embodiment, the penetration depth is approximately 200 um. The extent of
movement in this direction is dictated by the depth of the stratum corneum at the site
where the microneedles 14 penetrate the skin. As stratum corneum depth varies, the
applicator 12 uses the impedance sensor 32 to determine when the stratum corneum
has been transversed. The impedance sensor 32 measures impedance of electric
current flow between two of the microneedles 14. Impedance is high in the stratum
corneum, and drops dramatically in the portion of the dermis just below the stratum
corneum (see, e.g., FIG. 9B which shows a drop of approximately three orders of
magnitude). The sensor 32 reads the change in impedance as the microneedles 14
penetrate into the skin, and movement is stopped when the impedance drops by an
order of magnitude. Additionally or alternatively, there can be a hard mechanical
stop, for example, the top of the ports 60, that prevents the microneedles from
penetrating too deeply.

At this point, the vacuum pump 28 and the electromagnet 26 are de-activated
to disengage the device 10 from the applicator 12. The vacuum seal between the
device 10 and the skin is no longer needed to secure the device to the skin since the
device 10 is now attached to the skin with the microneedles 14.

L The control unit 38 of the device 10 then activates the actuator 52 which
operates in the illustrated embodiment by an electrolytic process to cause the volume
within the chamber 59 to increase and hence forcing the cap 56 against the rigid top
section 50 of the drug vial 40, thereby pushing the drug vial 40 downwards.
Consequently, the flexible membrane 48 is pushed against a bowed section 68 of a
base plate 39, while the ends 64 of the microneedles 14 pierce through the
membrane 48 and into the reservoir 46. Compression of the membrane 48 into the
reservoir 46 expels the pharmaceutical through hollow pathways or bores of the
microneedles into the skin. Thus, the device is able to deliver a pharmaceutical to a
precise location just below the stratum corneum of the skin, as indicated by the letter
B in FIG. 3.

Once the correct dose of the pharmaceutical is delivered, the device 10 is re-
attached to the applicator 12 and the rotary actuator 30 moves the microneedles out

of the skin to disengage the device 10 from the patient. Typically, the base portion
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36 and the drug vial 40 are discarded, while the control unit 38 is re-used. The
device 10 is used to deliver precise amounts of drugs as needed by a patient.
Information relating to the patient can be relayed through an associated computer to
the device 10 and the applicator 12 via the communication card 24.

The same device 10 can be used for collecting fluid, such as interstitial fluid,
from the dermis. For collection to occur, the reservoir 46 must first be compressed.
This is accomplished by moving the drug vial 40 downward with the actuator 50
such that the membrane 48 of the reservoir 46 is compressed to expel any air in the
reservoir 46. Upon penetration of the microneedles into the skin, the expansion
chamber 59 of the actuator 52 is contracted to allow the drug vial 40 to rise which
creates a vacuum inside the reservoir 46 to draw fluid through the microneedles into
the reservoir 46.

Thus, the actuator 52 acts as a pump which facilitates pumping a drug
through the microneedles into the skin or collecting a sample from the patient. The
actuator 52 can be used to create a vacuum within the reservoir 46 before the device
10 is placed against the skin. In sum, the actuator 52 provides controlled,
programmable transport to and from the target site.

The various features of the transport device 10 and the applicator 12 will
now be described in greater detail.

Tn the present application, the term “microneedle” is intended to be construed
as singular or plural, unless specifically modified by a term indicating the number of
microneedles. Microneedles disclosed herein may be porous or non-porous, uniform
or of varying diameters or cross-sectional geometries, or some combination thereof.
Hollow microneedles with uniform diameter are sometimes referred to as
microtubes. As used herein, the term “microneedle” refers to both microtubes and
any other kind of microneedle as described previously. Additionally, microneedles
may also have openings at either or both ends, as well as, on the side-walls at
various and/or multiple positions along the length, or any combination thereof.
Further, either or both ends of the microneedle may be flat, tapered to a point,

rounded, or beveled from one or more sides, as described below.
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As shown in FIG. 4, the tip 62 has an opening 71 and is cut at an angle, «, of
approximately 10° to 60°, to provide a slanted surface 66a. This surface 66a and/or
the outer surface 66b can be beveled. The illustrated embodiment has four
microneedles 14, but there can be ten microneedles or more. The microneedles 14
are metal welded or soldered to the base plate 39, made from, for example, stainless
steel, of the base portion 36, and the bellows 58 is formed of a polymer and is
ultrasonic welded to the base 54 and the cap 56 of the actuator 52, or the bellow can
be permanently attached to either the control unit 38 or the drug vial 40.
Alternatively, these parts may be fitted together via a thermal seal or any other
suitable technique for forming a fluid-tight seal. Note that the device 10 is in use or
not, the microneedles 14 are always contained within the base portion 36 and never
extend outside of the suction ports 60 beyond the bottom of the base portion 36.
This minimizes or eliminates contamination of the microneedles and accidental
contact between the needles and a patient or medical clinician.

