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Microneedle devices and methods of use thereof are pro 

vided for the enhanced transport of molecules, including 
drugs and biological molecules, across tissue by improving 
the interaction of microneedles and a deformable, elastic 
biological barrier, such as human skin. The devices and 
methods act to (1) limit the elasticity, (2) adapt to the 
elasticity, (3) utiliZe alternate Ways of creating the holes for 
the microneedles to penetrate the biological barrier, other 
than the simply direct pressure of the microneedle substrate 
to the barrier surface, or (4) any combination of these 
methods. In preferred embodiments for limiting the elastic 
ity of skin, the microneedle device includes features suitable 
for stretching, pulling, or pinching the skin to present a more 
rigid, less deformable, surface in the area to Which the 
microneedles are applied (i.e. penetrate). In a preferred 
embodiments for adapting the device to the elasticity of skin, 
the device comprising one or more extensions interposed 
betWeen the substrate and the base end of at least a portion 
of the microneedles. 
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DEVICES AND METHODS FOR ENHANCED 
MICRONEEDLE PENETRATION OF BIOLOGICAL 

BARRIERS 

BACKGROUND OF THE INVENTION 

[0001] This invention is generally in the ?eld of devices 
for the transport of therapeutic or biological molecules 
across tissue barriers, such as for drug delivery or sampling 
of biological ?uids. 

[0002] Numerous drugs and therapeutic agents have been 
developed in the battle against disease and illness. HoWever, 
a frequent limitation of these drugs is their delivery: hoW to 
transport drugs across biological barriers in the body (e.g., 
the skin, the oral mucosa, the blood-brain barrier), Which 
normally do not transport drugs at rates that are therapeu 
tically useful or optimal. 

[0003] Drugs are commonly administered orally as pills or 
capsules. HoWever, many drugs cannot be effectively deliv 
ered in this manner, due to degradation in the gastrointestinal 
tract and/or elimination by the liver. Moreover, some drugs 
cannot effectively diffuse across the intestinal mucosa. 
Patient compliance may also be a problem, for example, in 
therapies requiring that pills be taken at particular intervals 
over a prolonged time. 

[0004] Another common technique for delivering drugs 
across a biological barrier is the use of a needle, such as 
those used With standard syringes or catheters, to transport 
drugs across (through) the skin. While effective for this 
purpose, needles generally cause pain; local damage to the 
skin at the site of insertion; bleeding, Which increases the 
risk of disease transmission; and a Wound sufficiently large 
to be a site of infection. The WithdraWal of bodily ?uids, 
such as for diagnostic purposes, using a conventional needle 
has these same disadvantages. Needle techniques also gen 
erally require administration by one trained in its use. The 
needle technique also is undesirable for long term, con 
trolled continuous drug delivery. 

[0005] Similarly, current methods of sampling biological 
?uids are invasive and suffer from the same disadvantages. 
For example, needles are not preferred for frequent routine 
use, such as sampling of a diabetic’s blood glucose or 
delivery of insulin, due to the vascular damage caused by 
repeated punctures. No alternative methodologies are cur 
rently in use. Proposed alternatives to the needle require the 
use of lasers or heat to create a hole in the skin, Which is 
inconvenient, expensive, or undesirable for repeated use. 

[0006] An alternative delivery technique is the transder 
mal patch, Which usually relies on diffusion of the drug 
across the skin. HoWever, this method is not useful for many 
drugs, due to the poor permeability (i.e. effective barrier 
properties) of the skin. The rate of diffusion depends in part 
on the siZe and hydrophilicity of the drug molecules and the 
concentration gradient across the stratum corneum. FeW 
drugs have the necessary physiochemical properties to be 
effectively delivered through the skin by passive diffusion. 
Iontophoresis, electroporation, ultrasound, and heat (so 
called active systems) have been used in an attempt to 
improve the rate of delivery. While providing varying 
degrees of enhancement, these techniques are not suitable 
for all types of drugs, failing to provide the desired level of 
delivery. In some cases, they are also painful and inconve 
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nient or impractical for continuous controlled drug delivery 
over a period of hours or days. Attempts have been made to 
design alternative devices for active transfer of drugs, or 
analyte to be measured, through the skin. 

