US0()7473244B2

a2 United States Patent (10) Patent No.: US 7,473,244 B2
Frazier et al. (45) Date of Patent: Jan. 6, 2009
(54 ACTTYE NEEDLE DEVICES WITH 4,530,740 A T1985 Wolf et al.
INTEGRATED FUNCTIONALITY 4707,225 A 111987 Schuler etal.
4,780,395 A 10:1988  Sailo <l al,
(75} Inventors: A. Bruno Frazier, Mableton, (iA (US); 4784737 A * 111988 Rayetal ... . A35/455
Joseph D, Andrade, Salt Lake City, UT ARIT09 A 61989 Byers ef al.
A

{US). Daniel A. Barthoelomeusz, AKTLETS
Murray, U'T (1JS); John 13. Rrazzle, R
Millord, NH (US)

10:1989 Hoeopman et al.

(73) Assignee: The University of Utah Research :

Foundation, Salt Lake City, UT (US) (Continucd)

FOREIGN PATENT DXOXCUMENTS

(*) Notice: Subject lo any disclaimer, he term of this

patent is extended or adjusted under 35 WO WO/ 6833 32000

U.S.C. 154(b) by 336 days.
(21} Appl No:  10/258,011

OTHER PUBLICATIONS

(22 PCT Filed: Jun. 1, 2001
Wood, Keith & Moika Gruber. “Transduction in microbial biosensors

(86} DCT No.: PCT/USO1/17838 using mulfiplexed hioluminescence.” Biosensors and Binelectronics.
Voll 11, No. 3: 1996 pp. 207-214.%

§371 (e)(1), P . . .
. rimarv Examiner—Keovin C. Sirmons
(2). (4) Date:  Feb. 23,2004 Agsistant Examiner—Flizabeth R MacNeill

(87} DCT Pub.No.: WO01/93930 {74y Awornev, Agent, o Firni—Workman Nydegger

PCT Pub. Date: Dec. 13, 2001 5n ABSTRACT

(65} Prior Publication Data

An active needle device for tlud injection or extraction
US 2004/0176732 A1 Sep. 9. 2004

includes at least one hollow elongated shall defining at least
one channel. The channel provides communication between

(31) Int.CI. atleast ane input port and at least one output port of the needle

:g{}‘;‘jﬁgz %%28}) device. Al least one aclive component such as a sensor ur
: ( 01 actuator is placed or integrated into the clongated shaft. The
(52) U.'S' €L S 6041272, 600:’ 385 needle device can include a macroneedle, a microneedle, or
(58) Ficld of Classification Scarch ............... 604/272, an array of macroneedles or microneedles. The microneedles
o GO4/RI0.1-892.1. 65-67; 600345 can be fabricated on a substrate which can remain attached to
See application [ile for complete search history. the microneedles or he subsequently removed. ‘The active
56 Ref: . Cited component ¢an facilitate bioch_cﬂ_li(_:al, oplical, elecidcal, vr
(36) clerenees LA physical measurements of a fluid injected or extracted by the
LIS PATENT | XX UMENTS needle device.
4,285,779 A 31981 Shiga et al.
4493753 A 171985 Beckeretal. 32 Claims, 10 Drawing Sheets
R ™
13—\ f“
!""""'+ ==
| 0 {
Sl
| [~ I
y i H
| SRR I S I |
Pl
o
S
T
15—4_8
]
y



US 7,473,244 B2

Page 2
I8, PATENT DOCUMENTS SA8%4300 A+ 101996 DiBestaetal ... 60421
590,139 A % 11997 Linetal e G04/204

4,894,664 A 11199¢ Tsung Pan SHRSA91 A 11:1997 Marks et al,
4022,265 A 51990 [an 801,057 A % w1998 Smaietal .. 436/08
4972204 A 111990 Sexion AREIA95 A T OIXTIY9R Parce o 3565344
5,094,877 A 31993 Lam el al 5871158 A 21999 Fruvier
5199487 A 41993 DiFrancesco of al. 5876582 A 31999 Frazier
3,249,358 A 1071993 Tousignant et al., 928207 A * 1999 Pisanceial ... 0047272
5283070 A F 21004 Wood e 4358 6009347 A * 121999 Hefmann ... 604°21
531159 A 419494 Kaartinen 5,232,107 BL* 52001 DBayanetal. ..voveivern- 433139
S312456 A 51994 Reedetal. 6267.858 BI* 72001 Parceetal. ..., 2047600
5443713 A R1005 Hindman 5,334,850 Bl* 12002 Allenstal. ... 0047191
5457041 A * 10°1995 Ginaven etal .......... 435455 * ciled by examiner



U.S. Patent Jan. 6, 2009 Sheet 1 of 10 US 7,473,244 B2

FLUID IN

19\ 18

FIG. 1A



U.S. Patent Jan. 6, 2009 Sheet 2 of 10 US 7,473,244 B2

3
23
29 . /
2% 2 2

233 el e

2a
17 1

FIG. 28



U.S. Patent Jan. 6, 2009 Sheet 3 of 10 US 7,473,244 B2




U.S. Patent Jan. 6, 2009 Sheet 4 of 10 US 7,473,244 B2

FIG. 6A
42h\ 37 37

=N e

I:-I~ i O T+t

—=a |ln-t 8 i|n+4 | v+

FIG. 68



U.S. Patent Jan. 6, 2009 Sheet 5 of 10 US 7,473,244 B2

ﬁv 37 &37

37

452 \ -

=lel Bl Bl [l
oo olal ola] alo
R 1 4 il 1 P R 7wl
4 - |
i - R
seb——H | l4eb S 3

TN (] TP 1 ] PP ot 4sa"§‘

3 3 3 /(37
I N AV _ .
S 3 e o

0o o|o oo oo

1= | 15[ ) e U | Wy v
7 z zi|ia ml
H ]
L R e IR D
46b~- | | {46 et | 46T X




U.S. Patent

Jan. 6, 2009 Sheet 6 of 10 US 7,473,244 B2

227
52 -

FIG. 8A
54 oMy

FIG. 88

FIG. §E
28
D bobed
% 26
FG. BF

"
2% -ﬂ% 4 Lo o4 @'\25

FIC. 86




US 7,473,244 B2

Sheet 7 of 10

Jan. 6, 2009

U.S. Patent

JONIYAS OL
t

JONIYAS 0L
t

08

08

88

TN

M 2

N

86 "old

«\\\E\\\\\\\t\\\\\\\\\\ AL AL LI RN E A
b2 AN R

R 7 e R T LTy
SRR NN

il ol O P P TR Y PE S T R
T I

N \\\\\ WAL EE RS L T LTI IS
T RN
R i i ) t\\\\\\\\\\\\\.\\\\\\\n

F RN AT

<
INIQION

08

§O1LOINNI D1LSY1d

v6 9l

BRI

SATTA T e AT A A S
YHEME AR M b,

SiTR ¥,

.

_.

