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(57) ABSTRACT 

Methods are provided for fabricating three-dimensional 
electrically conductive structures. Three-dimensional elec 
trically conductive microstructures are also provided. The 
method may include providing a mold having at least one 
microdepression which defines a three-dimensional struc 
ture; filling the microdepression of the mold with at least one 
Substrate material; molding the at least one substrate mate 
rial to form a substrate; and depositing and patterning of at 
least one electrically conductive layer either during the 
molding process or Subsequent to the molding process to 
form an electrically conductive structure. In one embodi 
ment, the three-dimensional electrically conductive micro 
structure comprises an electrically functional microneedle 
array comprising two or more microneedles, each including 
a high aspect ratio, polymeric three dimensional Substrate 
structure which is at least substantially coated by an elec 
trically conductive layer. 
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METHOD FOR MAKING ELECTRICALLY 
CONDUCTIVE THREE-DIMIENSIONAL 

STRUCTURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims benefit of U.S. Provisional 
Application No. 60/809,049, filed May 26, 2006. That 
application is incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

0002 This invention was made with U.S. government 
support under Contract No. 2 R44 AI055212-02 awarded by 
the National Institute of Health. The U.S. government has 
certain rights in the invention. 

FIELD OF THE INVENTION 

0003. The present invention relates generally to methods 
for making electrically functional three-dimensional struc 
tures, including high-aspect ratio structures, and more par 
ticularly to microscale structures made by applying and 
patterning electrically conductive layers onto Substrates. 

BACKGROUND OF THE INVENTION 

0004 Electrically functional three-dimensional struc 
tures have a variety of uses in biomedical, chemical, physi 
cal, and electronic applications. Non-limiting examples of 
these applications include electrically active microneedle 
arrays for transdermal gene therapy or drug delivery by 
electroporation, high-aspect-ratio metal pillar arrays for 
Solid fuel combustion, and electromagnetically radiating 
antenna arrays, among other uses. 
0005. In many of these applications, miniaturization cre 
ates the need for high-aspect-ratio (i.e., height divided by 
width) conductive structures. For example, in microneedle 
applications high-aspect-ratio structures are preferred for 
their rigidity and consequent ability to penetrate human skin 
in vivo. In electrical applications, circuit densities continue 
to increase. As the circuits become smaller, the widths of 
vias, contacts, and other features, as well as the dielectric 
materials between them all decrease significantly, whereas 
the thickness of the dielectric layers remains substantially 
constant. The result being that many features take on 
increasingly larger aspect ratios. While conventional struc 
tures have been created through well-known techniques such 
as micromachining of Solid conductors, these approaches are 
not cost-effective and therefore cannot be scaled to larger 
production. 
0006 Electrodeposition has been proposed as an eco 
nomically viable alternative for making conductive three 
dimensional structures. Metal electrodeposition is generally 
well-known and can be achieved by a variety of techniques. 
A typical method generally comprises depositing a barrier 
layer over the feature Surfaces, depositing a conductive 
metal seed layer over the barrier layer, and then electroplat 
ing a conductive metal over the seed layer to cover the 
structure. An example of this technique is described in U.S. 
Pat. No. 7,196.666 by Allen et al., entitled “Surface Micro 
machined Millimeter-Scale RF System and Method, the 
disclosure of which is incorporated herein by reference. 
Although electrodeposition may provide cost savings over 
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micromachining of solid conductive structures, an additional 
challenge exists in patterning high-aspect-ratio three-dimen 
sional structures due to difficulty in non-planar Surface 
patterning using conventional lithographic approaches. It 
therefore would be desirable to provide improved methods 
of efficiently fabricating electrically-conductive structures, 
particularly high-aspect-ratio structures, in a process that 
can be scaled for mass-production. 

SUMMARY OF THE INVENTION 

0007 Methods are provided for fabricating three-dimen 
sional electrically conductive structures. Three-dimensional 
electrically conductive microstructures are also provided. 

0008. In one aspect, a method for fabricating a three 
dimensional, electrically conductive structure comprises 
providing a mold having at least one microdepression which 
defines a three-dimensional structure; depositing and pat 
terning at least one electrically conductive layer within 
microdepression of the mold; filling the microdepression of 
the mold with at least one substrate material; molding the at 
least one substrate material to form a substrate on top of the 
at least one electrically conductive layer, and transferring 
the at least one electrically conductive layer to the substrate 
to form an electrically conductive structure. The method 
may further comprise removing the electrically conductive 
structure from the mold. In one embodiment, the method 
may further comprise electroplating onto the electrically 
conductive layer. In still another embodiment, the patterning 
comprises removing selectively the electrically conductive 
layer from protruding and/or recessed Surfaces of the mold. 

0009. In another aspect, a method is provided for fabri 
cating a three-dimensional, electrically conductive structure 
which includes the steps of providing a mold having at least 
one microdepression which defines a three-dimensional 
structure; filling the microdepression of the mold with at 
least one substrate material; molding the Substrate material 
to form a Substrate structure; and depositing at least one 
electrically conductive layer onto the substrate structure by 
directional deposition to form an electrically conductive 
Structure. 

0010. In still another aspect, a method is provided for 
fabricating a three-dimensional, electrically conductive 
structure which includes the steps of providing a mold 
having at least one microdepression which defines the 
Surface of a three-dimensional structure; filling the microde 
pression of the mold with at least one substrate material; 
molding the Substrate material to form a Substrate structure; 
depositing a conductive seed layer onto the Substrate struc 
ture; patterning the conductive seed layer using a laser 
ablation or other selective ablation technique; and electro 
plating an electrically conductive layer onto the patterned 
seed layer to form a electrically conductive structure. In one 
embodiment, the molding comprises a solvent casting or 
melt casting technique. 

