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1. 

ACTIVE NEEDLE DEVICES WITH 
INTEGRATED FUNCTIONALTY 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to needle devices 

for the injection and extraction of fluids. More specifically, 
the present invention relates to active needle devices such as 
macroneedles, microneedles, and macroneedle or micron 
eedle arrays which have one or more active components pro 
viding additional functionality to the needle devices. 

2. Relevant Technology 
Micro instrumentation is a rapidly growing area of interest 

for a broad spectrum of applications. One particularly fast 
growing area is biomedical instrumentation where significant 
efforts are being made to develop microbiochemical analysis 
systems, physiological analysis systems, and drug delivery 
systems. A variety of manufacturing technologies are used to 
fabricate these micro systems, many of which are categorized 
under the set of technologies known as micromachining. The 
number of biomedical applications for micromachining tech 
nologies is rapidly growing. Since micromachining technolo 
gies are relatively new, there is an increasing set of manufac 
turing techniques and critical applications still to be 
addressed. 

It is well known that needles are used to extract samples of 
Substances from living tissue in order to analyze the Sub 
stances for diagnostic purposes, or to deliver a drug or medi 
cament. The majority of needles in use today are 
macroneedles, which have a relatively large diameter as com 
pared to a blood cell and are on the order of millimeters (mm). 

In many areas of biotechnology and medicine, there exists 
the need for fluid injection or extraction on a microscale; 
either for injection into a precise location, or for injecting or 
extracting Small amounts of fluid. It is advantageous to be 
able to perform these injections or extractions with a minimal 
amount of tissue damage, and also with a minimum amount of 
discomfort and pain to patients. Microneedles and micron 
eedle arrays are capable of performing these tasks. For 
example, microneedles and microneedle arrays can be used as 
precise injection/extraction needles in cell biology, as injec 
tion/extraction heads in a drug delivery system or micro 
chemical factory, and as injection/extraction heads in micro 
surgery. Some of the smallest hollow needles that are 
currently available have inner diameters of over 200um. Prior 
micro-sized (sizes on the order of microns, where 1 micron=1 
um=10 m) needles include those disclosed in U.S. Pat. No. 
5,457,041 to Ginaven et al., and U.S. Pat. No. 5,591,139 to 
Lin et al. 

For Some applications, it is desirable to inject Small 
amounts of fluid; however, in other situations, larger amounts 
of fluid are required to be injected. Most of the prior systems 
do not have the capability to transmit larger amounts of fluid 
into a precise location. One of the methods used to address 
this problem is to fabricate an array of needles, as in U.S. Pat. 
No. 5,457,041 referred to hereinabove, which discloses an 
array of microneedles of about 20 needles by 20 needles, 
wherein the length of the needles is between 10 and 25 
microns, and the spacing between needles is between about 5 
and 20 microns. 

In U.S. Pat. No. 5,591,139 referred to above, silicon-based 
microneedles are disclosed which are fabricated using inte 
grated circuit processes. Various devices such as microheat 
ers, mircrodetectors, and other devices can be fabricated on 
the microneedle. 
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2 
Problems with prior microneedles include relatively poor 

mechanical durability. This is mainly due to the fact that such 
microneedles have been made out of etched silicon or out of 
chemical vapor deposited polysilicon, both of which have a 
tendency to be brittle and break easily. 

In some cases, it is desirable to analyze the fluids being 
injected or extracted by the microneedle(s). Prior micron 
eedles generally have been separate from the systems used to 
analyze (chemically, optically, or otherwise) the fluids. In 
these cases, having a separate analysis system can require 
additional equipment and is costly, complex, and inconve 
nient. 

It would therefore be of substantial interest to develop a 
durable needle device which is capable of injecting or extract 
ing precise quantities of fluids into specific locations with a 
minimal amount of tissue damage, and which has integrated 
sensing capabilities. 

SUMMARY OF THINVENTION 

Active needle devices of the present invention have inte 
grated functionalities such as biochemical, electrical, or opti 
cal sensing capabilities. The active needle devices can be 
active macroneedles or microneedles, as well as active 
macroneedle or microneedle arrays, which incorporate bio 
sensors therein Such as for monitoring metabolic levels. 

In one embodiment of the invention, an active needle 
device for fluid injection or extraction includes at least one 
hollow elongated shaft defining at least one channel there 
through. The channel provides communication between at 
least one input port and at least one output port of the needle 
device. At least one active component such as a sensor or 
actuator is placed or integrated into the elongated shaft. The 
needle device can be a macroneedle, a microneedle, or an 
array of macroneedles or microneedles. The microneedles 
can be fabricated on a Substrate which can remain attached to 
the microneedles or can be subsequently removed. The active 
component can facilitate biochemical, optical, electrical, or 
physical measurements of a fluid injected or extracted by the 
needle device. 
Two- or three-dimensional microneedle arrays can be con 

structed having cross-coupling flow channels that allow for 
pressure equalization, and balance of fluid flow within the 
microneedle arrays. A plurality of mechanical Support mem 
bers can be integrated into the arrays for stability and to 
control the penetration depth of the microneedles. In addition, 
an active microneedle or microneedle array may include vari 
ous functionalities such as integrated biochemical sensors, as 
well as electrical, optical, or mechanical transducers and sen 
sors. The sensors reduce or eliminate the requirement for 
additional external analysis equipment and enhance overall 
device portability, disposability, and compactness. 
The active microneedle and microneedle arrays of the 

invention are particularly useful for fluid extraction and 
analysis. In one embodiment, an active microneedle or 
microneedle array includes biochemical sensing reagents 
which are deposited on an inner surface of the microneedle 
(s), with a window provided on a surface of the microneedle 
(s) for the detection of bioluminescence which occurs in the 
presence of certain metabolic Substances. 
A method of fabricating an active microneedle device 

according to the present invention includes providing a Sub 
strate with a substantially planar Surface and depositing a 
metal material on the planar Surface to form one or more 
bottom walls for one or more microneedles. A top surface of 
the bottom walls is coated with a photoresist layer to a height 
corresponding to a selected innerheight of a microchannel for 
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each of the microneedles. A metal material is then deposited 
to form side walls and a top wall upon the bottom walls and 
around the photoresist layer. The photoresist layer is then 
removed from each microchannel to form the microneedles. 
The microneedles can be released from the substrate and used 
independently of the substrate, if desired. 
The method of fabricating the active microneedle device 

can include p" etch-stop membrane technology, anisotropic 
etching of silicon in potassium hydroxide, sacrificial thick 
photoresist micromolding technology, and micro-elec 
trodeposition technology. For a biochemical luminescence 
sensing microneedle device, certain biochemical sensing 
reagents can be drawn into and dried onto the inner walls of 
the hollow needle(s). 

The active needle devices of the invention have the advan 
tage of permitting real-time analysis of a fluid being sampled. 
In addition, the array of active microneedles are capable of 
injecting or extracting relatively large quantities offluids with 
minimal tissue damage and can be readily attached to a stan 
dard Syringe. The array of active microneedles or a single 
active microneedle can also be easily and economically fab 
ricated. Yet another advantage of the array of active micron 
eedles or a single active microneedle is a high degree of 
mechanical durability. 

These and other features of the present invention will 
become more fully apparent from the following description, 
or may be learned by the practice of the invention as set forth 
hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to more fully understand the manner in which the 
above recited and other advantages of the invention are 
obtained, a more particular, description of the invention 
briefly described above will be rendered by reference to spe 
cific embodiments thereof which are illustrated in the 
appended drawings. Understanding that these drawings 
depict only typical embodiments of the invention and are not 
therefore to be considered limiting of its scope, the invention 
will be described and explained with additional specificity 
and detail through the use of the accompanying drawings in 
which: 

FIG. 1A is a schematic representation of a single active 
needle device according to the present invention; 

FIG. 1B is a schematic representation of a portion of a 
single active needle device in the form of a microneedle 
according to one embodiment of the present invention; 

FIGS. 2A and 2B are schematic depictions of multi-lumen 
active microneedles according to alternative embodiments of 
the present invention; 

FIG. 3 is a schematic representation of microneedles in a 
two-dimensional array according to a further embodiment of 
the present invention; 

FIG. 4 is a schematic representation of microneedles in a 
two-dimensional array according to another embodiment of 
the present invention; 

FIG. 5 is a schematic representation of microneedles in a 
two-dimensional array according to another embodiment of 
the present invention; 

FIGS. 6A-6B are schematic depictions of single-lumen 
active microneedle arrays according to alternative embodi 
ments of the present invention; 

FIGS. 7A-7B are schematic depictions of multi-lumen 
active microneedle arrays according to alternative embodi 
ments of the present invention; 

FIGS. 8A-8F schematically depict the fabrication process 
sequence for forming a microneedle array; 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
FIG. 8G depicts an embodiment of a multilumen micron 

eedle formed according to the present invention; 
FIGS. 9A and 9B depict alternative methods of assembling 

two-dimensional needle arrays into three-dimensional needle 
array devices; 