The beveled surfaces 66a and/or 66b of the tip 62 has many advantages. It
reduces the trauma to the skin; it further reduces any pain felt by the subject; it
prevents coring of the tissue into the microneedle; and it decreases the amount of
force required for penetration into the skin. Particularly, in regards to coring, sharp
tipped microneedles having a small inner diameter are less likely to accumulate
tissue within the hollow opening, thereby avoiding transport blockage. In the above
embodiment, both ends of each microneedle 14 are sharpened: one end for insertion
into the skin, and the other end for insertion through membrane 48 into the reservoir
46.

In certain embodiments, as illustrated in FIG. 5, the microneedles 14 can
have holes 73 on the side-walls at various and/or multiple positions along the length
through which fluid can be transmitted, combined with the openings 71 (FIG. 4) or
with solid tips 75. There can be from one to 20 or more holes 73. The spacing
between the holes is approximately in the range of 100 pm to 2 mm.

The microneedles 14 may be manufactured from a variety of materials and by
a variety of methods. Representative materials include metals, ceramics,

semiconductors, organics, biodegradable and non-biodegradable polymers, glass,
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quartz, and various composites. Representative methods include micro-fabrication
techniques. In the above illustrated embodiment, the microneedles 14 are made of
medical grade stainless steel, such as 304 stainless steel. Stainless steel
microneedles are advantageous because they are durable, semi-flexible, and have the
mechanical strength to endure insertion into the stratum corneum. They can be cut
from readily available, relatively inexpensive commercial stock via a chemical saw,
or any suitable technique, to the desired dimensions, and ground to the desired tip
geometry.

The microneedles 14 have an inner diameter of about 10 pm to 100 pm, an
outer diameter of 30 pm to 250 pm, and a length of approximately 5 mm to 10 mm.
In the above illustrated embodiment, each of the microneedles has an inner diameter
of 54 pm, and an outer diameter of 108 wm. Other embodiments use microneedles
with an inner diameter of about 100 pm and outer diameter of about 175 pm.

The microneedles 14 can also be coated on the outside, the inside, or both.
Coatings can cover part or all of either or both surfaces. Coatings can be selected
from, but are not limited to, the group consisting of lubricants, chemical or -
biological reaction elements, and preservatives.

The microneedles may be made of one or more rows of microneedles of
uniform or varying dimensions and geomeiries, with uniform or varying sp acing, at
uniform or varying projection angles, and any combination thereof. In the
embodiment above, the set of microneedles form a circular array of four
microneedles. The array has a radius of approximately 5 mm to 20 mm. In the
illustrated embodiment, the radius is about 12 mm. In another embodiment, the set
may include more than one circular array of microneedles. In yet another
embodiment, the microneedles are arranged in an X by Y array, where X may or may
not equal Y.

Additionally, as described above, the microneedle is bent, at approximately a

90° angle. As shown in FIG. 3, the bend of around 90° is positioned such that the

‘segment from the bend to the tip 62 of the microneedle is long enough to penetrate

through the stratum corneum. However, the angle, curvature, and location of the

bend in the microneedle, as well as the orientation of the microneedle with respect to
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the device 10, can vary. For example, the bend angle may be 90° or more or less, but
typically less than 180°.

In the bent microneedle embodiment, the bevel side 66a faces away from the
bend and towards the skin surface, prior to insertion of the microneedle into the skin,
and continues to face away from the rest of the device once it is inserted..
Penetration occurs at “acute-angle insertion” of the microneedle. The angle of
insertion, B, (FIG. 3) is the angle formed by the skin surface and the microneedle 14,
with the vertex of the angle at the point of contact between the microneedle and the
skin surface. Acute-angle insertion reduces the associated pain relative to 90°
insertion. The microneedle, with varying bend angle, can be oriented for an
insertion angle from 0° to 90°. Where the microneedle is close to or perpendicular to
the skin at the entry site, a clear pathway for the substance to exit the skin is created
upon withdrawal of the microneedle, resulting in leakage. Delivery of a complete
dose of a substance under the stratum corneum is improved by the low acute angle
insertion, especially when coupled with the downward facing beveled tip. The
substance will more readily move down through the dermis. Moreover, with a low
acute angle insertion, one has better control of the needle insertion depth.