0011. In one embodiment, the mold comprises a photo 
resist. In one embodiment, the Substrate material may be 
Substantially non-electrically conductive. For example, in 
one embodiment the Substrate material comprises a polymer. 
In one embodiment, the electrically conductive layer com 
prises nickel, iron, gold, titanium, copper, platinum, palla 
dium, a stainless steel, or an alloy thereof. 
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0012. In one embodiment, the at least one microdepres 
sion of the mold defines a high-aspect ratio three-dimen 
sional structure. In a particular embodiment, the electrically 
conductive structure has an aspect ratio of greater than about 
4:1. 

0013 In one embodiment, the conductive seed layer 
comprises an alloy of titanium and copper. The electroplated 
electrically conductive layer may comprise, for example, a 
metal selected from the group consisting of nickel, iron, 
gold, titanium, copper, platinum, palladium, stainless steels, 
and alloys thereof. The electroplated electrically conductive 
layer may include, for example, nickel. 
0014. In another aspect, an electrically functional 
microneedle array is provided. The electrically functional 
microneedle array may include two or more microneedles 
extending from a base, wherein each microneedle comprises 
a high aspect ratio, polymeric three dimensional Substrate 
structure which is coated, at least Substantially, by an elec 
trically conductive layer. The two or more microneedles may 
have an aspect ratio of greater than about 4:1. 
0015. In certain embodiments, the substrate structure of 
the microneedle array comprises a polymer. For example, 
the polymer may be selected from the group consisting of 
polymethylmethacrylate, polycarbonate, polystyrene, poly 
ethylene terphthalate, polyethylene, polyvinylchloride, 
cyclic olefin copolymer, polyurethane, polyamide, polysul 
fone, polylactide, polyglycolide, poly(lactic-co-glycoli 
c)acid, polyacrylonitrile, copolymers thereof and blends 
thereof. 

0016. In one embodiment, the conductive layer of the 
microneedle array comprises a metal layer having a thick 
ness of between about 10 and about 50 microns. In one 
embodiment, the microneedles may be tapered. In one 
embodiment, the two or more microneedles of the micron 
eedle array are electrically isolated from each other. 
0017. In one embodiment, the microneedles of the 
microneedle array further comprise a coating which includes 
a biological macromolecule. In certain embodiments, the 
biological macromolecule comprises DNA, RNA, a protein, 
or a peptide. 
0018 Methods are also provided for making microneedle 
arrays. In one embodiment, the method includes the steps of 
providing a mold having at least one microdepression which 
defines a high-aspect ratio three-dimensional structure; 
depositing and patterning at least one electrically conductive 
layer within microdepression of the mold; filling the 
microdepression of the mold with at least one substrate 
material; molding the at least one Substrate material to form 
a substrate on top of the at least one electrically conductive 
layer; and transferring the at least one electrically conduc 
tive layer to the Substrate, thereby forming a high-aspect 
ratio, electrically conductive array structure. 
0019. In another embodiment, the method includes the 
steps of providing a mold having at least one microdepres 
sion which defines a high-aspect ratio three-dimensional 
structure; filling the microdepression of the mold with at 
least one Substrate material; molding the Substrate material 
to form a high-aspect ratio Substrate structure; and deposit 
ing at least one electrically conductive layer onto the high 
aspect ratio Substrate structure by directional deposition to 
form a high-aspect ratio, electrically conductive array struc 
ture. 
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0020. In still another embodiment, the method includes 
the steps of providing a mold having at least one microde 
pression which defines the surface of a three-dimensional 
structure; filling the microdepression of the mold with at 
least one substrate material; molding the Substrate material 
to form a high-aspect ratio Substrate structure; depositing a 
conductive seed layer onto the high-aspect ratio Substrate 
structure; patterning the conductive seed layer using a laser 
ablation or other selective ablation technique; and electro 
plating an electrically conductive layer onto the patterned 
seed layer to form a high-aspect ratio, electrically conduc 
tive structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 FIG. 1 is a schematic illustration of a micromold 
ing technique including the fabrication of a master structure 
(a), fabrication of a master mold from the master structure 
followed by metal deposition and patterning (b), and for 
mation of a three-dimensional metal-patterned polymeric 
microstructure (c) in accordance with a particular embodi 
ment. 

0022 FIG. 2 is a schematic illustration of a method for 
fabricating an electrically conductive, three-dimensional 
structure in accordance with a particular embodiment. 
0023 FIG. 3 is a schematic illustration of a method for 
fabricating an electrically conductive, three-dimensional 
structure in accordance with a particular embodiment. 
0024 FIG. 4 is a schematic illustration of a method for 
depositing and patterning an electrically conductive layer 
within a mold using a shadow mask approach in accordance 
with a particular embodiment. 
0.025 FIG. 5 is a schematic illustration of a method for 
fabricating a three-dimensional conductive structure in 
accordance with a particular embodiment. 
0026 FIG. 6 is a schematic illustration of a method for 
fabricating a three-dimensional conductive structure in 
accordance with a particular embodiment 
0027 FIG. 7 is a schematic illustration of electroporation 
using a microneedle array connected to electrical circuitry in 
accordance with a particular embodiment. 
0028 FIG. 8 is a graph illustrating the hemoglobin 
released from red blood cells (as a percentage of red blood 
cell lysis) after electroporation with a microneedle array. 
0029 FIG. 9 is a schematic illustration of the electric 
field distribution of a microneedle array created by a three 
dimensional finite element (FE) model. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0030 Methods have been developed for coating conduc 
tive metals over various moldable, e.g., polymeric, Sub 
strates that allows efficient construction of complex 3-D 
structures, including high-aspect-ratio structures. Advanta 
geously, once a master mold master has been made, several 
thousand parts can be molded with little effort. In addition, 
the cost of the raw material in most cases is negligible 
because only small material quantities are required for 
microdevice fabrication. Therefore, parts fabricated by 
micro molding, even from high-end materials, are Suitable 
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for applications requiring low-cost and disposable compo 
nents. The methods provide conductive, high aspect ratio 
three-dimensional structures. 