FIG. 10 is a schematic depiction of a pressure sensor in an 
active microneedle according to the invention; 

FIG. 11 is a graph of the normalized bioluminescent signal 
as a function of glucose concentration; 

FIG. 12 is a graph of the normalized bioluminescent signal 
as a function of time for several different concentrations of 
creatine; 

FIG. 13 is a graph of the normalized bioluminescent signal 
as a function of creatine concentration; and 

FIG. 14 is a graph of the average CCD counts as a function 
of volume for different sample volumes. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is directed to active needle devices, 
Such as macroneedles, microneedles, and macroneedle or 
microneedle arrays, which have one or more active compo 
nents incorporated therein providing additional functionality 
to the needle devices. An active needle device according to the 
invention generally includes at least one hollow elongated 
shaft defining at least one channel therethrough. The channel 
provides communication between at least one input port and 
at least one output port of the needle device. At least one 
active component such as a sensor or actuator is placed or 
integrated into the elongated shaft. The active component can 
facilitate biochemical, optical, electrical, or physical mea 
surements of a fluid injected or extracted by the needle device. 
The active component also reduces or eliminates the require 
ment for additional external analysis equipment, and 
enhances the overall device portability, disposability, and 
compactness. 

Referring to the drawings, wherein like structures are pro 
vided with like reference designations, FIG. 1A is a schematic 
representation of a single active needle device 10 according to 
one embodiment of the present invention. The needle device 
10 includes a hollow elongated shaft 11 defining a single 
channel 12 from a proximal inlet end 13 to a distal tip end 14 
which is tapered. One or more input ports 15 are located at the 
proximal inlet end 13 of elongated shaft 11 and one or more 
output ports 16 are located toward the distal tip end 14. The 
channel 12 provides communication between input ports 15 
and output ports 16. 
The needle device 10 can be either a macroneedle or a 

microneedle, depending on the configuration of elongated 
shaft 11 defining channel 12. A "macroneedle' as used herein 
means any conventional type needle used to inject or extract 
fluids, Such as conventional metallic needles used in medical 
applications. A "microneedle' as used herein means any 
micro-sized needle which can be generally fabricated by 
micromachining techniques. 
At least one active component 17 is placed or integrated 

directly in elongated shaft 11. The active component 17 can 
include one or more electronic components, electromechani 
cal components, mechanical components, biochemical com 
ponents, or various combinations thereof. These components 
can be configured to form one or more sensors, actuators, or 
combinations thereof For example, the sensors can be a bio 
sensor, Such as a bioluminescence-based biosensor, which is 
discussed in further detail hereafter, microdetectors, optical 
pressure sensors, DNA analyzer chips, and the like. The 
actuators can include electromechanical components for fluid 
manipulation Such as micropumps, microvalves, or the like. 
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In addition, active component 17 can include an integrated 
circuit chip, an optical detector, other electrical based com 
ponents, impedance analyzers (e.g., integrated resistance, 
inductance, and capacitance sensors), transducers, and the 
like. A transducer can be used for detection of fluid param 
eters such as flow velocity, temperature, pressure, etc. The 
active component 17 can facilitate one or more biochemical, 
optical, electrical, or physical, measurements or other analyZ 
ing functions for a fluid injected or extracted by needle device 
10. 
The active component 17 can be interfaced electronically 

with conventional analyzing equipment or can be a stand 
alone device. In addition, the active component 17 may be 
fabricated independently of the needle device and subse 
quently placed therein, or may in some cases be fabricated at 
the same time as the needle device. If fabricated indepen 
dently, the active component can be made on separate chips, 
which can be affixed to an internal surface of the needle or 
substituted for part of a wall of the needle. Additional details 
related to active component 17, including specific embodi 
ments thereof, are discussed below. 
The active component 17 allows the needle device to pro 

vide real-time analysis of a fluid being sampled such as in a 
blood analysis system. For example, blood can be analyzed 
by an on-chip amplifier, Such as a blood analysis amplifier, 
and an A/D converter which converts an analog signal to a 
digital signal for transmission to a computer for real-time 
computer analysis. 
When needle device 10 is configured as a single micron 

eedle, elongated shaft 11 generally includes a bottom wall 
formed by a solid layer 19, and opposing side walls connected 
by atop wall which are formed by a hollow layer 20, as shown 
in FIG. 1B. These bottom, side, and top walls define channel 
12 in the form of a microchannel with a transverse cross 
sectional profile that is substantially rectangular. The micron 
eedle optionally has a flange 18 at proximal inlet end 13 (FIG. 
1A) which functions as a structural Support for the micron 
eedle. The flange 18 can control penetration depth and can be 
used to mechanically fix the microneedle to a surface that is 
penetrated. The input ports 15 located at proximal inlet end 13 
and output ports 16 are formed in one or more of the bottom 
wall, side walls, or top wall of the microneedle. The input 
ports 15 and output ports 16 in the microneedle can beformed 
by conventional fabrication processes such as etching. FIG. 
1B shows active component 17 Such as a biosensor adjacent to 
output ports 16. 
The microneedle can be fabricated by micromachining 

techniques from a variety of metallic materials such as nickel, 
copper, gold, silver, platinum, palladium, titanium, chro 
mium, alloys thereof, and the like, as well as other materials 
Such as silicon, polysilicon, ceramics, glass, carbon black, 
plastics, composites thereof, etc. In one embodiment, the 
microneedle is fabricated from a non-silicon material such as 
any of the above metallic materials using the micromachining 
techniques discussed in further detail below. The microneedle 
can be fixed on a substrate where fabricated or can be 
removed from a substrate after fabrication. 

FIGS. 2A and 2B are schematic depictions of multi-lumen 
active microneedles according to alternative embodiments of 
the present invention. FIG. 2A illustrates a dual-lumenactive 
microneedle 21 which is constructed in a similar manner as 
the microneedle of FIG. 1B, having an elongated shaft 11 
including a bottom wall formed by a solid layer 19, and 
opposing sidewalls connected by a top wall which are formed 
by a hollow layer 20. The hollow layer 20 is configured such 
that microneedle 21 has two microchannel members 22a and 
22b each with a lumen therein and each with corresponding 
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6 
inputs 23a and 23b. One or more active components 17 such 
as biosensors are located in each of microchannel members 
22a and 22b. 

FIG. 2B illustrates a tri-lumen active microneedle 24 
which is constructed in a similar manner as microneedle 21. 
The microneedle 24 has an elongated shaft 11 including a 
bottom wall formed by a solid layer 19, and opposing, side 
walls connected by a top wall which are formed by a hollow 
layer 20. The hollow layer 20 is configured such that micron 
eedle 24 has three microchannel members 22a, 22b, and 22c 
therein, each with corresponding inputs 23a, 23b, and 23c. 
One or more active components 17 Such as biosensors are 
located in each of microchannel members 22a, 22b, and 22c. 
The multi-lumen active microneedles according to the 

present invention allow two or more different fluids to be 
delivered by the microneedle, which are mixed just before 
delivery. The multi-lumen active microneedles can also be 
used to separately distribute an extracted fluid for multiple 
analyses. 

FIG. 3 is a schematic depiction of an active microneedle 
array 25a according to another embodiment of the invention. 
The microneedle array 25a is formed in a two-dimensional 
configuration on a Substrate 26 having a substantially planar 
upper surface 27. The substrate 26 is preferably composed of 
a semiconductor material Such as silicon, although other 
materials can be employed such as glass, metals, ceramics, 
plastics, and composites or combinations thereof. 
A plurality of hollow microneedles 28 are formed on upper 

surface 27 of substrate 26. The microneedles 28 each have a 
bottom wall, two opposing side walls, and a top wall that 
define a microchannel therein. Each bottom wall is formed 
partially on upper surface 27 of substrate 26. The micron 
eedles 28 each have one or more input ports 15 at a proximal 
end thereof. A distal portion of each microneedle 28 including 
the microchannels extends beyond an edge of upper Surface 
27 of substrate 26 in a cantilevered manner and terminates in 
needle tips 29 which can have a channel opening therein. In 
addition, one or more outlet ports 16 can be located adjacent 
to needle tips 29. The microneedles 28 are preferably aligned 
substantially parallel to each other on substrate 26. One or 
more active components 17. Such as biosensors or other sens 
ing or actuating devices as discussed above, are located in 
each of microneedles 28. 
The microchannels in the microneedles 28 are preferably 