[0007] For example, US. Pat. No. 5,879,326 to Godshall 
et al. and PCT WO 96/37256 by Silicon Microdevices, Inc. 
disclose a transdermal drug delivery apparatus that includes 
a cutter portion having a plurality of microprotrusions, 
Which have straight sideWalls, extending from a substrate 
that is in communication With a drug reservoir. In operation, 
the microprotrusions penetrate the skin until limited by a 
stop region of the substrate and then are moved parallel to 
the skin to create incisions. Channels in the substrate adja 
cent to the microprotrusions alloW drug from the reservoir to 
?oW to the skin near the area disrupted by the microprotru 
sions. Merely creating a Wound, rather than using a needle 
Which conveys drug through an enclosed channel into the 
site of administration, creates variability in dosage. 

[0008] US. Pat. No. 5,250,023 to Lee et al. discloses a 
transdermal drug delivery device, Which includes a plurality 
of needles having a diameter in the range of 50 to 400 pm. 
The needles are supported in a Water-sWellable polymer 
substrate through Which a drug solution permeates to contact 
the surface of the skin. An electric current is applied to the 
device to open the pathWays created by the needles, folloW 
ing their WithdraWal from the skin upon sWelling of the 
polymer substrate. 

[0009] PCT WO 93/17754 by Gross et al. discloses 
another transdermal drug delivery device that includes a 
housing having a liquid drug reservoir and a plurality of 
tubular elements for transporting liquid drug into the skin. 
The tubular elements may be in the form of holloW needles 
having inner diameters of less than 1 mm and an outer 
diameter of 1.0 mm. 

[0010] While each of these devices has potential use, there 
remains a need for better drug delivery devices, Which make 
smaller incisions, deliver drug With greater e?iciency 
(greater drug delivery per quantity applied) and less vari 
ability of drug administration, and/or are easier to use. In 
vieW of these needs, microneedle devices have been devel 
oped, Which are described in US. Ser. No. 09/095,221, ?led 
Jun. 10, 1998, and Ser. No. 09/316,229, ?led May 21, 1999, 
both by PrausnitZ et al., Which are hereby incorporated by 
reference. Certain embodiments of the device Were found to 
readily penetrate skin samples in in vitro experiments, but 
not alWays provide uniform or complete insertion of the 
microneedles into some areas of the skin in vivo, as the 
stratum corneum and underlying tissues are highly deform 
able and elastic over much of the body. 

[0011] It is therefore an object of the present invention to 
provide methods and devices for improving the control of 
microneedle insertion into the body of a patient. 

[0012] It is another object of the present invention to 
provide a microneedle device producing improved micron 
eedle insertion for relatively painless, controlled, safe, con 
venient transdermal delivery of drugs. 

[0013] It is a further object of the present invention to 
provide a microneedle device producing improved micron 
eedle insertion for controlled sampling of biological ?uids in 
a minimally-invasive, painless, and convenient manner. 
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SUMMARY OF THE INVENTION 

[0014] Microneedle devices and methods of use thereof 
are provided for the enhanced transport of molecules, 
including drugs and biological molecules, across tissue by 
improving the interaction of an array of microneedles and a 
deformable, elastic biological barrier, such as human skin. 
The devices and methods act to (1) limit the elasticity, (2) 
adapt to the elasticity, (3) utiliZe alternate Ways of creating 
the holes for the microneedles to penetrate the biological 
barrier, other than the simply direct pressure of the micron 
eedle substrate to the barrier surface, or (4) any combination 
of these methods. 

[0015] In preferred embodiments for limiting the elasticity 
of skin, the microneedle device includes features suitable for 
stretching, pulling, or pinching the skin to present a more 
rigid, less deformable, surface in the area to Which the 
microneedles are applied (i.e. penetrate). For example, a 
vacuum can be applied to the area of the skin at the site of 
microneedle application to pull it taut and/or pull the skin 
onto the tips of the microneedles. Alternatively or in addi 
tion, the elasticity of skin can be reduced by applying a thin 
?lm or membrane over the skin surface at the site of 
application, so as to keep the skin tight, limiting the ability 
of the skin to stretch at the application site. The micron 
eedles are then pushed through the ?lm or membrane and 
into the skin. 