0031. In one embodiment, the method includes the 
depositing and patterning of a metal layer, molding of a 
substrate, and the fusing of the metal layer to the substrate 
for structural stability. In another embodiment, the deposit 
ing and patterning may occur Subsequent to the molding of 
the substrate by direct metal deposition onto the molded 
Substrate or by deposition and laser patterning of a metal 
seed layer onto the molded substrate. These methods allow 
for the fabrication mass-production of high-aspect ratio 
conductive structures in an economical manner. 

I. Three Dimensional Metal Transfers 

0032. In one embodiment, the method of fabricating a 
three-dimensional conductive structure comprises a three 
dimensional metal transfer molding technique by metalliza 
tion of a negative form of a master mold (illustrated in FIG. 
1). The three-dimensional metal transfer method (illustrated 
in FIG. 2) comprises (A-B) providing a mold having at least 
one microdepression defining the Surface of a three-dimen 
sional structure; (C-D) depositing and patterning a metal 
layer within the mold; filling the metal-patterned mold with 
a substrate; and (E-F) transferring the metal layer to the 
Substrate to obtain a three-dimensional conductive structure. 

0033. The metal layer may be patterned during metal 
deposition using a shadow mask or alternatively may be 
patterned after metal deposition using other methods well 
known to those of ordinary skill in the art (e.g., selective 
etching combined with lithography, lift-offs, or the like). The 
patterning of the metal layer also may be aided by integrated 
features of the mold, such as protrusions allowing selective 
removal of portions of the metal by external contact with an 
adhesive plate. The pre-patterned metal layer Subsequently 
may be transferred from the mold surface to a high surface 
energy casting material during the molding/demolding pro 
CCSS, 

0034) Fabrication of a Master Mold 
0035. The master mold generally may be prepared from 
a master structure fabricated using conventional or modified 
photolithographic techniques. In an exemplary embodiment, 
illustrated in FIG. 3, the master comprises a rigid SU-8 mold 
fabricated using inclined UV lithography to form negative 
concave shapes of various depths (see, e.g., Han et al., 
Sensors and Actuators A 111: 14-20 (2004); Sato et al., 
Sensors & Actuators. A 111:87-92 (2004); and Yoon et al., 
Proceedings IEEE MEMS Conf. 227-30 (2003)). 
0.036 Briefly described, the master structure may be 
fabricated by depositing a layer of thick, ultraviolet (UV)- 
sensitive photoresist such as SU-8 epoxy onto a substrate. A 
lithographic mask may then be used to photoexpose the 
epoxy in an inclined manner Such as that described by Yoon 
et al., IEEE Journal of Microelectromechanical Systems 
15(5): 1121-30 (2006), the disclosure of which is incorpo 
rated herein by reference (FIG. 3A). After development of 
the resist, cavities may be formed in the SU-8 substrate, the 
size and depth of which depend on the angle of inclination 
of exposure and the features on the lithographic mask (FIG. 
3B). 
0037. The master structure may be used to produce a 
mold master from polydimethylsiloxane (PDMS) or other 
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Suitable material (such as Ni in the case of electroplating). 
The PDMS may be molded in the master structure by filling 
the master structure with the PDMS and curing the PDMS 
at a temperature of about 80° C. for about 4 hours before 
removing the master mold from the master structure (FIG. 
3C). The mold master then may be used to create a mold 
comprising a flexible replica of the original rigid master 
structure using a material such as PDMS due to both its low 
modulus and low surface energy (FIG. 3D). The resulting 
mold optionally may be metallized and patterned, as 
described hereinbelow, prior to molding of a substrate (FIG. 
3E) to obtain a three-dimensional structure (FIG. 3F). 
0038. Depositing and Patterning of Metal 
0039. In one embodiment, a metal layer may be deposited 
to a desired thickness within the mold described hereinabove 
(FIG. 2C). Essentially any suitable metal deposition tech 
nique known in the art may be used. A non-limiting example 
is a sputter-deposition technique and simultaneous or Sub 
sequent patterning of the metal layer. In one embodiment, 
the patterning may be achieved by utilizing the engineered 
nonplanarity of the mold to realize the metal patterning in a 
self-aligned fashion, although conventional techniques for 
patterning also may be used. The mold may be prepared with 
integral protrusions in the area where metal ultimately may 
be removed, which is on the uppermost surfaces of the mold, 
allowing the metal layer to be isolated electrically by 
contacting the metal layer on the Surface of the mold with a 
substantially flat smooth sticky surface or with a high 
surface energy plate (FIG. 2D-E). Nonplanar molds and 
complimentary-shaped or formable nonplanar high Surface 
energy plates also may be used for the electrical isolation. In 
another embodiment, patterning may be accomplished by 
using a spin-coated ultra-thin layer of stereo lithography 
apparatus (SLA) resin or polyurethane (PU) on a smooth 
substrate. After the polymer is cured, the gold on the top 
surface of the PDMS is transferred to the polymer surface. 
0040. In still another embodiment, the metal layer may be 
deposited and patterned within the mold using a shadow 
mask approach (FIG. 4). The shadow mask may be formed 
from using materials and techniques well known to ordinary 
skill of the art. In one embodiment, a shadow mask may be 
aligned with the mold and a patterned metal layer deposited 
within the mold (FIG. 4A). The substrate then may be cast 
into the mold and cured (FIG. 4B) using the methods 
described hereinbelow to obtain a three-dimensional sub 
strate (FIG. 4C). 
0041) Final Molding 
0042. After fabrication of the mold and the optional 
deposition and patterning of a metal layer, a Substrate may 
be cast into the mold and cured using any suitable technique 
to obtain a three-dimensional substrate (FIG. 2E & FIG.3E). 
For example, the Substrate may be cast into the mold using 
Solvent casting, melt casting, or reactive casting and Solidi 
fied by reactive, thermal, or UV curing. 
0043. Upon separation of the three-dimensional substrate 
from the mold (FIGS. 2F & 3F), the optional patterned metal 
layer may be transferred to the surface of the three-dimen 
sional structure to provide a conductive three-dimensional 
structure. Electroplating optionally may be performed Sub 
sequent to removal of the three-dimensional substrate from 
the mold to increase the thickness of the metal layer. 
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0044) In embodiments wherein the microdepression has 
an aspect ratio of less than about 3:1, the metal may be 
conformally deposited within the surface of the mold using 
a sputtering machine without difficulty. In embodiments 
wherein the microdepression has an aspect ratio of greater 
than about 3:1, non-conformal metal coating may occur 
within deeper portions of the mold and an additional metal 
deposition step may be required Subsequent to the three 
dimensional metal transfer molding/demolding step. 