dimensioned to have a width between sidewalls of less than 
about 100 um, and more preferably about Oum to about 50 
um. When the width is Zero between the sidewalls, the 
microneedles 28 effectively become one multilumen micron 
eedle with a plurality of microchannels as shown in FIGS. 2A 
and 2B. The height between the top and bottom walls of the 
microchannel is also preferably less than about 100 um, and 
more preferably about 2 um to about 50 m. The length of 
each microneedle can be from about 0.05um to about 5 mm. 
and the width of each microneedle can be from about 0.05um 
to about 1 mm. The center-to-center spacing between indi 
vidual microneedles can be from about 50 um to about 200 
um. The microneedles can also withstand flow rates of up to 
about 1.5 cc/sec. 
The microneedle length extended from substrate 26 can be 

varied from less than about 50 um (subcutaneous) to several 
millimeters for fluid delivery/extraction. For example, the 
distal end of each microneedle 28 can extend beyond the edge 
of substrate 26 a distance from about 10um to about 100 mm. 
The inner cross-sectional dimensions of the microchannels in 
individual microneedles can range from about 10um to about 
1 mm in width and from about 2 um to about 50 Lum in height. 
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Accordingly, the microchannel in each of the microneedles 
can have across-sectional area in the range from about 25um 
to about 5000 um. 
A needle coupling channel member 30 can be optionally 

formed on upper surface 27 of substrate 26 between micron 
eedles 28. The coupling channel member 30 has a bottom 
wall, two opposing side walls, and a top wall that define a 
coupling microchannel therein, which provides for fluid com 
munication between the microchannels of each microneedle 
28. The coupling channel member 30 also allows for pressure 
equalization and balance of fluid flow between microneedles 
28. 

structural support members 31 can beformed on either side 
of coupling channel member 30 on upper surface 27 of sub 
strate 26. The structural support members 31 mechanically 
interconnect microneedles 28 to provide rigidity and strength 
to microneedle array 25a. The support members 31 also pre 
cisely control the penetration depth of microneedles 28. 
The microneedles 28, coupling channel member 30, and 

support members 31 can be formed from a variety of metal 
materials such as nickel, copper, gold, palladium, titanium, 
chromium, alloys or combinations thereof, and the like, as 
well as other materials such as silicon, polysilicon, ceramics, 
glass, carbon black, plastics, composites or combinations 
thereof, and the like. The microneedles 28 can be in fluid 
communication with a single fluid input device or with mul 
tiple fluid input devices (not shown). 
An active microneedle array 25b according to an alterna 

tive embodiment of the invention is shown in FIG. 4. The 
microneedle array 25b has a two-dimensional configuration 
with similar components as microneedle array 25a discussed 
above, except that the substrate has been removed from the 
array. Accordingly, microneedle array 25b includes a plural 
ity of microneedles 32 with microchannels that are dimen 
sioned as discussed above for microneedle array 25a. 
The microneedles 32 each terminate at a needle tip 33 with 

a channel opening 34 therein. A needle coupling channel 
member 36 with a coupling microchannel therein provides a 
fluidic interconnection between the microchannels of each 
microneedle 32. A pair of structural support members 38 are 
formed on either side of coupling channel member 36 and 
interconnect with microneedles 32. One or more input ports 
37 and output ports 39 can be optionally formed in micron 
eedles 32 to increase fluid input and output flow. The input 
ports 37 and output ports 39 can be formed in one or more of 
the bottom walls, aside walls, of microneedles 32 by conven 
tional fabrication processes Such as etching. One or more 
active components 17. Such as biosensors or other sensing or 
actuating devices as discussed above, are located in each of 
microneedles 32. 
An active microneedle array 40 according to another 

embodiment of the invention is shown in FIG.5. The micron 
eedle array 40 has a two-dimensional configuration with 
similar components as microneedle array 25b, except that 
microneedle array 40 is formed without a coupling channel 
member. Accordingly, microneedle array 40 includes a plu 
rality of microneedles 32 with microchannels that are dimen 
sioned as discussed above for microneedle array 25a. The 
microneedles 32 each terminate at a needle tip 33 with a 
channel opening 34 therein. A pair of structural Support mem 
bers 38 interconnect with microneedles 32. One or more input 
ports 37 and output ports 39 can be optionally formed in 
microneedles 32 to increase fluid input and output flow. One 
or more active components 17. Such as biosensors or other 
sensing or actuating devices as discussed above, are located in 
each of microneedles 32. 
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FIGS. 6A-6B and 7A-7B are schematic depictions of 

single and multi-lumen active microneedle arrays according 
to alternative embodiments of the present invention. An active 
microneedle array 42a is shown in FIG. 6A having a two 
dimensional configuration with similar components as 
microneedle array 25b discussed above. Accordingly, 
microneedle array 42a includes a plurality of microneedles 
32 each with single lumen microchannels 43. The micron 
eedles 32 each terminate at a needle tip 33. A needle coupling 
channel member 36 with a coupling microchannel 44 therein 
provides a fluidic interconnection between microchannels 43 
in each microneedle 32. A structural support member 38 
interconnects microneedles 32. One or more input ports 37 
and output ports 39 are located in microneedles 32. One or 
more active components 17 are located in each of micron 
eedles 32. 

Another active microneedle array 42b is shown in FIG. 6B. 
The microneedle array 42b has a two-dimensional configu 
ration with similar components as microneedle array 42a, 
except that microneedle array 42b is formed without a cou 
pling channel member. Accordingly, microneedle array 42b 
includes a plurality of microneedles 32 each with single 
lumen microchannels 43. The microneedles 32 each termi 
nate at a needle tip 33 and a structural support member 38 
interconnects microneedles 32. One or more input ports 37 
and output ports 39 are located in microneedles 32, and one or 
more active components 17 are located in each of micron 
eedles 32. 

FIG. 7A depicts an active microneedle array 45a having a 
two-dimensional configuration with similar components as 
microneedle array 42a discussed above, except that micron 
eedle array 45a has a duel lumen microchannel configuration. 
Accordingly, each microneedle 32 in array 45a is constructed 
to have a pair of microchannels 46a and 46b. A needle cou 
pling channel member 36 with a coupling microchannel 47 
therein provides a fluidic interconnection between micro 
channels 46a and 46b in each microneedle 32. One or more 
input ports 37 and output ports 39 are located in microneedles 
32, and one or more active components 17 can be located in 
each microchannel of microneedles 32. 

FIG. 7B depicts an active microneedle array 45b having a 
two-dimensional configuration with similar components as 
microneedle array 42b discussed above, except that micron 
eedle array 45b has a duel lumen microchannel configuration. 
Accordingly, each microneedle 32 in array 45b is constructed 
to have a pair of microchannels 46a and 46b. A structural 
support member 38 interconnects microneedles 32, and one 
or more input ports 37 and output ports 39 are located in 
microneedles 32. One or more active components 17 can be 
located in each microchannel of microneedles 32. 

In other alternative embodiments, active microneedle 
arrays can be fabricated to have additional microchannels in 
each microneedle. For example, each microneedle in the 
array can have a tri-lumen channel construction Such as 
shown for the microneedle of FIG. 2B discussed above. 

It should be understood that the above discussion related to 
microneedle arrays is equally applicable to macroneedles, 
which can be configured in various arrays. The macroneedle 
arrays can have similar structures as described above for the 
microneedle arrays such as single or multi-lumen channel 
configurations, multiple input and output ports, structural 
Support members, coupling channel members, and active 
components in the macroneedles. 
A method of fabricating a two-dimensional microneedle 

array according to the invention is depicted Schematically in 
FIGS. 8A-8F. As shown in FIG. 8A, a substrate 26 having a 
Substantially planar Surface 27 is provided. Such as a silicon 



US 7,473,244 B2 

wafer which is polished on both sides. The wafer can have a 
thickness of about 1 um to about 700 um, and is preferably 
about 150 um thick. One side of the wafer is heavily doped 
with boron using high temperature thermal diffusion in order 
to form a 3-5 um thick p+ layer. Next, silicon nitride (SiN.) 
is deposited on both sides of the wafer using plasma-en 
hanced chemical vapor deposition (PECVD). The silicon 
nitride on the undoped side of the wafer is patterned and 
etched employing photoresist as a mask, and then isotropic 
etching (a CF plasma for example) is used to etch the 
exposed silicon nitride to define the area upon which the 
microneedles are to be fabricated. After patterning the silicon 
nitride layer, the exposed silicon is anisotropically etched 
using a potassium hydroxide (KOH) solution. The p-- boron 
layer serves as an etch stop, resulting in a thin sacrificial 
membrane 52, as shown in FIG.8A. The sacrificial membrane 
52 comprises the surface upon which the microneedles are 
formed and then subsequently released as described below. 