Referring to FIG. 6A, there is shown a plot of insertion force of a needle
versus penetration depth, illustrating the skin and needle behavior as described by
the various labels. After the needle touches the skin, the skin is deformed until a
first point of puncture, after which the needle slips. Subsequently, the needle
deforms the second layer of skin until a second point of puncture, after which the
needle slips again.\ Then the skin slides up the shaft of the needle. As the needle is
pulled out, the skin is also deformed, as shown in the bottom portion of the graph.

Turning now to FIG. 6B-61, a sequence of graphs illustrate the insertion force
[N] versus penetration depths [mm] profiles for 100 pm (top graphs, FIGs. 6B-6E)
and 570 pm (bottom graphs, FIGs. 6F-6) needles that are at an angle of 15° to 90°
with respect to the surface of the skin and for needle insertion velocities of 0.1 and
1.0 mm/s. As is evident from the figures, the smaller needles have significantly
smaller penetration forces. The figures also show that the velocity of needle

insertion does not significantly affect the penetration forces. Finally, the figures
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show that needles inserted at smaller angles (for example, 15°) to the surface of the
skin require smaller penetration forces. The peak insertion force for a 100 pm
needle into the skin at a 90° angle at a velocity of 1 mmy/s is approximately 250 mN
(FIG. 6E), while the peak insertion force for a 100 pm needle into the skin at a 15°
angle at a velocity of 1 mm/s is approximately 175 mN (FIG. 6C).

Thus, the microneedles 14 need not be parallel to the skin. They can be
angled downward, for example, to facilitate penetration into the skin. The base 36
can be pushed against the skin so that portions of the skin will rise within access
ports similar to the suction ports 60.

The rigid top section 50 of the reservoir 46 is made from stainless steel,
glass, such as Type I or Type Il high purity glass, or polymer, and the flexible
membrane 48 is approximately 20 pm to 300 um, preferably 100 pm, thick, and is
made from a deformable elastopolymer such as silicone rubber or any other suitable
flexible material. The reservoir 46 is typically filled with one or more
pharmaceuticals for delivery to the patient, and then sealed.

In the embodiment shown in FIGs. 2A and 2B, the reservoir 46 is a single-
chambered, hollow container with one rigid top section 50, and one deformable
membrane 48. The reservoir 46 has a maximum fill thickness of approximately one
to 5 mm, preferably about 2 mm, and a volume capacity approximately in the range
of 100 pl to 5 ml

In the device 10, the microneedles 14 are in contact with the pharmaceutical
in the reservoir 46 when the ends 64 of the microneedles are inserted into the
reservoir. There can be a semi-permeable membrane, filter, or valve placed between
the reservoir 46 and the openings at the ends 64 of the microneedles. The membrane
or filter can serve to purify the substance, or remove a selected material from the
substance entering or leaving the reservoir. A membrane or filter can also contain a
binding partner to the selected material, thereby capturing or trapping that material
during the transport. The binding partner can be specific or nonspecific. A valve is
useful in preventing leakage as well as in precisely releasing a set amount of
substance. The valve is also useful to prevent backflow of a collected fluid through

the microneedles. In some embodiments, a microvalve is opened in each
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microneedle 14 to allow movement of fluid for delivery or collection. For example,
the microvalve could be embedded in the microneedles 14 or be part of the reservoir
46. Alternatively, a non-permeable membrane, covering for example the end of the
microneedle opening into the reservoir, can be breached to allow the fluid
movement.

Rather than being a hollow chamber, in some embodiments the reservoir 46
can be a porous matrix, single or multi-chambered, or any combination thereof. The
reservoir 46 can contain one or more chambers. Each chamber can be the same or
may differ from any or all of the others. For example, a reservoir 46 can have one
chamber that contains a reagent and into which fluid is drawn through the
microneedles. A reaction might then occur in this first chamber, the results of which
might trigger manual or automatic release of a substance from the second chamber
through the microneedles into the skin.