II. Molding of Three-Dimensional Structures and Direc 
tional Metallization 

0045. In another embodiment, the method of fabricating 
a three-dimensional conductive structure (FIG. 5) comprises 
(A) providing a mold having at least one microdepression 
defining the surface of a three-dimensional structure; (B) 
filing the mold with a substrate to form a three-dimensional 
Substrate; and (C-D) directly depositing and patterning a 
metal layer onto the three-dimensional Substrate. 

0046) The mold is prepared from a master structure (FIG. 
5A) made from a material chosen for its ability to generate 
a high aspect ratio structure as well as for its mechanical 
robustness. A material such as PDMS is then cast against the 
master structure and cured before removing the mold from 
the master structure. The resulting mold comprises a nega 
tive microdepression of the master structure. 

0047 The substrate may be cast into the mold and cured 
using any suitable technique to obtain the three-dimensional 
substrate (FIG. 5B). For example, the substrate may be cast 
into the mold using solvent casting, melt casting, or reactive 
casting and solidified by reactive, thermal, or UV curing. 

0.048. The resulting three-dimensional substrate then may 
be removed from the mold and a titanium layer and a copper 
layer with thicknesses of 20 nm and 50 nm, respectively, 
may be deposited on the three-dimensional Substrate using a 
directional metal deposition tool (FIG. 5C). Non-limiting 
examples of Suitable directional metal deposition tools 
include a thermal evaporator and an e-beam evaporator. The 
three-dimensional substrate then may be electrically isolated 
as desired. The titanium and copper metal layers on the 
Surface of three-dimensional Substrate act as a seed layer for 
Subsequent electroplating on the Surface of the three-dimen 
sional substrate if desired. For example, a Nilayer with a 
thickness of 25 um may be electroplated on the seed layer to 
strengthen the mechanical rigidity of the three-dimensional 
substrate. 

III. Laser Machining Combined with Subsequent Elec 
trodeposition 

0049. In another embodiment of the method of fabricat 
ing a three-dimensional conductive structure illustrated in 
FIG. 6, laser machining may be combined with Subsequent 
electrodeposition of a metal layer. This method permits 
patterning of an electrical conductive layer on an organic 
Substrate or on an inorganic Substrate. 

0050. A micromachined master structure may be pre 
pared by spinning a photoresist on a glass Substrate bearing 
a mask pattern, baking, and then exposing the photoresist 
from the backside to form a three-dimensional microma 
chined master structure which may be modified using meth 
ods such as reactive ion etching (not shown). 
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0051. A material such as PDMS may be cast onto the 
micromachined master structure to form a mold (FIG. 6A) 
into which a substrate may be cast and cured to obtain a 
three-dimensional substrate (FIG. 6B). A titanium and cop 
per seed layer with thicknesses of 20 nm and 50 nm, 
respectively, may be deposited on the three-dimensional 
substrate by DC sputtering and patterned by excimer laser 
ablation (FIG. 6C). A metal layer may be electroplated on 
the patterned seed layer to enhance structural rigidity (FIG. 
6D) and an electrical may be made between the three 
dimensional Substrate and external electronics using a back 
side connection (FIG. 6E). 
IV. Conductive Three-Dimensional Structures and Uses 

0052 A wide variety of electrically conductive three 
dimensional structures, e.g., microstructures, can be made 
with the methods described herein. In a preferred embodi 
ment, the structures are high-aspect ratio structures. For 
example, the methods may be used to make a single high 
aspect ratio three dimensional structure or to make multiple 
high-aspect ratio three dimensional structures, such as in an 
array of two or more of the conductive structures. As used 
herein, the term “high aspect ratio” means that the metal 
coated three dimensional structure has an aspect ratio 
(height:width) greater than about 3:1. In a preferred embodi 
ment, the aspect ratio is 4:1 or greater (e.g., 5:1, 8:1, or 
15:1). In one embodiment, the aspect ratio is between 4:1 
and 10:1. Other lengths, widths, and aspect ratios are envi 
Sioned. 