Next, a metal system of adhesion layers and an electroplat 
ing seed layer are deposited (by electron beam evaporation, 
for example) onto the insulating silicon nitride film. The 
adhesion and seed layers are typically composed of, but not 
limited to, titanium, chromium, copper, or combinations 
thereof. Then, using a mask of the appropriate dimensions 
and standard photolithographic techniques, this metal multi 
layer is patterned. A metal material is then electroplated to 
form one or more bottom walls 54 (e.g., about 20 um thick) 
for the microneedles, as shown in FIG. 8B. Palladium is one 
preferred metal for the bottom wall since it provides high 
mechanical strength and durability, is corrosion resistant, 
provides biocompatibility for use in biomedical applications, 
and is easily electroplated to within precise dimensions. 
Other materials which fit the criteria mentioned could also be 
used equally well. Such as copper, nickel, or gold. When 
performing the electroplating, the bath chemistry and the 
electroplating conditions (such as amount of applied current 
and time in the electroplating bath) should be precisely con 
trolled for optimum results. The typical dimensions for bot 
tom walls 54 are about 10-20 um in thickness, and about 50 
um wide. 

After bottom walls 54 have been formed, a commercially 
available thick photoresist is deposited (e.g., about 20 Jum 
thick) and patterned using ultraviolet exposure and alkaline 
developer, resulting in sacrificial layers 56 as depicted in FIG. 
8C. Next, a metal seed layer such as gold is sputter deposited 
(e.g., about 800 A thick) onto the photoresist sacrificial layers 
56. The metal seed layer serves as an electrical contact for the 
Subsequent metal electroplating. 
A metal layer Such as palladium is then electroplated (e.g., 

about 20 um thick) onto sacrificial layers 56 to form a plural 
ity of side walls 58 and top walls 60 of each microneedle, as 
shown in FIG. 8D. The exposed metal seed layer is then 
removed using wet etching techniques to expose the under 
lying photoresist. Once the metal seed layer has been etched, 
the wafer is placed in an acetone bath to remove the photore 
sist from inside the microneedle structures, thereby produc 
ing a plurality of hollow microneedles 28, as shown in FIG. 
8E. 

In the final processing step, sacrificial membrane 52 is 
removed by an isotropic etching technique, Such as reactive 
ion etching in a SF plasma. Thus, the microneedle ends are 
released from sacrificial membrane 52 and are freely sus 
pended, projecting outward from Substrate 26, as depicted in 
FIG. 8F and in the embodiment of FIG. 3. 

Alternatively, the fabricating method outlined above can be 
used to form a multilumen microneedle by forming bottom 
walls 54 with Zero spacing therebetween on substrate 26 and 
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carrying out the remaining steps as described above. A result 
ing multilumen microneedle 62 with a plurality of micro 
channels 64 therein is shown in FIG. 8G. 

In an alternative fabrication method, the microneedle array 
can be released from substrate 26 following surface fabrica 
tion on substrate 26, such as for the embodiment shown in 
FIG. 4. This method does not require sacrificial membrane 
formation or KOH etching. Instead, the needle arrays are 
released using wet etching of the seed metal from underneath 
the needle structures. If the seed metal is copper, for example, 
then this can be done by a selective etch of ammonium 
hydroxide saturated with cupric sulfate. 

Arrays of two up to hundreds of microneedles can be easily 
and economically fabricated in a package with dimensions on 
the order of millimeters according to the above procedure. A 
single microneedle such as shown in FIG. 1B can also be 
fabricated according to the procedure outlined above. In addi 
tion, instead of having the fluid outlet at the tips of the micron 
eedles, fluid outlet ports can be etched into the side walls, top 
walls, and/or bottom walls of the microneedles if a larger 
amount of fluid transfer is desired. 

Using the above fabrication methods provides the flexibil 
ity to integrate many additional functions directly onto the 
microneedles. These fabrication methods are low tempera 
ture and are compatible with integrated circuit (IC) technol 
ogy as a post process. For example, various active compo 
nents such as sensors, transducers, and electronic interfaces 
may be fabricated as integrated components on-chip during 
the needle fabrication process. An example of a procedure for 
fabricating a microneedle with on-chip devices such as 
CMOS (complementary metal-oxide semiconductor) devices 
is disclosed in U.S. Pat. No. 5,591,139 to Lin et al., the 
disclosure of which is incorporated by reference herein. 
Alternatively, the active components may be in the form of 
prefabricated chips which are subsequently placed within the 
needle channels. 

All of the needle devices including microneedles and 
arrays of the present invention can be coated on the inside 
with biocompatible materials, such as silicon nitride, gold, 
plastics, etc., by conventional coating processes known to 
those skilled in the art. 

In addition, a light enhancing reflective coating can be 
formed on the inner surfaces of the active needle devices 
defining the lumens therein. The reflective coating can 
enhance the light output generated during a bioluminescent 
reaction in a bioluminescent-based active needle to provide 
for more sensitive biosensing capabilities. Suitable reflective 
materials that can be used to coat the inner Surfaces of the 
needle devices include silver, chromium, titanium, platinum, 
combinations thereof, and the like. Increased light intensity 
has also been observed for long narrow channels, which can 
be used to effectively design a bioluminescent-based micro 
needle. Further details related to light enhancement of micro 
reaction chambers and long narrow (micro) channels are 
described in Bartholomeusz et al., “BIOLUESCENT 
BASED BIOSENSOR FOR POINT OF-CARE DIAGNOS 
TICS. First Annual International IEEE Conference on 
Microtechnology, Medicine, and Biology, Lyon, France, Oct. 
12-14, 2000, the disclosure of which is incorporated by ref 
erence herein. 

FIGS. 9A and 9B depict alternative methods of assembling 
two-dimensional needle arrays into three-dimensional needle 
array devices. In the method depicted in FIG.9A, a plurality 
of two-dimensional microneedle arrays 70 are provided 
which have been released from a substrate as shown for the 
array of FIG. 4. The microneedle arrays 70 are positioned in 
a stacked configuration with a plurality of metallic spacers 72 
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therebetween to define the distance between any two micron 
eedle arrays in the stack. The stacked needle array configu 
ration is then Subjected to flash electroplating to join micron 
eedle arrays 70 with metallic spacers 72 in a fixed three 
dimensional needle array device 74. The needle array device 
74 can then be disposed in a machined interface structure 76, 
Such as an acrylic interface, allowing connection to a dispens 
ing means for injecting a liquid Such as a Syringe. 

In the method depicted in FIG. 9B, a plurality of two 
dimensional microneedle arrays 80 are provided on sub 
strates 82 such as shown for the microneedle array of FIG.3. 
The microneedle arrays 80 are positioned in a stacked con 
figuration, with Substrates 82 acting as spacers between 
arrays 80, to define the distance between any two microneedle 
arrays in the stack. The stacked array configuration is placed 
in a mold 84 Such as an aluminum mold for plastic injection 
molding. The stacked array configuration, is then Subjected to 
plastic injection molding. This bonds microneedle arrays 80 
together with a plastic molding material 86, thereby forming 
a fixed three-dimensional needle array device 88. The array 
device 88 can then be disposed in an interface structure 76 
allowing connection to a dispensing device Such as a Syringe. 

In another alternative method of assembling two-dimen 
sional needle arrays into three-dimensional needle array 
devices, the two dimensional arrays are manually assembled 
under a microscope. The two-dimensional arrays are stacked 
with spacers or with substrates on the arrays and are bonded 
together with a polymeric adhesive such as a UV-curable 
adhesive to form a three-dimensional needle array device, 
which can then be disposed in an interface structure. 

The fabricated three-dimensional needle array devices are 
typically dimensioned to have a length of about 5 mm, a width 
of about 5 mm, and a height of about 2 mm. 
The interface structures for connection to a syringe can be 

made from a variety of plastic materials such as acrylics, 
polystyrene, polyethylene, polypropylene, and the like. The 
interface structure typically accommodates a three-dimen 
sional needle array device having up to about 25 two dimen 
sional arrays. The interface structures are bonded to the three 
dimensional needle array devices with a polymeric adhesive 
such as a UV-curable adhesive. The interface structures are 
configured to accept direct Syringe connection via a connec 
tion means such as a conventional Luer-lock connector. Alter 
natively, interface structures can be formed for a single two 
dimensional array or a single microneedle So as to accept 
direct Syringe connection via a connector Such as a Luer-lock 
COnnectOr. 

In alternative embodiments of the invention, any of the 
above described array embodiments can be fabricated as a 
Slanted active needle array, with needles in the array having 
varying lengths. The Slanted needle array allows for collec 
tion of interstitial fluid samples at different depths during 
sample acquisition from a patient. Additionally, the Slanted 
needle array allows for dispensing of medicaments into a 
patient at multiple depths throughout and beneath the dermal 
layers of the skin. 