The reservoir 46 is easily loaded with a substance to be delivered. Loading
can occur before or after association of the reservoir 46 with the microneedles 14.
As mentioned earlier, the formulation can be one or more non-liquid drugs (for
example, that have been dehydrated) that may be preloaded into the reservoir and
then reconstituted before delivery. In some embodiments, the inside of the reservoir
46 is coated with a material prior to assembly of the reservoir. The coating can have
one or more purposes, including, but not limited to, aiding flow so that the substance
exiting or entering the reservoir moves smoothly and/or does not leave behind
droplets, serving as a reactant used for detecting the presence or absence ofa
particular material in the fluid, and/or serving as a preservative.

When the transport device 10 is used to deliver drugs, the reservoir 46 stores
one or more drugs in one or more chambers to be delivered to the target site. The
reservoir 46 can be filled with the desired drug through an opening situated opposite
the placement of the microneedles 14. Alternatively, the desired drug can be drawn
up into the reservoir 46 through the microneedles or the desired drug can be placed
within the reservoir 46 when it is sealed.

When the transport device 10 is used to obtain samples from the patient, the

reservoir 46 stores, in one or more chambers, one or more biological samples drawn
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from the patient. The device can include one or more elements directed at securing
the sample within the reservoir during removal of the device from the skin. These
elements might include valves, flaps and the like.

Although in the embodiment illustrated in FIGs. 1 and 2 a vacuum seal is
initially used to secure the device 10 to the skin, alternative mechanisms for securing
the device 10 on the skin are available that include, but are not limited to, one or
more straps, tape, glue, and/or bandages. The outer casings of the control unit 38,
the drug vial 40, and the base portion 36 can be made of any stiff material, such as,
but not limited to, stainless steel and other hard metals, plastics, woven or matted
stiffened fibers, cardboard, and wood.

The actuator 52 disclosed herein facilitates pumping a drug through the
microneedles into the skin or removing a sample from the patient. The actuator 52
can be used to create 2 vacuum within the reservoir 46 before the device 10 it is
placed against the skin. The actuator 52 provides controlled, programmable
transport to and from the target site.

In the illustrated embodiment, the actuator 52 operates by an electrochemical
reaction, in particular electrolysis of water (H,0) that converts water into hydrogen
(H,) and oxygen (O,) gas. There are two electrochemical reactions taking place:

oxidation is occurring at the anode according to the reaction
2H,0(1) -0,(g)+ 4 H' (aq)+ 4e”
and reduction is occurring at the cathode according to the reaction

2H,0(1) + 2¢ ~H,(g)+ O

To keep the numbers of electrons balance, the cathode reaction must take place
twice as much as the anode reaction. Thus, if the cathode reaction is multiplied by

two and the two reactions are added together, the total reaction becomes

6H,0(1) + 4e ~2H,(g)+ O,(g) + 4 H' (aq) + 40H (aq) +4¢”
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The H* and OH- form H,0 and cancel species that appear on both side of the

equation. The overall net reaction therefore becomes
6H,0(1) ~2H,(g)* Ox(8)

Hence, three molecules (1 O,, 2 H,) are produced per 4 electrons. That is,
the number of moles of gas created by electrochemical decomposition of water as

described by the following equation is
Mg = ng/(e N,) = 7.784 x 10° mol/C

where n,, is the number of molecules of gas produced per electron put into the
system, 3/4, e is the charge of one electron, and N, is Avogadro’s number. This
conversion results in a large volume change of over, for example, three orders of
magnitude, which is harnessed to expel the drug from the reservoir 46. When the
conversion of water to hydrogen and oxygen occurs, the expansion compresses the
flexible menﬂlr_a_ne 48, expelling the drug and any carriers or other compounds or
solvents out of the reservoir 46 through the microneedles 14.

Referring in particular to FIG. 7A, there is shown the actuator 52 by itself for
illustrative purposes. The chamber 59 contains, for example, 1 pl to 10 ml,
preferably ,1 pl to 1 ml, of water with 1 M of Na,SO, or NaOH. To initiate the
electrolytic process, a current, I, is applied to two electrodes 72 positioned within the
chamber 59 of the actuator 52. Each electrode 72 can be solid or a mesh. The mesh
configuration provides a larger surface area to initiate the decomposition process.
The electrodes can be made of stainless steel, platinum, or platinum/iridium gauze,
such as Alfa Aesar #40934, or any other suitable material.