0053. In various embodiments, the 3D structure may 
have a length of between about 50 um and about 5000 um, 
preferably between about 100 um and about 1500 um, and 
more preferably between about 200 um and about 1000 um. 
In one embodiment, the length of the structure is about 750 
um. In various embodiments, the base portion of the struc 
ture has a width or cross-sectional dimension between about 
20 um and about 500 um, preferably between about 50 um 
and about 350 um, more preferably between about 100 um 
and 250 um. 
0054. In a preferred embodiment, an electrically func 
tional microneedle array is provided. In one embodiment, 
the microneedle array includes two or more microneedles 
extending from a base, wherein each microneedle comprises 
a high aspect ratio, non-conducting three dimensional Sub 
strate structure which is coated by a conductive metal layer. 
The metal coating may cover all or some lesser majority 
portion of the microneedles. In one embodiment, the coating 
may not be continuous between Some or all of the micron 
eedles, such that two or more microneedles are electrically 
isolated from each other. 

0055. The microneedles may have a straight or tapered 
shaft. In one embodiment, the diameter of the microneedle 
is greatest at the base end of the microneedle and tapers to 
a point at the end distal the base. The microneedles may also 
have a shaft that includes both a straight (i.e., untapered) 
portion and a tapered portion. The microneedles may be 
formed with shafts that have a lateral cross-sectional shape 
that is circular or non-circular. That is, the lateral periphery 
may be round or have a polygon shape. In one embodiment, 
the microneedle device includes a Substantially planar base 
from which one or more microneedles extend, typically in a 
direction normal (i.e., perpendicular or 'out-of-plane) to the 
base. The tip portion of the microneedles may be symmetri 
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cal or asymmetrical about the longitudinal axis of the shaft. 
The tips may be beveled, tapered, squared-off or rounded, 
depending upon the particular application. 
0056. The substrate structure may comprise a polymer, 
ceramic, or other moldable electrical insulator material. This 
Substructure may be made from a variety of materials, 
including thermoplastic polymers, thermoset polymers, bio 
degradable polymers, precursor polymers to carbons and 
ceramics, polymer composites, polymer blends, and inter 
penetrating polymer networks, among others. Representa 
tive examples of suitable polymeric substrate materials 
include poly(lactide)S. poly(glycolide)S. poly(lactide-co 
glycolide)S. poly(lactic acid)S. poly(glycolic acid)S. poly 
(lactic acid-co-glycolic acid)S. polyanhydrides, polyorthoe 
sters, polyetheresters, polyesters (e.g., polyethylene 
terephthalate and polycarbonate), polycaprolactones, poly 
esteramides, poly(butyric acid), poly(Valeric acid), polyure 
thanes, polyacrylates (e.g., polymethylmethacrylate), poly 
mers of ethylene-vinyl acetates and other acyl substituted 
cellulose acetates, polyamides, polyimides, polystyrenes, 
polysulfones, polyvinyl chloride, polyvinyl fluoride, poly 
(vinyl imidazole), chlorosulphonate polyolefins, polyethyl 
ene oxide, epoxies, blends and copolymers thereof. 
0057. In one embodiment, the high-aspect ratio three 
dimensional structures are in the form of a microneedle 
array for biomedical applications, such as for insertion into 
or through a biological tissue. The microneedle may be 
tailored to provide, among other things, the mechanical 
strength to remain intact while being inserted into the skin, 
while remaining in place during its functional period, and 
while being removed. 
0.058. The microneedle optionally may include a releas 
able coating material on the Surface of the microneedles. In 
one embodiment, the coating may include a plurality of 
discrete microparticles or other particles. The coating may 
consist only of these particles, packed together to form a 
coating once a solvent of the coating liquid has been 
volatilized. Alternatively, these particles may be dispersed 
within a continuous matrix material. Examples of the par 
ticles or microparticles that may form part or all of the 
coating include Solid or gel-like organic or inorganic com 
pounds in a non-dissolving solvent. 

0059. In one embodiment, the microneedle array includes 
a coating which comprises a biological macromolecule. Such 
as a pharmaceutical macromolecule. Non-limiting examples 
of possible biological macromolecules include therapeutic 
or prophylactic proteins, peptides, genetic material Such as 
plasmid DNA and oligonucleotides, vaccines, cells, virus 
particles, prions, or combinations thereof. Coated micron 
eedles are also particularly attractive for vaccine delivery to 
the skin, because antigens can be targeted to epidermal 
Langerhans cells and dermal dendritic cells for a more 
potent immune response. In another embodiment, the coat 
ing comprises nanoparticles for delivery into the skin of a 
patient in need thereof. In one case, drug molecules are 
incorporated into a microparticle or nanoparticles form. In 
one embodiment, the coating is applied as taught in PCT 
Application Publication No. WO 2006/138719 by Gill & 
Prausnitz. 