Further details regarding Suitable microneedle and micron 
eedle arrays suitable for use in the present invention are 
described in copending application Ser. No. PCT/US99/ 
21509, filed Sep. 17, 1999, entitled “Surface Micromachined 
Microneedles” and which is incorporated by reference 
herein. 
As discussed above, one or more active components such 

as a biosensor can be placed or integrated directly into the 
needle devices of the present invention. A biosensor is basi 
cally an analytical device that converts the concentration of an 
analyte in a sample into an electrical signal by way of a 
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biological sensing element intimately connected with a trans 
ducer. A particularly suitable biosensor useful in the needle 
devices of the invention is a bioluminescence-based biosen 
sor, which can be employed in any of the above described 
embodiments. Such a biosensor can be formed by depositing 
biochemical sensing reagents on one or more inner walls of a 
needle device. For example, various bisosensing reagents can 
be drawn into and dried down onto the inner walls of the 
hollow microneedle or microneedle arrays described previ 
ously. Bioluminescence-based biosensors are particularly 
suitable for monitoring metabolic levels, such as the level of 
creatine or glucose in blood. Generally, bioluminescent 
detection of the biosensor output is performed at the output 
ports of the microneedle. 

Bioluminescence-based chemical analysis has the advan 
tages of being Substantially more sensitive than conventional 
chromogenic (absorbance) measurements and is known to be 
accurate over a range of five or more orders of magnitude of 
concentration ranges. It is known that firefly bioluminescence 
occurs by enzyme-catalyzed oxidation of luciferin utilizing 
adenosine triphosphate (ATP). Bacteria bioluminescence is 
closely coupled to nicotinaminde adenine dinucleotide 
hydride (NADH). Bioluminescent-based chemical analysis 
has the potential of measuring a wide range of metabolites 
from Smaller sample Volumes. 

since most metabolites in the body are within one or two 
reactions from ATP or NADH, they can be measured by 
coupling other enzyme reactions to an ATP or NADH biolu 
minescentreaction and measuring the light output. During the 
production or consumption of a metabolite of interest, 
enzyme linked reactions will cause the production or con 
sumption of ATP (or NADH) through the following biolumi 
nescent platform reactions. 
The ATP platform is based on the firefly luciferase reac 

tion: 

X Firefly Luciferase 
Luciferin + ATP --- 

Oxyluciferin +. AMP + CO2 + PP + light (560 nm). 

The NADH platform reaction based on NADH:FMN oxi 
doreductase and Bacterial Luciferase: 

NADH:FMN oxidoreductase 
NAD(P)H + FMN + H -- 

NAD(P)+ + FMNH 

FMNH2 + RCHO + O. bacterial luciferase 

FMN + RCOOH + H2O + light (490 nm) 

Substrates are coupled to these platform reactions through the 
following generic reaction: 

substrate--ADP (or NAD(P))€sproduct--ATP (or 
NAD(P)H) 

The detected changes in light intensity (measured by various 
light detectors as described below) will be stoichiometrically 
proportional to the time changing concentration of the plat 
form molecule (ATP or NADH) and thus proportional to the 
metabolite of interest. The bioluminescent platform reactions 
can be used to measure metabolites such as L-Phenylalanine, 
D-Glucose, L-lactate, glucose 6-phosphate, glucose 1-phos 
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phate, UDP-glucose, UDP-galactose, lactose, alkaline phos 
phatase, galactose in Solution, human blood (serum & 
plasma), Sweat, and human milk. 
The light produced in the bioluminescent platform reac 

tions can be detected by an optical detector Such as a photo 
diode or charge coupled device (CCD). Such photosensing 
devices can be integrated inside a microneedle to detect the 
light, or can be located externally and can be used to detect the 
luminescence through a window in a microneedle Surface. 
Depending on the instrument used to detect the luminescence, 
nanomolar, picomolar or even femtomolar analyses are pos 
sible. With increased sensitivity, smaller amounts of sample 
fluid are required for accurate analysis. A 0.05 micro-liter 
sample size that can be drawn by the microneedles can pain 
lessly access Small amounts of body fluid that can be analyzed 
via bioluminescence. 
The transmittance of light through a medium across a cer 

tain length (1) is specified through Beer's law, T=10'- 
bance, where Absorbance eC(1-X), and e, is the molar 
absorption coefficient in dm/mole-cm, and C is the concen 
tration in mole/dm. Assuming the light travels through a 
homogeneous medium along length mole/dm. Assuming the 
light travels through a homogeneous medium along length (l), 
the total transmitted light (T) can be expressed as: 

where eC is assumed to be 1 for simplicity. For a pyramid 
(which is the shape of the etched wells of the <100> silicon 
wafers), where the peak depth of the pyramid is equal to the 
length (1) and the base width of the pyramid is (a), the trans 
mittance is integrated through the viewing area and is equal to 
Tai'a/3. Thus, a linear correlation of a Volume Versus 
integrated luminosity plot for a given viewing window should 
indicate a transmittance proportional to signal intensity (aver 
age CCD counts over the viewing area, for example). A flat 
bottom well with a reflective surface will have a transmittance 
of Tao, and will be about twice as large as T. (when 
length.<<1"). Thus, the slope of a linear fit of volume versus 
integrated luminescence intensity for a reflective surface of a 
given viewing window should be about twice that of a non 
reflective surface due to the increased transmittance. 
The enzymes suitable for use in the bioluminescent plat 

form reactions of the biosensors are inherently robust and 
stable, retaining their activity after lyophilization, deposition, 
and rehydration. The reagent/enzyme mixture or “cocktail 
used to detect various metabolites is drawn into the needles 
after, fabrication, lyophilized (freeze dried) in a stable state, 
and then packaged for long term storage (up to a year depend 
ing on the analytes, reagents, and enzymes needed). The 
reagent/enzyme mixture includes the ATP and NADH biolu 
minescent platform enzymes and the enzymes that couple the 
metabolites to the platforms, as well as all the necessary 
reagents needed to complete all the reactions that lead to the 
light output. 
The methods used for preparing and storing reagent/en 

Zyme mixtures inside the bioluminescent-based active needle 
devices are discussed as follows. 

1. Drawing of Reagent/Enzyme Mixtures into the Needle 
Lumen(s) 
The reagent enzyme mixtures or "cocktails' are prepared 

as a “wet solution in the concentrations needed to detect the 
desired analytes from the sample Volume drawn through the 
needle lumen. Anti-oxidants and other enzyme stabilizing 
agents are added to the “cocktail before lyophilization. 
These enzyme-stabilizing agents are described below in the 
lyophilization process. 
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The prepared wet solutions are drawn into the needles by 

capillary action. The filling of the needles is ensured by oxi 
dizing the lumen of the needle during the needle fabrication 
process (or at least using a hydrophilic metal for the lumen of 
the needle). Each needle lumen has a different “cocktail” for 
measuring different analytes. Reagents and enzyme-stabiliz 
ing agents can be added to an agarose solution which is dried 
during the lyophilization process and allows for the sample 
fluid to be drawn into the needle faster by capillary action. 

2. Lyophilization Process 
Lyophilization stabilizes enzymes for long-term storage by 

reducing both mechanical and chemical degradation. Appro 
priate stabilizing excipients and preservatives minimize the 
denaturation often observed during the processes of lyo 
philization. Optimized process variables include the initial 
concentration of enzyme, buffers that exhibit minimal 
changes in pH with freezing and drying, freezing rate (should 
be slow), and various additives. 
The glass transition temperature of the amorphous phase of 

the lyophilized enzyme needs to exceed the planned storage 
temperature of the needle devices. Glass transition tempera 
ture of the lyophilized enzyme can be increased by using 
disaccharides and polymers (used in combination with disac 
charides). Disaccharides such as Sucrose and trehalose are 
especially good at Stabilizing the enzyme during freezing and 
dehydration. The Sugar to protein weight ratio should be at 
least about 1 to 1, although stability can be further increased 
with greater Sugar (5 to 1 ratio). Reducing Sugars such as 
glucose, lactose, maltose or maltodextrins should be avoided 
because of their tendency to degrade proteins through the 
Maillard reaction between the carbonyls of the sugar and the 
free amino groups of the protein. Furthermore, surfactants 
can be used to inhibit aggregation at very low concentrations, 
such as less that about 0.5% per volume. 