Referring to the graph depicted in FIG. 7B, there is shown a representative
voltage to current relationship for the actuator or pump 52 with two 3 mm x 12 mm
x 50 pm thick stainless steel electrodes. FIG. 7C shows the voltage to current

relationship for the actuator 52 with two 40 mm long Nichrome electrodes. Both
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FIGs. 7B and 7C show that no current is drawn, and therefore no gas is created, until
the voltage reaches approximately 1.7 V. At this point, the current drawn by the
pump begins to increase almost linearly until the current reaches approximately 115
mA, where it reaches steady state. The current versus voltage slopes for the linear
region are different based on the electrode materials and configuration. For the
pump 52 with stainless steel electrodes (FIG. 7B), the pump reaches steady current
consumption at approximately 3. 8 V, while the pump with Nichrome electrodes
(FIG. 7C) reaches steady current consumption at approximately 2.5 V. Furthermore,
at an operating current of about 10 mA, the operating voltage is about 2.5 V and
1.79V for the stainless steel electrodes, and the Nichrome electrodes, respectively.
The electrolytic process can be easily stopped and if desired initiated again, and this
process can be repeated to precisely control the expansion rate of the chamber 59
and hence the drug delivery rate of the device 10.

The actuator 52 can be a micro-electric motor, such as, for example, Lorentz
force or electrostatic motors, or operate by chemical or electrochemical reactions,
contractile polymers, shape memory alloys, or any other suitable mechanism to
facilitate the transport of the pharmaceutical. Alternatively or additionally, the
actuator can include mechanical or organic members, such as micro-valves or
permeable membranes, respectively, to further control transport rates. The actuator
52 can also be any other suitable micro-mechanism, such as motors, levers, pistons,
solenoids, magnetic actuators, and the like, for controlling the motion of the flexible
membrane 48 of the drug vial 40 to provide precise and controlled delivery of
compounds and/or collection of body fluids.

In certain embodiments, the actuator 52 operates as a vapor generator.

Liquid water, for example, contained in the chamber 59 of the actuator 52 is heated
with an on-board heater which causes the liquid to change to steam resulting in a
significant increase in volume. In such embodiments, the volume of the liquid water
is about 500 nl to 5 pl. The temperature of vaporization of water is 100°C, and at
that temperature the latent heat of vaporization is 2.25 kJ/kg. Thus for 1 pl of liquid

water, the steam volume becomes approximately 1.706 ml.
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Alternatively, the top section 50 of the reservoir 46 can be formed from a
conducting polymer, such as polypyrrol, which contracts (usually in one direction)
under the application of a low voltage current. The conducting polymers act like
human muscle, that is, they contract lengthwise. The force produced per area of
these polymers is about 1 to 10 Mpa, which is about a factor of 10 greater than that
of human muscles. The change in length of these polymers is about 2%.
Contraction of the conducting polymer forces the drug and any carriers or other
compounds or solvents out of the reservoir 46.

When the device is used to collect samples, the actuator 52 functions as a
reversible actuator to facilitate transport from the target area to the reservoir 46. For
example, in the conducting polymer pump system, initial application of a low
voltage current compresses the top section 50, emptying the reservoir 46. While the
reservoir is in its contracted state, the device 10 is applied to the target site. The
voltage is then disrupted to allow the polymer to expand to its natural state.
Expansion of the reservoir 46 creates a vacuum inside the reservoir, which causes
fluid 4o be drawn into the reservoir.

Another embodiment of the actuator 52 is a shape memory alloy or
contractile polymer wrapped around a circle. The actuator forms a twist that is
guided along a thread so that there is a linear (vertical) moti:nT which places a force
on the drug vial 40, thereby expelling the drug from the reservoir 46. The actuator is
returned to its initial retracted state by one of many available means that includes but
is not limited to shape memory alloys, springs, and super-elastic metal.

Recall, the vacuum pump 28 of the applicator 12 creates a suction to draw
the skin in one direction into the openings 60 of the transport device 10, and the
rotary actuator 30 provides an orthogonal direction of motion of the microneedles 14
to facilitate acute-angle insertion into the skin with the bent microneedles 14.