[0016] In preferred embodiments for adapting the device 
to the elasticity of skin, the microneedles of the device 
include individual extensions or are provided in a curved 
three dimensional array, for example, by using a ?exible 
substrate and/or varying the height of the microneedles in 
the array. In another embodiment, the microneedles are 
applied to the skin surface at an increased velocity, thereby 
reducing the time available for the stratum corneum and 
underlying tissues to deform from contact With the tips or 
entire length of the microneedles. 

[0017] In a preferred embodiment for creating holes in the 
skin for microneedles, tiny holes are burned into the skin, for 
example, by heating of the tips of the microneedles and/or 
by using a laser. In another embodiment, a focused blast of 
high pressure gas is used to create the holes. 

[0018] Essentially all of the microneedle devices and 
methods described herein can be adapted to vibrate the 
microneedles and/or the skin to further enhance penetration. 
In a preferred embodiment, the microneedles include a 
lubricating material coated onto or incorporated into the 
microneedles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIGS. la-e are side cross-sectional vieWs of a 
method for making holloW microneedles. 

[0020] FIGS. 2a-g are side cross-sectional vieWs of a 
method for making a holloW microneedle. 

[0021] FIGS. 3a-a' are side cross-sectional vieWs illustrat 
ing a preferred method for making holloW microneedles. 

[0022] FIGS. 4a-a' are side cross-sectional vieWs illustrat 
ing a preferred method for making holloW silicon micro 
tubes. 

[0023] FIGS. 5a-e are side cross-sectional vieWs illustrat 
ing a preferred method for making holloW metal microtubes. 
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[0024] FIGS. 6a-d are side cross-sectional vieWs illustrat 
ing a preferred method for making tapered metal micron 
eedles. 

[0025] FIGS. 7a-a' are side cross-sectional vieWs illustrat 
ing a method for making tapered microneedles using laser 
formed molds. 

[0026] FIGS. 8a-f are side cross-sectional vieWs illustrat 
ing a second method for making tapered microneedles using 
laser-formed molds. 

[0027] FIG. 9 is a side elevational vieW of a schematic of 
an embodiment of the microneedle device inserted into 
undeformed skin. 

[0028] FIGS. 10a-d are illustrations of microneedle 
devices having various embodiments of microneedle exten 
sions. 

[0029] FIGS. 11a-c are cross-sectional vieWs illustrating 
microneedle devices having curved substrates (11a), varying 
microneedle height (11b), and linear microneedle arrays 
(11c). 
[0030] FIGS. 12a-c are cross-sectional vieWs illustrating 
preferred microneedle devices inserted into skin With altered 
elasticity. 
[0031] FIGS. 13a-c are cross-sectional vieWs illustrating 
preferred embodiments of microneedle devices Which can 
apply suction to skin at the site of insertion. 

[0032] FIGS. 14a-c are cross-sectional (14a-b) and per 
spective (14c) vieWs illustrating preferred embodiments of 
microneedle devices Which stretch the skin at the site of 
insertion. 

[0033] FIGS. 15a-c are cross-sectional vieWs illustrating 
examples of microneedle devices Which pinch the skin at the 
site of insertion. 

[0034] FIG. 16 is a cross-sectional vieW of a preferred 
embodiment of a microneedle device for use in localiZed 
heating of skin. 

[0035] FIG. 17 is a cross-sectional vieW of a preferred 
embodiment of a microneedle device having a microneedle 
reinforcing layer. 
[0036] FIGS. 18a-b are cross-sectional vieWs of a pre 
ferred embodiment of a microneedle device having a ?exible 
substrate in an unactivated position (18a) and an activated 
position (18b). 
[0037] FIG. 19 is a cross-sectional vieW a preferred 
embodiment of a microneedle device having arrays of 
microneedles With spaces betWeen the arrays. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0038] 1. Biological Barriers 

[0039] The devices disclosed herein are useful in transport 
of material into or across biological barriers including the 
skin (or parts thereof); the blood-brain barrier; mucosal 
tissue (e.g., oral, nasal, ocular, vaginal, urethral, gastrointes 
tinal, respiratory); blood vessels; lymphatic vessels; or cell 
membranes (e.g., for the introduction of material into the 
interior of a cell or cells). The biological barriers can be in 
humans or other types of animals, as Well as in plants, 
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insects, or other organisms, including bacteria, yeast, fungi, 
and embryos. The microneedle devices can be applied to 
tissue internally With the aid of a catheter or laparoscope. 
For certain applications, such as for drug delivery to an 
internal tissue, the devices can be surgically implanted. 