Antioxidants such as dithiotheitol and glutathione are used 
during lyophilization and Subsequent storage to prevent oxi 
dation of firefly luciferase due to sulfhydryl groups. Bovine 
serum albumin can be used for surface passivation. Polyeth 
ylene oxide (PEO)-based polymers and surfactants are also 
effective for Surface passivation. Various enzyme preserva 
tion and stabilization cocktails are well known and widely 
used to maintain enzyme activity under dry storage condi 
tions. In one embodiment of the invention, bioluminescent 
reagents are preserved and stabilized with the following com 
ponents: (1) 0.45 M glycylglycine buffer (pH 7.8); (2) 1 mM 
EDTA; (3) 1 mM dithiothreitol; (4) 10 mM MgSO (5) 1 
mg/ml of bovine serum albumin; (6) 1 wt % Sucrose; and (7) 
1 wt % Dextran T-40. It has been found that such a mixture is 
Suitable for stabilization of creatine kinase, a particularly 
delicate enzyme. 
The actual bioluminescent molecules (ATP, FMN, bacte 

rial and firefly luciferase, Oxidoreductase, etc.) are added to 
the preservative reagents, mixed thoroughly and added to 
each channel of a pre-chilled biosensor. In one preferred 
method, the biosensor and reagents are rapidly frozen to 
about -70°  C. followed by a two-stage lyophilization process. 
The first stage of lyophilization proceeds for 24 hours at about 
-50°  C. and less than about 100 mTorr of pressure. The 
second stage of lyophilization proceeds for an additional 24 
hours at about +30°  C. and less than about 100 mTorr of 
pressure. Air is then re-admitted to the lyophilization cham 
ber and the biosensors are removed. Each completed biosen 
sor is then stored in a black plastic container with a gas tight 
lid that also contains a desiccant and a humidity indicator 
membrane. It has been found that this method used with 
firefly luciferase can preserve more than half the enzymatic 
bioluminescent activity for a minimum of six months. 
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The interaction between histidine and Ni" can also be 
used for immobilization of the enzyme. In biosensor applica 
tions, enzymes can be immobilized on a solid Support to 
prevent diffusion (into the sample solution) and minimize 
interference with other channels of the sensor. The perfor 
mance of the sensor can be adjusted by changing the immo 
bilized enzyme amount. The recombinant enzymes with 
BCCP domains can be immobilized through this interaction 
with high affinity (Ka=10'M') There are a variety of solid 
matrices that can be used for immobilization. 

Co-immobilization of sequentially operating enzymes 
improves total reaction efficiency, leading to higher sensitiv 
ity. A coupled assay with coimmobilized luciferase and flavin 
reductase has the advantage that the FMNH2 produced from 
the flavin reductase can be used more effectively for the 
luciferase reaction, reducing its autooxidation. Traditional 
immobilization methods use chemically conjugated enzymes 
on Solid materials, resulting in low immobilization efficiency 
and low and inconsistent enzyme activity, due to nonspecific 
immobilization and Surface-induced activity loss. 

In one, method of the invention, a biotin-avidin system for 
protein immobilization is utilized, due to its high affinity 
(K-10"/M) and stability. In another method, V. harveyi 
luciferase and FRase I biotinylated is produced in vivo, the 
proteins are immobilized on avidin-conjugated beads, and the 
enzyme beads are used to assay NADH. In using this method, 
it has been found that the co-immobilized enzymes had eight 
times higher bioluminescence activity than the free enzymes 
at low enzyme concentration and high NADH concentration. 
In addition, the immobilized enzymes were more stable than 
the free enzymes. This immobilization method is also useful 
to control enzyme orientation, which can increase the effi 
ciency of sequentially operating enzymes like the oxi 
doreductase-luciferase system. 

3. Storage of Active Needle Devices 
Storing the bioluminescent-based active needle sensors 

with the lyophilized “cocktail in a desiccant will ensure that 
glass transition temperatures of the lyophilized enzyme are 
greater than storage temperatures. The active needle devices 
should be stored in the dark to minimize photooxidation. 

Further details regarding bioluminescence-based biosen 
sors as used in the present invention are set forth in the 
Examples section below. 

Another sensor that can be utilized in the needle device of 
the invention is an integrated pressure sensor in, the form of 
an optical Fabry-Perot cavity, which is depicted in FIG. 10. 
The pressure sensor can be integrated into any of the above 
embodiments by forming a glass plate 120 on one interior 
surface 121 of a hollow microneedle. A cavity 125 is etched in 
glass plate 120 on the side of the sensor which is to be in 
proximity to the fluid flowing in the microchannel of the 
needle. A thin silicon diaphragm 126 (e.g., about 25 microns 
thick) is affixed over cavity 125 and is configured to be in 
direct contact with a fluid whose pressure is to be measured. 
The diaphragm 126 deflects in response to applied pressure. A 
light beam 129 (e.g., produced by an LED) is coupled into the 
sensor through optical fiber 128. The optical fiber 128 opti 
cally communicates with the interior of the microneedle 
through a window 124 in the side of the microneedle. Pressure 
changes from fluid flowing past diaphragm 126 cause the 
diaphragm to move. The cavity 125 functions as a Fabry 
Perot cavity and the diaphragm reflects varying amounts of 
light intensity which is directly proportional to the amount of 
pressure applied to the diaphragm by the fluid. The reflected 
light can be coupled as a signal out 130 through optical fiber 
128 to an appropriate analyzing device for measurement. The 
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change in reflected light can be measured and with proper 
calibration, can provide a linear measurement of the amount 
of pressure in the fluid. 
The active needle devices of the invention such as the 

microneedle and microneedle arrays have many benefits and 
advantages. For fluid injection, these benefits include reduced 
trauma at penetration sites due to their small size, greater 
freedom of patient movement because of the minimal pen 
etration depth of the needles, a practically pain-free drug 
delivery due to the smaller cross section of the needle tip and 
distribution of fluid force, and precise control of penetration 
depth from needle extension length. In addition, the micron 
eedles have the ability to deliver drugs to localized areas, or 
extract fluids from precise locations for analysis, and are 
advantageous in their ability to be stacked and packaged into 
a three-dimensional device for fluid transfer. The active 
microneedles have the ability to extract either large or small 
amounts of fluids in precisely controlled amounts, and can be 
easily and economically fabricated using micromachining 
procedures. 
The active microneedles also provide convenient and easy 

methods for performing electrical, optical, physical, or bio 
chemical sensing in compact devices. The integrated sensing 
capabilities in the active microneedles provide compact, por 
table, and disposable devices which are less costly and com 
plex to use for analysis of fluid samples, and reduce or elimi 
nate the need for Supporting fluidic and electronic systems. 
The microneedles can be used in a wide variety of biomedi 

cal applications. The microneedles can withstand typical han 
dling and can Subcutaneously deliver medication without the 
usual discomfort associated with conventional needles. The 
microneedles are minimally invasive, in that the micron 
eedles only penetrate just beyond the viable epidermis, reach 
ing the capillaries and minimizing the chance of encountering 
and damaging the nerves present in the area of penetration. 
The following examples are given to illustrate the present 

invention, and are not intended to limit the scope of the 
invention. 

EXAMPLE 1. 

A two dimensional microneedle array was fabricated with 
25 hollow microneedles fluidly interconnected by a needle 
coupling channel. The hollow microneedles were made Such 
that their inner cross-sectional area was 40x20m (width by 
height) and their outer cross-sectional area was 80x60 um. 
The needle coupling channel was 100 um wide, and provided 
fluid communication between each needle channel. Two sets 
of 60x100 um structural supports were located 250 um from 
each needle end. Each needle channel was 2 mm long, while 
the width of the 25 needle array was 5.2 mm. The center-to 
center spacing between individual needles was 200 um. The 
needle walls were made of electroformed metal and were 
approximately 20 um thick. 
The microneedle array was fabricated from electroformed 

low stress nickel Sulphamate, gold cyanide, and palladium 
electroforming solutions. The bath chemistry and electroplat 
ing conditions were selected and precisely controlled to allow 
formation of low stress depositions on top of a 3-5 um sacri 
ficial membrane. The surface roughness of the electroplated 
metals was found by Atomic Force Microscope (AFM) to be 
approximately 15 nm, resulting in a relative roughness of 
OOOO56. 

It is important to note the structural quality of the needle 
tips. The inner dimensions were approximately 30x20 um, 



US 7,473,244 B2 
17 

outer dimensions were approximately 80x60 um, and the 
needle tips were formed with 45°  angles for ease of penetra 
tion. 

EXAMPLE 2 

Individual hollow metallic microneedles were fabricated 
with multiple output ports and had an inner cross-sectional 
area of 140x21 um (width by height) with outer cross-sec 
tional area dimensions of 200x60 um. The tip dimensions of 
the microneedles were less than 15x15um. The length of the 
tapered portion of the needle shaft was 1 mm and the distance 
from the tip to the first output port was about 300 um. The total 
length of each microneedle was 6 mm, with input port inner 
dimensions of 140 um wide and 21 um high. The wall thick 
ness of each microneedle was about 20 Jum, and the output 
ports were formed with dimensions of 30 um on the top and 
bottom of the microneedles. The output ports were separated 
by 30 um, and there were 9 ports on the top and 12 ports on the 
bottom of each microneedle. 

The microneedles were each packaged into a standard 
Luer-lock fitting using a polymeric medical grade UV-cur 
able adhesive. This interface between a microneedle and a 
syringe included a simple female Luer-to-/16" barb adapter. 
The UV-curable adhesive was found to permanently affix the 
microneedle to the interface while providing a leak resistant 
seal. 