In other embodiments, these orthogonal motions may be accomplished by
use of one or more actuators. For example, an actuator can be used to move the
microneedles in a direction perpendicular to the skin surface so that the bent portion
of the microneedle are parallel to and come into contact with the skin, with the

microneedle tip opening facing the skin. The actuator continues to move the
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microneedles in the perpendicular direction, causing them to depress the skin under
the microneedle, and resulting in the neighboring skin being above the level of the
microneedle tips. The rotary actuator 30 then moves the microneedles 14 forward in
the direction of the microneedle tip 62, parallel to the skin surface. The microneedle
5 tips 62 contact the surface of the skin at the side of the depression formed by the
initial perpendicular motion of the microneedle. The rotary actuator 30 continues to
move the microneedles in the parallel direction causing the microneedles to
penetrate the stratum corneum. When the microneedle tip 62 has reached the target
site, the rotary actuator stops the motion. One or more actuators can be involved in

10 each motion. Again, a stop signal can be generated using the impedance sensor
system 32, discussed in detail below. Alternatively, there can be a hard mechanical
stop or the insertion motion can be stopped after a defined distance of penetration, or
a defined period of time of inseﬁi011. Removal of the microneedles 14 is
accomplished in basically the reverse order.

15 Any of the foregoing embodiments, as well as any other applicable to the
situation, could be synchronized with the impedance sensor 32, discussed in detail
below, so that the drop in impedance, upon penetration through the stratum
corneum, triggers the pumping action of the actuator 52, such as the electrolytic,

_—chemical reaction, polymer contraction actuators, or an electric motor or any other

20 actuators used in the device 10.

In certain embodiments, the device 10 is provided with contoured, drilled
tunnels or guide sleeves through which the microneedles 14 are guided into the skin.

For safety and other reasons, the microneedles 14 can have caps or holsters
covering the tips 62, as discussed previously, requiring additional movement of the

25  device 10 as a first step to uncap the microneedles 14. The caps can be fastened to a
moveable part within the device 10, and this part is moved by an actuator away from
the microneedle tips to uncap the stationary microneedles 14. In another
embodiment, the caps may be a free-standing structure that is manually removable
prior to application, or the microneedles may penetrate through the protective caps

30 prior to application.
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In some embodiments, the transport device 10 and/or the applicator 12 is
combined with an oscillator system, made from, for example, a piezoelectric crystal,
to assist the insertion of the microneedles 14. The oscillator system can be an
independent system, integrated with the actuators, or some combination thereof.
Preferably, the microneedles are vibrated at 10 kHz in the direction of the
penetration motion. A potential advantage of using such an oscillator system is that
less force may be required to penetrate the skin.

As discussed above, the device 10 includes electrical sensors, such as the
impedance sensor 32 which detects penetration of the stratum corneum. That is, the
sensor 32 signals when the desired insertion of the microneedles 12 have been
achieved. The determination of the location of the microneedle tip(s) within or
through the stratum corneum allows for delivery of a complete, predetermined dose
to the patient at a location amenable for absorption by the patient's body.

This is accomplished by measuring impedance of the tissue as the
microneedles proceed through it. As the stratum corneum creates a high level of
impedance, and the tissue beyond the stratun» corneum only provides a relatively low
level of impedance, impedance is monitored to determine when the microneedles
have passed through the stratum corneum. At that point insertion may be stopped so
as to avoid penetrating the skin layer containing nerves and capillaries.

In particular, as illustrated in FIG. 8A, a low voltage circuit is formed with
two of the microneedles 14 actiﬁg as electrodes. Because the dry stratum corneum
of the epidermis 90 acts as a capacitive barrier while the sub-epidermal layers 92 are
well conducting, the impedance of the circuit drops as the microneedles pierce
through the stratum corneum 90. The change in impedance is by one or more orders
of magnitude and reliably indicates when the microneedles have pierced through the
stratum corneum 90. Furthermore, at less than 1 Volt, the voltage stimulus is not
felt by the subject. Note that the microneedles 14 are electrically isolated from the
base. An illustrative embodiment of a circuit diagram of the circuit used here is
shown in FIG. 8B, where the Z,,, represents the unknown impedance.

As an example, impedance measurements of pig skin is illustrated in FIG.

9A. The top portion 94 of the graph illustrates the measured impedance of pig skin
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over a frequency range before a microneedle penetrates the stratum corneum and the
bottom portion 96 represents the measured impedance after the microneedle has
penetrated the stratum corneum. As can be seen, the difference between the two
portions 94 and 96 of the graph can be over three orders of magnitude. Turning also
to FIG. 9B, there is shown a plot of impedance versus the perpendicular depth into
the skin, which clearly illustrate that the penetration into the skin produces smaller
impedances.