(4

ONILY1d0¥10373

(41

08

8

\\\\\\\\\\\\ 1\\\.\.\\\\‘“

\\\\\\\\\.1\-&..\\\\\\\\\\\\. \\.-\\\\\\\\\\\\\\

T .k\k\\\\\\\\\\\\\\\\\\\\\\\\ )

L T P

2 SRR R N

LTSS AL T ITST Y

28

<3
HSY

D L R e oy 7]

]

A A A AL AT S AL LR IS0,
\\\ IR RN N

%




U.S. Patent Jan. 6, 2009 Sheet 8 of 10 US 7,473,244 B2

120
b > ./ 3 126
‘i
[\
N L
128 1 12 3
N
§
N
= 125
\
130 N\
)
\
FIG, 10
=
=09 |
s o5 I
= 0.7 1
E0.8 Q
£05 o 1'
S
503 o o 1
1Y 0
£ -
= 5 10 15 20

Initial Glucose (mMolar)

FIG. 11



U.S. Patent Jan. 6, 2009 Sheet 9 of 10 US 7,473,244 B2
= 12 I
= = Control
=3y 44 Creatin
> 0 67l Creatin
E 06 ?g lJﬂt’:&eatitq
= | reati
o 04 17808 Creati
i e o
s 0. M Creati
5 0 : | | | ’ 835uM Creati
0 10 20 30 40 §0 60
Time (Seconds)
FIG. 12

£y

o} N -

=s 07 o

éa,___ 0.6 o >

=8 0i o)

s=g M (%2

S=g N

£ 0

= 0 i . ' X N

=3 D100 20 300 400 500 600

=5 Creatine Concentration (M)

FIG, 13




US 7,473,244 B2

Sheet 10 of 10

Jan. 6, 2009

U.S. Patent

0 = ol
191 ‘00p

W0 = 2y
Utelg “00g

80 = 3y
19111 ‘006

160 = 0y
uleld ‘051

280 = iy
1L ‘06l

o8

N

dasp wri g6z

b "9l

(u) aunjop

\ dasp wri g

daap wri gg}

001
05}
007
082
- 108

- 066
- 007

sjunoy 99 afiesany



US 7,473,244 B2

1

ACTIVE NEEDLE DEVICES WITH
INTEGRATED FUNCTIONALITY

BACKGROUND OF THE INVENTION

1. Field ol the Invention

The present wnvention relates generally to needle devices
for the injection and extraction of Huids. More specitically,
the present invention relates to active needle devices such as
macronecdles, microncedles, and macroncedle or micron-
eedle arrays which have one or miore active components pro-
viding additional functionality to the needle devices.

2. Relevanl Technology

Micro instrumentation is a rapidly growing arca of interest
for a broad spectrum of applications. One particularly fast
growing area is biomedical instrumentation where significant
cfforts arc being made to develop micro biochemical 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 he
addressed.

It is well known that needles are used to extract samples of
substances trom living tissue in order ta analvze the suh-
stances [or diagnosic purposes, or W deliver a drog or medi-
cament. The majority of needles in use today are
macroneedles, which have a relatively large diameter as coim-
pared o ablood cell and are on the order ol millimeters (mm).

In many areas of biotechnology and medicine, there exists
the need for fluid injection or extraction on a microscale;
either for injection imo a precise location, or for injecting or
extracting small amownts of fluid. It is advantageous w be
able to perforim these injections or extractions with a minimal
amount of tissue damage, and also witha 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-
tionfextraction heads in a dmyg delivery system ot micro-
chemical factory, and as injection/extraction heads in micro-
surgery. Some of the smallest hollow needles that are
currently available have inner diameters ofover 200 pm. Prior
micro-sized (sizes on the order of microns, where 1 micron=1
pm=10"°% m) needles include those disclosed in U.S. Pat. No,
5457041 to Ginaven et al., and 1.5, Pat. No. 5,591,139 to
Lin et al.

For some applications, it is desirable to inject small
amounts of fuid; however, in other situations, larger amounts
of tluid 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 o address
this problem is tc tabricate an array ot needles, asin 11.5. Pat.
No. 5,457,041 refemed 10 hereinabuve, which discloses an
array of micronecdles of abour 20 needles by 20 needles,
whetein the length of the needles is between 10 and 25
microns, and the spacing between needles is between about 5
and 20 microns.

la U.S. Pat. No. 5,591,139 referred to above, silicom-based
microneedles are disclosed which are fabricated using inte-
graled circuil processes. Various devices such as microheal-
ers, mircrodetectors, and other devices can be fabricated on
the microneedle.

30

35

40

43

a0

55

60

65

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
chenuical vapor deposited polysilicon, both of wluch 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 friom 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-
nicnt.

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

SUMMARY OF TH INVENTION

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 hio-
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 cne
hollow ¢longated shaft defining at least one channel there-
through. The chamnel provides communication between at
least one input port and at least one cutput port of the needle
device. At least one active component such as a sensor or
actuator is placed or integrated into the elongated shatt. The
needle device can be a macroneedle, a microneedle, or an
amay 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 nclude vari-
ous functionalities such as integrated biochennical 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
(%), with a window provided on a surtace of the microneedle
(s} for the detection of bioluminescence which occwrs in the
presence of certain metabolic substances.

A method of fabricating an active microneedle device
according Lo 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 surlace of
the bottom walls is coated with a photoresist layer to a height
corresponding to aselected nner height of a microchannel for
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each of the microneedles. A metal matetial is then deposited
to form side walls and a top wall upon the bottom walls and
around the photoresist layer. The photoresist laver is then
removed from each nucrochannel to form the microneedles.
The microneedles can be released from the substrate and vsed
independently of the substrate, if desired.

The method of fabricating the active microneedle device
can include p* etchi-stop membrane technology, anisotropic
ciching of silicon in potassium hydroxide, sacrificial thick
photoresist micromolding technology, and micro-elec-
trodeposition technology. For a hiochemical luminescence
scnsing microncedle device, cortain biochemical sensing
reagents can be drawn into and dried onto the inner walls of
the hollow needle(s).

The active necdle devices of the invention have the advan-
tage of permitting real-time analysis of a fuid being sampled.
In addition, the array of active microneedles are capable of
injecting or extracting relatively large quantitics of fluids with
minimal tissue damage and ¢an be readily attached to a stan-
dard syringe. The array of active microneedles or a single
active microncedle can also be casily and ceonomically fab-
ricated. Yet another advantage of the array of active micron-
eedles or a single active microneedle is a high degree of
mechanical durabiliry.

These and other features of the present invention will 2

become more fully apparent from the following description,
or may be learned by the practice of the invention as sct forth
hereinatter.

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 1o be considered hmiting of its scope, the invention
will be described and explained with addirional specificity
and detail through the use of the accompanying drawings in
which:

FIG. 1A 15 a schematic represeniation of a single active
needle device according 1o the present invention:

FIG. 1B 15 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-dimensicnal array according to a further embodiment of
the present invention;

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

FIG. & is a schematic representation of microneedles in a
two-dimensional artay according 1o another embodiment of
the present invention,

FIGS. 6A-6B are schematic depictions of single-lumen
active microneedle arrays according to alternative embuodi-
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 fabneation process
sequence for forming a microneedle array:
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FIG. 8G depicts an embodiment of 2 mulhlumen micron-
eedle formed according to the present invention:

FIGS. 94 and 91 depict altemative methods of assembling
wo-dimensional needle arrays into three-dimensional needle
amay 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 bicluminescent signal
as a function of glucosc concentration,

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

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 (0 aclive needle devices,
such as macroneedles, microneedles, and macroneedle or
microneedle arrays, which have one or more active conipo-
nents incorporated therein providing additional functionality
tothe 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 mnput port and
at least one output port of the needle device. At least cne
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. 1 A is a schematic
representation of asingle 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 vsed herein means any
micro-sized needle which can be generally fabricated by
micremachining techniques.

Al least one active component 17 is placed or integrated
directly in elongated shatt 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 contigured 1o form one or more sensors, actuators, or
combinations thereol’ For example, (he sensors can be a bio-
sensor, such as a bioluminescence-based biosensor, which is
discussed in further detail hereatter, microdetectors, optical
pressure sensors, DNA analyzer chips, and the like. The
actuators can in¢ lude electromechamcal components for fuid
manipulation such as micropumps. microvalves, or the like.
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In addition, active component 17 can include an inteprated
circuit chip, an optical detector. other electrical based ccim-
ponents, impedance analyzers {e.g., integrated resistance,
inductance, and capacitance sensors), transducers, and the
like. A transducer can be used for detection of fluid parain-
eters such as flow velocity, temperature, pressure, ete. The
active component 17 can tacilitate one or niore biochemical,
optical, electrical, or physical, measurements or other analyz-
ing functions for a fluid injected or extracted by necdle device
10.