0060. In accordance with another aspect of the invention, 
an electrode assembly is provided that includes an array of 
the electrically functional, high-aspect ratio three-dimen 
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sional structures made as described herein. In one embodi 
ment, the electrode assembly is part of an electroporation 
apparatus for the delivery of molecules into biological cells, 
in vitro or in vivo. In one embodiment, the apparatus 
includes the electrode assembly, a holder for the electrode 
assembly, and a waveform generator, which may provide 
pulse waveforms. The array of electrodes of the electrode 
assembly may be electrically connected to the waveform 
generator through electrically conductive pathways. The 
electrodes desirably are coated with a biological macromol 
ecule or other active agent useful in a medical therapy or 
prophylaxis. For example, the electrode arrays having a 
high-aspect ratio three-dimensional structure as described 
herein may be adapted for use with the methods and appa 
ratus described in U.S. Pat. No. 6,713,291 to King et al. and 
in U.S. Patent Application Publication No. 2004/0203124 to 
King et al. 
0061. In still other aspects of the present invention, 
electrically functional, high-aspect ratio three-dimensional 
structures made as described herein may be used in metal 
pillar arrays for Solid fuel combustion, electromagnetically 
radiating antenna arrays, and other micro-electronics. 
0062) The present invention may be further understood 
with reference to the following non-limiting examples. 

EXAMPLE 1. 

Microneedle Fabrication 

0063 A microneedle device including a 16x16 array of 
electrically active microneedles was fabricated with adja 
cent microneedle rows electrically isolated. The height of 
the microneedles was 400 um, bottom diameter was 100 um, 
and pitch between microneedles was 250 lum. 
0064. The microneedle device was fabricated by mold 
replication from a micromachined master. To fabricate the 
master structure, SU-8 was spun on a glass Substrate bearing 
an array mask pattern, baked, and then exposed from the 
backside to form the tapered needle structure. The micron 
eedles were sharpened by RIE etching. A PDMS (polydim 
ethylsiloxane) mold was copied from the master (FIG. 6A) 
and a PMMA (polymethylmethacrylate) microneedle array 
(FIG. 6B) was formed by solvent-casting and then released 
from the mold. 

0065. The PMMA was prepared from a PMMA powder 
(Mw =75,000, Scientific Polymer Products Inc., USA) dis 
solved in ethyl 1(-)-lactate (Acros Organics, USA). Due in 
part to the reduction of viscosity achieved with the polymer 
Solution, Void-free molding and Subsequent microneedle 
fabrication were successful. 

0066. To achieve electrical functionality, a Ti/Cu seed 
layer (300 A/3000 A) was deposited on the PMMA array 
using DC Sputtering and patterned by excimer laser ablation 
to electrically isolate adjacent microneedle rows with a 100 
um gap (FIG. 6C). A 25um thick Nilayer was electroplated 
on the patterned seed layer at room temperature with stirring 
to enhance structural rigidity (FIG. 6D). 

0067 For electrical connection between the microneedle 
array and external electroporation electronics, a backside 
connection was formed by CO laser etching of the backside 
of the PMMA substrate to form a via (FIG. 6E). Copper wire 
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was passed through the via and connected to the underside 
of the metallization using silver paste followed by an epoxy 
mechanical connection. 

EXAMPLE 2 

Mechanical Strength of Microneedle Electrodes 

0068 The microneedle electrodes prepared in Example 1 
were analyzed to determine whether their mechanical prop 
erties were sufficient for insertion into the skin. The yield 
stress of the microneedle array to an axial load was deter 
mined by using a force-displacement testing station (Tricor 
Systems, USA). The microneedle array was attached to the 
specimen holder of the force-displacement test station and 
then pressed against a rigid metal Surface at a rate of 1.1 
mm/s. Stress versus strain curves were then extracted from 
the measured force vs. displacement data. The failure force 
of the microneedle array also was determined from the force 
versus displacement data by correlation to a Sudden drop in 
measured force, which represents the failure point. The 
microneedle array was examined under microscope before 
and after the test to determine the mode of failure. 

0069. For the solvent-cast PMMA microneedle array, the 
average failure force per microneedle was 0.018 N. The 
addition of 25 um thick Ni significantly improved the 
mechanical strength of the microneedle array, providing an 
average failure force 0.7 N. Previous tests have shown that 
microneedles of this geometry insert into skin with a force 
of 0.01 N. indicating that Ni-coated needles should be 
Sufficiently robust for transdermal applications. 
0070 To examine the skin penetration ability of the 
microneedle array, several insertion tests were performed on 
human Subjects using either non-coated (polymer-only) 
PMMA microneedles or nickel-coated PMMA microneedles 
having various nickel thicknesses. After removal of the 
microneedles, the skin was stained with blue dye and 
observed by microscopy to determine whether the micron 
eedle electrodes pierced into the skin. The microneedle 
electrodes Subsequently examine microscopically to evalu 
ate the condition of the microneedle electrode tips. 
0071. The polymer-only array was unable to penetrate 
through human skin. The PMMA microneedle array with a 
10 um thick electrodeposited Nilayer was sufficiently strong 
to penetrate through human skin; however, the tips of these 
microneedle electrodes bent after several successive inser 
tions. PMMA microneedle arrays with a 25 um thick elec 
trodeposited Nilayer were sufficiently strong to penetrate 
through human skin without damaging the tips of the 
microneedle electrode, even after multiple insertions. 