EXAMPLE 3 

A preliminary experiment was conducted to assay a glu 
cose via glucokinase and firefly luciferase reactions. The 
assay was a homogeneous ATP depletion type assay with 
initial concentrations of glucokinase (80 nano-molar), ATP 
(10 micro-molar), luciferin (100 micro-molar), and firefly 
luciferase (0.1 nano-molar) in 0.45M glycylglycine buffer at 
pH 7.8. The results are shown in the graph of FIG. 11, which 
plots the normalized luminometer bioluminescence, detected 
two minutes after the rapid mixing of all reactants, as a 
function of initial glucose concentration. The results suggest 
that a single step homogeneous assay for glucose can be 
accomplished without initial dilution of the glucose in the 
sample. 

EXAMPLE 4 

FIGS. 12 and 13 are graphs showing the characteristics for 
a creatine biosensor. The graph of FIG. 12 plots the normal 
ized bioluminescent signal (in relative light units) as a func 
tion of time for several different concentrations of creatine. 
The bioluminescent signal had a 560 nm wavelength and was 
measured by a luminometer. The final concentrations of cre 
atine shown are within the physiological serum creatine con 
centration range. 

FIG. 13 shows the results of an assay experiment for cre 
atine using the creatine kinase and firefly luciferase reactions. 
The creatine assay was a homogeneous ATP depletion assay 
(the creatine kinase reaction competes with the firefly 
luciferase reaction for the ATP). The final assay constituents 
were buffered in 0.45 molar glycine-glycine buffer at pH 7.8 
and the final assay concentrations were the following: 1.4LM 
ATP, 71 uMMg", 14 uM luciferin, 0.3 uM luciferase, 60 uM 
creatine kinase, and various concentrations of creatine (0.45 
M glycine-glycine buffer for control). Relative light units 
(RLU) measured by the luminometer are dependent on the 
type of instrument, sensitivity of the instrument, and other 
factors; therefore, the raw bioluminescence signal measured 
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versus time was normalized to the control peak RLU value. 
FIG. 13 plots the normalized bioluminescent signal as a func 
tion of creatine concentration. 

EXAMPLE 5 

In order to determine the feasibility and the physical limi 
tations of using bioluminescence for highly sensitive analyte 
measurement of Small sample Volumes, micro-reaction 
chambers (uRCs) were fabricated on silicon wafers using 
KOH anisotropic wet etching. An ATP firefly luciferase/lu 
ciferin solution was placed in the uRCs and observed through 
a close up lens with a CCD. The integrated CCD signal was 
recorded and compared with well size and depth. The attenu 
ation of the CCD signal was also observed for wafers coated 
with titanium (500 A) followed by chromium (1500 A). 
A 5-mL, firefly luciferase/luciferin solution consisted of 

1.25 mg/mL bovine serum albumin (Sigma—reconstituted 
into the Solution and used for coating the glass vial to prevent 
denaturing of the luciferase), 1.25 mMethylene diaminetetra 
acetic acid (Sigma), 12.5 mM Mg" (Sigma from MgSO), 
1.84-uM firefly luciferase (Promega), and 1.25 mM luciferin 
(Biosynth) in a 1.25 mM glycyl-glycine buffer. This mixture 
was able to maintain 90% activity for about 20 hours when 
stored in the dark. A 5 mM ATP. glycyl-glycine buffer solu 
tion was also prepared. A 20 uL sample of the firefly 
luciferase/luciferin solution was pipetted into 5uL of the ATP 
solution that resulted in a 1.0 mMATP mixture, saturated with 
luciferase and luciferin (which means the reaction rate was at 
its peak). After the solution mixed, 20 uL of it was pipetted 
onto an area about 20x15 mm wide. A thin glass cover slip 
was placed on the solution, starting at one end and tilting the 
cover slip as it was laid down, so that the excess biolumines 
cent fluid would disperse. For high concentrations of ATP (>8 
uM), the initial mixing of ATP with the luciferase/luciferin 
Solution causes a peak luminescence within 3 seconds. The 
luminescence then tapers and levels off after 1 minute. There 
fore, the light measurements for this experiment were inte 
grated for 20 seconds, 2 minutes after the ATP and luciferase/ 
luciferin solution were mixed, with the light intensity 
essentially constant. 
An ST6-ACCD camera, from Santa Barbara Instruments 

Group was fitted with an Olympus wide-angle lens and close 
up ring. The experimental substrates were focused 55 mm 
below the lens with the aperture set at 2.8. The field of view 
was about 20x15 mm. The camera was operated at -20.00 
C. One minute after the luciferasefluciferin solution was, 
added to the ATP, a 10-sec dark field exposure was taken with 
the CCD. At 2 minutes and 5 seconds after the ATP and 
luciferase/luciferin solution mixed, the CCD integrated a 20 
second exposure, of the bioluminescent reaction while 
shrouded in a darkroom. The resulting image was saved as a 
TIF file (Range: 0-400). Scion Image (based on the NIH 
image Software) was used to determine the average and stan 
dard deviation of the pixel values for each uRC. One pixel of 
the CCD image was equal to 46.875um. Actual results failed 
to show light emitting from the 75, 50, 25, and 10 um wide 
wells on all substrates. 

FIG. 14 is a graph of the average CCD counts from the 20 
second integrated CCD reading as a function of different 
sample Volumes. The data was plotted in sets for the same 
viewing area (or LRC square width). The data was also sepa 
rated according to Ti/Cr reflective Substrates and plain, non 
reflective substrates. For each set of data (wells with same 
width and coating), the increasing Volume occurs from the 
increased etch depths of 250 um 100 um, and 50 Lum. The data 
from the different etch depths are pointed out for the 750 um 
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wide wells as an example. The higher intensity values 
occurred for the deeper wells. The intensity/volumes slope is 
greater for the Ti/Cr reflective substrates than for the plain 
Substrates. 

Table 1 below sets forth a statistical comparison of the 5 
intensity/volume slope relationships for reflective vs. non 
reflective surfaces of the same viewing window size. The 
reflective wells with intensity/volume slopes that were statis 
tically different from the intensity/volume slopes for the non 
reflective surfaces (P<0.05 using the T-test) were over two 10 
times greater. This follows the hypothesis that transmittance 
is nearly doubled for chromium coated (reflectiv 
ity=0.67(a)560 nm) versus uncoated silicon (reflectivity=0.33 
(a) 560 nm) uRCs. 
The T-test used was the student-T test to find if there was a 

significant difference between sample measurements of two 
groups. The null hypothesis of the T-test (for the described 
experiment of this example) was: there is no difference in the 
intensity/volume slopes for the wells with reflective surfaces 
and the wells with non-reflective surfaces. The value P-0.05 
means that there is less than a 5% probability (P) that the null 
hypothesis is true. The T-test, if performed properly, is a 
useful tool to show that one method or product is significantly 
different (more efficient, better, etc.) than an existing method 
or product. 25 

TABLE 1. 

P value from T-test between 
Intensity/Volume Slopes of Ratio of Intensity/Volume 30 

RC Non-Reflective RCs and Slopes for Reflective and 
Width (Lm) Reflective RCs Non-Reflective Substrates 

750 O.OOOO1 3.02 
500 O.OO2 2.37 
400 O.OO4 4.94 
3OO O.OOS S.11 35 
250 O.36 2.87 
2OO O.O3O 1.07 
150 0.72 O.88 
1OO 0.55 O.21 

40 

The intensity/volume slope also increases as the LRC 
square width decreases. This implies that using long, narrow 
microneedles as the uRC is ideal. Table 2 statistically com 
pares the intensity/volume slopes between reflective wells of 
different viewing window sizes, showing that there is a sig- 45 
nificant increase in the intensity/volumes slopes, as the LRC 
width decreases. The intensity/volume sloperatio is the slope 
for the smaller window over the slope for the next larger 
window. 

50 

TABLE 2 

Ratio of 
IRC Square P value from T-test Intensity/Volume 

Widths Being between Intensity/ Slopes for Smaller 
Compared Volume Slopes IRC Widths Verses 55 

(Lm) IRCs being compared Wider IRC Widths 
500,750 O.004 1.89 
40OSOO O.04 1.98 
300,400 O.28 1.59 
2SO,300 O.89 1.11 60 
200,2SO O.81 1.28 
1SO,200 O.91 0.73 

The increase in intensity/volume is only significant down 
to wells that are 400 um wide. For smaller uRC widths (150- 65 
300 um), the non-reflective substrates show little correlation 
between average CCD counts and sample volumes (R-0.25, 
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where R is the reflectivity). The Ti/Cr reflective substrates 
still show some correlation (R-0.25 for uRCs 250 um wide 
and wider) between intensity and volume. However, as the 
uRC square width decreases (250 um wide and smaller), there 
is little difference in signal intensity values for different etch 
depths. The error in the signals for wells 200 um wide and 
Smaller is large enough to overlap with the background inten 
sity. This suggests that the wells with windows smaller than 
200 um wide would not produce signals of a discernable 
intensity, if they are only 250 um deep. However, narrower 
and deeper uRCs such as microneedles, which hold a larger 
sample Volume, would produce a stronger useable signal. 
The present invention may be embodied in other specific 

forms without, departing from its spirit or essential charac 
teristics. The described embodiments are to be considered in 
all respects only as illustrative and not restrictive. The scope 
of the invention is, therefore, indicated by the appended 
claims rather than by the foregoing description. All changes 
which come within the meaning and range of equivalency of 
the claims are to be embraced within their scope. 