The active component 17 can be interfaced electronically
with conventional analyzing cquipment 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 cascs be fabricated at
the same time as the needle device. If fabricated indepen-
dently. the acfive compornent can be made on separate chips.
which can be affixed to an intermal surface of the ncedle or
substituted for part of a wall of the needle. Additional details
related 1o active component 17, including specific embodi-
ments thereof, are discussed below.

The active component 17 allows the needle device 1o pro-
vide real-time analysis of a fluid being sampled such as ina
blood analysis system. For example, blood can be analyzed

by an on-chip amplifier, such as a blood analysis amplifier, 2

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-
cedle, clongated shaft 11 generally includes a bottom wall
tormed by asolid layer 19, and opposing side walls connected
by a top 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 torm ot a microchannel with a transverse cross-
sectional profile that is substantially rectangular. The micron-
cedle optionally has a flange 18 at proximal inlct end 13 (FIG.
14A) which functions as a structural support tor the micron-
eedle. The Jange 18 can control penetration depth and can be
used to mechanically fix the microncedle to a surface that is
penetrated. The input ports 15 located at proximal inlet end 13
and vulpul ports 16 are formed in one or more of he bullom
wall, side walls, or top wall of the nucroneedle, The input
ports 15 and cutpuit ports 16 in the microneedle can be formed
by conventional {abrication processes such as eiching. FIG.
1B shows active component 17 such as a biosensor adjacent to
output ports 16,

The microneedle ¢an be fabricated by micromachining
techniques from a variety of metallic matenals such as nickel,
copper, gold. silver, platimum, palladiom, titanium, chro-
mium, alloys thereol, and the like, as well as other matenals
such as silicon, polysilicon, ceramics, glass, carbon black,
plastics, composites therenf, etc. In one emhodiment, the
microneedle is fabricated [rom 4 non-silicon material such as
any of the above metallic materials using the micromachining
techniques discussed in further detail helow. The microneedle
can be lixed on a substmle where [abricated or can be
removed from a substrate after fabrication.

FI(i%. 24 and 2B are schematic depictions of multi-lumen
active microneedles according to allernalive embodiments of
the present invention. FIG. 2A illustrates a dual-lumen active
microneedle 21 which is constructed in a similar manner as
the microneedle of FIG. 1B, having an elongated shali 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 Jayer 20. The hollow layer 20 is conligured such
that microneedle 21 has two microchannel members 224 and
22h each with a lumen therein and each with cotresponding
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nputs 23g and 235 One or more active components 17 such
as biosensors are located in each of microchannel menibers
22q and 225

FIG. 2B illustrates a tri-lumen active microncedle 24
which is constructed in a similar manner as microneedle 21.
The micrceneedle 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 tormed by a hollow
layer 20 The hollow layer 20 is configured such that micron-
cedlc 24 has three microchannel members 224, 224, and 22+
therein, each with corresponding inputs 234, 23h, and 23+~
One or more aclive compoenents 17 such as biosensors are
located in cach of microchannel members 22a, 225, and 22¢.

The multi-lumen active microneedles according to the
present invention allow two or more ditferent fluids to be
delivered by (he microneedle, which are mixed jusl belore
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
artay 254 according to another embodiment of the wvention.
The microneedle array 25q is formed in a two-dimensional
configuration on a substrate 26 having a substantially planar
upper surface 27. The substrate 26 15 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 thereod.

A plurality ot hollow microneedles 28 are tormed on upper
surface 27 of substrate 26. The microneedles 28 each havea
bottom wall, two opposing side walls, and a top wall that
define a microchannel therein. Fach hattom wall is formed
partially on upper surface 27 of substrate 26. The micron-
cedles 28 each have one or more input ports 15 at a proximal
end thereot’ A distal portionof'each microneedle 28 including
he microchannels exiends beyond an edge of upper surlace
27 of substrate 26 in a cantilevered manner and terminates in
needle tips 2% which can have a channel opening therein. In
addition, one or more outlel ports 16 can be lucated adjacent
to needle tips 29. The micronecedles 28 are preferably aligned
substantially parallel to each other on substrate 26. One or
more aclive components 17, such as bivsensors or other sens-
ing or actuating devices as discussed above, are located in
each of microneedles 28.

"The microchannels 10 the microneedles 28 are preferably
dimensioned 0 have o widih between sidewalls ol less than
about 100 pm, and more preferably about 0 pm to about 50
um. When the width is zero between the sidewalls, the
microneedles 28 electively become one multilumen micron-
eedle with a plurality of microchannels as shown in FIGS. 24
and 2B. The height between the top and bottom walls of the
microchannel is also preferably less than about 1083 un, and
more preferably about 2 pm to about 50 jun. The length of
each microneadle can he trom about (.05 pm to about 5 mm,
and the width oleach microneedle can be [rom about 4,05 pun
to about 1 mm. The center-to-center spacing between indi-
vidual microneedles can be from ahout 50 pm to ahout 200
pm. The micronsedles can also withstand (low rates ol up o
abour 1.5 cc/sec.

The microneedle length extended fron substrate 26 can be
varied from less than about 50 pm (subcutaneous) to several
millimeters for Quid delivery/extraclion. For example, (he
distal end ofeach microneedle 28 can extend beyond the edpe
of substrate 26 a distance from about 10 (um to about 100 mm.,
The inner cross-sectional dimensions of the microchannels in
individval microneedles can range from about 10 pm to about
1 mm 11 width and from about 2 um to about 50 wm in height.
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Accordingly, the microchannel in each of the microneedles
can have a cross-sectional areain the range from about 25 pm?
to about 5000 pm”.

A needle coupling channel member 30 can be optionally
tormed on upper surtace 27 of substrate 26 hetween 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 thnd com-
munication between the microchannels of each microneedle
28. The coupling channe] member 30 also allows for pressure
equalization and halance ot tluid flow hetween microneedles
28.

structural support members 31 can be formed 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 w provide rigidity and strength
to nucroneadle atray 28a4. 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 vanety of metal
matetials such as nickel. copper, gold, palladiom, titaniom,
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 lwd input device or with mul-
tiple fluid input devices {not shown).

An active microneedle array 254 according to an alterna-
tive embodiment of the invention is shown in FIG. 4. The
microncedle array 254 has a two-dimensional configuration
with similar components as microneedle array 2584 discussed
above, except that the substrate has been removed from the
array. Accordingly, microncedle array 255 includes a plural-
ity of microneedles 32 with microchannels that are dimen-
sioned as discussed above lor microneedle array 25a.

The microneedles 32 each terminaie al a needle Gip 33 with
a channel opening 34 thercin. A needle coupling channel
member 36 with a covpling micrachannel therein provides a
[luidic inlerconnection between the microchannels of each
nueroneedle 32, A pair of structural support members 38 are
formed on either side of conpling channel member 36 and
interconnect with microneedles 32, Cne or more input purls
37 and output ports 39 can be optionally formed in micron-
eedles 32 to increase thoid nput and output flow. The input
ponis 37 and output ports 39 can be [ormed inone or more of
the bottom walls, aside walls, of microneedles 32 by conven-
tional tabeication processes such as etching. One or more
active components 17, such as biosensors or other sensing or
actuating devices as discussed above, are located 1 each of
microneedles 32.

An active microneedle array 40 according to another
embodiment ol the invention is shown inFIG. 5. The micron-
eedle array 40 has a two-dimensional configuration with
similar components as microneedle array 2854, except that
microneedle aray 40 is formed withoul 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 25q¢. The
microneedles 32 each terminate at a needle tip 33 with a
channel opening 34 therein. A pair of structural support mem-
bers 38 inlercomect with microneedles 32, One or more inpul
ports 37 and output ports 39 can be optionally formed in
microneedles 32 to increase thid input and output flow. One
or more aclive components 17, such as biosensors or other
sensing or actuating devices as discussed above, arelocated in
each of microneedles 32.
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FIGS. 6A-6B and 7A-TB are schematic depictions of
single and multi-lumen active microneedle arrays according
o alternative embodiments of the present invention. Anactive
microneedle array 424 15 shown m FIG. 6A having a two-
dimensional configuration with similar components as
microneedle array 255 discussed above. Accordingly,
microneedle array 42«4 includes a plurality of microneedles
32 each with single lumen microchannels 43. The micron-
cedles 32 cach terminate at a needle tip 33, A ncedle coupling
channel member 36 with a coupling microchannel 44 therein
provides a fluidic interconnection between microchannels 43
in each microncedle 32, A structural support member 38
interconnects microneedles 32. One or more inpur ports 37
and output ports 3% are located in microneedles 32. One or
more active components 17 are located in cach of micron-
eedles 32.