EXAMPLE 3 

Electroporation of Microneedle Array 

0072 To test the electroporation ability of the micron 
eedle array, an in vitro red blood cell (RBC) lysis assay was 
performed to quantify the electroporation effect. Approxi 
mately 20 ml of bovine blood in alsevers anticoagulant 
(Rockland Inc., USA) was measured into a 50 ml polypro 
pylene centrifuge tube. Phosphate buffered saline (PBS) was 
added to the tube which was then centrifuged at 236 G for 
10 minutes. The supernatant was discarded and three 20 ml 
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PBS washes were conducted, the supernatant was discarded, 
and a resultant RBC pellet was formed. 
0073. The microneedle array was affixed to a surface with 
the microneedles projecting upward. The array was con 
nected to electrical circuitry to provide a controlled elec 
troporation pulse with an exponential decay waveform (FIG. 
7). For each electroporation experiment, 25 ul of concen 
trated RBC pellet was pipetted onto the microneedle array. 
Three different peak voltage levels of 53, 108 and 173 volts 
each were applied each using (i) l pulse with an exponential 
decay time constant t=0.5 ms, (ii) 3 pulses with tO.5 ms and 
(iii) 1 pulse with t=1 ms. 
0074. After pulse application, the 25 ul RBC suspension 
was pipetted off into a centrifuge tube. An additional 1 ml 
PBS was added to the tube and centrifuged at 735 G for 5 
minutes. After centrifugation, 700 ul of the supernatant was 
collected for quantifying the amount of hemoglobin using 
absorption spectroscopy. A negative control was prepared 
without application of the electrical pulse while a positive 
control was prepared by adding 1 ml deionized water to 25 
ul of RBC pellet to cause osmotic rupture of all RBCs. 
0075 Hemoglobin in the samples was quantified using 
absorption spectroscopy at 575 nm absorption wavelength. 
The amount of hemoglobin in the samples was calculated as 
a percentage of positive control, which was reported as RBC 
lysis (%). The results were normalized by multiplying by a 
factor of 3.9 to account for the differences in the volume of 
RBC applied onto the array (25ul) and the effective volume 
available for electroporation (approximately 6.4 ul). 
0076. The results from RBC electroporation via micron 
eedles shown in FIG. 8 illustrate the percentage of RBC lysis 
versus the Voltage applied. There was a statistically signifi 
cant increase in electroporation of RBCs as the applied 
voltage increased (p<0.0001). Electroporation of as high as 
84% was achieved at 173 V and I pulse with 1 ms pulse 
duration. A separate ANOVA analysis performed to identify 
the effect of pulse length and pulse duration on electropo 
ration indicates that RBC lysis increased with both pulse 
length and pulse duration (p<0.0001). 

EXAMPLE 4 

Electronic Field Simulation 

0077. A 3-D finite element (FE) model was created using 
FEMLAB 3.1 to examine the electric field distribution 
around the microneedle array. To mimic the real device, the 
model consisted of 16 microneedles with the same geometri 
cal parameters as the microneedle array. The 4 microneedles 
located at the center of the model were analyzed. 
0078 FIG. 9 shows the top view the of electric field 
distribution at a height of 100 um, approximately the height 
where the viable epidermis is located. The simulation results 
demonstrated that with 100 V applied between two adjacent 
rows, a maximum field strength of approximately 10 kV/cm 
was generated. This field strength may be too high for 
electroporation for delivering biomolecules; however, it is 
suitable for cell lysis. At the middle of two adjacent rows, 
the field strength was about 4 kV/cm. 
0079 These results indicate that the field strengths scale 
with the applied voltage and therefore can be optimized for 
specific applications. However, implicit in this design are 
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“dead regions” where electroporation cannot occur between 
two microneedles with the same electric potential. One may 
optimize the geometry of the microneedle array through FE 
analysis in order to reduce the effective areas of both the 
“highly active' and “dead’ regions, thereby providing both 
high rates of biomolecule delivery via electroporation and 
high survival rates of electroporated cells. 
0080 Publications cited herein and the materials for 
which they are cited are specifically incorporated by refer 
ence. Modifications and variations of the methods and 
devices described herein will be obvious to those skilled in 
the art from the foregoing detailed description. Such modi 
fications and variations are intended to come within the 
Scope of the appended claims. 
We claim: 

1. A method for fabricating a three-dimensional, electri 
cally conductive structure comprising: 

providing a mold having at least one microdepression 
which defines a three-dimensional structure; 

depositing and patterning at least one electrically conduc 
tive layer within the microdepression of the mold; 

filling the microdepression of the mold with at least one 
Substrate material; 

molding the at least one substrate material to form a 
Substrate on top of the at least one electrically conduc 
tive layer, and 

transferring the at least one electrically conductive layer 
to the Substrate, thereby forming an electrically con 
ductive structure. 

2. The method of claim 1, further comprising removing 
the electrically conductive structure from the mold. 

3. The method of claim 1, further comprising electroplat 
ing onto the electrically conductive layer. 

4. The method of claim 1, wherein the mold comprises a 
photoresist. 

5. The method of claim 1, wherein the substrate material 
is Substantially non-electrically conductive. 

6. The method of claim 1, wherein the substrate material 
comprises a polymer. 

7. The method of claim 1, wherein the electrically con 
ductive layer comprises nickel, iron, gold, titanium, copper, 
platinum, palladium, a stainless steel, or an alloy thereof. 

8. The method of claim 1, wherein the patterning com 
prises removing selectively the electrically conductive layer 
from protruding and/or recessed Surfaces of the mold. 

9. The method of claim 1, wherein the at least one 
microdepression defines a high-aspect ratio three-dimen 
sional structure. 

10. A method for fabricating a three-dimensional, electri 
cally conductive structure comprising: 

providing a mold having at least one microdepression 
which defines a three-dimensional structure; 

filling the microdepression of the mold with at least one 
Substrate material; 

molding the Substrate material to form a Substrate struc 
ture; and 

depositing at least one electrically conductive layer onto 
the substrate structure by directional deposition to form 
an electrically conductive structure. 
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11. The method of claim 10, further comprising patterning 
the electrically conductive layer. 