What is claimed is: 
1. An active microneedle device comprising: 
a hollow microneedle having an elongated shaft defining at 

least one microchannel and having a proximal and distal 
end; 

at least one input port at said proximal end of said elon 
gated shaft and at least one output port at said distal end 
of said elongated shaft, said at least one microchannel 
providing fluid communication between said at least one 
input port and said at least one output port; and 

at least one non-living bioluminescence-based biosensor 
located in said elongated shaft, said at least one non-living 
bioluminescence-based biosensor including a reagent mix 
ture, said reagent mixture including one or more anti-oxidant 
additives adapted to reduce oxidation due to sulfhydryl 
groups in the reagent mixture, and said reagent mixture fur 
ther being stabilized for long-term storage Such that at least 
half of its bioluminescent activity is preserved for at least six 
months, 

wherein said elongated shaft is formed of a first material 
and has an interior Surface which has a coating formed of 
a second material, wherein said second material is a light 
enhancing reflective coating relative to said first mate 
rial. 

2. The active microneedle device of claim 1, wherein said 
non-living bioluminescence-based biosensor includes a sta 
bilized luciferase enzyme and a stabilized luciferin substrate. 

3. The active microneedle device of claim 1, wherein said 
non-living bioluminescence-based biosensor is lyophilized. 

4. The active microneedle device of claim 1, wherein said 
at least one non-living bioluminescence-based biosensor is 
located at said output port of said elongated shaft. 

5. The active microneedle device of claim 1, wherein said 
bioluminescence-based biosensor is over a range of five or 
more orders of magnitude of concentration ranges. 

6. The active microneedle device of claim 1, further com 
prising an optical detector adapted to detect light transmit 
tance levels generated by a reaction of said at least one non 
living bioluminescence-based biosensor with a fluid within 
said microchannel. 

7. The active microneedle device of claim 6, wherein said 
optical detector is integrated inside said hollow microneedle. 

8. The active microneedle device of claim 6, wherein said 
optical detector is external to said hollow microneedle. 
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9. The active microneedle device of claim 8, wherein said 
elongate shaft has a window therein, and wherein said exter 
nal optical detector detects said light transmittance levels 
through said window. 

10. The active microneedle device of claim 1, wherein said 
at least one non-living bioluminescence-based biosensor is 
adapted to detect light transmittance levels of a sample size 
less than or about equal to 0.05 uL. 

11. The active microneedle device of claim 1, wherein said 
microchannel has a pyramid-shaped cross section along its 
elongate length. 

12. The active microneedle device of claim3, wherein said 
at least one non-living bioluminescence-based biosensor 
comprises a biochemical sensing reagent mixture configured 
to complete a reaction leading to light generation, and 
wherein said biochemical sensing reagent mixture has been 
stabilized by drawing said biochemical sensing reagent mix 
ture into said elongated shaft, and thereafter lyophilizing said 
biochemical sensing reagent. 

13. The active microneedle device of claim 12, wherein 
said biochemical sensing reagent mixture includes ATP and 
NADH bioluminescent platform enzymes. 

14. The active microneedle device of claim 12, wherein 
said one or more anti-oxidants Substantially prevent oxida 
tion of luciferase due to Sulfhydryl groups. 

15. The active microneedle device of claim 12, wherein 
said biochemical sensing reagent mixture includes anagarose 
Solution. 

16. The active microneedle device of claim 12, wherein 
said biochemical sensing reagent mixture inside said elon 
gated shaft includes sucrose or trehalose. 

17. The active microneedle device of claim 12, wherein 
said at least one non-living bioluminescence-based biosensor 
comprises one or more bioluminescent molecules, and 
wherein said one or more bioluminescent molecules have 
been stabilized within said elongated shaft. 

18. The active microneedle device of claim 12, wherein 
said non-living bioluminescence-based biosensor includes 
one or more operating enzymes, and wherein said one or more 
operating enzymes have been immobilized. 

19. The active microneedle device of claim 18, wherein 
said one or more operating enzymes includes at least two 
sequentially operating enzymes that have been co-immobi 
lized, said at least two sequentially operating enzymes having 
been mixed together prior to introduction into said micro 
channel. 

20. The active microneedle device of claim 1, wherein said 
elongated shaft of said hollow microneedle is a non-silicon 
material. 

21. The active microneedle device of claim 1, wherein said 
at least one microchannel has a cross-sectional area in a range 
from about 25um to about 5000 um. 

22. The active microneedle device of claim 1, wherein said 
elongated shaft of said hollow microneedle is composed of a 
metal material selected from a group consisting of nickel, 
copper, gold, silver, platinum, palladium, titanium, chro 
mium, and alloys or combinations thereof. 

23. The active microneedle device of claim 1, wherein said 
elongated shaft is Supported on a Substrate, said substrate 
having a substantially planar Surface and an edge adjacent 
said Substantially planar first Surface. 

24. An active needle device comprising: 
a hollow needle having an elongated shaft defining at least 

one channel and having a proximal and distal end; 
at least one input port at said proximal end of said elon 

gated shaft and at least one output port at said distal end 
of said elongated shaft, said at least one channel provid 
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22 
ing fluid communication between said at least one input 
port and said at least one output port; and 

at least one non-living bioluminescence-based biosensor 
located in said elongated shaft, said at least one non 
living bioluminescence-based biosensor including a 
reagent mixture, said reagent mixture including one or 
more anti-oxidant additives, and said reagent mixture 
further being stabilized for long-term storage such that 
at least half of its bioluminescent activity is preserved 
for at least six months, 

wherein said elongated shaft is formed of a first material 
and has an interior Surface which has a coating formed of 
a second material, wherein said second material is a light 
enhancing reflective coating relative to said first mate 
rial. 

25. The active needle device of claim 24, wherein said 
hollow needle is a macroneedle. 

26. A biosensor comprising: 
(i) a hollow microneedle, said hollow microneedle includ 

ing: 
(a) a tapered tip at a distal end of said hollow micron 

eedle; 
(b) an output port proximate said tapered tip; 
(c) an input portata proximal end of said hollow micron 

eedle; 
(d) an elongate channel disposed between said input port 
and said tapered tip, said elongate channel having an 
interior surface that is formed of said first material, 
and said elongate channel providing fluid communi 
cation between said input port and said output port, 
wherein said elongate channel has a Substantially con 
stant cross-section across its entire elongate length 
between said input port and said tapered tip; and 

(e) alight enhancing reflective coating deposited on said 
first material of said interior Surface of said elongate 
channel, said light enhancing reflective coating pro 
viding for light transmittance levels about twice that 
of said first material; 

(ii) a non-living bioluminescence-based biosensor depos 
ited on said interior Surface of said elongate channel, 
said non-living bioluminescence-based biosensor being 
dried on said interior Surface and including a variety of 
components that were thoroughly mixed as a wet solu 
tion for depositing said non-living bioluminescence 
based biosensor in a wet form on said interior surface 
prior to drying, said variety of components including at 
least: 
(a) bioluminescent molecules; 
(b) anti-oxidant additives for reducing oxidation of said 

bioluminescent molecules due to Sulfhydryl groups 
and for Surface passivation; and 

(d) one or more stabilizer additives adapted to stabilize 
enzymes of said bioluminescent molecules; and 

(iii) an optical detector configured to detect luminescence 
intensity levels within said elongate channel, said opti 
cal detector being integrated within said interior Surface 
of said elongate channel. 

27. The biosensor of claim 26, wherein said variety of 
components further include anagarose solution configured to 
facilitate rapid drawing of said wet solution into said elongate 
channel. 

28. The biosensor of claim 26, wherein said one or more 
stabilizer additives are configured to co-immobilize sequen 
tially operating enzymes of said bioluminescent molecules. 

29. The biosensor of claim 28, wherein said one or more 
stabilizer additives include avidin and are adapted to immo 
bilize proteins. 
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30. The biosensor of claim 28, wherein said one or more 32. The biosensor of claim 26, wherein said elongate chan 
stabilizer additives are adapted to control enzyme orientation. nel was oxidized during fabrication or is formed of a hydro 

31. The biosensor of claim 30, wherein said enzyme ori- philic metal. 
entation increases efficiency of sequentially operating 
enzymes. k . . . . 
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