Another active microneedle array 424 is shown in F1IG. 6B.
The micrencedle array 425 has a two-dimensional configu-
ration with similar components as microneedle acray 42q,
except that microneedle array 424 is formed without a cou-
pling channel member. Accordingly, microncedle array 425
includes a plurality of microneedles 32 each with single
lumen microchannels 43. The microneedles 32 each termi-
nate at a needle up 33 and a structural support member 38
interconnects microneadles 32. One or more input ports 37
and output ports 39 are located inmicroneedles 32, and one or
more active components 17 are located in cach of micron-
eedles 32.

FIG. 7A depicts an active microneedle array 45¢ having a
two-dimensional configuration with similar components as
microneedle array 424 discussed above, except that nicron-
eedle array 454 has a duel lumen micrechannel configuration,
Accordingly, cach microneedle 32 in array 45¢ is constructed
to have a pair of microchannels 464 and 46h. A needle cou-
pling channel member 36 with a coupling microchanne] 47
therein provides a fluidic interconncction between micro-
channels 462 and 465 in each microneedle 32. One or more
input ports 37 and vutput purts 39 are lucated in microneedles
32, and one or more active components 17 can be located in
each microchannel ot microneedles 32,

FIG. 7B depicts an aclive micreneedle array 456 having a
two-dimensional configuration with sionlar components as
microneedle array 424 discussed above, except that micron-
eedle array 458 has a duel lumen microchannel conliguration.
Accordingly, each microneedle 32 in array 455 is constructed
10 have a pair of micrachannels 46a and 46h. A structural
supporl member 38 interconnects microneedles 32, and one
or more input ports 37 and output ports 39 are located in
microneedles 32. (ne or more active components 17 can he
localed in each microchanel of micronsedles 32.

In other alternative embodiments, active microneedle
amays can he fahricated to have additional microchannels in
each microneedle. For example, ach microneedle in the
amay can have a tri-lumen channel construction such as
shown for the microneedle of FICi. 2B discussed ahove.

It should be understoed that the above discussion related ©
microneedle arrays iz equally applicable to macroneedles,
which can be configured in various arrays. The macroneedle
arrays can have similar struclures as described above [or the
microneedle arrays such as single or multi-lumen channel
configurations, multiple put and output ports, structural
support members, coupling channel members, and aclive
components in the macroneedles.

A method of fabricating a two-dimensional microneedle
array according o the invention is depicted schematically in
FIGS. 8A-8F. As shown n FIG. 84, a subsirate 26 having a
substantially planar surface 27 is provided, such as a silicon
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wafer which is polished on both sides. The wafer can have a
thickness of about 1 pm to about 700 um., and is preferably
about 150 pm thick. One side of the wafer is heavily doped
with boron using high temperature thermal diffusion n order
to form a 3-3 pum thick p+ laver. Next, silicon nitride {Si,N,)
15 deposited on both sides of the wafer vsing plasma-en-
hanced chemical vapor deposition (PECVD). The silicon
nitride on the undoped side of the wafer is patterned and
ciched cmploying 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
microncedles arc to be fabricated . After patterning the silicon
nitride layer, the exposed silicon is anisotropically etched
using a potassinm hydroxide (KOH) solution. The p+ boron
layer serves as an ctch stop, resulting in a thin sacrificial
membrane 52, asshownin FIG, 8 A. 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) onte the msulating silicon nitride film. The
adhesion and seed layers are typically composed of, but not
limited to, titanium, chromium, copper, or combinations
thercof. Then, using a mask of the appropriate dimensions

and standard photolithographic techniques, this metal muln- 2

layer is patterned. A metal material is then electroplated to
form one or more bottom walls 54 (c.g., about 20 um thick)
tor 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 comrosion resistant,
provides biccompatibility 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
perlorming the electroplating, the bath chemisiry and the
clectroplating conditions {such as amount of applied current
and time in the electroplating hatli) should be precisely con-
trolled for oplimum results. The ypical dimensions for bot-
tom walls 54 arc about 10-20 pum in thickness, and about 50
pm wide.

Afier bottom walls 54 have been lommed, a commercially
available thick photoresist is deposited (e.g.. about 20 nm
thick) and patterned using vltraviolet exposure and alkaline
developer, resulling in sacrificial layers 56 as depicled in FIG.
8C. Next, a metal seed layer such as gold 1s spurter deposited
(... about %00 A thick) onto the photoresist sacrificial layers
56. The metal seed layer serves as an electrical contact [or the
subsequent metal electroplating.

A metal laver such as palladium is then electroplated (e.g.,
aboul 20 pm thick ) onto sacrficial layers 56 o form a plural-
ity of side walls 58 and top walls 60 of cach microneedle, as
shown in F1G. 8. "The exposed metal seed laver is then
removed vsing wel etching techniyues 1o expose ihe nnder-
Iying photoresist. Once the metal seed layer has been etched,
the water is placed in an acetone bath to remove the photare-
sist [rom inside the microneedle siruciures, thereby produc-
ing a plurality of hollow microneedles 28, as shown in FIG.
8H.

In the {inal processing step, sacrificial membrane 52 is
removed by an isotropic eiching technique, such as reactive
ion etching 10 a 8F, plasma. 'Thus, the microneedle ends are
released [rom sacrificial membrane 52 and are [reely sus-
pended, projecting outward from substrate 26, as depicted in
FIG. 8F and in the embodiment of FIG. 3.

Allernatively, Lhe [abricating method oullined above canbe
used to form a multilumen microneedle by formung 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 theren is shown in I'1G. 8G,

In an alternative fabrication method. the microneedle array
can be released from substrate 26 following surface fabrica-
ton 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
relcascd using wet ctching of the seed metal from undericath
the needle structures. If the seed metal is copper, for example,
then this can be done by a selective etch of ammoninm
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
fabticated according 1o the procedure outlined above. In addi-
tion, instcad of having the fluid outlet at the tips of the micron-
eedles, flmd ourlet ports can be etched mnto the side walls, fop
walls, and/or bottom walls of the microneedles if a larger
amount of fluid transfer 15 desired.

Using the above fabrication methods provides the flexibil-
ity to integrate many additicnal functions directly onto the
microncedles. These fabncation methods are low tempera-
e and are compatible with integeated circuit (IC) technol-
ogy as a post process. For example, various active compo-
nents such as sensors, transducers, and ¢lectronic nterfaces
may he fabricated as integrated components on-chip during
the needle fabrication process. An example of a procedure for
fabricating a microncedle with on-chip devices such as
CMOS (complementary metal-oxide semicondvctor) devices
is disclosed in U.S5. Pat. No. 5,591,139 to Lin et al.. the
disclosurc of which is incorporated by reference herein.
Alternatively, the active components may be in the torm ot
prelabricated chips which are subsequently placed within the
needle channels.

All of the needle devices including microneedles and
arrays ol the present invemion can be coated on the inside
with biocompatible matcrials, such as silicon nitride, gold.,
plastics, etc., by conventional coating processes koown to
hose skilled in the art.