12. The method of claim 10, further comprising electro 
plating onto the electrically conductive layer. 

13. The method of claim 10, wherein the mold comprises 
a photoresist. 

14. The method of claim 10, wherein the substrate com 
prises a polymer. 

15. The method of claim 10, wherein the electrically 
conductive layer comprises nickel, iron, gold, titanium, 
copper, platinum, palladium, a stainless steel, or an alloy 
thereof. 

16. The method of claim 10, wherein the patterning 
comprises removing selectively the electrically conductive 
layer from protruding and/or recessed Surfaces of the mold. 

17. The method of claim 10, wherein the at least one 
microdepression defines a high-aspect ratio three-dimen 
sional structure. 

18. A method for fabricating a three-dimensional, electri 
cally conductive structure comprising: 

providing a mold having at least one microdepression 
which defines a three-dimensional structure; 

filling the microdepression of the mold with at least one 
Substrate material; 

molding the Substrate material to form a Substrate struc 
ture; 

depositing a conductive seed layer onto the substrate 
Structure: 

patterning the conductive seed layer using a laser ablation 
or other selective ablation technique; and 

electroplating an electrically conductive layer onto the 
patterned seed layer to form an electrically conductive 
Structure. 

19. The method of claim 18, wherein the mold comprises 
a photoresist. 

20. The method of claim 18, wherein the molding com 
prises a solvent casting or melt casting technique. 

21. The method of claim 18, wherein the substrate mate 
rial comprises a polymer. 

22. The method of claim 18, wherein the conductive seed 
layer comprises an alloy of titanium and copper. 

23. The method of claim 18, wherein the electroplated 
electrically conductive layer comprises a metal selected 
from the group consisting of nickel, iron, gold, titanium, 
copper, platinum, palladium, stainless steels, and alloys 
thereof. 

24. The method of claim 18, wherein the electroplated 
electrically conductive layer comprises nickel. 

25. The method of claim 18, wherein the at least one 
microdepression defines a high-aspect ratio three-dimen 
sional structure. 

26. The method of claim 1, wherein the electrically 
conductive structure has an aspect ratio of greater than about 
4:1. 

27. The method of claim 10, wherein the electrically 
conductive structure has an aspect ratio of greater than about 
4:1. 

28. The method of claim 18, wherein the electrically 
conductive structure has an aspect ratio of greater than about 
4:1. 
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29. A three-dimensional, electrically conductive micro 
structure made by the method of claim 1. 

30. A three-dimensional, electrically conductive micro 
structure made by the method of claim 10. 

31. A three-dimensional, electrically conductive micro 
structure made by the method of claim 18. 

32. An electrically functional microneedle array compris 
1ng: 

two or more microneedles extending from a base, wherein 
each microneedle comprises a high aspect ratio, poly 
meric three dimensional substrate structure which is 
coated, at least Substantially, by an electrically conduc 
tive layer. 

33. The microneedle array of claim 32, wherein the two 
or more microneedles have an aspect ratio of greater than 
about 4:1. 

34. The microneedle array of claim 32, wherein the 
Substrate structure comprises a polymer. 

35. The microneedle array of claim 34, wherein the 
polymer is selected from the group consisting of polymeth 
ylmethacrylate, polycarbonate, polystyrene, polyethylene 
terphthalate, polyethylene, polyvinylchloride, cyclic olefin 
copolymer, polyurethane, polyamide, polysulfone, polylac 
tide, polyglycolide, poly(lactic-co-glycolic)acid, polyacry 
lonitrile, copolymers thereof and blends thereof. 

36. The microneedle array of claim 32, wherein the 
conductive layer comprises a metal layer having a thickness 
of between about 10 and about 50 microns. 

37. The microneedle array of claim 32, wherein the 
microneedles are tapered. 

39. The microneedle array of claim 32, further comprising 
a coating which comprises a biological macromolecule. 

40. The microneedle array of claim 39, wherein the 
biological macromolecule comprises DNA, RNA, a protein, 
or a peptide. 

41. The microneedle array of claim 32, wherein the two 
or more microneedles are electrically isolated from each 
other. 

42. The microneedle array of claim 32, made by a method 
comprising: 

providing a mold having at least one microdepression 
which defines a high-aspect ratio three-dimensional 
Structure: 

depositing and patterning at least one electrically conduc 
tive layer within microdepression of the mold; 
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filling the microdepression of the mold with at least one 
Substrate material; 

molding the at least one substrate material to form a 
Substrate on top of the at least one electrically conduc 
tive layer, and 

transferring the at least one electrically conductive layer 
to the Substrate, thereby forming a high-aspect ratio, 
electrically conductive structure. 

43. The microneedle array of claim 32, made by a method 
comprising: 

providing a mold having at least one microdepression 
which defines a high-aspect ratio three-dimensional 
Structure: 

filling the microdepression of the mold with at least one 
Substrate material; 

molding the Substrate material to form a high-aspect ratio 
Substrate structure; and 

depositing at least one electrically conductive layer onto 
the high-aspect ratio Substrate structure by directional 
deposition to form a high-aspect ratio, electrically 
conductive structure. 

44. The microneedle array of claim 32, made by a method 
comprising: 

providing a mold having at least one microdepression 
which defines a high-aspect ratio three-dimensional 
Structure: 

filling the microdepression of the mold with at least one 
Substrate material; 

molding the Substrate material to form a high-aspect ratio 
Substrate structure; 

depositing a conductive seed layer onto the high-aspect 
ratio Substrate structure; 

patterning the conductive seed layer using a laser ablation 
or other selective ablation technique; and 

electroplating an electrically conductive layer onto the 
patterned seed layer to form a high-aspect ratio, elec 
trically conductive structure. 
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