Rather than sweeping over a frequency range, the input signal of the
impedance sensor 32 can be set at one frequency. The input signal can be a square
wave generated by an embedded processor such as a TI-MSP430F149IPM, produced
by Texas Instruments of Dallas, Texas. Certain characteristics of this chip are that it
draws 35 p.A when active, and less than 1 pA in low power mode, and has a 64 pin
PQFP package, a 1.8 to 3.6 V power supply, 8 analog to digital converters, 60 kbytes
of flash memory, 2 kbytes of RAM, 2 16-bit timers, and an on-chip comparator.
Altemati{/ély, a processor such as a TI-MSP430F110IPW can be used. This chip
draws 35 pA when active, and less than 1 pA in low power mode, and includes a 20
pin TSSOP, 1.8 to 3.6 V power supply, 1 kbyte of flash memory, 128 bytes of RAM,
and a 16-bit timer. Regardless which processor is u§E§, the output signal can be
pulse width modulated, and the impedance sensor 32 can be provided with a log
transformer to compress the output signal to within the range of the analog to di gital
converter of the processor.

As mentioned earlier, in certain embodiments, a glucose sensor is associated
with the transport device 10. In these embodiments, fluid is withdrawn from the
patient through the microneedles 14 into one of a multiplicity of reservoir chambers.
The glucose sensor is at least partially in one of the chambers, where it can detect the
concentration of glucose in the fluid. Information from the glucose sensor is read
and interpreted by the operator of the device 10, for example, with the use of the
display 22 of the applicator 12, who can then activate another chamber of the
reservoir to deliver the appropriate amount of insulin to bring the glucose
concentration to an appropriate level. Alternatively, the procedure can be automated

so that the glucose sensor reads the glucose concentration in the fluid, and, based on
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that concentration, sends a signal, such as an electronic signal, to the other chamber,
"telling" that chamber whether or not to deliver insulin through a set of
microneedles, and how much insulin to deliver.

In any of the above describe embodiments, one or more controllers such as a
programmable microprocessor located in the transport device 10 and/or the
applicator 12 can control and coordinate the actuators, pumps, sensors, and
oscillators. For example, the controller can instruct the actuator 52 to pump a
specified amount of drug into a patient at a specified time. T. he specified amount
may be the full amount contained in the reservoir 46 or a partial amount. Thus, the
device is able to inject a partial or full amount of drug incrementally over a desired
time period. One controller may control the operation of the applicator 12, while
another controller controls the operation of the device 10. Alternatively, a single
controller may control the operations of the applicator 12 and the device 10. In any
case, the applicator 12 and/or the device 10 can communicate with each other or
with a central processor, for instance, using wireless communications capabilities
provided with either or both the applicator 12 and the device 10.

The transdermal transport device 10 is not limited to the embodiments
described above. For example, other embodiments of the transdermal transport
device 10 are shown in FIGs. 10 and 11, where like reference numerals identify like
features.

In the device 10 of FIG. 10, the microneedles 14 are again bent at about a 90°
angle. They are oriented so that there is a section that is parallel to the surface of the
skin S and a section that is perpendicular to the base 36 of the device 10. The
microneedles 14 are soldered or attached in any suitable manner to a needle plate
100 that is able to turn, but not able to translate. In this embodiment, the
microneedles 41 are not inserted into the drug vial 40 until just before delivery. The
pump assembly or actuator 52 is pinned in place by three pins that slide in angled
slots 101 as the inner portion of the device 10 is turned. For extra guidance and

stability, the actuator 52 also rides on pins 102 in slots that are cut info the actuator

52.
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The device 10 is first brought to the skin S by the applicator 12 (FIG. 1). The
electromagnet 26 in the applicator 12 turns the inside portion of the device 10, which
causes the actuator 52 to translate down onto the ends 64 of the microneedles 14 as
the needles are turned into the skin S while suction is being applied through the ports
14 to draw the skin S into the suction ports 60. Thus, the back ends 64 of the
microneedles penetrate the vial 40 as the front ends penetrate the skin.

Alternatively, the back ends 64 of the microneedles can already be in the vial 40,
while the front ends are provided with caps through which the needles penetrate, or
are removed before inserting the needles into the skin. The drug in the reservoir 46
is then pumped through the microneedles 14 as the actuator 52 is activated.

The depth of insertion is controlled by hard stops 104 on the base plate 36.
The skin S is sucked into the suction ports 60 by vacuum up to these hard stops 104.
Since the microneedles 14 soldered into place at a specific depth, and the hard stops
can be set to a desired distance from the plane of the needles, the depth of insertion
can therefore be controlled.