[0040] In a preferred embodiment, the microneedle device 
disclosed herein is applied to skin. The stratum corneum is 
the outer layer, generally betWeen 10 and 50 cells, or 
betWeen 10 and 20 pm thick. Unlike other tissue in the body, 
the stratum corneum contains “cells” (called keratinocytes) 
?lled With bundles of cross-linked keratin and keratohyalin 
surrounded by an extracellular matrix of lipids. It is this 
structure that is believed to give skin its barrier properties, 
Which prevents therapeutic transdermal administration of 
many drugs. BeloW the stratum corneum is the viable 
epidermis, Which is betWeen 50 and 100 pm thick. The 
viable epidermis contains no blood vessels, and it exchanges 
metabolites by diffusion to and from the dermis. Beneath the 
viable epidermis is the dermis, Which is betWeen 1 and 3 mm 
thick and contains blood vessels, lymphatics, and nerves. 

[0041] As used herein, references to using the microneedle 
devices on “skin” also include using the microneedle 
devices With other biological barriers unless expressly lim 
ited to only skin. 

[0042] 2. The Microneedle Device 

[0043] The microneedle devices disclosed herein include a 
substrate; one or more microneedles; and, optionally, a 
reservoir for delivery of drugs or collection of analyte, as 
Well as pump(s), sensor(s), and/or microprocessor(s) to 
control the interaction of the foregoing. The microneedle 
device preferably includes penetration enhancing features to 
alter or adapt to deformable and elastic biological barriers, 
such as the skin over much of the human body. 

[0044] 
[0045] The substrate of the device can be constructed from 
a variety of materials, including metals, ceramics, semicon 
ductors, organics, polymers, and composites. The substrate 
includes the base to Which the microneedles are attached or 
integrally formed. A reservoir may also be attached to the 
substrate. 

[0046] In one embodiment of the device, the substrate is 
formed from a thin, rigid material that is sufficiently stiff so 
as to force the attached microneedles through the biological 
barrier in such areas Where the barrier resists deformation by 
the microneedles. 

[0047] In a preferred embodiment of the device, the sub 
strate is formed from ?exible materials to alloW the device 
to ?t the contours of the biological barrier, and to adapt to 
barrier deformations that may occur When the microneedle 
device is applied. A ?exible device further facilitates more 
consistent penetration during use, since penetration can be 
limited by deviations in the attachment surface. For 
example, the surface of human skin is not ?at due to 
dermatoglyphics, i.e. tiny Wrinkles, and hair, and is highly 
deformable. The ?exible substrate can be deformed 
mechanically (for example, using an actuator or simply by 
?uid pressure) in order to pierce the biological barrier. 

[0048] b. Microneedle 

[0049] The microneedles of the device can be constructed 
from a variety of materials, including metals, ceramics, 

a. Substrate 
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semiconductors, organics, polymers, and composites. Pre 
ferred materials of construction include pharmaceutical 
grade stainless steel, gold, titanium, nickel, iron, gold, tin, 
chromium, copper, alloys of these or other metals, silicon, 
silicon dioxide, and polymers. Representative biodegradable 
polymers include polymers of hydroxy acids such as lactic 
acid and glycolic acid polylactide, polyglycolide, polylac 
tide-co-glycolide, and copolymers With PEG, polyanhy 
drides, poly(ortho)esters, polyurethanes, poly(butyric acid), 
poly(valeric acid), and poly(lactide-co-caprolactone). Rep 
resentative non-biodegradable polymers include polycar 
bonate, polymethacrylic acid, ethylenevinyl acetate, poly 
tetra?uoroethylene (TEFLONTM), and polyesters. 
[0050] Generally, the microneedles should have the 
mechanical strength to remain intact for delivery of drugs, or 
serve as a conduit for the collection of biological ?uid, While 
being inserted into the skin, While remaining in place for up 
to a number of days, and While being removed. In embodi 
ments Where the microneedles are formed of biodegradable 
polymers, hoWever, this mechanical requirement is less 
stringent, since the microneedles or tips thereof can break 
off, for example in the skin, and Will biodegrade. Nonethe 
less, even a biodegradable microneedle still needs to remain 
intact at least long enough for the microneedle to serve its 
intended purpose (e.g., its conduit function). Therefore, 
biodegradable microneedles can provide an increased level 
of safety, as compared to nonbiodegradable ones. 