In addition, a light enhancing reflective coating can be
formed on the inner surfaces of the active needle devices
delining the lumens therein. The rellective coaling can
enhance the light output generated during a bioluminescent
reaction in a bioluminescent-based active needle to provide
fur more sensitive biosensing capabilities, Svilable reflective
materials that can be wsed to coat the wner surfaces of the
needle devices include silver, chromium, titanium, platinum,
combinations thereol, and the like, Increased Light intensity
has also been observed for long narrow channels, which can
he used 1o effectively design a hicluminescent-hased micro-
needle. Further details related w light enbancement ol micro
reaction chambers and long narrow {micro) channels are
described in Bartholomensz et al, “BIOIIESCENT
BASED BIOSENSOR FOR POINT-OF-CARE DIAGNOS-
TICS,” First Annual International IEEE Conference on
Microtachnology, Medicine, and Biology, [ yon, France, ()ct.
12-14, 2000, the disclosure of which is incorporated by rel-
erence herein.

FIGS. YA and 9B depict alternative methods of assembling
lwo-dimensional needle arrays into three-dimensional needle
array devices, In the method depicted 10 FIG. 9A, a plurality
of two-dimensional microneedle arrays 70 are provided
which have been released from a subsirale as shown for the
artay of FIG. 4. The microneedle arrays 70 are positioned in
a stacked configuration with a plurality of metallic spacers 72



US 7,473,244 B2

11

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 ¢lectroplating 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 74,
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 TIG. 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 microncedle arrays 80 arc 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 & mold 84 such as an alununum meld for plastic injection
molding. The stacked atray configuration, is then subjected to
plastic injection molding. This bonds micrencedle arrays 80
together with a plastic molding material 86, thereby fornung
a fixed three-dimensional needle atray 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 methed of assembling two-dimen-
sional ncedle arrays into three-dimensional needle array

devices, the two dimensional arrays are manually assembled 2

under a microscope. The twa-dimensicnal arrays are stacked
with spacers or with substrates on the arrays and are bonded
together with a polymeric adhesive such as a [JV-curable
adhesive 10 form a three-dimensicnal needle array device,
which can then be disposed in an interface structure.

The tabricated three-dimensional needle array devices are
typically dimensioned to have a length ofabout 5 mm, a width
of about 5 mm, and a height of about 2 mm.

The intertace structures tor connection to a syringe can be
made from a variety of plastic matenials such as acrylics,
polystyrene, polyethylene, polypropylene, and the like. The
intertace structure typically accommodates a three-dimen-
siomnal needle array device having up o dbout 25 twe dimen-
sional arrays. The interface structures are bonded to the three-
dimensional neadle atray devices with a polymeric adhesive
such as a Uv-curuble adhesive. The interface struclures are
configured to accept direct synnge connection via a connec-
tion means such as aconventional | .net-lock connector. Alier-
matively, interlace struclures can be formed [or a single 1wo-
dimensional atray or a single microneedle so as to accept
direct syringe connection via a connector such as a | ver-lock
conneclor,

In alternative embodiments of the invention, any of the
ahove described arrav emhodiments can be tahricated 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 [rom 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 detail s regarding snitable microneedle and micron-
eedle arrays suitahle tor use in the present imwention are
described in copending application Ser. No. PCT/US9%
21509, filed Sep. 17, 1999, entitled “Surface Micromachined
Microneedles” and which is mcorporated 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 ofan
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, wlich can be employed n any of the above described
embodiments, Such a biosensor can be formed by depositing
bicchemical sensing reagents on one or more inner walls of a
needle device. For example, various bisosensing reagents can
be drawn into and dried down onte the inner walls of the
hollow microneedle or microncedle arrays described provi-
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) measorements and is known to be
acclrate uver d range ol live or more orders of magnitude of
concentration ranges. It 1s known that firefly biolominescence
occurs by enzyme-catalyzed caadation of luciterin utilizing
adenosine triphosplate (ATP). Bacleria bioluminescence is
closely coupled w nicotmaminde adenine dinucleotide
hydride (NAIDH). Bioluminescent-based chemical analysis
has the potential of measuring a wide range of metaboliles
from smaller sample volumes.

since most metabolites in the body are within one or two
reactions froma ATP or NADH, they can be measured by
coupling other enzyme reactions to an ATP or NADH biolu-
minescent reaction 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 firetly luciferase reac-
tion:

. Firefly Luciferass
Luciferin + ATP

Oxyluciferin + AMFE - COh + PP+ light (560 nmy).

The NADH platforn reaction based on NADH:FMN oxi-

doreductasc and Bacterial Luciferasc:

NADH:FMN oxidorcductase

NADMPMH + FMN - H
NAD(P+ + FMNH.

FMNH, + RCHO + Os bacterial luciferass
FMN + RCOOH + HaO - light (490 um)

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

substratc+ ADP {or KAD I e, product+ ATP jor
NAD{FIH)

The detected changes in light intensity (measured by various
lighit detectors as described below) will be stoichiounetrically
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 | -phos-
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phate, UDP-glucose, UDP-galactose, lactose. alkaline phos-
phatase, galactose in solntion, human blood (serum &
plasma}, sweat, and human milk.

The light produced in the bioluminescent platform reac-
tions can he detected by an optical detector such as a phato-
divde or charge coupled device (CCD). Such photosensing
devices can be integrated inside a microneedle to detect the
light. arcan be located externally and can be used to detect the
luminescence through a window in a microneedle surlace,
Depending on the instrument used to detect the luminescence,
nanomolar, picomalar or even temtomolar analyses are pos-
sible. Wilh increased sensilivily, 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 o body Tuid that can be analyzed
via bioluminescenice.

The transmittance of light through a medivm across a cer-
tain length (1) is specified through Beer’s law, T=10"""".
rance, Where Absorbance—e, Cx(1-x), and €, 1s the molar
absorption coefficient in dm™/mole-cm, and Cj, is the concen-
tration in mole/dm®. Assuming the light wavels through a
homogeneous medivm along length mole/dm?. Assuming the
light travels through a homogeneous medium along length (1),
the total transmitted light (T) can be expressed as;

Troraﬂ!)= J!ﬂ'ng(.frl ')_Ep.c.sl;_ndx=(1 -107NiLm10

where g, C 1s assumed to be | for simplicity. For a pyramid
(which is the shape ot the etched wells of the <10 silicon
wafers), where the peak depth of the pyramid is equal to the
length {1y and the base width of the pyramid is (a}), the trans-
mittance is integrated through the viewing area and is equal to
Toarasi ;]*asz‘ Thus, a linear comelation of a volume versus
integrated luminosity plot for a given viewing window should
indicate a transmittance proportional to signalintensity (aver-
age CCDr counts over the viewing area, [or example). A dai
bottom well withareflective surface will have a trausmittance
Of Iy, ruzzn»> and will be about twice as large as I’ 7, (When
lengih <<1™™). Thus, the slope ola linear litof volume versus
integrated luminescence intensity for a reflcctive surface of a
given viewing window should be about twice that of a non-
rellective surface due 1o the increased (ransmitlance,

The enzymes svitable for use in the bicluminescent plat-
form reactions of the biosensors are inherently robust and
stable, retaining their activity after Iyophilization, deposition,
and rehydration. The reagent/enzyme mixture or “cocktail™
used to detect varions metabolites is drawn into the needles
after, fabrication, lvophilized (freeze dried) in a stable state,
and then packaged for long term storage (up to a year depend-
mg on the analytes, reapents, and enzymes needed). The
reagent/enzyme mixture includes the ATP and NADH biclu-
munescent 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 binluminescent-hased active needle
devices are discussed as [ollows.