The actuator 52 is mountsd on top of the vial 40, with the flexible membrane
48 positioned between the two. The electrodes 72 are mounted inside the actuator
52, and the leads come out directly into a circuit board 106, which is mounted just
above the top of the actuator 52. On the underside of the circuit board 106 are
mounted the electronic components 43, and on the top side is mounted the battery or
power source 45. The applicator 12 magnetically attaches to the battery 45 to hold
and rotate the device 10, while electrical connection is made between the applicator
12 and the device 10 through the copper ;i11g 42,

The device 10 of FIG. 10 has a height of about 15 mm, while the device 10
of FIG. 11 has a lower profile with a height of about 7 mm. InFIG. 11, the
microneedles 14 are mounted such that they always remain in the same plane of
rotation. This helps reduce the overall height of the device 10, since open space
between the ends 64 of the microneedles 14 and the drug vial 40 is not necessary.
The microneedles 14 can either be permanently affixed as part of the drug vial 40, or

as a separate ring. If the microneedles 14 are mounted on a separate ring, the
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actuator 52 is rotated onto the back end 64 of the microneedles 14 before delivery.
Then, the entire actuator/microneedle assembly is rotated into the skin S.

The depth of insertion is controlled by the space 200 between the base 36 and
the component 202 that couples the microneedles 14 to the vial 40. This component
202 could either be some sort of fluidic circuit or simply a ring that holds the
microneedles 14 in place for insertion into the vial 40, or the microneedles may be
part of the vial 40. Vacuum suction would still be used to draw the skin into the
ports 60 before insertion of the microneedles 14.

The actuator 52 is mounted as a ring around the vial 40. The top portion 204
of the actuator 52 is still above the vial 40, and the flexible membrane 48 is located
between the top portion 204 and the vial 40. However, most of the actuator 52 is
placed round the outside of the vial 40. This helps reduce the overall height of the
device 10. The electrodes can be hounted as ring electrodes directly from the circuit
board 106, which can also function as the top of the actuator 52. The battery 45 and
the electronic components 43 are all mounted on the top of the circuit board 106.

While this invention has been particularly shown and described with
references to preferred embodiments thereof, it will be understood by those skilled in
the art that various changes in form and details may be made therein without
departing from the scope of the En—vention encompassed by the appended claims. For
example, the actuator or pump arrangements, such as the electrolytic actuator, can be
used in other types of transdermal transport devices, as well, such as the devices
described in the U.S. Application No. 10/238,844, filed September 9, 2002, by

Angel and Hunter, the entire contents of which are incorporated herein by reference.
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CLAIMS

What is claimed is:

A transdermal transport device, comprising:

a reservoir for holding a formulation of an active principle;

one or more needles, each needle having a bore through which the
formulation is transported between the reservoir and a biological body, each
needle having an end portion that is substantially aligned in a plane parallel
to a surface of the biological body when the device is placed on the surface;
and

a vacuum generator which creates a suction to draw a portion of the
surface beyond the plane of the end portions to enable the end portions to
penetrate the portion of the surface as the needles are translated along an axis
that is substantially parallel to the plane.

.

The transdermal transport device of claim 1 wherein the vacuum is used to

secure the device to the surface of the body.

The transdermal transport device of claim 2 wherein the vacuum is turned off

after the needles penetrate the skin.

The transdermal transport device of claim 1 wherein the needles are rotated

about an axis that is substantially perpendicular to the plane.

A transdermal transport device, comprising:
a means for holding a formulation of an active principle;
a means for transporting the formulation between the means for
holding the liquid formulation and a target area of a biological body; and
a means for creating a suction to draw a portion of the target area

towards
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the means for transporting to facilitate penetrating the portion of the target

area with the means for transporting.

A method of transdermally transporting a formulation of an active principle,
comprising:

generating a suction to draw a portion of a target area of a biological
body towards an array of needles of a transdermal transport device, each
needle have an end portion which is substantially aligned in a plane parallel
to a surface of the biological body; and

driving the end portions into the portion of the target area.

The method of claim 6, wherein the suction secures the device to the surface

of the body.

The method of claim 7, further comprising turning off the suction after the

end portions have penetrated the portion of the target area.

The method of claim 6, wherein driving includes rotating the end portions of
the needles about an axis that is substantially perpendicular to the plane that

is parallel to the surface of the biological body.
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