[0051] The microneedles can be formed of a nonporous 
solid, a porous solid (With or Without a sealed coating or 
exterior portion), or holloW. As used herein, the term 
“porous” means having pores or voids throughout at least a 
portion of the microneedle structure, suf?ciently large and 
suf?ciently interconnected to permit passage of ?uid and/or 
solid materials through the microneedle. As used herein, the 
term “holloW” means having one or more substantially 
annular bores or channels through the interior of the micron 
eedle structure, having a diameter suf?ciently large to permit 
passage of ?uid and/or solid materials through the micron 
eedle. The annular bores may extend throughout all or a 
portion of the needle in the direction of the tip to the base, 
extending parallel to the direction of the needle or branching 
or exiting at a side of the needle, as appropriate. A solid or 
porous microneedle can be holloW. One of skill in the art can 
select the appropriate porosity and/or bore features required 
for speci?c applications. For example, one can adjust the 
pore siZe or bore diameter to permit passage of the particular 
material to be transported through the microneedle device. 
The inner surface of the bore of holloW microneedles can be 
made rough to enhance cell membrane disruption for those 
applications in Which cell disruption is useful. 

[0052] The microneedles can have straight or tapered 
shafts. A holloW microneedle that has a substantially uni 
form diameter, Which needle does not taper to a point, is 
referred to herein as a “microtube.” As used herein, the term 
“microneedle” includes both microtubes and tapered needles 
unless otherWise indicated. In one embodiment, the diameter 
of the microneedle is greatest at the base end of the micron 
eedle and tapers to a point at the end distal the base. The 
microneedle can also be fabricated to have a shaft that 
includes both a straight (untapered) portion and a tapered 
portion. 
[0053] The microneedles can be formed With shafts that 
have a circular cross-section in the perpendicular, or the 
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cross-section can be non-circular. For example, the cross 
section of the microneedle can be polygonal (e.g. star 
shaped, square, triangular), oblong, or another shape. The 
shaft can have one or more bores. The cross-sectional 

dimensions typically are betWeen about 10 nm and 1 mm, 
preferably betWeen 1 micron and 200 microns, and more 
preferably betWeen 10 and 100 pm. The outer diameter is 
typically betWeen about 10 pm and about 100 pm, and the 
inner diameter is typically betWeen about 3 pm and about 80 
pm. 

[0054] The length of the microneedles typically is betWeen 
about 1 pm and 1 mm, preferably betWeen 10 microns and 
500 microns. The length is selected for the particular appli 
cation, accounting for both an inserted and uninserted por 
tion. An array of microneedles can include a mixture of 
microneedles having, for example, various lengths, outer 
diameters, inner diameters, cross-sectional shapes, and spac 
ing betWeen the microneedles. 

[0055] The microneedles can be oriented perpendicular or 
at an angle to the substrate. Preferably, the microneedles are 
oriented perpendicular to the substrate so that a larger 
density of microneedles per unit area of substrate is pro 
vided. An array of microneedles can include a mixture of 
microneedle orientations, heights, or other parameters. 

[0056] 
[0057] The microneedle device may include a reservoir in 
communication With the microneedles. The reservoir can be 
attached to the substrate by any suitable means. In a pre 
ferred embodiment, the reservoir is attached to the back of 
the substrate (opposite the microneedles) around the periph 
ery, using an adhesive agent (e.g., glue). A gasket may also 
be used to facilitate formation of a ?uid-tight seal. 