1. Drawing of Reagent/Tnzyme Mixtures into the Needle
Lumen(s)

The reagent enzyme mixnires or “cocktails™ are prepared
as a “wel” solulion in the concentrations needed o detect the
desired analytes from the sample volume drawn through the
needle lumen. Anti-oxidants and other enzyme stabilizing
agents are added o the “cockiail” belore lyophilization.
These enzyme-stabilizing agents are described below in the
Iyophilization 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
measuning 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. Lvophilization Process

Lyophilization stabilizes enzymes for long-term storage by
reducing both mechanical and chemical degradation. Appro-
priate stabilizing excipients and preservatives minimize the
denamiration 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 femperature of the amorphous phase of
the lyophilized enzyme needs 10 exceed the planned storage
temperature of the necdle devices. Glass transition tempera-
e of the lyophilized enzyme can be increased by using
disaccharides and polymers (used in combination with disac-
chardes). 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
lcast 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
becausc of their tendency to degrade proteins through the
Maillard reaction between the carbonyls of the sugar and the
free amine groups of the protein. Furthermore, surfactants
can be used to inhibit aggregation at very low concenirations,
such as less that about 0.3% per volume.

Antioxidants such as dithiotheito] and glutathione are used
during lyophilization and subscquent storage to prevent oxi-
dation of firefly luciterase due to sulflivdryl groups. Bovine
serum albwnin can be used for surface passivation. Pulyeth-
ylenc oxide (PE(H-based polymers and surfactants arc also
effective for surtace passivation. Various enzyme presetva-
lion and stabilization cocklails are well known and widely
used to maintain enzyme activity under dry storage condi-
tons. In ane embodiment of the invention, bioluminescent
reagens are preserved and stabilized with the (ollowing com-
ponents: (1) 0.43 M glyeyl glyeine buffer (pH 7.8); (2) 1 mM
EIYIA; (3) 1 mM dithiothrerol; (4) 10 mM MgS0,: (5) ]
mg/ml of bovine serum albumin {6} 1 wi % 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, (idoreductase, etc. ) are added to
the preservative reagents, mixed thoroughly and added 1o
each chamnel of a pre-chilled biosensor. In one preferred
method, the hiosensor and reagents are rapidly frozen to
about =707 C. [ullowed by atwo-stage lyophilization process.
The first stage of lyophilization proceeds for 24 hours at about
=507 €. and less than about 100 m'lomr of pressure. The
second stage of lyephilization proceeds for an additional 24
hours at about +30° C. aud less than about 100 mTorr of
pressure. Air is then re-admitted to the Iyoplulization cham-
ber and he biosensors are removed. Each completed bivsen-
sor is then stored 10 a black plastic container with a gas tight
Iid that also contains a desiccant and a humidny indicator
membrane. [t has been found that (his methed used wilh
firefly luciferase can preserve more than half the enzymatic
bicliminescent 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 immohilized through this interaction
with high affinity (Ka=10**M~') Therc arc a varicty of solid
matrices that can be used for immobilization.

Co-immobilization of sequentially operating enzyines
improves wial reaction efliciency, leading Lo higher sensitiv-
ity. A coupled assay with coimmobilized luciferase and flavin
reductase has the advantage that the FMNH, produced from
the favin reduclase can be used more ellectvely lor the
luciferase reaction, reducing its autooxidation. Traditional
immobilization methods use chemically conjugated enzymes
on sulid materials, resulting in low immobilization efliciency
and low and inconsistent enzyme activity, due to nonspecific
immeobilization and surface-induced activity loss.

1n one, method of the invention, a biotin-avidin system for
protein immobilization 15 utilized. due to its high affinity
(K, =10"*/M} and stability. In another method, V. harveyi
luciterase and FRase [ biotinylated is produced in vivo, the

proteins are immaobilized on avidin-conjugated beads, and the -

enzyme beads are used to assay NADH. 1n vsing this method,
it has been found that the co-immebilized enzymes had eight
times higher bicluminescence activity than the free enzymes
at low enzyme concentration and high NADH concentration.
In addition, the immohilized enzymes were more stable than
the free enzymes. This immobilization method 15 also vseful
to control enzyme orientarion, which can increase the effi-
ciency of sequentially operating enzvmes like the oxi-
doreductase-luciferase system.
3. Storage of Active Needle Devices

Storing the biolumincscent-based active needle sensors
with the lyaphilized *““cocktail™ in a desiccant will ensure that
glass transition lemperatures of the lyophilized enzyme are
greater than storage temperatures, The active needle devices
should be stored in the dark to mimmize photooxidation.

Furiher details regarding bioluminescence-based biosen-
sors as used in the present invention are sel lorh in the
Examples section below.

Another sensor that can be utilized in the needle device of
the invention 18 an integrated pressure sensor in, the torm of
an uptical Fabry-Perot cavity, which is depicted in FIG. 10,
The pressure sensor can be integrated 1to any of the above
embhodiments by forming a glass plate 120 on one interior
surface 121 ofa 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 Howing in the microchannel of the
needle, A thin silicon diaphragm 126 (e.2., shbout 23 microns
thick) is atfixed over cavity 125 and is configured to be in
direct contact with a luid whase pressure is to he measured.
The diaphragm 126 dellects inresponse to applied pressure. A
light beam 129 {e.g., produced by an LED)is coupled into the
sensor through optical tiber 128. The optical fiber 128 opti-
cally communicates with the interior o the microneedle
through a window 124 in the side of the microneedle. Pressure
changes from fluid flowing past diaphragm 126 cause the
diaphragm 1o move. The cavily 125 [unclions as a Fabry-
Perot cavity and the diaphragm reflects varying amounts of
light intensity which is directly proportional to the amount of
pressure applied (o the diaphragm by (he Nuid. The reflected
light can be coupled as a siznal 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 measurenment of the amount
of pressure in the Nuid.

The active needle devices of the invention such as the
microneedle and microneedle arrays have many benefits and
advantages. For tluid injection, these benefits include reduced
trauma at penetration sites due to their small size, greater
freedom of patient movement becavse of the minimal pen-
ctration depth of the needles, a practically pain-free drug
delivery due to the smaller cross section of the needle tip and
distribution of tluid torce. 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 o be stacked and packaged inlo
a three-dimensional device for thid transfer. The active
microneedles have the ability to extract either large or small
amounts ol fluids in precisely controlled amounts, and can be
easily and econcomically 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 vse 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 subcutanecusly 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 microngedles Toidly intercomnected by a needle
coupling channel. The hollow microneedles were made such
that their inner cross-sectional area was 4020 pum? (width by
height) and their outer cross-sectional area was $0x60 pm®.
The needle covpling channel was 100 pm wide, and provided
fluid communication hetween each needle channel. Two sets
ol 60x100 pm? structural supporls were located 250 pm 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-
cenler spacing between individual needles was 200 wm., The
needle walls were made of electroformed metal and were
approximately 20 pm thick.

‘The microneadle array was tahricated trom electrotformed
low stress nickel sulphamale, 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 wp ol a 3-5 pm sacri-
ficial membrane. The surface roughness of the electroplated
metals was found by Atomic Force Microscope (AFM) to be
approximately 15 nm, resulling in a relative rouglness of
000056,

It is important to note the structural quality of the needle
tips. The inner dimensions were approxXimately 30x20 um’,
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outer dimensions wete approximately 80x60 um®, and the
needle tips were fonmed with 435° angles for ease of penetra-
tion.

EXAMPLE 2

Individnal hollow metallic microneedles were fahricated
with multiple cutput ports and had an inner cross-sectional
area of 140x21 pm?® (width by height) with cuter cross-sec-
tional area dimensions of 200x60 pm?. The tip dimensions of
(he microneedles were less than 15x15 pm?, The length of the
tapered portion of the needle shatt was 1 mu and the distance
trom the tip to the first output port was ahout 300 pum. Thetotal
length of each micreneedle was 6 mm, with inpul port inner
dimensions of 140 pun wide and 21 pm high. The wall thick-
ness of each nucroneedle was about 20 pm, and the output
ports were formed with dimensions of 30 um” on the top and
bottom of the microneedles. The cutput ports were separated
by 30 pm, and there were 9 ports on the top and 12 ports onthe
botom of each microneedle.

The microneedles were each packaged into a standard
Luer-lock fitting vsing a polymeric medical grade UV-cor-
able adhesive. This interface between a microneedle and a
syringe included a simple female Luer-to-11¢" bark adapter.

The UV-curable adhesive was tound o permanently atfix the 2

micronesdle w the inlerfuce while providing a leak resistant
seal,

EXAMPLE 3

A preliminary experiment was conducted to assay a glu-
cose vig glucokinase and frelly lucilerase reactions. The
assay was a homogeneous ATP depletion type assay with
initial concentrations of glucokinase (R0 nano-molar), TP
{10 micro-molar), luciferin (100 micre-molar), and firelly
luciterase (0.1 nano-molar) in .45 M glyeyl glycine 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 imtial glucose concentration. The results suggest
that a single slep homogeneous assay lor glucose can be
accomplished without initial dilution of the glucose 1 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 nin wavelength and was
measured by a lumincmeter. The final concentrations of cre-
atine shown are within the physiclogical serum creatine con-
centration range.

FICi. 13 shows the results of an assay experiment for cre-
atine using the creatine kinase and lirelly lucilerase reactions.
The creatine assay was a homogeneous ATP depletion assay
(the creatine kinase reaction competes with the firetly
lucilerase reaction for the ATP). The linal assay consliluents
were buffered in 0.45 molar glycine-glycine bufter at pH 7.8
and the final assay concentrations wete the following: 1 .4 ph
ATP, 71 pM Mg?*, 14 uM luciferin, 0.3 pM lucilerase, 60 p
creatine Kinase, and various concentrations of ¢reatine (0.45
M glycine-glycine buffer for control). Relative light units
{(RLU) measured by the luminometer are dependent on the
type of mstrument, 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 valve.
FIG. 13 plots the normalized bicluminescent signal as a func-
tion of ¢reatine concentration,

EXAMPLE 5

In order to determine the teasibility and the physical limi-
ations of vsing bioluminescence [or highly sensitive analyte
measurement of small sample volumes, micro-reaction
chambers (UR{’s) were fahricated on silicon wafers using
KOH anisotropic wel elching. An ATP firefly lucilerase/lu-
ciferin solution was placed in the pRCs and observed through
a close up lens with a C:C1). The integrated C(71) signal was
recorded and compared with well size and depth. The atlenu-
ation of the CCD signal was also observed for wafers coated
with titanium (500 A) followed by chromium (1500 A),

A S-mL lirefly lucilerase/lucilerin 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 (he luciferase), 1.25 mM ethylene diaminetelra
acetic acid (Sigma), 12.5 mM Mg*™ (Sipma—from MgS0,),
1.84-uM firefly luciferase (Promega), and 1.25 mM luciferin
{Biosyuth) ina 1.25 mM glycyl-glycine buffer. This mixture
was able to maintain 90% activity for about 20 hours when
stored in the dark. A 3 mM ATP, glycyl-glvcine buffer solu-
ton was also prepared. A 20 pL sample of the firefly
luciferase/Tuciferin solution was pipettedinto 5 pL of the ATP
solution that resulted in a | 0 mM ATP mixture, saturated with
haciferase and uciferin (which means the reaction rate was at
its peak). After the solution mixed, 20 nL of it was pipetred
onto an area about 2013 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 biclumines-
cent fluid would disperse. For high concentrations of ATP (=8
pbd), the initial mixing of ATP with the luciterase/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.

Ai §T6-A CCD cameta, from Santa Barbara Instruments
Group was fitted with an Olympus wide-angle lens and close-
up ring. The experimental substrates were focused 35 mm
below the lens with the aperture set at 2.8. The field of view
was about 20x 15 mm. The camera was operated at =20.00 *
C. One nunute after the lueiferase/luciferin solution was,
added to the ATP. a 10-sec dark field exposure was taken with
the CCD. At 2 minutes and 3 seconds after the ATP and
luciferase/Tuciferin solution mixed, the CCD integrated a 20
second exposure, of the bicluminescent 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 detennine the average and stan-
dard deviation of the pixel values for each pRC, One pixel of
the CCD image was equal to 46.875 pun. Actual results failed
to show light emitting from the 75, 50, 25, and 10 pun wide
wells on all subsirates.

FIG. 14 is a graph ol the average CCD counts [rom 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 pRC 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 pm 100 pum, and 50 pm, The data
from the different etch depths are pointed out for the 750 pm
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wide wells as an example. The higher ntensity values
occwred for the deeper wells. The intensity/volumes slope is
greater for the Ti/Cr reflective substrates than for the plain
substrates.

Tahle 1 below sets forth a statistical comparison of the
intensity/volume slope relationships for reflective vs. non-
reflective surfaces of the same viewing window size. The
reflective wells with intensity/volnne slopes that were statis-
tically different fraum the intensity/volume slopes for the non-
reflective surfaces (P<0.05 using the T-test) were over two
times greater. This follows the hypothesis that transmittance
is nearly doubled lor chromiun  coated  (reflectiv-
ity—0.67(c: 560 nm) versus uncoated silicon {refleetivity—0.33
@ 560 nm) pRCs.

The 'I-test used was the student-'1 test to find if there was a
signilicant dilference between sample measurements ol (wo
groups, The null hypothesis of the T-test (for the described
experiment of this example) was: there is no ditfference in the
intensity/volume slopes for the wells with rellective 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, 15 a
useful tool to show that one method or product is significantly
different (more efficient, better, etc.) than an existing method
or product.

TARIE1

P valuz from 'I:test betwezn

Intensity/Volume Slapes of  Ratin of Intensity/Volume

pRC Non-Retlective uR<Cs and Slopes tor Retlective and
Widrth (pm Refective pRCs MNon- Refective Substrates

150 000001 302

500 0002 2.37

400 0.004 4.94

300 0,003 5.1

250 036 2.87

200 0,030 1.07

150 0.72 X33

100 035 2l

The imtensityivolume slope also increases as the p(RC
square width decreases. This imphies that using long, narrow
microneedles as the pRC 15 ideal. Table 2 statistically com-
pares the intensity/volume slopes between reflective wells of
different viewing window sizes, showing that there is a sig-
mificant increase n the infensity/volumes slopes, as the yRC
width decreases. The imensity/volume slope ratio is the slope
for the smaller window over the slope for the next lJarger
window.

TABLE 2
Ratia of
HRIC Square P value from T-test Intensiry/¥olume

Widths Being betwean Intensity! Slopes for Smaller
Compared Volume 2lopes pRC Widths Verses
1) pRC s belng copared Wider pRC Widls

00nd 1.89

0,04 1498

0,28 1.5%

2500300 [ 4] 11

2006250 081 1.28

150k 200 1,91 073

The increase in intensity/volume is only significant down
to wells that are 400 pun wide. For smaller pRC widths (150-
300 pm). the non-reflective substrates show Iittle correlation
between average CCL counts and sample volumes (R7<0.25,
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where R 15 the reflectivity). The Ti/Cr reflective substrates
still show some correlation {R*»0.25 for uRCs 250 pm wide
and wider) between intensity and volume. ITowever, as the
nRC square width decreases (250 pm wide and smaller), there
is little difference in signal intensity values for different etch
depths. The error 1 the signals for wells 2 pm wide and
smaller is large enough to overlap with the background inten-
sity, This suggests that the wells with windows smaller than
200 pm wide would not produce signals of a disccrmable
intensity, if they are only 250 jun deep. However, narrower
and deeper WRCs such as microneedles, which hold a larger
sample volume, would produce a stronger uscable signal.

The present invention may be embodied in other specific
forms without. departing from its spirit or essenfial charac-
leristics. The described embodiments are 1o be considered in
all respects only as illustrative and not restrictive. The scope
of the invention is, theretore, 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:

ahollow microneedle having an elongated shali 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 fuid communication between said at least cne
input port and said at least onc output port; and
at least one non-living bicluminescence-based biosensor
located in said elongated shatt. said at least one non-living
bicluminescence-based bivsensor including a reagenl mix-
ture, said reagent mixture including one or more anti-oxidant
addmives adapted to reduce oxidation due to sulfhydryl
groups in (he reagent mixture, and said reagent mixiure lur-
ther being stabilized for long-term storage such that at least
half of its bioluminescent activity is preserved for at least six
menths,

wherein said clongated shaft 15 formed of 2 first material

and has an interior surface which has a coating formed of
asecond material, wherein said second material is a light
enhancing reflective coating relative to said first mate-
nal.