[0058] In a preferred embodiment, the reservoir contains 
drug, for delivery through the microneedles. The reservoir 
may be a holloW vessel, a porous matrix, or a solid form 
including drug Which is transported therefrom. The reservoir 
can be formed from a variety of materials that are compat 
ible With the drug or biological ?uid contained therein. 
Preferred materials include natural and synthetic polymers, 
metals, ceramics, semiconductors, organics, and composites. 
In one embodiment, the reservoir is a standard syringe. 

c. Reservoir 

[0059] The microneedle device can include one or a 
plurality of chambers for storing materials to be delivered. 
In the embodiment having multiple chambers, each can be 
in ?uid connection With all or a portion of the microneedles 
of the device array. In one embodiment, at least tWo cham 
bers are used to separately contain drug (e.g., a lyophiliZed 
drug, such as a vaccine) and an administration vehicle (e.g., 
saline) in order to prevent or minimiZe degradation during 
storage. Immediately before use, the contents of the cham 
bers are mixed. Mixing can be triggered by any means, 
including, for example, mechanical disruption (i.e. punctur 
ing or breaking), changing the porosity, or electrochemical 
degradation of the Walls or membranes separating the cham 
bers. In another embodiment, a single device is used to 
deliver different drugs, Which are stored separately in dif 
ferent chambers. In this embodiment, the rate of delivery of 
each drug can be independently controlled. 

[0060] In a preferred embodiment, the reservoir should be 
in dire contact With the microneedles and have holes through 
Which drug could exit the reservoir and flow into the interior 
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of holloW or porous microneedles. In another preferred 
embodiment, the reservoir has holes Which permit the drug 
to transport out of the reservoir and onto the skin surface. 
From there, drug is transported into the skin, either through 
holloW or porous microneedles, along the sides of solid 
microneedles, or through pathWays created by microneedles 
in the skin. 

[0061] d. Transport Control Components 

[0062] The microneedle device also must be capable of 
transporting material across the barrier at a useful rate. For 
example, the microneedle device must be capable of deliv 
ering drug across the skin at a rate sufficient to be thera 
peutically useful. The device may include a housing With 
microelectronics and other micromachined structures to 
control the rate of delivery either according to a prepro 
grammed schedule or through active interface With the 
patient, a healthcare professional, or a biosensor. The rate 
can be controlled by manipulating a variety of factors, 
including the characteristics of the drug formulation to be 
delivered (e.g., its viscosity, electric charge, and chemical 
composition); the dimensions of each microneedle (e.g., its 
outer diameter and the area of porous or holloW openings); 
the number of microneedles in the device; the application of 
a driving force (e.g., a concentration gradient, a voltage 
gradient, a pressure gradient); and the use of a valve. 

[0063] The rate also can be controlled by interposing 
betWeen the drug in the reservoir and the opening(s) at the 
base end of the microneedle polymeric or other materials 
selected for their diffusion characteristics. For example, the 
material composition and layer thickness can be manipu 
lated using methods knoWn in the art to vary the rate of 
diffusion of the drug of interest through the material, thereby 
controlling the rate at Which the drug ?oWs from the 
reservoir through the microneedle and into the tissue. 

[0064] Transportation of molecules through the micron 
eedles can be controlled or monitored using, for example, 
various combinations of valves, pumps, sensors, actuators, 
and microprocessors. These components can be produced 
using standard manufacturing or microfabrication tech 
niques. Actuators that may be useful With the microneedle 
devices disclosed herein include micropumps, microvalves, 
and positioners. In a preferred embodiment, a microproces 
sor is programmed to control a pump or valve, thereby 
controlling the rate of delivery. 

[0065] How of molecules through the microneedles can 
occur based on diffusion, capillary action, or can be induced 
using conventional mechanical pumps or nonmechanical 
driving forces, such as electroosmosis or electrophoresis, or 
convection. For example, in electroosmosis, electrodes are 
positioned on the biological barrier surface, one or more 
microneedles, and/or the substrate adjacent the needles, to 
create a convective flow which carries oppositely charged 
ionic species and/or neutral molecules toWard or into the 
biological barrier. In a preferred embodiment, the micron 
eedle device is used in combination With another mechanism 
that enhances the permeability of the biological barrier, for 
example by increasing cell uptake or membrane disruption, 
using electric ?elds, ultrasound, chemical enhancers, 
vacuum viruses, pH, heat and/or light. 

[0066] Passage of the microneedles, or drug to be trans 
ported via the microneedles, can be manipulated by shaping 
