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

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

4, The active microneedle device ol ¢laim 1, wherein said
at least one non-living biohuninescence-based biosensor is
located at said output port of said elongated shatt.

5. The active microneedle device of claim 1, wherein said
bicluminescence-based bioseusor 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 gencrated by a reaction of said at least one non-
Iwing bisluminescence-based biosensor with a fluid within
said microchannel.

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

8. The active microneedle device of claim 6, wherein said
optical detector 15 external to said hollow nucroneedle.
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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 wansmittance levels
through said window.

10. The active microneedle device of claim L, wherein said
at least one non-living bioluminescence-based biosensor 1s
adapted to detect light transmittance levels of a sample size
less than or about equal to .05 puL.

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

12. The active microneedle device of claim 3, whercin said
at least one non-living bicluminescence-based biosensor
comprises a biochemical sensing reagent mixture configured
to complete a reaction leading to light generation, and
wherein said biochemical sensing reagent mixture hag been
stabilized by drawing said biochemical sensing reagent mix-
turc into said clongated shatt, and thereatter Iyophilizing said
hiochemical sensing reagent.

13. The active microneedle device of claim 12, wherein
said biochemical sensing reagent mixtore includes ATT and
NADH biolominescent platform enzymes.

14. The active microneedle device of claim 12, wherein
said one or more anti-oxidants substantially prevent oxida-
tion of luciferase dve 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 clon-
gated shatt 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 maolecules, and
wherein said one or more bioluminescent molecules have
boen stabilized within said clongated shatt.

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

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

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

21. The active microneedle device of ¢laim 1. wherein said
atleast one nucrochannel has a cross-sectional area in a range
trom about 25 pm® to ahout 54N} pm®.

22, The active microneedle device of ¢laim 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 micromeedle device of claim 1, wherein said
elongated shall s supported on a substrale, said substale
having a substantially planar surface and an edge adjacent
said substantially planar first surface.

24. An aclive needle device comprising:

a hollow needle having an elongated shaft defining at least

one channel and having a proximal and distal end:

al least une inpul 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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g fluid communication between said at least one input

port and said at least ong output port: and

at least one non-living bioluminescence-based hiosensor
located in saiud elongated shaft, said at least one non-
living biocluminescence-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 biolumincscent activity is preserved
for at least six months,

wherein said elcngated 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 bioscnsor comprising;

(1) a hollow microneadle. said hollow microneedle includ-
ng:

{a) a tapcred up at a distal end of said hollow micron-
eadle;

{b) an output port proximate said tapered tip.

{(c)aninput portat a proximal end of said hollow micron-
eadle;

{dyan<longate channel disposed between said input port
and said tapered tip, said clongate channel having an
interior surface that is tormed 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
berween said input port and said tapered tip; and

{e) a light enhancing retlective coating deposited on said
lirst matenal of said intedor surface of said elongate
channel, said light enhancing reflective coating pro-
viding tor light transmittance levels about twice that
of said first matenal;

(i1} a non-living bicluminesecnce-based biosensor depos-
ited om said inferior surface of said elongate chiannel,
said non-living bioluminescence-based bivsensor being
dried on said interior surface and including a varety of
components that were thoroughly mixed as a wet solu-
tion for depusiling said non-living bivluminescence-
based biosensor in a wet form on smd interior surface
prior to drying. said variety ot components including at
leasi;

{a) bioluminescent molecules;

{h) anti-oxidant additives for reducing oxidation ot said
biolominescent molecules due W sulfhydryl groups
and for surface passivation: and

{dy one or more stahilizer additives adapted to stahilize
enzymes of said bicluninescent molecules; and

(iii} an optical detector configured to detect luminescence
intensity levels within said elongate channel, said opti-
cal detectuor being integrated within said inlerjor surface
of said elongate channel,

27 The hinsensor of claim 26, wherein said variety of
components furher include an agarose solution conligured Lo
facilitate rapid drawing of said wet solution into said elongate
channel.

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

29, The biosensor of claim 28, wherein said one or more
stabilizer additives nclude avidin and are adapted to immuo-
bilize proteins.
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30, The biosensor of claim 28, wherein said one or more 32 The biosensor of clamm 26, wherein said elongate chan-
stabilizer additives are adapted to contrel enzyme orientation. nel was oxidized during fabricaticn or is formed of a hydro-
31. The biosensor of claim 30, wherein said enzyme on- philic metal.

entation increases efficiency of sequentially operating
enzymes. ok & & &
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FROM: Jane Smart, Intellectual Property Administrative Assistant

RE: U. S. Patent No. 7,473,244 , issued January 6, 2009 for “ACTIVE

NEEDLE DEVICES WITH INTEGRATED FUNCTIONALITY?”
TECH ID: U-2911
ENCL: Copy of Certificate of Correction on Patent No. 7,473,244

Enclosed is a copy of the original Certificate of Correction from the United States Patent
and Trademark Office in connection with the above-identified patent. No. 7,473,244,
which issued on January 6, 2009. We have retained the original for our files.

The Certificate of Correction was issued to correct errors and omissions made during the
printing of the patent. The United States Patent and Trademark Office will now attach
the Certificate of Correction to the patent and all future copies of your patent will include
the Certificate of Correction.

If you have any questions, please contact me at your earliest convenience. I can be
reached at University of Utah extension 16301 or my direct number is 801-581-6301.




UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 17,473,244 B2 Page | of 2
APPLICATION NO. : 10/258011

DATED : January 6, 2009

INVENTOR(S) : Frazier et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Column 1

Line 29, after “purposes” and before “or” omit *,”

Line 32, after “which” add --are on the order of millimeters (mm) and--
Line 33, after “cell” omit “and are on the order of millimeters (mm)”
Line 35, change “:” to --:--

Line 36, after “location’ and before “or”” omit o

Column 2
Line 43, after “equalization” and before “and” omit e

Column 3
Line 34, after “particular” and before “description omit “.*

Column 4 \
Line 63, after “thereof” and before “For’” insert --.--

Column 6
Line 43, after “devices™ and before “as” insert --,--

Column 7

Line 13, change “structural” to --Structural--

Line 47, after “bottom walls,” omit “aside walls” and insert --side walls, or top walls--
Line 66, after “devices” and before “as” insert -

Column 8
Line 60, after “arrays™ and before “such” insert --,--

Column 10
Line 55, change “BIOLUESCENT to --BIOLUMINESCENT--

Column 11
Line 17, after “configuration” and before “is” omit 7. Also, change “then” to --,then,--

Column 12
Line 26, change “since” to --Since--

Column 13
Line 22, before “Assuming” insert --Also--. Also, change “Assuming” to --assuming--




UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 17,473,244 B2 Page 2 of 2
APPLICATION NO. : 10/258011

DATED : January 6, 2009

INVENTOR(S) : Frazier et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Column 15

Line 9, after “(Ka=10""M")" insert --.—

Line 14, change “that™ to --of--

Line 15, after “reductase” insert --, which--

Line 21, after “one” and before “method” omit «,”

Column 17
Line 36, change “glycyl glycine” to --glycyl-glycine--

Column 18
Line 51, after “exposure” and before “of’ omit *,”

Column 19
Line 15, change “student-T test” to --student T-test--

Column 20
Line 14, after “without™ and before “departing™ omit «”

Column 21
Line 2, change “elongate” to --elongated--
Line 11, change “elongate” to --elongated--

Signed and Sealed this

Twenty-sixth Day of May, 2009

ok (DY

JOHN DOLL
Acting Director of the United States Patent and Trademark Office




